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ABSTRACT 

 Polymer electrolytes have been developed for use in anion exchange membrane fuel cells 

for years. However, due to the highly corrosive environment within these fuel cells, poor 

chemical stability of the polymers and low ion conductivity have led to high development costs 

and thus prevention from widespread commercialization. The work in this study aims to provide 

a solution to these problems through the synthesis and characterization of a novel polymer 

electrolyte. 

 The 800 EW 3M PFSA sulfonyl fluoride precursor was aminated with 3-

(dimethylamino)-1-propylamine to yield a functional polymer electrolyte following 

quaternization, referred to in this work as PFSa-PTMa. 1 M solutions of LiPF6, HCL, KOH, 

NaOH, CsOH, NaHCO3 and Na2CO3 were used to exchange the polymer to alternate counterion 

forms. Chemical structure analysis was performed using both FT and ATR infrared spectroscopy 

to confirm sulfonyl fluoride replacement and the absence of sulfonic acid sites. Mechanical 

testing of the polymer, following counterion exchange with KOH, at saturated conditions and 60 

ºC exhibited a tensile strength of 13 ± 2.0 MPa, a Young’s modulus of 87 ± 16 MPa and a degree 

of elongation reaching 75% ± 9.1%, which indicated no mechanical degradation following 

exposure to a highly basic environment. Conductivities of the polymer in the Cl- and OH- 

counterion forms at saturated conditions and 90 ºC were observed at 26 ± 8.0 mS cm-1 and 1.1 ± 

0.1 mS cm-1, respectively. OH- conductivities were slightly above those observed for CO3
2- and 

HCO3
- counterions at the same conditions, 0.63 ± 0.18 and 0.66 ± 0.21 mS cm-1 respectively. 

The ion exchange capacity (IEC) of the polymer in the Cl- counterion form was measured via 

titration at 0.57 meq g-1 which correlated to 11.2 ± 0.10 water molecules per ion site when at 60 
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ºC and 95% relative humidity. The IEC of the polymer in the OH- counterion form following 

titration expressed nearly negligible charge density, less than 0.01 meq g-1. 

 The low OH- conductivities and IEC were attributed to the formation of a predominately 

zwitterionic polymer when exposed to a strong base. Removal of the sulfonamide proton 

following counterion exchange with a strong base and formation of a zwitterion was confirmed 

by FTIR with the absence of a primary amine stretch between 3000-3600 cm-1. 1H NMR analysis 

of small molecule analogues established that the sulfonamide site was not methylated during 

quaternization as evident by the exclusion of a strong singlet around 2.9 ppm. pH indication tests 

with Thymolphthalein illuminated the slight presence of free OH- ions within the polymer 

following counterion exchange thus validating the low IEC and formation of a predominately 

zwitterionic polymer. Recommended future work with this polymer electrolyte consists of fine 

tuning the polymer to be less or completely zwitterionic, pKa analysis of the sulfonamide linkage 

with small molecule analogues, implementation into microbial fuel cell and biological separation 

processes for pH regulation, and development as a support infrastructure for ionic liquids.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Brief Overview of Current Energy Supply and Its Drawbacks 

 

 As the global climate continues to change, the need for cleaner and more efficient sources 

of energy grows substantially. Recently, the global average carbon dioxide level surpassed a 400 

ppm benchmark that had never been recorded in human history [1, 2]. Of course, the global 

atmosphere undergoes a cycle of greenhouse gas levels over time. However, according to Patz et 

al., 97% of climatologists have concluded that the cause of recent climate change is 

predominately due to human activities, more specifically, the burning of fossil fuels for energy 

[3].  

 The term “peak oil” has been around since M. King Hubbert first proposed his theory of 

maximum oil production in 1956 [4]. Although his prediction that 1970 would be the year peak 

oil production would occur failed to be true, it is clear that there is a finite amount of oil and that 

our rate of consumption cannot be sustained. One study performed by the German military 

suggests that we may have already passed the point of peak oil production as recently as 2010 

[5]. Regardless, sooner or later, nations across the world will begin to realize the effects of 

decreased oil production if the energy infrastructure remains the same. 

 In addition to the fact that fossil fuels are a finite resource and are negatively affecting the 

global climate due to harsh emissions, they are also subject to Carnot, Otto and Diesel cycle 

efficiency limitations when combusted to produce energy, dependent upon the type of engine 
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used. Carnot’s theorem is based upon the compression and expansion of gas to produce heat and 

work, and ideally is a reversible process [6]. Although similar, the Otto and Diesel cycles cannot 

be run reversibly and inherently have lower efficiencies than Carnot heat engines, due to the 

intake and exhaust processes that are necessary for internal combustion engines (ICEs). These 

efficiencies are based upon the high temperatures produced by the engines relative to the cold 

sink (generally ambient) temperatures into which the heat disperses. Therefore, to reach high 

efficiencies, these engines would have to be able to run at temperatures much higher than what 

the components in a typical combustion engine can withstand (diesel engines typically produce 

temperatures upwards of 550 °C within the combustion chamber) [7, 8]. Typical generators 

employed to produce energy at power plants have a theoretical maximum efficiency of 

approximately 50%, and today’s internal combustion automobiles, typically operating around 

20%, have a theoretical maximum of only 37% [9]. The most efficient internal combustion 

engine to date, a massive two-stroke diesel engine used to drive large freight ships, operates at 

efficiencies just above 50% and achieves this with the addition of a steam turbine to recover 

some of the waste heat [10]. The enormous amount of wasted energy due to the inefficiencies of 

conventional power production is what has begun to drive the research and development of new 

technologies that are not only more efficient but have the potential to reduce the growing levels 

of greenhouse gasses. 

 

1.2 Electrochemical Fuel Cell Basic Principles 

 

 One potential solution, which has increased in interest significantly in the last decade, is 

the electrochemical fuel cell. Fuel cells have been conceptualized since the 19th century, and 
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were originally deemed to be used for power generation in space. The National Aeronautics and 

Space Administration (NASA) currently uses three fuel cells to generate all electrical power for 

the Orbiter space shuttle [11]. However, because of high material cost, fuel cells were not 

heavily pursued by engine and generator manufacturers due to the cheaper development of the 

internal combustion engine [12, 13]. Unlike the internal combustion engine, a fuel cell can 

surpass the Carnot, Otto and Diesel cycle efficiencies at low temperatures without additional 

cold sinks (steam turbines etc.) due to the fact that chemical energy is converted directly to 

electrical energy through the transference of electrons [14]. A fuel cell is a galvanic cell. In 

general, galvanic cells consist of two conductive metal plates, of differing composition, 

submerged in solutions containing a dissolved salt corresponding to each of the metal plates. The 

solutions and plates are divided by a porous separator, and the plates are connected outside of the 

solutions with an external circuit. Depending on the electrochemical potential of the metals in 

each solution, an oxidation reaction occurs at one of the metals and a reduction reaction occurs at 

the other. These reactions generate and consume free ions and electrons, which can be passed 

through the porous separator and external circuit, respectively. The combination of the two 

reactions dictate and are responsible for the electrical current observed through the external 

circuit [15]. Likewise, fuel cells are comprised of two electrodes, an anode where oxidation 

reactions occur, a cathode where reduction reactions occur, and an electrolyte that separates the 

two electrodes to perform ion conduction [12]. An external circuit is connected to the two 

electrodes which allows the movement of electrons across an electrical load to generate 

electricity. The basic principle of a fuel cell is centered on the Nernst equation which relates the 

Gibbs free energy of reaction to the open circuit voltage as can be seen in Equation 1.1. 

∆𝐺𝑟𝑥𝑛 = 𝑛𝐹∆𝐸0                                                         Equation 1.1 
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In this equation, n is equal to the number of electrons transferred, F is the Faraday’s constant, 

and ∆E0 represents the equilibrium voltage of the cell when the circuit is left open and there is no 

electrical current [12]. In essence, the principle is to convert the free energy generated during 

chemical reaction directly into electrical current. One of the most recognizable fuel cells is the 

proton exchange membrane fuel cell (PEMFC) as can be seen in Figure 1.1 [16]. The reactions at 

each electrode, deemed half-reactions, have an individual equilibrium voltage, and it is the 

difference between these two voltages that creates the gradient for the flow of current once the 

circuit is closed. As Figure 1.1 illustrates, fuel enters the the anode side of the cell, in this case 

hydrogen gas, and is oxidized to produce two protons and two electrons per gas molecule. The 

electrons travel along the external circuit, while the protons are exchanged through the 

electrolyte to the cathode side of the cell. At the cathode/electrolyte interface, the protons, 

electrons and oxygen (or air), provided on the cathode side of the cell, are reduced to form water 

and a small amount of heat [16]. If the electrolyte consists predominately of liquid phosphoric 

 

 Figure 1.1: Schematic drawing of a typical PEMFC. 
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acid, the fuel cell can attain an effeciency of approximately 40% if none of the heat is recovered 

(phosphoric acid fuel cells generally operate between 150-200 °C). If co-generation is 

implemented and the heat produced by the fuel cell is used to create steam that powers a steam 

turbine generator, the energy efficiency of the fuel cell has the potential to reach nearly 80% 

[12]. There are a wide variety of fuel cell types which include, but are not limited to, phosphoric 

acid, solid oxide, molten carbonate, alkaline, solid alkaline, and proton exchange membrane fuel 

cells [14]. As it turns out, phosphoric acid fuel cells (a type of proton exchange fuel cell used in 

the example above) tend to have the lowest efficiencies of all, which only widens the gap 

between internal combustion engines and the other fuel cell types [12]. 

 

1.3 PEMFC Characteristics and Disadvantages 

  

 Currently, the PEMFC is the most advanced and well understood fuel cell type [17]. The 

facile chemical kinetics and high current density make the PEMFC a promising option for 

alternative energy generation , not to mention that it is a zero-emmision technology when fuelled 

by H2/O2 produced by electrolysis powered by photovoltaic or other alternative energy sources 

[18, 19]. Great interest in this technology is derived from the numerous advantages of PEMFCs, 

which are as follows: (i) high power density output, (ii) low temeprature operation and (iii) rapid 

start-up time [19]. However, PEMFC technology has some distinct disadvantages that limit 

commercial production and availability, first and foremost being the fact that expensive noble 

metal catalysts are required for the electrodes [20]. In particular, due to the sluggish kinetics in 

the cathode, high noble metal catalyst loadings are required to supplement the oxygen reduction 

reaction (ORR) to reduce overpotential losses [21, 22]. Conventional catalyst loadings in the 



6 
 

cathode are ten times higher than what is required in the anode [23]. Moreover, the electrolyte 

environment in proton exchange fuel cells is highly acidic, and because of this, many metals and 

alloys that have good hydrogen oxidation characteristics cannot be employed due to corrosion 

and degradation [24]. For this reason, platinum is the most effective material for PEMFC 

electrodes, which causes a number of issues. Not only is platinum highly expensive, but it is also 

a rare material which drastically limits large scale potential [24]. In addition, the most common 

and cost-effective method of hydrogen production is by way of hydrocarbon reformation which 

leaves traces of CO in the hydroden product stream. It is well known that CO binds strongly to 

platinum and poisons the metal, therby permanently reducing the power generation potential [18, 

25]. Although, industrial size pressure swing absorbtion units can produce H2 with purities of 

99.9%, the cost is generally below $5/kg H2 [26]. Consequently, in addition to high material 

costs, platinum catalysts also incur the aformentioned fuel processing costs as well. Therefore, to 

supplement these problems, palladium, which also has good hydrogen oxidation kinetics and is 

less suceptible to CO poisoning in the presence of hydrogen, has been used in place of platinum 

as is it cheaper and more abundant [27]. However, issues of corrosion and degradation in a low 

pH medium still represent a large problem [17]. 

 Another issue with PEMFC technology is that the potential for use of renewable organic 

fuels as energy inputs is very limited. Alcohols such as methanol and ethanol, which have been 

tested in PEMFCs, have poor anode oxidation kinetics with typical PEMFC electrodes [16, 20]. 

In addition, the flow of protons from anode to cathode following oxidation induces what is 

termed electro-osmotic drag (EOD), which convectively pulls the input alcohol fuel through the 

porous electrolyte structure to the cathode side causing the electric potential of the fuel cell to be 

reduced [28, 29]. Even when operated with pure hydrogen as an input, EOD still represents a 
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large issue. The solid electrolyte membrane with the highest power output and best mechanical 

properties in a low pH environment, Nafion®, which was synthesized by Dupont de Numours in 

1962 [14], requires a high level of hydration for optimal performance [30]. EOD causes water to 

accumulate on the cathode side, drying out the membrane, and effectively diminishes the cell 

performance [12]. This phenomenon represents a significant disadvantage for PEMFCs due to 

the fact that continuous hydration must be provided to overcome the effects of EOD, and too 

much hydration must be avoided to keep from flooding the cathode, which also decreases the cell 

potential [20].  

 Lastly, since PEMFCs require pure H2 for efficient continuous operation, from an energy 

density standpoint, storage of liquid H2 reserves would be ideal. In comparison to gasoline, by 

weight, liquid hydrogen has an approximate 3:1 energy density. However, in terms of volume, 

gasoline has an energy density of roughly 4:1 in comparison to liquid H2 which would require 

greater storage to be equivalent [31]. Not to mention that to remain a liquid, H2 must be kept at 

20 Kelvin (-252 °C), which introduces many other issues of storage and transportation for 

commercial availability. On the other hand, recent advances in automotive storage have shown 

the capability to store around 5 kg of compressed hydrogen gas on board (amounting to an 

approximate 300 mile range) without compromising cabin or cargo space [32]. However, current 

gasoline-powered ICE vehichles boast ranges above 500 miles with a 13 gallon tank sedan [33]. 

Consequently, the bottom line remains that to be a possible means of energy generation, 

especially with respect to transportation, the type of input fuel must at least be competitive with 

conventional gasoline, and though current fuel cell technology is respectable, certain aspects are 

still lacking. 
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 Alternatives to PEMFCs, such as molten carbonate and solid oxide fuel cells, are also 

potential energy generation solutions. However, they operate at exceedingly high temperatures in 

comparison to PEMFCs (PEMFCs operate between 100-200 °C, molten carbonate and solid 

oxide fuel cells operate above 600 °C) and the thermal durability of cell materials represents 

their largest shortcoming [14]. On the other hand, alkaline fuel cells, which operate at 

temperatures below 100 °C, do not have this issue and provide the solutions to nearly all of the 

PEMFC drawbacks [34]. 

