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ABSTRACT

Due to the ever-rising atmospheric carbon dioxide levels, there has recently been significant
interest in carbon neutral technologies that can convert, store and release energy. Many of these
promising technologies, such as fuel cells, electrolyzers, and flow batteries, utilize a polymeric
material (ionomer) that allows the transport of ions between electrodes while simultaneously
acting as a physical barrier to fuel and current. Perfluorosulfonic acid (PFSA) polymers are the
most widely used ionomers for these electrochemical devices due to their excellent proton
conductivity and chemical stability. However, PFSA materials lack synthetic flexibility to tune the
properties of the ionomer to meet the unique operating conditions of each electrochemical device.
To address this issue, hydrocarbon ionomers are explored as a viable alternative to meet the
specific operating conditions required of electrochemical devices due to their broad range of
polymer architectures and functionalities available to enhance the ionomer performance in the
intended device. In this work, hydrocarbon ionomers are synthesized and developed to address the
shortcomings of PFSA materials and elucidate the relationships of polymer structures and their
conductivity, mechanical properties, and oxidative stability in environments of electrochemical

devices.
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1. IONOMERS FOR ELECTROCHEMICAL ENERGY
CONVERSION AND STORAGE

1.1 Introduction

Renewable energy sources such as wind and solar offer important energy solutions to replace
fossil fuels and combat climate change by reducing the amount of carbon dioxide released into the
environment. As of 2019, 11% of primary energy consumption is attributed to renewable energy
sources in the United States.* In 2020, 21% of electrical energy generation comes from renewable
sources with 16% and 41% of this coming from solar and wind, respectively.? With efforts to
reduce global greenhouse gas emission the U.S. Energy Information Administration has projected
that 42% of electrical energy generation will come from renewable energy sources with 81% of
this coming from solar and wind combined by 2050.? The increasing dependence on intermittent
energy sources presents a new challenge. The ability to store and release energy for the stationery
and transportation energy sectors is crucial to advancing green energy projects namely, wind and
solar.

Hydrogen fuel cells and water electrolyzers are the most attractive solutions to the intermittent
energy generation problem because they operate with hydrogen gas (H2) as a chemical medium to
store and release electrical energy with no COz byproducts. Hz is an ideal energy storage medium
due to its high specific energy of 33.5 kWh/kg compared to that of gasoline at 12.0 kWh/kg and

lithium ion batteries at 0.55 kWh/kg.® The consideration of specific energy becomes important in

Portions of this chapter previously appeared as: Adhikari, S.; Pagels, M. K.; Jeon, J. Y.; Bae, C.,
lonomers for Electrochemical Energy Conversion & Storage Technologies. Polymer 2020, 211,
123080.



targeting energy solutions for transportations. A device with low specific energy imparts more
mass into the vehicle to attain the same amount of energy, however, a more massive vehicle will
require more energy to move leading to diminishing range. Also, unlike batteries, the energy
storage and conversion are decoupled in fuel cells, which allows for greater energy capacity with
minimal increase to system mass giving a major advantage in the heavy-duty vehicles (i.e. trucks,
ships, planes) sector.* ® For fuel cells and electrolyzers to be realized for transportation and
stationary energy storage systems, cost and durability improvements are paramount as well as
green and efficient production of Hz supply. In these systems, a major point of cost and durability
issues arise from the polymer electrolyte (ionomer) that is used. In this work the considerations

and improvements in ionomer technology are addressed.