 

1.4 Alkaline Fuel Cell Fundamentals and Potential Advantages 

 

 Historically, alkaline fuel cells (AFCs) were not considered to be a viable solution due to 

the vast difference in achievable power density in comparison to PEMFCs [35]. Initially, AFCs 

possessed many of the same problems as PEMFCs such as electrode cost and degradation in a 

harsh chemical environment (high pH as opposed to low pH in PEMFCs) [36]. Likewise to 

PEMFCs, noble metal electrode catalysts were also used to facilitate the chemical kinetics, and 

due to inherently lower ion conductivities, advancements in AFC technology progressed slowly. 

However, the oxygen reduction reaction (ORR) represents a large advantage that AFCs possess, 

since the chemical kinetics are intrinsically faster in a basic environment rather than in an acidic 

one [37]. Therefore, avenues for cheaper electrode materials with lower platinum loadings, such 

as cobalt alloys [38], silver and nickel alloys [39], or even electrodes that do not contain noble 

metals whatsoever, have been found to be successful [40]. From a cost standpoint alone, silver is 

more than 50 times cheaper per gram in comparison to platinum, and nickel and cobalt are over 

1000 times cheaper [20]. Therefore, without financial barriers, AFC technology has proven to be 
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successful for decades. As mentioned above, NASA has implemented AFC technology in both 

Gemini and Apollo spacecraft as well as in the Orbiter space shuttle [41]. On the other hand, an 

analysis conducted by McLean et al. in 2002 showed that even 13 years ago, AFCs were 

economically competitive in comparison with PEMFCs [35]. The study declared that because 

AFC’s have a theoretically higher current density potential due to more favorable electrode 

kinetics, improvements in electrolyte properties would only increase the AFCs competitive edge 

against PEMFCs. Moreover, in addition to potentially superior economics, AFCs inherently 

solve some of the problems associated with PEMFC technology due to the nature of the chemical 

process. 

 Instead of conducting protons through the electrolyte, as in a PEMFC, AFCs conduct 

hydroxyl ions (OH-) which characteristically do not have as much potential as protons to be 

transported across an electrolyte largely due to the fact that the hydroxyl ion is larger in size [42]. 

The transport process will be discussed in further depth in a subsequent section. The process for 

an anion exchange membrane fuel cell (AEMFC) can be seen in Figure 1.2 which exhibits the 

same behavior [16]. In contrast to the PEMFC, oxygen and water are reduced on the cathode side 

of the cell by two electrons from the external circuit to form hydroxyl ions. These ions are 

transported across the electrolyte to the anode side where, in the case shown in Figure 1.2, the 

hydrogen gas and ions are oxidized to form water and free electrons. Similar to the PEMFC, 

when the input fuel on the anode side of the cell is oxidized, electrons are sent from the anode to 

the cathode across an external load which generates electricity and continues the process. Similar 

to the PEMFC, this process is also zero-emission when the H2/O2/H2O fuel inputs are obtained 

from renewable sources. 

Initially, it was believed that the mechanism of proton vs. hydroxyl conduction across the 
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membrane were no different from one another. In general, it was understood that both proton and 

hydroxide ions were tranported, in there respective directions, across the electrolyte due to 

convective and diffusive forces in aqueous electrolyte media [43, 44]. In addition, the migration 

of protons across the electrolyte was also aided by another process known as the Grotthuss 

mechanism [45]. As was mentioned earlier, PEMFCs, when employing a solid electrolyte, 

require an adequate amount of hydration. As such, the Grotthuss mechanism describes protons 

travelling through the electrolyte through a hydrogen-bonded network and the 

formation/cleavage of covalent bonds between water molecules [43]. Therefore, it is imperative 

for PEMFCs to maintain an optimal level of hydration for continued performance. The Grotthuss 

mechanism was thought to be specific to proton transport, however numerous studies have found 

that the Grotthuss mechanism plays a large role in the conduction of hydroxide ions as well [46-

49]. In addition, a study by Tuckerman et al. in 2002 found that in accordance with the Grotthuss 

mechanism, hydroxyl groups also tend to form hyper-coordinated complexes with surrounding 

Figure 1.2: Schematic drawing of an AEMFC. 
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water molecules [49]. These hyper-coordinated complexes (multiple water molecules in a ring 

formation associated with a hydroxide ion, treating the O- as a negative terminus) have also been 

found to support the overall structural stability of the electrolyte as well [49]. However, aside 

from the similarities in transport mechanism, the most important factor of AFC ion transport is 

the direction traveled through the cell. Since water is supplied at the cathode, EOD actually 

supports hydration of the cell since water molecules can be continually distributed from one side 

of the electrolyte to the other. In direct contrast to the PEMFC, issues of drying represent less of 

an issue in an AFC [50]. Moreover, the direction of the EOD in an AFC also opposes the cross-

flow of fuel from the anode to the cathode side, which is increasingly important when renewable 

organic fuels are considered as inputs. 

In a basic medium, the oxidation of alcohol fuels such as methanol and ethanol can be 

more facile and efficient than in an acidic environment [39, 51, 52]. Also, as mentioned above 

the direction of EOD restricts the permeation of fuel from the anode, preserving the overall cell 

potential [53]. In addition, alcohols have a much higher energy density compared to liquid 

hydrogen making them much more competitive as a fuel source with respect to gasoline [53]. 

However, AFCs use aqeuous KOH almost exclusively as an electrolyte since it is the most 

conductive of all alkaline hydroxides [43]. If an alcohol is used as an input fuel on the anode side 

of an AFC instead of hydrogen, the product of the half cell reaction, as can be seen above in 

Figure 2, is not only water but will include CO2 as well. When CO2 is present, two negative 

reaction pathways can occur when exposed to aqueous KOH as can be seen in equations 1.2 and 

1.3 below [43]: 

𝐶𝑂2 + 2𝑂𝐻−  → 𝐶𝑂3
2− + 𝐻2𝑂                                               Equation 1.2 

𝐶𝑂2 + 2𝐾𝑂𝐻 → 𝐾2𝐶𝑂3 + 𝐻2𝑂                                             Equation 1.3 
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The two by-products, carbonate ions (CO3
2-) and solid potassium carbonate crystals (K2CO3), are 

detrimental to AFC performance. The carbonate ions deplete the concentration of hydroxide 

ions, and the potassium carbonate crytals not only deplete the electrolyte solution, but the 

crystals also form on the electrode, which alters the anode composition and reduces the total cell 

potential [43]. This issue is unavoidable for AFCs and was the cause of the initial disinterest in 

this technology. However, the development of solid polymer electrolytes that do not contain the 

metal potassium substituent have solved the crystal precipitation issue. Furthermore, recent 

analysis suggests that with solid polymers, carbonate ions can be “purged” from the cell by rapid 

and continuous creation of hydroxide ions that drive the ions out of the electrolyte and anode 

[54, 55]. Therefore, with the addition of solid polymer electrolytes, AFCs, or rather anion 

exchange membrane fuel cells (AEMFCs), solve nearly all of the issues associated with PEMFC 

technology. Unfortunately, the solid polymer electrolytes have inherent problems of their own 

that must be improved to generate power densities that are applicable for commercialization. 

Requirements for economic feasibility such as: (i) low cost membrane synthesis, (ii) stability of 

the membrane in a high pH media, (iii) high conductivity of ions across the membrane, (iv) 

strong mechanical properties able to withstand continuous operation, and (v) a highly selective 

barrier to inlet fuels on both sides of the fuel cell [14, 43]. 

  

1.5 Anion Exchange Membranes for Alkaline Fuel Cells 

 

Since the recent resurgence in AEMFC interest, many different types of AEMs have been 

synthesized to address the requirements listed above. As of yet, no single type of membrane has 

been identified as the clear avenue for further research. As it stands now, the most promising 
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membrane structure depends on the conclusions of the study and the opinions of the expert who 

draws those conclusions. Out of the vast number of polymer backbone structures, a few of the 

most relevant and popular include: poly(arylene ethers) (of various chemical configurations), 

poly(phenylene oxides) (PPO), polyphenylenes, polybenzimidazole (PBI), poly(vinyl alcohol) 

(PVA), polystyrene, and perfluorinated chemical variations [54]. In addition, block/random 

copolymers (a block is a segment of polymer that is repeated, random copolymers do not have a 

set order of block repetitions) and heterogeneous/hybrid membranes (heterogeneous membranes 

typically incorporate a hydroxide salt such as, potassium hydroxide, into the electrolyte matrix; 

hybrid membranes generally have inorganic constituents attached directly to the backbone) have 

also been extensively studied. Many of the membrane types listed above were chosen for initial 

research in AEMFCs due to high thermal stability characteristics [56]. However, since AEMFCs 

operate at temperatures below 100 °C, thermal stability is not as important as chemical stability 

in a harsh alkaline environment. Supplementally, the backbone polymer structure cannot be 

evaluated for chemical stabililty solitarily. When functional side chains (groups containing ionic 

ends that reversibly bind to hydroxide and other free ions such as halides)  are chemically 

attached or grafted to the polymer backbone, the polymer as a whole behaves differently in a 

highly basic environment than do the individual components. Therefore, assessing the true 

stability of a membrane is only possible when backbone and functional side chain are attached 

[54]. 

 Previously studied functionalized side chains have had a wide range of variability, but 

have historically contained positively charged sulfonium, phosphonium, or ammonium groups 

[43]. However, ammonium groups have been regarded as the most stable in alkaline 

environments. More specifically, quaternary ammonium (QA) groups are currently the 
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benchmark for AEM stability and are commonly supported by either hydrocarbon chains or 

benzyl linkages to form the side chain [54, 57, 58]. In addition, as was mentioned above, 

different studies have had varying success with a number of polymer backbones and side chain 

chemistries, and some studies slightly contradict others by declaring relative stabilities in their 

own respective papers. For example, Nuñez and Hickner report that the following set of 

backbone structures with pendant QA side chain decrease in stability in order of polystyrene > 

PPO > polysulfone [59]. In addition, Arges et al. reports that polymers with PPO and 

polysulfone backbones and pendant QA side chains easily degrade in concentrated alkaline 

environments [60]. Lastly, Chen et al. states that poly(fluoroenyl ether ketone sulfone) 

backbones with pendant QA side chains degrade in even 1M NaOH solutions [61]. All of these 

studies show a degree of agreement. However, Couture et al. presents evidence that polysulfone 

polymers can be highly stable in basic media [14]. On the other hand, Varcoe et al. discusses the 

observed stability of longer hydrocarbon side chains with QA ends [54], and yet Sata et al. 

contends the exact opposite for long hydrocarbon QA side chains [62]. Xu et al. asserts that 

hybrid membranes can have increased functionality and performance [63], and Couture et al. 

states that there is a defined tradeoff between mechanical and electrochemical properties in 

hybrid membranes [14]. Finally, Lin et al. affirms that cross-linking can improve mechanical 

stabiltiy and conductivity in AEMs [64], while Varcoe et al. reports that cross-linking tends to 

make AEMs more fragile and easier to degrade in alkaline media [54]. In spite of the differing 

conclusions, it is important to note that all of these studies had variations in expermental methods 

and environmental conditions and tend to have more consistencies than inconsistencies, in 

general. However, without comparison to a baseline stability, it is increasingly difficult to 

discern what backbone/functional group chemistries have the highest potential. 
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 In spite of the difference in relative findings between studies, some overall conclusions 

have been agreed upon. Heterogeneous membranes have shown some potential, but due to the 

carbonation effect, discussed above when CO2 is exposed to a hydroxide salt, performance tends 

to decrease unavoidably [14]. In addition, block copolymers have been continually identified as 

more stable and productive than random copolymers [65-67]. Also, side chains bearing more 

than one QA or resonance stabilized group, such as imidazolium, show improved conductivity, 

but again exhibit deficiencies in stability [68]. However, regardless of backbone structure or 

functional side chain, all of the chemistries listed above at one point or another begin to degrade 

in highly basic environments. This degredation is due to the nature of the hydroxyl ion, and the 

numerous pathways that can occur to breakdown AEM structures.  

Since the hydroxide ion is such a strong nucleophile, even benzyl-linked trimethyl 

ammonium groups (found to be some of the most stable in high pH mediums) can undergo 

nucleophillic substitution (replacement of a substituent on the side chain with an OH linkage, or 

rearrangement of the side chain chemical structure after removal of a constituent) [69, 70]. 

Furthermore, Hofmann elimination (the removal of a beta-hydrogen, resulting in the cleavage of 

the QA and the formation of an alkene) also presents a significant issue for degradation, 

especially with hydrocarbon chain linked QAs [71]. However, benzyltrimethylammonium 

groups have proven to be significantly more resistant in the presence of hydroxide ions due to the 

fact that there are no beta-hydrogens present, but this no longer holds true if 

benzyltriethylammonium groups, or longer alkyl groups, are attached to the amine [72]. 

Additionally, less likely pathways such as the formation of ylides (negative carbanions formed 

by the removal of a hydrogen, which are associated with a positively charged atom, in most 

AEM cases nitrogen) that occur in the process of nucleophillic substitution, can lead to 
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degradation [70, 71]. The formation of ylides can be obsevered with deuterium scrambling 

experiments, but it has also concluded that ylides have a minimal effect on the overall 

degradation of the membrane. Lastly, OH radical degradation has been identified as a significant 

issue in long-term PEMFC operation, and there is some suspicion that this degradation pathway 

occurs in AEMFCs as well [73, 74]. Yet, until AEMs exist that are able to withstand extended 

operation, the radical hydroxide degradation mechanism is highly speculative.  

 Clearly, due to the extent of possible degradation pathways, a backbone/functional side 

chain relationship must be developed to be highly stable in a concentrated hydroxide ion 

environment. One area of study that a considerable amount of research has been devoted to and 

shows a fair amount of promise is fluorinated polymers. Analogous to Nafion®, perfluorocarbon 

backbones have an exceptional resistance to degradation in both low and high pH media [75-78]. 

A unique characteristic of Nafion® and fluorinated polymers alike is the highly hydrophobic 

nature of the backbone in contrast to the hydrophillic nature of the side chains, which has been 

well documented [79-82]. The membrane forms hydrophillic/hydrophobic phase-separated 

regions, confirmed by morphological analysis, that are partially resposible for the high stability 

in harsh conditions, but also tend to form ion channels through the hydrophillic regions which 

allows for high conductivities. In fact, the structure of a standard perfluorosulfonic acid (PFSA), 

analogous to the structure of Nafion®, has been modified to create a potentially more effective 

AEM as is shown in Figure 1.3 [83]. Figure 1.3 illustrates that the 3M PFSA excludes the 

highlighted fluorocarbon pendant group, as well as an ether linkage on the side chain. The main 

advantages to these modifications are that when polymerized, a higher degree of crystallinity is 

attainable which improves mechanical stability in arid/dry conditions, and the shorter side chain 

length of the 3M ionomer improves conductivity for a lower equivalent weight (weight of the 
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repeated block structure) polymer [83]. It should be noted that m and n are representative of 

repeating polymer blocks that determine the equivalent weight of the polymer as well as the 

charge density when functionalized. Some work has already been conducted on modifying the 

3M PFSA sulfonyl fluoride precursor to include a funtionalized side chain able to conduct 

hydroxyl groups [84]. However, Bosnjakovic et al. once again found that hydroxide degradation 

limited the AEM performance over time. 

Hydroxide degradation is a considerable issue when evaluating AEM performance. Based 

on recent findings, functional groups containing hydrocarbon chains with QA ends appear to be 

the best avenue for further research concerning novel backbone structures [54]. As such, it is not 

surprising that some work has already been performed involving the 3M ionomer with an amine 

linked hydrocarbon side chain containing a QA functional end [78]. In her study, Vandiver et al., 

concluded that significant degradation was evident when the AEMs were exposed to a highly 

basic environment. The work in this study is a continuation of the research performed by 

Vandiver et al., and has made improvements to the original synthesis and development of the 

polymer structure. In this work, the 3M ionomer is bound to the 3-(Dimethylamino)-1-

propylamine side chain and quaternized to yield a functional polymer electrolyte. This polymer 

is highly stable in both acidic and basic environments and does not exhibit permanent 

Figure 1.3: Structural comparison of a standard PFSA to the 3M PFSA sulfonyl fluoride 

precursor. 
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degradation in the presence of free hydroxide ions. Therefore, the information provided in this 

work will detail the novel modifications to the 3M PFSA sulfonyl fluoride precursor to yield a 

polymer electrolyte with unprecedented characteristics and performance.  
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CHAPTER 2 

METHODS AND MATERIALS 

 

2.1 Membrane Synthesis Materials and Procedure 

 

 Listed below are the materials used throughout the membrane synthesis accompanied by 

each respective manufacturer, chemical structure (if applicable), reference number and purity:  

3M sulfonyl fluoride precursor, FCMM (EW 798), NB159915-13-1 

3-(Dimethylamino)-1-propylamine, N(CH3)2(CH2)3NH2, (Aldrich, D145009, 99%) 

Iodomethane, CH3I, (Aldrich, I8507, 99%) 

Lithium hexafluorophosphate, LiPF6, (Aldrich, 201146, 98%) 

N, N-Dimethylacetamide, CH3C=ON(CH3)2, (Aldrich, 271012, anhydrous, 99.8%) 

Triethylamine, N(CH2CH3)3, (Acros, 432280010) 

Methyl alcohol, CH3OH, (Mallinckrodt, 3041-06, anhydrous, 99.9%) 

Hexanes, C6H14, (Fisher Scientific, UN1208, 99.9%) 

 

Slight improvements in the synthesis were implemented throughout this work. However, the 

procedure outlined below reflects the finalized chemical method. First, the 3M sulfonyl fluoride 

precursor, as shown above in Figure 1.3, was dried in a vacuum oven at 40 C for 2 days prior to 

any reaction.  Then, the as-received 3-(Dimethylamino)-1-propylamine was dried over 

anhydrous K2CO3 for 48 hours. Likewise, the N, N-Dimethylacetamide (DMAc) was dried using 

an activated molecular sieve for 24 hours. Next, a 500 mL Erlenmeyer flask was charged with 3-

(Dimethylamino)-1-propylamine (20.436 g, 25.2 mL, 10 equivalents 0.2 mol) in dry DMAc (200 

mL) and purged with dry nitrogen for 20 minutes.  The 3M sulfonyl fluoride precursor (EW 798, 

15.96 g, 1 equivalent 0.02mol) was then added slowly to the reaction mixture under nitrogen gas 

and then sealed under a nitrogen environment using a rubber stopper.  The reaction was 
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conducted at room temperature for 24 hours and then refluxed at 100 C for 48 hours.  The 

heated solution was then cooled and added slowly to a 2000 mL beaker containing 900 mL of 

hexanes with excess (5 equivalents) triethylamine (TEA) at room temperature for 30 minutes.  

Hydrofluoric acid (HF) was formed during the reaction but was neutralized with the excess TEA.  

During the reaction, an orange gelatinous polymer was precipitated. The excess hexanes and 

TEA solution was decanted, and the remaining precipitated polymer was washed with methanol, 

and then dried in a vacuum oven at 40 C overnight.  The resulting sulfonamide polymer (PFSa-

PDMa, perfluoro sulfonamide – propyl dimethylamine) was then treated with approximately 150 

mL of 5M iodomethane in methanol in a 250 mL Erlenmeyer flask at 45 C for 48 hours. 

Typically, prior to treatment with iodomethane, a 2 gram aliquot of PFSa-PDMa was washed 

with MeOH, dried overnight at 40 °C, pulverized to a fine powder and encapsulated. After 48 

hours, a fine white precipitate was visible and a glass Pyrex® Buchner funnel with medium 

porosity was used to collect the precipitate from the solution. The quaternized polymer powder 

(PFSa-PTMa, perfluoro sulfonamide – propyl trimethylamine) was washed with methanol, dried 

at 40 °C overnight and encapsulated. The entire synthesis pathway is illustrated in Figure 2.1. 

 

Figure 2.1: Synthesis pathway for samples PFSa-PDMa and PFSa-PTMa. R1 in each structure 

represents the fluorocarbon backbone of the 3M ionomer. 

PFSa-PTMa 

PFSa-PDMa 
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2.2 Casting and Annealing 

 

 Aliquots, typically between 1 and 5 grams, of the quaternized membrane (PFSa-PTMa) in 

powder form were dissolved in DMAc, accounting for at most 10% by weight of the resulting 

solution. After a period of roughly 48 hours, in which the covered solution was vigorously stirred 

and heated to approximately 60 °C, the solution no longer had any visible undissolved particles 

or gelatinous clusters. If the solution had an apparent viscosity comparable to that of water, the 

covering was removed and the solution was heated at 60-80 °C to evaporate excess DMAc until 

the apparent viscosity thickened significantly but did not become gelatinous. Once the viscosity 

was appropriate, comparable to the apparent viscosity of average household honey, 3 mL of the 

solution were removed via plastic syringe and drop cast onto a thin Teflon® slab to form a 3” x 

3” square. The drop cast membrane was allowed to dry for at least 8 hours and then was 

moistened slightly with a damp sterile tissue and removed from the Teflon® by peeling with a 

blade. The membrane was then allowed to dry overnight at room temperature. Then, the 

membrane was annealed between 4 sheets of 0.135 mm thick Teflon® and 2 steel plates at 160 

°C and 7500 lbs of pressure with a Carver Heated Hydraulic Press for 10 minutes. After the 

allotted time had passed, the apparatus was cooled to 50 °C using a Thermo NESLAB RTE-211 

refrigerated bath/circulator while still under pressure. The membrane was carefully removed 

from the Teflon® sheet using a blade and was then washed for 6 hours with DI water, with the 

water exchanged every two hours.  
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2.3 Ion Exchange 

 

 Following annealing and washing, the membrane was submerged in a 100mL 1 M 

solution of 50/50 DI water/methanol containing either a base, acid, or neutral salt capable of 

displacing the iodide ion from the quaternary amine. Two separate methods were employed for 

acids/neutral salts and bases. 

 2.3.1 Acids/Neutral Salts 

 The acid/neutral salt exchange solutions were derived from the following chemicals: 

Lithium hexafluorophosphate, LiPF6, (Aldrich, 201146, 98%) 

Hydrogen chloride, HCl, (Pharmco-Aaper ACS reagent grade, 36.5-38%) 

 

At room temperature, the membrane/exchange solution was stirred in a 150 mL 

Erlenmeyer flask for 24 hours. After 24 hours had passed, the exchange solution was decanted, 

and replaced with 100 mL of DI water. The membrane was then stirred in DI water for 6 hours 

with the water exchanged every 2 hours. 

 2.3.2 Bases 

 The acid/neutral salt exchange solutions were derived from the following chemicals: 

Sodium hydroxide, NaOH, (Macron, 7708-06, 99%) 

Potassium hydroxide, KOH, (Macron, 6984-06, 99%) 

Cesium hydroxide, CsOH, (Aldrich, 23,206-8, 99%) 

Sodium carbonate, Na2CO3, (Fischer Scientific, 132486, Anhydrous, 98%) 

Sodium bicarbonate, NaHCO3, (Fischer Scientific, 142545, 99%) 

 

 The exchange solution was prepared in a 150 mL Erlenmeyer flask, capped with a rubber 

stopper, sealed with copper wire, and then purged under ultra-high purity nitrogen gas for 

approximately one hour. In addition, 400 mL of DI water were placed in a 500 mL Erlenmeyer 

flask, capped with a rubber stopper, sealed with copper wire, and purged with ultra-high purity 

nitrogen for approximately 5 hours. The membrane to be exchanged was placed in an empty 
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100mL beaker, and capped loosely with aluminum foil. Then, the 2 flasks, beaker, and 6 empty 

50 mL plastic centrifuge tubes were transferred into a nitrogen-filled glove box. The flask 

containing the exchange solution was uncapped, the membrane was placed inside, the flask was 

recapped and then was left undisturbed for 24 hours. After the 24 hour exchange, 50 mL of DI 

water was extracted from the 500 mL flask via syringe and transferred to one of the empty 

centrifuge tubes. The membrane was removed from the exchange solution, gently patted dry with 

a sterile tissue, placed in the filled centrifuge tube and then allowed to sit undisturbed for 1 hour. 

This washing process was repeated with the 5 remaining centrifuge tubes. The membrane was 

left within the last centrifuge tube for storage within the glove box. 

 

2.4 Conductivity Measurements 

 

 Conductivity measurements were performed on all forms of the membranes listed in 

Section 2.3, in addition to the non-quaternized sample (PFSa-PDMa) and the 3M PFSA (EW 

800). Depending upon whether the membrane was in an ion form that could be affected by 

ambient conditions (hydroxide form) or an atmospherically stable form, two methods were 

employed to measure the conductivity. Some hydroxide samples were also tested at ambient 

conditions, however when exposed they were assumed to be in the carbonate/bicarbonate form. 

 2.4.1 Conductivity Measurements with Atmospheric Exposure 

 A strip of the membrane was first removed using a blade. The strip was at least 4.25 cm 

in length, and approximately 3.5 mm in width. The strip was then measured and recorded in five 

different places with calipers for width and thickness. The strip was then placed within a vented 

Teflon block across 4 platinum electrodes. The strip was placed beneath the two center bands, 



24 
 

and atop the outer bands. The outer bands were wrapped in small pieces of platinum mesh and 

the strip was centered on each. The Teflon block was then placed within a Test Equity 1000H 

Series environmental chamber and connected to a Bio-Logic SA VMP3 potentiostat via 4 wires 

connected to the metal bands. The wires were devoted to the work, work sense, counter, counter 

sense and were connected in that order. A script governed by the Test Equity to ramp the 

temperature from 50-90 °C in 10 degree increments, holding the temperature constant for 64 

minutes at each step, while at 95% relative humidity was employed to measure each sample. EC-

Lab® v10.32 was the software used to analyze the signals delivered to the potentiostat. Potentio 

electrochemical impedance spectroscopy (PEIS) loops were timed at 4 minutes apiece and 

recorded real and imaginary resistances from a range of 300 kHz to 0.4 Hz. Typically, 3 samples 

of each membrane form were measured during 3 respective runs of the Test Equity script. 

 2.4.2 Conductivity Measurements with Environmental Control 

 Prior to the ion exchange process detailed above, a strip of the membrane was removed 

using a blade. The strip was at least 4.25 cm in length, and approximately 3.5 mm in width. The 

strip was then measured in five different places with calipers for width and thickness. This was 

done prior to the ion exchange due to the difficulty of collecting dimensional measurements 

within the nitrogen-filled glove box. The strip was then added to the 100 mL beaker, mentioned 

above in Section 2.3.2, alongside the rest of the membrane. The process of ion exchange with a 

base was then performed as described previously. Following ion exchange, the strip was 

recovered and placed within a sealable custom Bekktech cell containing a modified Teflon block 

comparable to the one described in the section above. The cell was then sealed, removed from 

the nitrogen glove box, and then connected to an open nitrogen loop capable of humidifying the 

inlet gas. The cell was also connected to a thermocouple controller that managed the overall 
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system temperature, including inside the cell. Figure 2.2 displays the entire configuration with 

the closed cell already integrated.  

As seen in Figure 2.2, the system was insulated at every juncture and the lines were 

heated using Omegalux® heating tape. The water tank, seen in the bottom left of Figure 2.2 

(brown), was filled with nitrogen purged DI water to eliminate any traces of carbon dioxide. 

Analogous to the setup described in Section 2.4.1, 4 wires from the potentiostat were connected 

 
 

Figure 2.2: Custome environmentally-controlled Bekktech cell for hydroxide form conductivity 

measurements. The panel (top) displayed the temperature set points throughout the system. The 

water tank (brown, bottom left) supplied the moisture for humidity control. Mass flow 

controllers (unseen) dictated the flow of wet/dry nitrogen gas. The modified Bekktech cell 

(center) connected to the nitrogen inlet on the left side and outlet on the right, with 4 platinum 

rods visible atop the cell extending from the Teflon® block within the cell. 
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to the 4 platinum electrodes extruding from the sealed cell. A custom LabView template was 

constructed to control the temperature, humidity and mass flow within the system. As such, a 

script nearly identical to the one detailed in Section 2.4.1 was constructed for the Bekktech 

system. The only caveat being that longer equilibration times and higher mass flow rates were 

used for the temperatures above 70 °C. EC-Lab v10.32 was used to analyze and record the 

signals from the potentiostat. 