1.2 lonomers

lonomers are defined as a polymer that is comprised of a neutral polymer network with a
low concentration of covalently bound ionic functionalities. The concentration of ionic groups
must be below an arbitrary threshold whereas the polymer is insoluble in water. lonomers can be
further classified into two distinct categories based on the nature of the covalently bound charge,
cation conducting polymers and anion conducting polymers. A graphical representation of these
materials is given in Figure 1.1. Cation conducting polymers are ionomers that a negative charged
group, typically a sulfonate, is covalently bound to the polymer backbone while anion conducting
polymers possess a positive charge group, typically a quaternary ammonium, covalently bound to
the polymer. The bound charges in these polymer systems facilitate the transport, or conduction,
of mobile counter-ions through the polymer matrix. This unique ion-conducting property of

ionomers has been leveraged in numerous electrochemical devices, where films separate anode



from cathode while selectively conducting ions between electrodes and simultaneously acting as
a physical and electrical barrier. In this context, cation conducting polymers and anion conducting
polymers are commonly referred to as proton exchange membranes (PEM) and anion exchange

membrane (AEM) and this terminology will be used hereafter.

1.3 Fuel Cells

Although the discovery and first demonstration of a hydrogen fuel cell dates back to the 1800s
and is attributed to Sir William Grove, ionomers were not used in these systems.® The idea of using
an ionomer PEM in electrochemical cells was first introduced for fuel cells in the 1960s by
engineers at General Electric and was subsequently adapted for the Gemini space missions.”® PEM

fuel cells (PEMFC) consist of two electrodes, anode and cathode, and a PEM sandwiched between

(c) PEM Fuel Cell (d) AEM Fuel Cell
e e
(a) Load
Anode Cathode Anode Cathode
Hy = = Air catalyst = Air + H,0
0 @
Cation conducting polymer Y
(b) g.\@ ® &) catalyst binder
b H, ¢= & == Air+H,0
© e
Anion conducting polymer O Anode: 2H, - 4H" +4e” U Anode: 2H, + 40H" - 4H,0 + 4e’
O Cathode: O, + 4H* + 4e" = 2H,0 O Cathode: O, + 2H,0 + 4e” > 40H"

Figure 1.1: Schematic diagrams of (a) cation conducting polymer, (b) anion conducting polymer, (c) PEM
fuel cell, and (d) AEM fuel cell.

the electrodes (Figure 1.1c). The electrodes consist of metal catalysts, such as Pt, and polymeric
catalyst binders surrounding the catalysts. Both PEMs and polymeric catalyst binders require
proton conducting properties in PEMFCs, thus they are prepared from cation conducting polymers.

When hydrogen fuel is supplied to the anode, the anode catalyst removes electrons, oxidizing to
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protons (i.e., hydrogen oxidation reaction). While protons are transported through the catalyst
binder layer and the PEM to the cathode, the electrons are forced to travel through an external
circuit generating electricity. The electrons combine with the protons and oxygen by the oxygen
reduction reaction at the cathode to form water. In the Gemini space program, sulfonated
polystyrene-based membranes were used.” 8 Since the 1970s, however, Nafion of Chemours
(formerly DuPont) has been dominantly used in the field of PEMFCs owing to its good chemical
stability and mechanical properties, and high proton conductivity.

Another type of ionomer containing fuel cell is the anion exchange membrane fuel cell
(AEMFC) operating under high pH conditions (Figure 1.1d). Although AEMFCs are a relatively
new technology, they offer several attractive benefits over PEMFCs. By operating the
electrochemical reactions in alkaline conditions, Kinetics of the oxygen reduction reaction, which
is sluggish in acidic environment of PEMFCs, are enhanced allowing for the use of less expensive,
earth-abundant non-platinum group metal (non-PGM) catalysts.'® As illustrated in Figure 1.1d,
hydroxide anions are generated at the cathode by the oxygen reduction reaction and transported
through the catalyst binder layer and the membrane to the anode in AEMFCs. Unlike Nafion in
the PEMFC field, there is no benchmark commercial AEM material available at this moment.
Thus, a major obstacle of AEMFCs is the lack of a high-performance (e.qg., high ion conductivity)
and durable (chemically and mechanically) anion conducting polymers that can be used as AEMs

and anionic catalyst binders.