2.4.3 Conductivity Measurement Analysis 

The impedance loops recorded with EC-Lab were analyzed on a Nyquist plot using the Z-

Fit analysis package, and fit to model a circuit containing a resistor in series with a capacitor and 

resistor in parallel (R1 + C1/R2). The fit calculated the total impedance of the membrane for each 

loop in Ohms. The total impedance was then used to calculate the conductivity of the membrane 

as expressed by Equation 2.1. 

𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (
𝑆

𝑐𝑚
) =  

𝑡

𝑅𝐴
         Equation 2.1 

The conductivity, in siemens per centimeter, was determined as a function of t, the average 

thickness of the sample (cm), R, the total impedance of the sample (Ohm), and A, the average 

cross-sectional area of the sample (cm2). 

 In addition, the conductivity values were linearized and displayed on an Arrhenius plot. 

The linear trend of the conductivity versus temperature allowed an approximate activation 

energy (Ea) to be calculated using the relation described in Equation 2.2. 

𝐸𝑎 (
𝑘𝐽

𝑚𝑜𝑙
) =  −𝐼𝐺𝐶 ∗

∆log (𝜎)

∆
1

𝑇

                                       Equation 2.2 

The conductivity is represented by σ (S cm-1) and the temperature is represented by T (Kelvin). 

The idea gas constant is represented by IGC (kJ mol-1 K-1) [85]. 
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2.5 Infrared Spectroscopy 

 

 Prior to either type of Infrared spectroscopy, each sample was dried overnight at 60 °C in 

a vacuum oven to remove as much water as possible.  

 2.5.1 Attenuated Total Reflectance Infrared Spectroscopy 

 First, approximately 0.75 L of liquid nitrogen were poured into a Nicolet Nexus 470 FT-

IR E.S.P. to measure the attenuated total reflectance (ATR) infrared (IR) spectroscopy. A 

background was first collected under cooled conditions in the absence of a sample with a Nicolet 

iN10 germanium ATR tip. 256 scans were collected for each measurement under a single beam 

and averaged to yield a single spectrum. Prior to collection, whether conducting background or 

sample collection, the sample window and tip were sterilized with laboratory grade isopropanol. 

A 2 cm x 2 cm sample was placed on glass window and the ATR tip was lowered until it was in 

contact with the sample, a slight pressure was applied by the tip. The spectrum was collected and 

analyzed using Ominic® v6.0a. The software was also used to suppress any atmospheric 

interference absorbed by the beam. 

 2.5.2 Transmission Fourier Transform Infrared Spectroscopy 

  For transmission FT-IR spectroscopy, 0.75 L of liquid nitrogen were first poured into a 

Nicolet iN10 MX microscope. Then a 1 cm x 1 cm sample was cut and placed on a circular 

diamond window. The sample and window were then fixed directly below the beam. Ominic 

Picta 1.0 SP3 was used to control the apparatus and analyze the collected spectra. A camera 

function was then used to focus the beam on the sample. This was accomplished by raising or 

lowering the mechanical bench on which the window and sample were fixed. Once appropriately 

positioned, a condensing glass within the microscope was optimized to reflect the greatest IR 
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energy. The camera function was then used to move the beam off of the sample and onto the 

diamond window to collect the background spectrum. 265 scans were averaged for each 

background and sample. The camera function was then used to reposition the beam on the 

sample, and the condensing glass was again optimized. The spectrum was collected and 

atmospheric influences absorbed by the beam were suppressed using the analysis software. The 

diamond window was sterilized with isopropanol between the collection of each sample. In 

addition, the beam was typically repositioned twice on the sample, collecting a spectrum at each 

position, to ensure homogeneity throughout the sample. 

 

2.6 Dynamic Vapor Sorption 

 

 All sorption experiments were performed using DI water as the active solvent. Also, 

samples were often manipulated to fit on the holding pan and held in place by the glass struts 

used to hang the pan. This was done to maximize the weight of each sample an in turn increase 

the accuracy of the measured water uptake. 

 2.6.1 Dynamic Vapor Sorption Measurements 

 A Dynamic Vapor Sorption (DVS) Advantage instrument was used to perform DVS 

analysis. DVS-Advantage Control Software v2.1.1.2 was used to operate the apparatus, as well 

as write and execute experimental scripts. First, the balance was tared using an empty 343 mg 

circular glass weighing dish. The balance was not considered tared until the readout remained 

steady at 0 mg for at least 10 seconds. Then, a sample of the membrane was collected using a 

blade, weighing approximately between 10-20 mg. The dish was removed from the balance and 

the sample was placed in the center, ensuring that if the membrane swelled significantly it would 
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remain on the dish. Then, the dish was hung on the balance and the apparatus was sealed. A 

specific script was written to run for an initial 2 hours at 120 °C to ensure the sample was dried. 

Then, after the drying period the temperature was set at 60 °C, for two complete cycles between 

0 and 95% relative humidity at 20% increments (with the exception of the step between 80-

95%). Two complete loops were measured to determine any hysteresis exhibited by the 

membrane. Also, regardless of increasing or decreasing humidity, each increment was 

equilibrated for 2 hours to guarantee steady-state within the membrane.  

 2.6.2 Lambda Calculation 

 The dimensionless parameter, lambda (λ), was calculated at each relative humidity 

increment to represent the number of moles of water molecules associated with a mole of 

aminated side chains. Equation 2.4 presents the common relation used to calculate lambda 

𝜆 =  
𝑊𝑈

𝑀𝑊𝐻2𝑂∗𝐼𝐸𝐶
         Equation 2.4 

The determination of lambda is based off of the water uptake of the sample, WU (-), a 

dimensionless quantity defined as the mass of the sample at a given equilibrated relative 

humidity increment subtracted by the dry mass of the sample. The water uptake is divided by the 

molecular weight of water, MWH2O (g/mMol), as well as the specific IEC of the membrane (meq 

g-1). Both meq and mMol are relatable quantities and thus the units cancel to yield the unit less 

lambda value. It should be noted that error propagation was used to calculate the standard 

deviation of the lambda values. 
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2.7 IEC Determination 

 

 It should be noted that whether titrating a chloride sample with NaNO3/AgNO3 or a 

PFSa-PDMa sample with NaCl/NaOH, the procedure was identical. The only difference was the 

relative concentrations of the solutions used for titration and the technique in which the inflection 

point was measured. 

2.7.1 Nitrate Titration 

 First, a 0.1 M solution of NaNO3 was prepared with DI water in a 50 mL centrifuge tube. 

A 3” x 3” sample in the chloride form was placed in the solution and allowed to sit for 24 hours. 

After the 24 hour exchange period, a ring stand, a hot plate with stirring capabilities, a ring 

clamp, 2 10 mL glass pipets, 1 10 mL burette, a 500 mL beaker, an 80 mL beaker, a stir bar and 

a rubber bulb were obtained. The ring clamp was positioned to hold the burette over the 80 mL 

beaker containing the stir bar which was placed on the hot plate. Next a 0.005 M AgNO3 solution 

was prepared in a 1000 mL flask with DI water. Also, a small bottle of 5 wt% K2CrO4 indicator 

was obtained. Then, the burette and one of the pipets were standardized with the AgNO3 

solution. The remaining pipet was standardized with the NaNO3 exchange solution. Then, 10 mL 

of the exchange solution, along with 0.5 mL of the K2CrO4 indicator were placed in the 80 mL 

beaker. The burette was then filled to the topmost measurement line with the AgNO3 solution. 

Stirring was initiated and the solution in the beaker was then titrated with the solution in the 

burette. The solution was titrated at a steady pace of about 0.05 mL/s until large white flakes 

were clearly visible in the beaker. Then, the titration was slowed to 3 drop increments until the 

flakes turned a distinct brown color. At this point, the total volume of the AgNO3 solution was 

recorded, and the solution in the 80 mL beaker was poured into the 500 mL waste beaker. The 80 
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mL beaker and stir bar were then cleaned, the burette was refilled and the process was repeated 4 

more times. After the titration measurements were completed, the sample was removed from the 

centrifuge tube, rinsed with DI water and then dried overnight at 60 °C. The dry mass of the 

sample was then recorded. 

 2.7.2 Chloride/Hydroxide Titration 

 The procedure and materials described above were identical to those used to perform the 

titration of the PFSa-PDMa sample with a small number of exceptions. A 0.1 M NaCl solution 

was prepared in the centrifuge tube as the ion exchange solution. Also, the solution used to titrate 

the exchange solution consisted of 0.001 M NaOH. Lastly, instead of a K2CrO4 indicator, a few 

drops of aqueous phenolphthalein was used to measure the inflection point when the titrated 

solution turned from clear to pink. 5 total titrations were also performed for statistical analysis. 

 2.7.3 Calculation of the Ion Exchange Capacity 

 The ion exchange capacity was calculated with the use of two relations, as shown in 

Equations 2.2 and 2.3. 

𝐼𝑜𝑛 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑚𝑜𝑙

𝐿
) =  𝐶𝐼 =  

𝑉𝑇𝐶𝑇

𝑉𝐸
          Equation 2.2 

𝐼𝐸𝐶 (
𝑚𝑒𝑞

𝑔
) =  

𝐶𝐼𝑉𝑆

𝑀𝑚∗1000
         Equation 2.3 

The concentration of displaced ions, CI, in the exchange solution is a function of the total volume 

of the titrating solution, VT (L), up until the inflection point, multiplied by the concentration of 

the titrating solution, CT (mol/L), and divided be the volume of the exchange solution used for 

each titration, VE (L). The concentration of displaced ions can be used to calculate the IEC of the 

membrane by multiplying by the total prepared volume of the exchange solution, VS (L), and 

dividing by the dry mass of the membrane, Mm (g). The obtained value is also divided by 1000 to 

obtain the correct units of meq g-1. 
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2.8 Tensile Testing 

 

 Tensile testing was conducted using a TA ARES-G2 Rheometer affixed with an SER2-A 

extensional feature. The temperature and relative humidity conditions were controlled using a 

custom built chamber. The experimental setup is depicted in Figure 2.3. The chamber was 

supplied with nitrogen gas that could be humidified from a heated DI water reservoir. The 

relative flows of dry and wet gas were dictated by flow controllers. The temperature of the water 

reservoir, lines and chamber were all measured with thermocouples and the set points were 

managed by a controller. A custom written LabView interface was used to dictate flow rates, 

(L) (R) 

Figure 2.3: (L) the SER2-A extensional fixture. The sample was held between the screw 

tightened bars as shown in (L). Soft rubber and double-sided tape were attached on the inside of 

the bars to keep the sample in place. (R) the TA ARES-G2 Rheometeter with the custom oven 

enclosing the extensional fixture and sample. The orange line extending towards the top left was 

an electrically heated line to supply wet and dry nitrogen gas. 
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temperature and was also used to record temperatures and humidities throughout each 

experiment. The relative humidity within the chamber was measured using a Vaisala humidity 

meter. To operate the ARES-G2 Rheometer, TA TRIOS v3.2 software was used. First, the 

extensional fixture was secured within the apparatus and TRIOS was used to set a gap width of 

0.5 mm. Then a sample was collected using a blade, typically at least 25 mm in length and at 

least 2.5 mm in width and the width and thickness of the sample were measured at three places 

along the sample length using calipers. The sample was then placed between the bars of the 

extensional fixture and the rheometer was slightly rotated until the sample was taught. Then, the 

average dimensions were input into TRIOS and an extension rate (typically 0.0033 s-1) and an 

equilibration time were set. Dry measurements (>0% relative humidity) were allowed to 

equilibrate for a period of 10 minutes at 60 °C before extension of the sample began. Samples 

used for dry testing had been dried overnight in a vacuum oven at 60 °C prior to tensile testing. 

Saturated measurements (>90% relative humidity) were allowed to equilibrate for 30 minutes 

before extension of the sample began. Extension of the membrane was continued until the plot 

generated by TRIOS clearly indicated that the sample had ruptured. 

 Tensile strength, the Young’s modulus and degree of elongation were all calculated in 

TRIOS based off of the generated plot displaying the engineering stress (Pa) versus the Hencky 

strain (-). The Young’s modulus was derived from the initial slope of the plot, the tensile strength 

and degree of elongation were both obtained from the last data point observed before the sample 

ruptured, assuming no lag before extension took place.  
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2.9 Static Contact Angle Measurements 

 

 Static contact angle measurements were performed using a custom-built experimental 

setup. The setup is shown in Figure 2.4. A Canon PowerShot SX110 IS camera was used to 

capture the contact angles. It should be noted that the camera, focusing lens and bench could be 

raised or lowered for optimal positioning. In addition, the bench could slide forwards and 

backwards to increase the focus of the captured image. Prior to any measurement, samples were 

dried in a vacuum oven overnight at 60 °C. A highly reflective silicon wafer was obtained and 

placed on the sample bench, displayed on the right in Figure 2.4. A sample was collected and 

placed on the silicon wafer, typically taped down to ensure the surface was flat and level. Then a 

10 μL syringe was used to place a 10 μL droplet onto the sample. The lens and camera were  

 

 

Figure 2.4: Custom static contact angle experimental setup. 
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usually pre-focused to reduce the amount of time to find the right angle. This minimized the 

amount of time allotted for the droplet to absorb into the sample. When properly backlit and 

focused, a photograph was taken of the droplet once the reflection of the droplet could clearly be 

seen on the silicon wafer. A minimum of 5 photographs were taken of different droplets for 

statistical analysis. The photographs were analyzed to measure the contact angle using the 

contact angle plug-in on ImageJ v1.48 software. Each sample was fit to both circle and 

ellipsoidal contact angles. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

 

 As was briefly mentioned in Section 2.1 above, many improvements in the chemical 

synthesis and membrane development occurred throughout the duration of this collective 

research. Incidentally, the following work is a continuation of a recent publication that includes 

the synthesis and characterization of an identical polymer structure stemming from the 3M 

ionomer [78]. However, a significant difference exists between the two studies, Vandiver et al. 

collected the non-quaternized membrane by evaporating the solvent solution during the 

membrane synthesis. However, in this work, hexanes were introduced into the solvent solution to 

precipitate the membrane. In addition to the differing method of solid extraction, smaller 

improvements to the method of synthesis were also implemented as our understanding of the 

membrane properties increased. These improvements included drying the as-received 

propylamine over K2CO3, drying the DMAc solvent with an activated molecular sieve and 

increasing the temperature of the 3M sulfonyl-propylamine reaction to 100 °C after 24 hours at 

room temperature. These adjustments to the synthesis were made to reduce hydrolysis side 

reactions that created sulfonic acid groups within the membrane. As such, the results below 

represent the final product of these improvements and the earliest work only serves as a basis for 

comparison and will be highlighted as such.  
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3.1 Membrane Development 

 

 Initially, all membranes were drop-cast onto substrates such as Teflon®, Kapton® or 

glass. However, it quickly became evident that recovery of the membranes cast on Kapton® and 

glass did not yield fully intact membranes due to slight tears and cuts gained during removal 

from the substrate. Therefore, Teflon® was used exclusively and it was also discovered that just 

prior to removal, slight damping of the membrane with a sterile tissue lightly soaked in DI water 

greatly reduced the amount of membrane imperfections. Although, if too much DI water was 

allowed to soak into the membrane, rapid swelling would occur causing the membrane to rupture 

on the substrate surface. 

 In addition, drop-cast membranes, once removed from the substrate, often possessed 

large variations in thickness (at times as much as 50 microns from one end to the other) due to 

substrate curvature or non-level laboratory surfaces. Since conductivity measurements are based 

on averaged properties of width and thickness, a uniform membrane was important to attain 

accurate results. Consequently, an attempt at casting highly uniform membranes was conducted 

using an ATA-III Automatic Thick Film Coater, to execute a constant draw rate, in conjunction 

with a micrometer adjustable film applicator, to dictate the membrane thickness. Using this 

method it was possible to produce uniform membranes with thicknesses of 20 microns. 

However, it was found that by ensuring a level surface and either taping or weighing down the 

substrate edges, drop-casting could also produce membranes of equivalent quality. 

 Membranes cast in the iodide form following quaternization, if in the range of 20-40 

microns thick, were exceedingly brittle once removed from the Teflon® substrate. Therefore, 

membranes were subjected to an annealing treatment to improve mechanical properties based on 
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effective results shown with similar perfluorinated polymers [86]. It should be noted that the 

annealing conditions specified by Hamrock were only employed as a reference point. A variety 

of temperatures and pressures were examined ranging from 120-180 °C and 60-400 psi before 

arriving at the conditions listed in Section 2.2. These conditions were selected based upon 

physical characteristics (such as noticeable heat spotting at high temperatures), IR spectroscopy 

analysis, and mechanical strength. Table 3.1 shows the results of tensile stress testing performed 

on both annealed and non-annealed samples in the iodide form. Analysis was only possible at dry 

conditions due to the fact that when saturated, the non-annealed samples immediately began to 

disintegrate when placed in the testing apparatus. 

Table 3.1: Comparison of non-annealed and annealed PFSa-PTMa samples. Tensile tests were 

conducted at 60 °C and < 0% relative humidity. 

Sample Tensile Strength (MPa) Young's Modulus (MPa) Elongation (%) Thickness (μm) 

Non-Annealed 6.2 ± 0.9 289 ± 73 3.6% ± 1.4% 34 ± 2.1 

Annealed 49 ± 3.2 389 ± 63 13% ± 2.4% 26 ± 1.1 

 

Table 3.1 clearly indicates that annealing was beneficial to the mechanical strength and 

durability of the membrane. The poor elongation and tensile strength of the non-annealed sample 

indicates that at dry conditions, the polymer exhibits highly crystalline characteristics. Due to the 

fact that the annealed sample was cooled quickly following the annealing process, as described 

in Section 2.2, the polymer was expected to remain highly amorphous. As such, the tensile 

strength was increased by a factor of 8, signifying a more phase ordered membrane structure as 

would be expected under the applied heat and pressure. From the non-annealed to the annealed 

membrane, the Young’s modulus increased by approximately 30 percent. This result is contrary 

to what would be expected since clearly the elongation of the membrane increased by nearly a 

factor of 4. Typically a polymer with a higher elasticity will possess a lower Young’s modulus in 
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comparison to a brittle membrane. However, in this case not only did the Young’s modulus 

increase, but an increase in elongation was observed, as well as an increase in tensile strength. 

To supplement this, it would be expected that the density of the polymer would also increase 

following the annealing treatment based on the experimental conditions which would support the 

increase in the Young’s modulus and tensile strength. Although, the void fraction within both 

non-annealed and annealed samples was unknown, making measurements to detect slight 

changes in density highly uncertain.  Regardless, the changes in mechanical properties shown in 

Table 3.1 suggest that the annealing treatment made the polymer more durable and robust. 

Therefore, due to the mechanical advantages, all of the polymers in this work synthesized by our 

group were annealed immediately following quaternization and casting. Exceptions to this 

standard will be clearly specified when necessary. 

 In order to assess the chemical structure as well as validate the method of synthesis, IR 

spectroscopy measurements were conducted. These measurements were also necessary to ensure 

that no unwanted side-reactions or decomposition occurred during the annealing process. Figure 

3.1 contains the spectra for the 3M ionomer (PFSA sulfonyl fluoride precursor), as delivered, as 

well as samples PFSa-PDMa (non-annealed), and PFSa-PTMa. To briefly reiterate, PFSa-PDMa 

lacks the quaternary amine group and represents the precursor to PFSa-PTMa. In addition, PFSa-

PDMa was not annealed due to the fact that quaternization was performed in solution, not after 

casting.  

The most important feature to note from the 3M ionomer in Figure 3.1 is the sharp S-F 

peak observed at approximately 1460 cm-1. Ideally, the evidence of this peak would completely 

disappear following the reaction with the 3-(dimethylamino)-1-propylamine (detailed in Section 
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Figure 3.1: Comparison of the ATR IR spectra for the 3M PFSA sulfonyl fluoride precursor, 

PFSa-PDMa and PFSa-PTMa. 
 

2.1). As Figure 3.1 shows, the spectra for PFSa-PDMa and PFSa-PTMa clearly indicate that 

complete conversion of the sulfonyl fluoride was successful. This result is important for the 

calculation of IEC as will be discussed in a subsequent section. In addition, the absence of a 

sulfonic acid peak, occurring at 1050 cm-1 according to Bosnjakovic et al., signifies that any 

hydrolysis of the sulfonyl fluorides due to water present during synthesis was effectively avoided 

[84]. Lastly, the peaks observed in the fingerprint region to the right of the sulfonyl peaks (1060 

– 1390 cm-1), as well as the additional peaks in the 1300-1500 cm-1 area are indicative of the 

alkane bonds expected to be present in samples PFSa-PDMa and PFSa-PTMa. The spectra in 

Figure 3.1 are in agreement with the results published by Vandiver et al., concerning the 3M 

precursor and the quaternized methyl ammonium polymer with one exception [78]. Vandiver et 

al., highlighted the presence of an N-H stretch, typical of primary amines, appearing around 1660 
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cm-1. However, according to Figure 3.1, the reaction of 3-(dimethylamino)-1-propylamine with 

the 3M sulfonyl fluoride precursor should only yield a secondary and tertiary amine. This result 

affirms that the modification to the chemistry established by Vandiver et al., mentioned above, 

yields a polymer without unintended functional groups.  

To determine whether the annealing treatment was chemically affecting the polymer, 

both transmission and ATR IR analysis were performed on the same sample prior to, and 

following annealing. The results of the ATR analysis did not show any significant change in the 

fingerprint region or at wavelengths smaller than the large sulfonyl peaks at 1193 and 1137 cm-1. 

However, as is seen in Figure 3.2, the higher sensitivity of transmission IR at smaller 

wavelengths detected what appears to be a change in the chemical composition. Between 

 

Figure 3.2: Comparison of the transmission FT-IR spectra for PFSa-PTMa before and after 

annealing at 160 °C and 400 psi. 
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approximately 3200 and 2800 cm-1, the disappearance of a wide bend at 3100 cm-1 as well as a 

peak at 2900 cm-1 are clearly visible. This discrepancy is due to the evaporation of residual 

DMAc during the annealing process. An IR spectrum published for DMAc on the National 

Institute of Standards and Technology (NIST) website database clearly shows strong absorptions 

in the region between 3200-2800 cm-1 [87]. Therefore, Figure 3.2 provides evidence that no 

further chemical alteration or degradation was observed following the annealing treatment. In 

addition, the evaporation of excess solvent would increase the density of the polymer, which 

agrees with the increases in mechanical properties following annealing as shown in Table 3.1. 

Further analysis of the IR results is discussed in a subsequent section. 

 

3.2 Physical and Electrochemical Properties  

 

 Measurements of physical and electrochemical properties included a variety of membrane 

ion forms as was listed in Section 2.3. Predominantly, the ion forms of most interest consisted of 

chloride and hydroxide. The chloride form is easily handled in open atmosphere without risk of 

degradation and was obtained through a highly acidic exchange solution. On the other hand, the 

hydroxide form is extremely susceptible to carbonation in open atmosphere due to carbonation, 

but was obtained through a highly basic exchange solution. Yet, despite handling difficulties, the 

hydroxide form is crucial to understanding the maximum electrochemical performance of an 

anion exchange membrane. These two forms express how the membrane behaves in two types of 

extreme chemical environments. Although, it should be noted that the majority of analysis was 

conducted at atmospheric conditions, so it can be assumed that membranes exchanged to the 

hydroxide form were in the carbonate/bicarbonate form during analysis unless otherwise stated. 
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In addition, all ionized membranes in this work stemmed from the iodide form of PFSa-PTMa, 

differing ion forms will be listed by the respective counterion employed for ion exchange rather 

than the full sample name for simplicity. 

  Tensile testing was conducted on both chloride and hydroxide forms to evaluate the 

effects of exposing the membrane to strong acids and bases. The membranes were measured at 

both dry and saturated conditions to understand the influence of water absorption as well. Table 

3.2 shows that in both saturated and dry environments, the membrane exchanged with KOH 

exhibited superior mechanical characteristics despite the fact that the HCl samples were thicker. 

Similar discrepancies exist for each characteristic between the two samples at both saturated and 

dry conditions. The tensile strengths of the KOH sample at saturated and dry conditions were 

approximately double the values observed for the HCl sample. In addition, the Young’s modulus 

was roughly 40% greater at both conditions, and the degree of elongation exhibited lengths of 

50% and 160% greater at dry and saturated conditions, respectively, for the KOH sample. 

Table 3.2: Tensile testing of HCl and KOH samples at both saturated and dry conditions at 60 

°C. 

Sample Tensile Strength (MPa) Young's Modulus (MPa) Elongation (%) Thickness (μm) 

< 0% Relative Humidity 

HCl 26 ± 2.6 417 ± 44 10% ± 1.9% 57 ± 10 

KOH 45 ± 7.2 583 ± 83 15% ± 1.0% 34 ± 2.8 

> 90% Relative Humidity 

HCl 5.8 ± 0.8 60 ± 5.8 28% ± 8.2% 41 ± 6.8 

KOH 13 ± 2.0 87 ± 16 75% ± 9.1% 29 ± 3.4 

 

 In comparison to PFSa-PTMa, in the annealed iodide form from Table 3.1, the results 

indicate that exchange to the chloride form slightly weakened the membrane. The tensile strength 

of the chloride sample was reduced by almost 50% whereas the KOH sample retained the 

strength observed for PFSa-PTMa. However, the Young’s modulus increased in both HCl and 



44 
 

KOH samples by approximately 7% and 50%, respectively. The degree of elongation of both 

samples in relation to PFSa-PTMa at dry conditions appeared to be relatively unaffected. These 

results indicate that ion exchanges in either highly acidic or basic environments cause 

embrittlement of the membranes at dry conditions, with a greater effect taking place under acidic 

conditions. 

  The mechanical characteristics of novel PFSA membranes, such as Nafion® 112, have 

also been examined [17]. Tang et al., reported the tensile strength, Young’s modulus, and 

elongation at 65 °C under saturated conditions. The tensile strength of Nafion® 112 at these 

conditions was observed to be approximately 12.5 MPa. The membrane in hydroxide form yields 

a strength that is nearly identical to Nafion® 112, however the membrane in chloride form 

displays a strength that was 50% less. In comparison to the Young’s modulus reported by Tang 

et al., roughly 60 MPa, both hydroxide and chloride samples exhibited similar results. The 

greatest discrepancy is recognized by the percentage of dimensional change. Nafion® 112, 

merely increasing in length almost 8%, was more than 3 times less than the HCl sample, and 

nearly 10 times less than the elongation observed for the KOH sample. Regardless of  the lower 

tensile strength displayed by the HCl sample, these results affirm that from a mechanical 

standpoint, the membranes in this work are at the very least comparable to, and in few regards 

superior to a novel polymer such as Nafion® 112. 

  

 The IEC of PFSa-PDMa, as well as the HCl sample, was measured via titration. Although 

PFSa-PDMa was not quaternized and therefore should not have possessed any free ions, the IEC 

was measured to confirm the prevention of any sulfonic acid group formation during synthesis. 

The HCl sample was measured instead of the KOH sample to avoid and complications due to 
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carbonation. However, a measurement of a sample in the NaOH form, stemming from PFSa-

PTMa, was conducted by collaborators from 3M at atmospheric conditions. 

 Through the titration method described in Section 2.7.1, the HCl sample was found to 

possess an IEC of 0.57 ± 5.15E-3. Vandiver et al., declared a similar value of 0.72 ± 0.02 meq g-1 

by means of a similar titration method involving sodium bicarbonate as the initial exchange 

solution [78]. However, considering the 3M sulfonyl fluoride precursor with an equivalent 

weight of 798, following the substitution of the fluorine with the 3-(dimethylamino)-1-

propylamine chain results in an approximate equivalent weight of 881. Moreover, the equivalent 

weight of a polymer is related to the IEC through the relation, IEC = 1000/EW [88]. 

Consequently, the theoretical IEC for the PFSa-PTMa sample amounts to 1.14 meq g-1, a value 2 

times greater than the IEC observed through titration. Although, as is seen in Figure 3.1, no 

evidence of residual sulfonyl fluoride side chains are still present within the membrane. 

Therefore, the reduction in ion exchange capacity is not due to incomplete reaction with  3-

(dimethylamino)-1-propylamine. Thus, PFSa-PDMa was titrated to determine if any sulfonic 

acid groups were responsible for the reduction in the observed IEC. Unfortunately, titration of 

PFSa-PDMa yielded a maximum IEC value of 9.06E-3 meq g-1. This result is unfortunate in that 

it does not provide insight as to why the IEC of the HCl sample was half of the theoretical value; 

however it does confirm that the presence of sulfonic acid sites can be assumed to be essentially 

negligible, which agrees with Figure 3.1. 