1.4 Electrolyzers

Currently, 96% of H> production comes from fossil fuel sources using a thermochemical

process, such as steam methane reforming, which produces CO; and CO as byproducts and



(a) Alkaline electrolyzer (b) PEM electrolyzer (c) AEM electrolyzer
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Figure 1.2: Schematic diagrams of (a) traditional alkaline electrolyzer, (b) PEM electrolyzer, and (c)
AEM electrolyzer.

releases to atmosphere.!! For a truly green application of Hz as an energy storage medium, we
must rely on water electrolysis powered by renewable sources of energy for H2 production (often
called green hydrogen). Water electrolyzers work by splitting H20 into H and O using an external
electrical source. As shown in Figure 1.2, there are three types of low-temperature (below 100 °C)
water electrolyzer technologies depending on electrolytes: a concentrated aqueous KOH solution
(liquid electrolyte), PEM and AEM (both solid electrolytes). Traditional alkaline water
electrolyzers based on a liquid alkaline electrolyte (30-40 wt% KOH solution) are a well-
established technology and have been manufactured up to a megawatt range scale (Figure 1.2a).
Water molecules are reduced at the cathode generating H2 and hydroxide ions (OH"). Hydroxide
ions move through a porous diaphragm to the anode where they are oxidized to form O, and water.
The main advantage of alkaline water electrolyzers is the ability to use less expensive non-PGM
catalysts, including nickel and iron, under alkaline conditions.'? However, the system is quite
bulky and requires a significant capital investment because the electrochemical cells are limited to
low current densities (below 400 mA/cm?)!® and ambient pressure.!® 1 There are also safety
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concerns of using a highly concentrated KOH solution as an electrolyte. The use of a solid polymer
electrolyte, such as PEM or AEM, instead of a liquid electrolyte provides many advantages for
water electrolyzers. First, the electrochemical cells can operate under a high differential pressure
condition (200—400 psi) which gives the economic benefit of producing pressurized hydrogen.*®
16 Moreover, PEM water electrolyzers can operate at high current density (even above 2 A/cm?)
because of the high proton conductivity of PEM (Figure 1.2b). Thus, a compact system design is
possible by using solid polymer electrolyte membranes as a separator. However, a major drawback
of PEM electrolyzers is the high cost of cell stack due to the requirements of acid-resistant cell
hardware (i.e., titanium bipolar plates) and platinum group metal (PGM) catalysts (e.g., platinum
for cathode and iridium for anode) at the electrodes. Recently, AEM electrolyzers have been
explored to provide the benefits of both alkaline electrolyzer and PEM electrolyzer (Figure 1.2c);
while alkaline operating condition allows the use of non-PGM catalysts and low-cost cell
hardware, the membrane-based technology affords compressed high-purity hydrogen and high

current density operation in a compact system.

1.5 Challenges of PEMs and AEMs for Electrochemical Applications

Although most ionomer literatures are focused on their use as ion exchange membranes, which
serves as a solid ion conductor and separator between electrodes, ionomers are also used as
electrode catalyst binders in the interface of electrode and ion exchange membrane of
electrochemical cells. Since the role of ionomers is different depending on particular applications,
the property requirements of the ionomer materials are also different. Therefore, appropriate
molecular design to harness specific properties for each application is crucial in the development

of ionomer materials. Figure 1.3 shows a comprehensive list of the requirements for ionomers as
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Figure 1.3: Parameters to consider in ionomer development for fuel cells and water electrolyzers.

membranes and catalyst binders in fuel cells and electrolyzers. The parameters in the yellow oval
are common requirements for both applications. For example, chemical stability and oxidative
stability are important for both applications because chemical or oxidative degradations
significantly deteriorate mechanical properties and reduce the amount of ionic groups in ionomers.
The concentration of ionic groups in ionomer is typically presented as ion exchange capacity (IEC,
in mequiv./g or mmol/g). High IEC generally results in high ion conductivity up to a certain level.
However, it also increases water uptake and causes excessive swelling in water, thus reducing
mechanical properties. Furthermore, the excessive swelling in water can dilute the volumetric
concentration of charge in the membrane which leads to diminished conductivity. Similarly,