 As was mentioned above, colleagues at 3M also performed IEC titrations with non-

annealed samples stemming from PFSa-PTMa. These titrations were measured using an 

electronic pH meter rather than an indicator in solution. Analogous to the PFSa-PDMa titration, 

an HCl (non-annealed) sample soaked in NaCl and titrated with NaOH yielded an IEC with 
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miniscule magnitude (<0.01 meq g-1). This result confirms that even after quaternization, no 

sulfonic acid groups exist. In addition, another titration was also performed by soaking an NaOH 

(non-annealed) sample in an NaCl solution and titrating with HCl. From this measurement, an 

equivalent weight of 30,000 was approximated. Based on the conversion provided by Mauritz et 

al., the corresponding IEC would amount to just over 0.03 meq g-1. Since a significant amount of 

free hydroxide ions would have been displaced by chloride ions, an IEC similar to 0.57 meq g-1 

was expected. However, the reason for this discrepancy will be discussed in a subsequent 

section. 

 

 Dynamic vapor sorption (DVS) measurements were performed on every membrane 

counterion form tested throughout this study. In addition, PFSa-PDMa and the 800 EW 3M 

PFSA sulfonyl fluoride precursor were also tested for comparison. All samples were measured at 

60 °C with the relative humidity ramped from 0-95% to assess the maximum water uptake. 

Figure 3.3 below depicts the lambda values as a function of relative humidity for each of the free 

counterion forms. It should be noted that the IEC used to calculate lambda for PFSa-PTMa and 

all subsequent counterion forms employed the calculated value of 0.57 meq g-1 for consistency. 

In addition, the theoretical IEC of 1.14 meq g-1 was approximated for PFSa-PDMa, and the 

tabulated value of 1.21 meq g-1 was applied for the 3M precursor [89]. The expected trends are 

observed in Figure 3.3 with the magnitude of lambda corresponding to the size of the free ion. 

An increasing trend in water uptake with respect to LiPF6, PFSa-PTMa and HCl was clearly 

identifiable. In addition, Vandiver et al., reported a lambda of 6.2 ± 0.2 at 60 °C and saturated 

conditions implementing the calculated IEC of 0.72 as mentioned above [78]. Figure 3.3 shows 

that the HCl sample reached a value much closer to 11 in a saturated environment. However, this  
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Figure 3.3: DVS measurements of all counterion forms, including the 800 EW 3M PFSA and 

PFSa-PDMa, at 60 °C. Lambda is a unit-less value that represents the number of water molecules 

per charge carrier. 

 

inconsistency is highly offset depending upon the assumed IEC. For instance, when looking at 

the water uptake as a percentage of the increased mass, Vandiver et al., reported a value of 8.0 

whereas the HCl sample from Figure 3.3 regarded a value of 11.2. The slight difference in water 

uptake is expected considering differing synthesis methods as well as differences observed 

through IR analysis mentioned above. 

 Figure 3.3 also displays a cluster of samples dispersed between a lambda of 9 and 10. 

Since all of the samples tested in the DVS apparatus were exposed to the atmospheric conditions 

for an extended period of time, it makes sense that the hydroxide, carbonate and bicarbonate 

samples would all yield roughly equivalent values. In addition, in reference to Table 3.2 based on 
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the characteristics of the HCl and KOH samples at saturated conditions, Figure 3.3 shows that 

the increased elasticity of the KOH sample is not due to a greater amount of absorbed water. 

 The water uptake of the 3M PFSA 800 EW and PFSa-PDMa samples were also examined 

as benchmarks for the other samples. The 3M PFSA lambda values correspond closely with 

published data for the 3M PFSA 825 EW [86]. The similarity of the two measurements serves to 

confirm the accuracy of the analysis performed for all samples. In addition, with an 

approximated value of 1.14 meq g-1, the lambda values observed for sample PFSa-PDMa fall 

within the expected range. Without any side chains possessing ionic groups, the degree of phase 

separated regions within the polymer is decreased. This implies that water uptake should be 

minimal due to the absence of hydrophilic channels. 

 

 In-plane conductivity measurements of all samples, including the 3M PFSA and PFSa-

PDMa, were performed in an environmental chamber at saturated conditions with temperatures 

ranging from 50-90 °C. In addition, the conductivity of samples in the hydroxide form were also 

measured in a modified Bekktech cell which excluded atmospheric conditions and exposed the 

membranes solely to nitrogen gas and water vapor. Figure 3.4 displays the conductivity for the 

3M PFSA, HCl, PFSa-PTMa and LiPF6 membranes. As would be expected, the proton 

conductivity of the 3M PFSA was an order of magnitude greater than the HCl sample. The PFSA 

conductivities closely agree with a 3M publication that characterizes the 800 EW polymer [86]. 

The chloride, iodide (PFSa-PTMa) and hexafluorophosphate samples exhibited increasing 

magnitudes of conductivity proportional to their ion size. Due to the fact that the LiPF6 sample 

contains a free counterion that is considerably larger than Cl- or I-, the mobility is inherently 

slower which explains the large reduction in conductivity. In addition, relative to the results 
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Figure 3.4: Conductivities and approximate activation energies of the membrane in PF6
-, Cl- and 

I- free counterion forms, as well as the 3M PFSA at 95% relative humidity ranging in 

temperature from 50 – 90 °C. The y-axis was plotted on a logarithmic scale to express the 

relative linearity of the conductivity as a function of temperature. 

 

published by Vandiver et al., the HCl sample in this work reflected conductivities that were an 

order of magnitude greater. In accordance with the IR results discussed previously, this affirms 

that the chemical method applied in this work produces distinct electrochemical advantages. The 

results are plotted on a log scale to display whether the membranes conduct ions partial to 

Nernst-Einstein (NF) or Vogel-Tamman-Fulcher (VTF) kinetics. Slight convex bends are evident 

in all of the samples above which would indicate that conduction primarily follows VTF 

predicted behavior, however without further analysis it is not possible to determine the specific 

mechanism. Although the VTF approximation allows for estimated values of glass-transition 

temperature and maximum conductivity at infinite temperature, they are irrelevant to the scope 

of this work. However, the linearity of the conductivities with respect to temperature allows for 
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approximated activation energies for each of the polymer forms [85]. Figure 3.4 shows that the 

3M PFSA exhibited an activation energy of roughly 5 kJ mol-1. This result agrees very closely to 

the values reported in literature [90, 91]. The polymer in the chloride form showed an activation 

energy comparable to that of the 3M PFSA. Also, as expected the activation energy of the 

membrane increased as the size of the counterion increased.  

 Vandiver et al., proposed that exchanging the membrane structure in this work to the 

hydroxide form caused significant degradation of the polymer side chains. Therefore, to assess 

the evidence of degradation, a singular membrane was cast, annealed and then subjected to a 

series of ion exchanges in succession. The first exchange took place in LiPF6, followed by KOH, 

HCl, and NaOH exchanges, concluding with another LiPF6 exchange. The series of exchanges 

was formulated to determine if an ion as large as PF6 could successfully be introduced and 

removed without consequence, as well as to assess any decomposition of functional side chains. 

Figure 3.5 depicts the samples exposed to acidic exchange environments, LiPF6 and HCl. It 

should be noted that following the NaOH and KOH exchanges, the conductivity measurements 

were highly inconsistent. Of the few impedance plots that were discernable, conductivities were 

present in the range of 10-3-10-4 S/cm for both NaOH and KOH samples. To assess whether or 

not the Bekktech cell was malfunctioning or potentially exposing the membrane to the open 

atmosphere, a simple test was performed. An unrelated sample with known hydroxide 

conductivity was measured in the cell and accurately matched previously measured values. 

Consequently, it was concluded that the conductivities observed in the Bekktech cell reflected 

accurate results. However, this behavior will be explained in further detail later in this section. 

 What is most important to note from Figure 3.5 is that no degradation of the membrane 

was detected throughout the series of ion exchanges. The HCl conductivities in Figure 3.5 mirror 
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Figure 3.5: Conductivities and activation energies of the polymer subjected to a series of ion 

exchanges. PF6_1 and PF6_2 denote the first and last exchanges of the series, respectively. The 

sample in the chloride form was the result of the third exchange in the series. The KOH and 

NaOH membrane conductivities, representing the second and fourth ion exchanges in the series 

respectively, were excluded from this plot due to inconsistent measurements. The y-axis was 

plotted on a logarithmic scale to express the relative linearity of the conductivity as a function of 

temperature. 

 

the HCl conductivities in Figure 3.4. Moreover, the LiPF6 samples even showed a slight 

improvement from the first exchange to the last. The activation energies of the two LiPF6 

samples showed a slight amount of variation, however this was due to the difficulty of collecting 

conductivities at the lower temperatures. Therefore, in spite of the fact that the NaOH and KOH 

samples did not yield successful results, it was clear that no degradation of the membrane 

structure occurred during exchange to the hydroxide form. 
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 In an attempt to understand the low and inconsistent conductivities procured from the 

NaOH and KOH samples, a variety of additional ion forms were also analyzed. First of all, 

individual KOH and NaOH samples were created directly from PFSa-PTMa, excluding the series 

of exchange processes described above. Supplementally, Na2CO3 and NaHCO3 membranes were 

also produced to assess if the (series) NaOH and KOH samples had been exposed to atmospheric 

conditions and were exhibiting carbonate and bicarbonate conduction. A CsOH sample was also 

synthesized to determine whether or not the observed conductivity was due to cation movement. 

Figure 3.6 illustrates the conductivities of all the ion forms listed above measured in a humidity 

chamber (open atmosphere) with the exception of one NaOH sample measured in the Bekktech 

cell. It should be noted that all measurements were recorded at 50, 60, 70, 80 and 90 °C, the data 

markers are simply offset to avoid overlapping error bars. The results show that all of the ion 

forms exhibited approximately equivalent conductivities and activation energies, with one 

exception. Since the CsOH sample did not differ, it was clear that cation conduction was not 

responsible for the low conductivities. In addition, the KOH and CsOH samples were tested in 

the Bekktech and yielded results comparable to those listed for the series NaOH and KOH 

samples detailed above (10-4-10-5 S/cm). Moreover, since the majority of conductivities 

surrounded the values obtained for the carbonate and bicarbonate forms, it would appear that 

these two ions were predominately responsible for the poor results. However, the carbonate and 

bicarbonate conductivities are considerably lower than would be expected. Deavin et al., 

examined radiation-grafted anion exchange membranes with quaternary amine head groups and 

only observed a single order of magnitude drop from a maximum hydroxide conductivity of 0.1 

S/cm to the bicarbonate conductivity [58]. The conductivities in this work measured for 

bicarbonate are multiple orders of magnitude lower than the chloride conductivity 
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Figure 3.6: Conductivities and activation energies of the polymer in OH-, CO3
2- and HCO3

- 

counterion forms at 95% relative humidity ranging in temperature from 50 – 90 °C. Each spectra 

is slightly offset to eliminate error bar overlap. All samples were exposed to the open atmosphere 

with the exception of NaOH Bekktech, which was only ever in a N2/H2O environment. The y-

axis was plotted on a logarithmic scale to express the relative linearity of the conductivity as a 

function of temperature. 

 

which theoretically should be lower than the hydroxide form. Therefore, a large sample of the 

NaOH membrane was obtained, nearly twice the width of a typical sample, to maximize surface 

contact area within the Bekktech cell. The inconsistent results were still observed, analogous to 

the other samples measured in the Bekktech; however, the larger sample yielded enough data to 

accurately measure the conductivity. Figure 3.6 shows that the NaOH sample successfully 

measured in the Bekktech was consistently greater on average than the samples exposed to open 

atmosphere. This result indicates that there was a slight reduction in conductivity after being 
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exposed to a carbon dioxide rich environment. Consequently, the slight increase in conductivity 

signifies the presence of a miniscule amount of hydroxide ions present within the membrane. 

Based on the test performed to confirm Bekktech functionality described above, the certainty that 

the larger NaOH sample was never exposed to the atmosphere is absolute. In addition, this result 

agrees with the IEC value measured by colleagues at 3M for the OH- counterion form as 

mentioned previously. 

 

Section 3.3 Zwitterionic Behavior and Characteristics 

 

 In theory, the conductivity of a zwitterionic membrane would be essentially 

immeasurable in the presence of water due to the fact that both positive and negative charges 

would be bound to the polymer itself. According to data published by Bordwell and Algrim 

concerning similar chemical structures, the proton attached to the sulfonamide is relatively acidic 

in nature [92]. The acidity of this proton promotes its removal from the sulfonamide in the 

presence of a strong base, creating a zwitterionic polymer. Yet, as mentioned above, the 

membrane would no longer possess free ions if the removal of the proton occurred for each side 

chain. Thus, since a relatively low conductivity can be measured for samples exchanged in a 

basic environment (KOH, NaOH, CsOH, Na2CO3, NaHCO3), some percentage of the side chains 

must remain non-zwitterionic. The proposed chemical route is illustrated by Figure 3.7 where R1 

represents the perfluorinated backbone of the membrane. As an example, during the exchange 

from the iodide to the hydroxide form by means of a KOH solution, the highly basic nature of 

the hydroxide ion removes the sulfonamide proton and creates a water molecule, leaving behind 

a zwitterionic chain. However, due to the conductivities shown in Figure 3.6, a small fraction of 

non-zwitterionic side chains must successfully exchange the intended ion. 
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Figure 3.7: Schematic detailing the formation of a zwitterion coupled with residual protonated 

sulfonamide side chains following ion exchange in a basic medium. R1 denotes the remaining 

polymer backbone. 

 

 To assess the level of basicity within the respective ion forms, samples were soaked in 

aqueous pH indicating dyes. The first indicator, neutral red, has an inflection point in the range 

of 6.8-8.0. The indicator exists as a red solution in acidic environment, and becomes yellow 

when exposed to a base. Figure 3.8 displays the results of the neutral red pH indication 

measurements. As expected, all samples showed a basic pH of at least 8.0, excluding of course 

the non-quaternized (PFSa-PDMa) and HCl samples. It should be noted that (A) resembled the 

solutions of (B), (C), (D) and (G) initially, but the indication solution was replaced just prior to 

the photograph to emphasize the color change. In addition, all indication measurements were 

conducted at atmospheric conditions with the exception of (G). (G) was measured within the 

nitrogen glove box, which implies that the sample had not succumbed to carbonation. Though 

neutral red has a neutral inflection point, the results provided a benchmark for high pH samples 

and a clear distinction from samples expected to be non-zwitterionic. 

  Based on the results of the neutral red measurement, a pH indicating dye with a 

significantly higher inflection point (Thymolphthalein 9.4-10.6) was used to evaluate the 

KOH/NaOH/CsOH/Na2CO3/NaHCO3 
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Figure 3.8: pH tests employing neutral red as the aqueous indicator for all samples exchanged 

with a basic medium as well as PFSa-PDMa and HCl forms. The indication range is between 6.8 

– 8.0 and the solution turns yellow in a basic environment as shown. All tests were conducted at 

ambient conditions with the exception of (G) which was performed in a nitrogen glove box. 

 

 presence of free hydroxide ions within the membranes that exhibited basic environments. 

Thymolphthalein appears clear when in a less basic environment, and transitions to a distinct 

blue color when exposed to high basicity. Figure 3.9 shows the results of the Thymolphthalein 

pH indication measurements. Analogous to the neutral red tests, (i)-(iv) were all performed at 

ambient conditions. Samples (i)-(iii) confirmed that KOH, NaHCO3, and Na2CO3 ions forms did 

not exhibit basic characteristic higher than a pH of 9.4. On the other hand, (vi) clearly displays 

the distinct blue color. Yet, this sample was left exposed to the open atmosphere for an extended 

period of time (+3 hours). In addition, the CsOH sample was almost twice as thick (>45 μm) in 

comparison to the other membranes. Therefore, it was concluded that the high pH indication was 

(A) (C) (D) 

(E) (F) (G) 

(B) 
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Figure 3.9: pH tests employing Thymolphthalein as the aqueous indicator for all samples 

exchanged with a basic medium. The indication range is between 9.4 – 10.6 and the solution 

turns blue in a highly basic environment as shown. All tests were conducted at ambient 

conditions with the exception of (v) which was performed in a nitrogen glove box. (vi) and (vii) 

depict the same sample as show in (v), but were exposed to atmospheric conditions for 15 and 60 

minutes, respectively. 

 

due to residual CsOH deep within the membrane, rather than free hydroxide ions. 

 Samples (v)-(vii) detail a single NaOH sample that was removed from the glove box. 

Initially, as (v) demonstrations, the sample was immersed in the pH indicator within the glove 

box. As expected, an easily distinguishable blue color was observed indicating a pH level of at 

least 10.6 within the sample. The sample was then removed from the glove box and exposed to 

the open atmosphere for 15 minutes. After 15 minutes had passed the sample had returned to an 

opaque tan color and was once again submerged in a Thymolphthalein solution. Although 

difficult to see in (vi) of Figure 3.9, a slight blue hue appeared, albeit less distinguished than seen 

(i) (ii) (iii) (iv) 

(v) (vi) (vii) 
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in the glove box. The sample was then dried and exposed for another 45 minutes. After an hour 

had passed, the sample was again subjected to the pH indicator and did not express a blue tint as 

seen in (vii). Consequently, this result implies that the sample was in fact at least partially in the 

hydroxide form within the glove box. The loss of color due to continued exposure to the 

atmosphere correlates with hydroxide ions undergoing carbonation, and agrees with the earlier 

results, (i)-(iii), that did not exhibit highly basic environments.  

 

 A theoretical derivation of the zwitterionic/protonated sulfonamide relationship was 

performed to estimate the relative concentrations present within the membrane based on varying 

conditions. In addition, although evidence of sulfonic acid groups was negligible in both PFSa-

PDMa and PFSa-PTMa samples, the derivation accounts for the effects of these groups. The first 

assumption states that the total number of side chains is equal to the sum of both zwitterionic and 

non-zwitterionic (protonated) side chains within the polymer. The relationship is described by 

Equation 3.1: 

𝐶𝑡 =  𝐶𝑆𝐴− + 𝐶𝑆𝐴     Equation 3.1 

Ct represents the total concentration of side chains, CSA- and CSA represent the concentrations of 

the zwitterionic and non-zwitterionic groups, respectively. The equilibrium between zwitterionic 

and non-zwitterionic chains are illustrated by the reaction in Figure 3.10 and Equation 3.2. 

  
Figure 3.10: Depiction of the chemical equilibrium relationship between the zwitterionic and 

protonated sulfonamide in the presence of free hydroxide ions. 

𝐾𝑎 =  
𝐶𝑆𝐴−

𝐶𝑆𝐴∗[𝑂𝐻−]
=  

0.9999

10−4∗10−4 = 108     Equation 3.2 
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Ka represents the equilibrium constant for the reaction depicted in Figure 3.10. In 

addition, [OH-] denotes the concentration of hydroxide ions present in the membrane. Equation 

3.2 incorporates the results from the Thymolphthalein pH indication tests. Therefore, it was 

assumed that since the NaOH sample in the glove box confirmed the presence of hydroxide ions, 

the upper limit of the indication range (approximately 10) represented the lowest potential pH 

level within the membrane. Moreover, employing two well-known relations, pH + pOH = 14 and 

pOH = -log[OH-], an assumed minimum pH of 10 equates the concentration of free hydroxide 

ions, and therefore associated non-zwitterionic side chains, to 10-4 M. This implies that at these 

concentrations, with an arbitrary total concentration of side chains (1 M), nearly all of the side 

chains were zwitterionic, at approximately a ratio of 10000:1. 

To incorporate the presence of sulfonic acid sites, it must be taken into account that the 

concentration of hydroxide ions is no longer equivalent to the concentration of protonated 

sulfonamides. The sulfonic acid sites donate another proton that can react with free hydroxides to 

form water molecules. Therefore, the concentration of hydroxide ions must be reduced by the 

concentration of sulfonic acid groups. The amended hydroxide concentration relationship is 

described by Equation 3.3: 

[𝑂𝐻−] = 𝐶𝑆𝐴 − 𝐶𝐴       Equation 3.3 

CA represents the concentration of sulfonic acid groups relative to the total concentration of side 

chains. Subsequently, if Equations 3.1 and 3.3 are substituted into Equation 3.2, assuming a 1% 

(0.01 M) sulfonic acid content, a relationship can be derived to predict the concentration of 

protonated sulfonamide side chains. The aforementioned relation is detailed by Equation 3.4.   

108 =  
𝐶𝑆𝐴−

𝐶𝑆𝐴∗(𝐶𝑆𝐴−𝐶𝐴)
=  

0.99−𝐶𝑆𝐴

𝐶𝑆𝐴
2 −0.01∗𝐶𝑆𝐴

            Equation 3.4 

Equation 3.4 is a quadratic equation that can be solved to find two solutions that describe the 
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concentration of protonated sulfonamides. Of these two solutions, one value was consistently 

negative and disregarded as an unrealistic estimation. Both the concentration of hydroxide ions 

and sulfonic acid sites were varied to determine the percentage of non-zwitterionic side chains 

present. The results of these estimations through the model derived above are shown in Table 

3.3. 

Table 3.3: Results of a theoretical derivation to determine the amount protonated sulfonamide 

sites with respect to the concentration of free hydroxides and sulfonic acid sites. The 

concentrations of protonated sulfonamides is relative to a 1 M total concentration of side chains. 

   Degree of Sulfonic Acid Sites 

  0% 1% 5% 10% 

pH OH- Concentration Concentration of Protonated Sulfonamides (mol/L) 

10 10-4 0.0001 0.0100 0.0500 0.1000 

11 10-3 0.0010 0.0101 0.0500 0.1000 

12 10-2 0.0100 0.0161 0.0517 0.1008 

13 10-1 0.1000 0.0995 0.1195 0.1500 
 

 Table 3.3 indicates that, as expected, as both pH and the percentage of sulfonic acid sites 

increase, so must the concentration of non-zwitterionic side chains. It is important to note that 

even if the membrane possessed a pH of 13 (the pH of the NaOH solution employed to perform 

the ion exchange) the maximum percentage of non-zwitterionic sites would be in the range of 

10-15%. The model predicts a highly zwitterionic environment even at high pH levels, which 

agrees with the conductivity values observed in Figure 3.9. The model derived above does not 

take into account a variety of influences that complicate the process significantly. The 

potentiality of carbonation occurring greatly reduces the pH of the membrane, as was seen in 

Figure 3.6. In addition, some side chains could potentially remain non-quaternized after 

treatment with methyl iodide. These are only two of many factors that would increase the 

complexity of the model drastically. Therefore, the model derived above only serves to provide a 

broad understanding of the chemical phenomena. 
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 When quaternized, the membrane was exposed to a 10 times equivalent of methyl iodide. 

Consequently, the potential that the sulfonamide was methylated as opposed to being protonated 

was considered. Therefore, a colleague at NREL conducted a study with a small molecule 

analogues to assess the sulfonamide linkage. Referring back to the top structure illustrated by 

Figure 3.7, the small molecule analogue simply excluded the backbone structure, represented by 

R1. It was assumed that the behavior and characteristics of the small molecule analogues were 

equivalent to those of samples PFSa-PDMa and PFSa-PTMa. The 1H NMR spectra of the PFSa-

PDMa, PFSa-PTMa small molecule analogues and the predicted spectra of the PFSa-PTMa 

small molecule analogues are presented in Figure 3.11. The spectra in (a), depicting the PFSa-

PDMa analogue clearly shows two triplets at 2.70 and 2.25 ppm, as well as a quintuplet at 1.59 

ppm which are indicative of the hydrogen bound to the propyl chain. In addition, the strong 

singlet at 2.10 ppm represents the hydrogen bound to the two amine linked methyl groups at the 

end of the side chain. The integration of the peaks affirms the expected structure with values of 

2, 2, 2, and 6. It should be noted that the spectra in (a) and (b) were restricted to the areas in 

which peaks were present, no measurable results were observed upfield or downfield. Moreover, 

both PFSa-PDMa and PFSa-PTMa analogues were dissolved in acetone. The peaks contributed 

by acetone are clearly labeled in (a) and (b).  

The spectra presented in (b), representing the PFSa-PTMa analogue, possessed 

significant shifting and increased complexity in comparison to (a). The additional peaks are 

believed to be residual impurity retained during quaternization. However, it is clear that 

quaternization successfully occurred with the integration of the foremost peaks equating to 2, 2, 

2 and 9. Furthermore, in comparison to the predicted spectra in (c) and (d), (b) more closely 

mirrors the trends predicted by (d). First of all, (b) lacks the strong singlet predicted in (c) that 
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Figure 3.11: (a) 1H NMR spectra of the PFSa-PDMa small molecule analogue. (b) 1H NMR 

spectra of the PFSa-PTMa small molecule analogue. (c) predicted 1H NMR spectra of the PFSa-

PTMa analogue with sulfonamide methylation. (d) predicted 1H NMR spectra of the PFSa-

PTMa analogue without methylation of the sulfonamide. 
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would indicate that the sulfonamide had been methylated. In addition, aside from the downfield 

shift, the spacing of the primary peaks in (b) agree with the predicted spacing observed in (d). 

Likewise, (b) displays a quintet at 3.83 ppm where a triplet would be expected. This phenomena 

is well documented and described by AA’BB’ patterns where the coupling constants JAA’ and 

JBB’ are equivalent. The triplet to quintet behavior is common for associated methylene groups 

[93]. Consequently, although the protonated sulfonamide (weak) singlet predicted by (d) was not 

observed in (b), the exclusion of the methylated sulfonamide (strong) singlet predicted by (c) 

suggests that the sulfonamide in PFSa-PTMa remained protonated during quaternization. 

 

 The N-H bond from a secondary amine produces a distinct infrared peak between 3600-

3000 cm-1. Unfortunately, the O-H bend exhibited by water also exists within the same region 

and despite substantial drying can create difficulty discerning between the two peaks. 

Regardless, transmission IR spectroscopy was measured on all relevant ion forms to assess the 

presence of the N-H stretch. Figure 3.12 depicts the substantial differences observed between 

samples expected to be non-zwitterionic versus those expected to be zwitterionic. Only the 

regions above 1600 cm-1 were scrutinized due to the oversaturation caused by the sulfonyl 

groups. The PFSa-PDMa sample shows a prominent N-H peak that spans broadly from 3200-

3000 cm-1. In addition, a slight water peak is observed just above 3500 cm-1. The PFSa-PTMa 

and HCl samples show similar spectra with combined N-H/O-H peaks between 3500-3400 cm-1. 

Although a slight visible separation is not observed in the PFSa-PTMa spectra as can be seen in 

the HCl spectra, the 1H NMR analysis provided by Figure 3.12 confirms the presence of the 

protonated sulfonamide and therefore the peak is not, solely, the O-H bend. The LiPF6 sample 

displays an abundantly clear N-H peak between 3400-3300 cm-1. Aqueous lithium 



64 
 

 

 
hexafluorophosphate is acidic in nature and was not expected to deprotonate the sulfonamide as 

is shown in Figure 3.12. The spectra provided by PFSa-PDMa, PFSa-PTMa, HCl and LiPF6 

demonstrated the extent to which the N-H peak can shift based upon the ion form of the 

membrane. On the other hand, the spectrum for the NaOH sample did not indicate a presence of 

N-H within the sample. The O-H bend appears above 3500 cm-1, and though a slight bend is seen 

just above 3400 cm-1, this is due to slight sinusoidal-like perturbations present throughout the 

spectrum caused by the diamond window on which the sample was placed. The relative 

transmission through each sample was augmented by the degree of translucence observed with 

each sample. For instance, the HCl sample was mildly opaque in comparison to the NaOH 

sample, which is why the alkane stretches and evidence of the diamond window were much more 

prevalent in the NaOH spectrum. Figure 3.12 serves to provide further evidence that samples 
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Figure 3.12: Transmission ATR IR spectroscopy focused on the region where the secondary 

amine stretch is known to appear. All samples containing the protonated sulfonamide are 

presented, as well as a comparison to a sample in the zwitterionic form (NaOH). 
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treated with a strong base were characteristically zwitterionic due to the deprotonated 

sulfonamide. It should also be noted that IR transmission spectra were also measured for the 

KOH, CsOH, Na2CO3 and NaHCO3 samples. However, the spectra provided by these samples 

did not differ from the NaOH spectrum displayed by Figure 3.12. 