because of frequent trade-offs among properties listed in Figure 1.3, development of ionomer



materials with a balanced combination of properties is important. Solubility in common solvents
is also an important parameter for ionomers because ionomers with good solubility significantly
improve their processability in membrane and electrode fabrication. Regardless of applications for
fuel cells and electrolyzers, ion exchange membranes should have low gas crossover and good
mechanical properties. Hydrogen crossover in fuel cells reduces performance efficiency. In
electrolyzer applications, low gas crossover of the membrane is highly critical for separation of
hydrogen and oxygen and subsequent compression stages of hydrogen. On the other hand,
mechanical properties of ionomers for catalyst binders are not as important as for membranes. This
is because catalyst binders are typically applied on electrodes in a mixture form with powdery
catalysts and have sub-micrometer thickness. In contrast to the membrane requirement, high gas
permeability of ionomers is beneficial for catalyst binder of fuel cells and electrolyzers because
hydrogen and oxygen gases need to effectively reach and be removed from the catalyst surface.
Interactions between catalyst surface and catalyst binders are also important to consider. Phenyl
groups of ionomer backbone are known to interact with catalyst surface, blocking the access of
hydrogen in fuel cells,” while high affinity between ionic groups and catalysts also reduces
hydrogen accessibility.'® Unlike electrolyzers which operate in water, fuel cells typically operate
under various relative humidity (RH) conditions. Therefore, mechanical durability under humidity
cycling conditions and chemical stability under low RH conditions should be considered as
additional parameters of ionomers for fuel cell applications. In electrolyzer application, the
ionomers should be stable under high voltage conditions, especially for catalyst binders that are in
contact with the electrocatalyst surface. Furthermore, the ability to operate electrolyzer cells under
high differential pressure conditions will give the significant benefit of producing pressurized

hydrogen, thus the membranes with good dimensional stability withstanding high pressure



differential conditions are desired.

1.5.1 PEM Challenges

The state-of-the-art PEM for many years is Nafion (Figure 1.4) and the perfluorinated
sulfonic acid material operate in PEM fuel cells and electrolyzers at temperature < 100 °C. Due to
its perfluorinated structure, this material possesses excellent chemical and oxidative stability. It
also yields a high proton conductivity (though only under highly humidified condition) due to is
highly acidic proton and unique phase separated morphology.'® Although the use of this material
is ubiquitous in electrochemical applications, there are significant drawbacks to perfluorinated

sulfonic acid polymers for use as PEMs. These drawbacks include high cost and environmental
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Figure 1.4: Structure of Nafion.

concerns of the potential release of perfluorinated ionic compounds, such as perfluorosulfonic acid
and perfluorocarboxylic acid, to the environment upon degradation of PFSA ionomers.?% 2 In
addition, low ion conductivity at lower water content and poor mechanical strength at a higher
temperature also prevent perfluorinated sulfonic acid ionomers from being used for high-
temperature fuel cells (>100 °C). Furthermore, because it is difficult to chemically modify
perfluorinated polymers to tune the properties, the same perfluorinated sulfonic acid ionomer
materials have been used as a membrane as well as a catalyst binder though the property

requirements for those two purposes are different. For these reasons researchers have turned



towards hydrocarbon-based polymer systems for an alternative to perfluorinated sulfonic acid
ionomers. This interest emerged in the early 2000s shortly after McGrath and co-workers?? 23
reported that sulfonated poly (arylene ether sulfone, BPSH) (Figure 1.5) showed a good fuel cell
performance and over 800 h durability under fully humidified conditions. This was a significant
achievement compared to prior hydrocarbon PEM fuel cells based on sulfonated polystyrene-
divinylbenzene membranes in the Gemini space program in the early 1960s. The polystyrene PEM
did not last long due to the rapid oxidative degradation of the benzylic C—H bond in the polymer.?*
25 There has since been a tremendous amount of research conducted on hydrocarbon PEMs in the
past two decades which resulted in a large volume of PEMs with different structures.® 26-2° Of
these systems, all carbon based hydrocarbon PEMs without labile heteroatoms in the backbone
have shown the most promise since they address the major drawback of oxidative degradation