 

 A recent study conducted by Shen et al., confirmed highly hydrophilic characteristics of 

zwitterionic membranes through static contact angle measurements [94]. The PVDF membranes 

in the study ranged from completely non-zwitterionic, and non-functionalized, to 6 zwitterionic 

units nm2/g upon the grafting of poly(N,Ndimethylamino-2-ethylmethacrylate). The membranes 

were not entirely zwitterionic, however, and as the percentage of zwitterionic groups increased a 

decrease in contact angle of nearly 20 degrees was measured. Perfluorinated membranes 

typically have highly hydrophobic regions (fluorocarbon backbone) and highly hydrophilic 

regions (ionized side chains). Therefore, the presence of a significant percentage of zwitterionic 

groups was expected to invoke a smaller contact angle between NaOH and PFSa-PDMa samples. 

In addition, the contact angle measurements were conducted to assess whether the zwitterionic 

nature of the polymer would induce increased hydrophilic surface properties in comparison to 

protonated sulfonamide forms. Figure 3.13 and Table 3.4 display a sample contact angle 

measurement and the averaged results of relevant membrane forms, respectively. The measured 

contact angles for PFSa-PDMa were both greater than 90 degrees with respect to circle and 

ellipsoidal fit analysis. A high contact angle was expected for PFSa-PDMa due to the fact that 

the polymer structure lacks ionized groups which encourages binding of water molecules [94]. 

On the other hand, both NaOH and HCl samples expressed similar contact angles around 80 

degrees. The circle and ellipsoidal fit analysis showed that the contact angle of the NaOH sample  
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Figure 3.13: Sample photograph and contact angle analysis of the polymer in the HCl form. 

Table 3.4: Circle and ellipsoidal contact angle analysis for PFSa-PDMa, as well as polymers in 

the zwitterionic (KOH) and non-zwitterionic (HCl) forms. 

PFSa-PDMa KOH HCl 

Average (degrees) 

91.0 94.4 77.9 79.2 78.1 80.0 

Standard Deviation 

1.82 3.33 1.04 1.00 3.75 5.82 

Circle Fit Ellipse Fit Circle Fit Ellipse Fit Circle Fit Ellipse Fit 

 

was consistently lower than the HCl sample, albeit slightly. However, considering the DVS data 

presented in Figure 3.3, the trends of vapor sorption for samples PFSa-PDMa, NaOH and HCl 

agree with the contact angle data in Table 3.4. Clearly, the conclusion can be drawn that as a 

polymer becomes ionized, the contact angle decreases and water sorption increases as would be 
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expected. However, contact angle measurements did not provide substantial evidence alluding to 

the increased hydrophilic nature of the NaOH sample in comparison to the HCl sample. This 

indicates that the polymer does not show a significant increase in water uptake when the 

respective positive and negative charges are associated with the polymer structure as in a 

zwitterion, as opposed to bound positive charges and free negatively charged ions as in an anion 

exchange membrane. Perhaps if the zwitterionic membrane was prepared without any traces of 

protonated sulfonamides, a larger drop in contact angle would be observed; however, this is 

merely speculation and grounds for future work.  

Further examination with small molecule analogues will provide more insight to the 

characteristics of the zwitterionic membrane form. The omission of the fluorocarbon backbone 

and therefore less steric hindrances during synthesis could lead to a smaller fraction protonated 

sulfonamide groups when exchanged with a base. Due to the chemical stability of the membrane 

in both highly basic and acidic environments, it is recommended that the mechanical and 

chemical characteristics of the small molecule analogues be tested when saturated in these 

conditions. Chapter 5 will provide a more in depth discussion of the future work recommended 

for the membrane structure evaluated throughout this work. 
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CHAPTER 4 

CONCLUSIONS 

 

 In this work, a novel polymer electrolyte was synthesized that possessed unique 

zwitterionic characteristics dependent upon the ion form. The resulting polymer stemmed from 

the successful bonding and quaternization of the 3M sulfonyl fluoride precursor with 3-

(dimethylamino)-1-propylamine. IR spectroscopy analysis established the absence of sulfonyl 

fluoride groups still present within the membrane after reaction with 3-(dimethylamino)-1-

propylamine. In addition, no sulfonic acid groups were observed; this result was later supported 

by titration measurements intended to quantify any sulfonic acid groups present.  

Following quaternization and annealing, a polymer with comparable mechanical 

characteristics to cutting-edge PFSA membranes was obtained. IR spectroscopy analysis 

confirmed the absence of chemical alteration and degradation during the annealing process. In 

fact, >0% relative humidity tensile testing of the membrane showed significant improvements in 

the tensile strength (800%), Young’s modulus ( 30%) and degree of elongation (400%) in 

comparison to the non-annealed membrane. After ion exchange in both highly acidic and basic 

environments, tensile testing at >0% relative humidity showed that the membrane preserved the 

majority of the mechanical characteristics gained through annealing. At saturated conditions, 

samples treated in either of the pH extremes displayed comparable if not superior mechanical 

characteristics to current cutting-edge PFSA membranes. 

The IEC of the membrane in the chloride form was measured via NaNO3/AgNO3 

titration. However, the experimental value only amounted to half of the 1.14 meq g-1 theoretical 
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IEC. Due to the absence of sulfonyl fluoride and sulfonic acid groups, steric hindrances may be 

the cause for the lower than expected IEC. Therefore, further work with small molecule 

analogues can provide a more in-depth understanding. A more comprehensive discussion of 

future work with small molecule analogues is presented in Chapter 5. 

In-plane conductivity measurements of the membrane exchanged in either acidic or 

neutral solutions displayed the trends expected based on relative mobile ion size. At 95% relative 

humidity and 90 °C, chloride conductivity was nearly an order of magnitude greater than the 

conductivity published concerning a membrane of nearly equivalent chemical composition. In 

addition, after exposure to a successive series of severe chemical environments employed for 

counterion exchange (LiPF6KOHHClNaOHLiPF6), the membrane exhibited minimal 

negative effects. In-plane conductivity measurements confirmed the retention of quaternary 

ammonium groups between the two LiPF6 exchanges. The succession of harsh environmental 

exposure established a high resistance to degradation and thus the substantial chemical stability 

of the polymer.  

However, when the membrane was exchanged to the hydroxide form, instead of 

increasing, conductivities dropped almost 2 orders of magnitude. The lowered conductivity was 

initially hypothesized to be the result of carbonation. Although, pH indication tests, in-plane 

conductivity analysis within a modified Bekktech cell and titration measurements confirmed the 

slight presence of hydroxide ions within the membrane. Consequently, the results indicated the 

formation of a zwitterionic side chain due to the removal of the proton bonded to the 

sulfonamide. 

In support of this theory, a simplistic mathematical derivation of the chemical 

equilibrium between the protonated sulfonamide and the zwitterionic side chain in the presence 
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of free hydroxide ions was derived. Results stemming from the outcome of the pH indication test 

indicated that with or without the presence of sulfonic acid groups, the maximum percentage of 

protonated sulfonamide groups existed between 10-15%. This implied that following ion 

exchange in the presence of a strong base, a majority of the total side chains within the 

membrane expressed zwitterionic characteristics. 

To supplement this assumption, 1H NMR and IR spectroscopy analyses were employed 

to determine the chemical composition of the membrane, in particular, the existence of 

protonated sulfonamide side chains. These analyses provided evidence that prior to a basic ion 

exchange, the proton was still attached to the sulfonamide. In accordance, once exchanged to the 

hydroxide form, IR spectroscopy results did not display the peak indicative of the protonated 

sulfonamide. Therefore, static contact angle measurement were performed to assess the 

hydrophilic nature of the predominately zwitterionic membrane. Unfortunately, in comparison to 

a sample in the chloride form, a significant drop in the contact angle was not detected. 

In conclusion, this work provided a further understanding of the 3M ionomer when bound 

to 3-(dimethylamino)-1-propylamine and quaternized to yield a functional polymer electrolyte. 

Mechanical and electrochemical properties of this membrane were comparable and in some cases 

superior to cutting-edge PFSA membranes and membranes of nearly identical chemical 

formulation. Yet, exchange to the hydroxide form regarded unexpected results and the formation 

of a predominately zwitterionic polymer. It is recommended that further analysis be conducted to 

understand the substantial lack of IEC as well as the zwitterionic nature of the polymer. Chapter 

5 formally elaborates on all advised future work concerning the continued characterization of 

this polymer.  
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CHAPTER 5 

FUTURE WORK 

 

 It is clear from the information provided above that the polymer in this work is unique 

and has the potential to be useful in a multitude of applications. However, also present in the 

work above is an uncertainty of the degree to which the polymer was successfully exchanged to 

the hydroxide form. Therefore, the first step towards further understanding the polymer entails 

fine tuning the degree of functional side chains versus zwitterionic side chains. 

 In this work as mentioned above, the polymer exhibited slight conductivities when in the 

zwitterionic form. This implies that some side chains were successfully exchanged to the 

hydroxide form. Therefore, the polymer can potentially be tuned to have a maximum degree of 

functional side chains versus a polymer completely void of any free counterions. Tuning a 

polymer between zero and maximum charge density is common practice when attempting to 

fully characterize the structure [94]. The polymer can be tuned by conducting ion exchanges at 

differing levels of basicity for varying lengths of time. Through conductivity and water uptake 

measurements on the mixed ionic structures, a trend can be determined based on the theoretical 

degree of non-zwitterionic chains present. Moreover, the trend can be used to approximate the 

behavior of the polymer when at minimal and maximum charge density. These approximations 

can be used as benchmarks to evaluate more effective chemical synthesis techniques to finely 

tune the polymer to specific needs. In addition, measuring the IEC of the polymer at various 

degrees of charge density can also serve as a secondary means to identify the extent of functional 

side chains present within the polymer or lack thereof. 
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 Further understanding the polymer based on the degree of charge density is important, 

however, to fully characterize and predict the behavior of the polymer, the sulfonamide link must 

also be scrutinized. It is recommended that small molecule analogues, comparable to the 

structure illustrated in Figure 3.11 (d) be used to accomplish this. In reference to calculating the 

pKa of the protonated sulfonamide bond, some work has been conducted on similar structures 

through absolute equilibrium acidity measurements in dimethyl sulfoxide (DMSO) solutions 

[92]. Determination of the pKa of the sulfonamide site can further improve the mathematical 

model derived in Chapter 3 as well as define the susceptibility of the amine to donate the bound 

hydrogen in a basic environment. In addition, three different small molecule analogues could be 

prepared to assess the individual components of the side chain. Decoupling of the two active 

sites can provide a unique perspective as to the behavior in harsh environments. Conductivity, 

water uptake and IR measurements of an analogue without the QA end (a sulfonamide bonded to 

a propyl chain), an analogue without the secondary amine (the sulfonyl directly bonded to the 

propyl chain ending with a QA), and the coupled small molecule analogue will provide useful 

information about the relative pKa and pKb values as well as zwitterion formation mechanics. 

As mentioned above in Chapter 1, the polymer will always behave differently as a whole 

(backbone plus side chain). However exclusion of the highly hydrophobic fluorocarbon 

backbone allows for simpler and more effective chemical manipulation, such as higher solubility 

in solvents other than DMAc, and characterization techniques such as 1H NMR. 

 Following the research described above, the polymer in the zwitterionic form could be 

applied to a variety of different technologies. For instance, pH control techniques have been 

attempted using zwitterions as a buffer [95]. However, these techniques generally feature the 

zwitterion as a free small molecule. Immobilizing the zwitterion in a polymer structure 
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introduces distinct opportunities. As such, microbial fuel cells (MFC) are dependent on pH to 

regulate voltage output [96]. The zwitterionic polymer could not only be used to facilitate the pH 

within the cell, but could also function as a support for the microbial culture which in turn could 

create new potentials for more effective MFC geometries. It is expected that differing 

degradation pathways are likely in a biological environment. However, Tang et al., employed a 

substance with a fluorocarbon structure (polytetrafluoroethylene), similar to the backbone of the 

polymer in this work, to construct their MFC [96]. Therefore, the polymer in this work may 

already be suited to be stable in various MFC environments 

 In addition to pH regulation, zwitterionic membranes have also been used in separation 

processes. Shen et al., measured the effects of grafting a zwitterionic group to a membrane 

surface to increase biofouling resistance [94]. The zwitterionic membrane contained a mixed 

hydrocarbon-fluorocarbon backbone structure as well as an aminated side chain. The chemical 

similarities of the polymer structure in Shen’s study indicate that the polymer in this work may 

be a suitable candidate for biological separations. Also, in conjunction with the polymer tuning 

work proposed above, use of the polymer in biological separation processes could be optimized 

to allow the greatest flux while adequately preventing biofouling based on the charge density of 

zwitterionic side chains. However, aerobic degradation of sulfonamide bonds has been identified 

as a potential issue and consequently it is recommended that the polymer be employed in 

anaerobic conditions for both MFC and separations processes [97]. 

 Aside from biological applications, the electrochemical properties of zwitterionic 

polymers are being explored in a number of different fields. One study found that zwitterionic 

polymers can behave as “smart surfaces” in the presence of water vapor. At arid conditions the 

highly hydrophilic side chain is withdrawn below the surface of the polymer creating a high 
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contact angle due to the prominence of the hydrophobic backbone. However, in the presence of 

water vapor the side chains accumulate at the surface of the polymer, drastically reducing the 

contact angle [98]. It is possible that this behavior could lead to a new type of humidity sensor, 

and that the polymer in this work could exhibit the same behavior upon further examination. 

 Another area of research with promising applications for zwitterionic membranes is the 

manufacturing of artificial muscles. Research performed by Godt et al., concluded that an 

aminated zwitterionic molecule was responsible for a decrease in the tension-cost of contraction 

for skinned muscle fibers [99]. The polymer in this work could not only serve as a means to also 

decrease the tension-cost, but could also serve as a structural material for the muscle fiber 

framework itself based on the results in Table 3.2. The elongation of the polymer at dry and 

saturated conditions could prove to be advantageous in an artificial muscle. 

 Lastly, zwitterionic polymers have also been studied in conjunction with ionic liquids 

(IL) and produced positive results. A study conducted by Brown et al., discovered that when ILs 

reached a critical level of swelling within a zwitterionic polymer, the measured conductivity 

approached that of the pure IL [100]. Since ILs lack mechanical properties, using zwitterionic 

polymers as a support structure could create new avenues for IL applications. In addition, IL 

conductivity, when supported by a zwitterionic polymer, establishes a method for ion conduction 

without the presence of water which is uncommon for most polymers. Therefore, it is 

recommended that the zwitterionic polymer developed in this work be exposed to a multitude of 

ILs to determine if significant IL uptake and high conductivities are achievable. Further 

extension of the research conducted in this study has the potential to significantly affect many 

different polymer applications involving zwitterionic materials.  
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