caused by hydroxy radical in fuel cell systems.?*

1.5.2 AEM Challenges

In the AEM field the major challenge to membranes has been stability of polymers in
alkaline environments and the absence of standard membrane for reference comparison. Until 2014
the lack of alkaline stable AEMs had been a major bottleneck for their potential demonstration in

many AEM electrochemical devices. As of now, there are several examples of polymer materials
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Figure 1.5: Synthesis of BPSH, a representative hydrocarbon PEM, via polycondensation reaction.
that are stable for over a thousand hours in strongly alkaline conditions.®2 In high pH conditions,
chemical degradation occurs in the membranes because a hydroxide ion, a strong nucleophile, can
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Figure 1.6: Representative chemical structures of cation groups used in AEMs.

attack tethered cation groups of the polymer and generate non-ionic polymers as well as cause
chain scission and eventual mechanical failure. A list of cation structures that have been explored
for AEMs is given in Figure 1.6, including ions of nitrogen (ammonium),3® 3L 3351 gyifur
(sulfonium),>? %3 phosphorus (phosphonium),>* ° and metal containing species®®°® Among them,
ammoniums are by and large the most commonly used due to their easy synthesis and smaller
molecular size to obtain high IEC values. To understand the degradation mechanisms of quaternary
ammonium (QA) groups, studies of small molecule model cation compounds were conducted to
avoid the influences of polymer backbone degradation. Benzyltrimethylammonium (BTMA) is the
most common cation group of AEM in literature due to the synthetic ability to install chloride to
the benzylic position of aromatic units of the polymer via chloromethylation. However, BTMA is
known to be unstable in highly alkaline environments, and its representative degradation routes
are depicted in Figure 1.7. The major mechanism of ionic functionality loss comes from the
nucleophilic attack (Sn2) at an a-carbon by hydroxide ion. Of the two possible locations for Sn2
attack of BTMA, degradation predominantly occurs at the benzylic position generating benzyl
alcohol and trimethylamine.>® Pivovar and co-workers also investigated the possibility of ylide

formation by deprotonation at an a-carbon.*3 Through deuterium-hydrogen exchange, the ylide
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Figure 1.7: Degradation pathways of quaternary ammonium cations.
formation was confirmed to occur, however, the reaction is highly reversible in hydrated
conditions. Although the ylide formation does not directly lead to ionic functionality loss, further
transformations such as the Stevens or Sommelet-Hauser rearrangements could occur leading to
the loss of ionic group.®® For ammonium cations containing a B-hydrogen, degradation via
Hofmann elimination can occur as well. This proceeds through the E2 mechanism in which a 3-
hydrogen is abstracted by hydroxide ion, and the elimination results in the formation of an alkene
and a tertiary amine.®? To evaluate relative stability of different cationic structures, model
compound stability studies were conducted using small molecule cation model compounds in
alkaline conditions at high temperatures and analyzing them with various spectroscopic methods

including *H NMR, UV-Vis, and FT-IR.#" %7 For example, Bae and co-workers investigated a
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Figure 1.8: Half-lives of various small molecule cation structures. Testing conditions are given at the top
left.

variety of cationic structures by NMR spectroscopy and analyzed their degradation products.5 "
The major conclusion from this study is that QAs with bulky substituents around the nitrogen
cations suppressed the nucleophilic attack of hydroxide ion. Additionally, by separating the QA
from aromatic units or electronegative atoms via an alkyl spacer, the stability of QA groups could
be greatly improved. In 2015, Marino and Kreuer investigated cation stabilities using 6 M KOH
at various temperatures up to 160 °C.” They showed that six-membered cyclic cations, such as 6-
azonia-spiro[5.5]undecane and N,N-dimethylpiperidinium, were the most stable due to
unfavorable transition states of Sn2 and B-Hofmann elimination intermediates. Sterically hindered
bulky imidazoliums have also been investigated.*” 6 670 More recently, Holdcroft and co-
workers showed that bis-arylimidazoliums with ethyl groups at the N-positions has half-lives of
over 10,000 h in 3 M NaOD and CD30OD/D>0, compared to just 180 h half-life of BTMA under

the same conditions.*” A summary of structures investigated with half-lives are shown in Figure
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1.8. Other alkaline stability test methods have been developed for investigations of AEMs at low
water contents to better simulate severe fuel cell environments. Dekel and Diesendruck developed
a test method of small molecules under precise control of water content.®® When water molecules
per cation (hydration number, A) was changed from 4 to 0, they found that the degradation rate of
BTMA severely accelerated with decreasing water content. At A = 4, BTMA showed 15%
degradation after 700 h at room temperature. But when water content is reduced to A = 0, 50%
degradation was reported at only 100 h of testing. Density functional theory calculations showed
that activation energy of hydroxide attack is decreased from 27.02 kcal mol™ to 7.35 kcal mol™ by

adjusting the A value from 4 to 0, respectively. The decrease in activation energy is the result of

TGO —— OO0 - OO

Figure 1.9: Backbone degradation pathway of aryl ether containing polymer AEMs.

decreased solvation of the hydroxide ion.

Although a majority of alkaline stability study of AEM was initially focused on cation
stability, the research community soon realized that the alkaline stability of polymer backbone in
AEMs is also critical. Early works of AEMs primarily used polymer backbones from engineering
plastics, such as poly (arylene ether sulfone),”®" poly (phenylene oxide),2%%? and poly (arylene
ether ketone),®3® because of their excellent thermochemical properties, strong mechanical
properties, and commercial availability. Poly (arylene ether sulfone) itself without any ionic
functionality showed no degradation in strongly alkaline conditions,’® thus it is suitable to use in
harsh chemical environments. When these aryl ether containing polymers are functionalized with

QA groups, however, the ionic functionalized AEM materials were observed to degrade readily in
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alkaline conditions. This stark difference in alkaline stability is due to the swelling of AEMs in
water which allows hydroxide ions to diffuse through the membrane to attack the polymer
backbone, particularly at aryl ether linkages near to electron-withdrawing substituents. Ramani
and co-workers showed by 2D NMR analysis that chain scission occurs at aryl ether linkages
adjacent to QA groups due to the hydroxide ion attack.®® Kim and co-workers also showed that
aryl ether linkages were quite labile in high pH conditions, accounting for more degradation than
BTMA cations in polyaromatics systems.®” 8 With careful analysis of degradation products, Bae
and co-workers showed that the nucleophilic attack of hydroxide ion occurs at the aryl ether
linkage close to the sulfone due to its electron-withdrawing effect instead of adjacent to the BTMA
group (Figure 1.9).2° In the same study, aryl ether linkages of poly (phenylene oxide) were also
shown to be labile in alkaline media when the polymer is functionalized with an electron-
withdrawing group. In contrast, polymer backbones void of aryl ether bonds are stable. It is now
generally accepted that polymer backbones which contain aryl ether linkages are not suitable for
AEMs in alkaline media and AEMs with all carbon-carbon bond backbone are a more desirable

material platform.32 33 46.86-65

1.6 Thesis Summary

lonomers are a crucial component to AEM and PEM fuel cell and electrolyzer technologies.
These materials play a critical role in electrochemical energy conversion device performance and
longevity and further research is required into ionomer properties to achieve successful adoption
of these energy conversion devices. The objective of this thesis is in the design, synthesis, and
characterization of next generation high performance hydrocarbon ionomer materials using simple

and convenient chemistries. In the subsequent chapters of this dissertation, two AEM and three
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PEM material platforms with careful consideration into molecular design will be discussed. With
access to various polymer architectures they allow a multitude of chemical knobs to tune polymer

properties to fit a particular use of device application.
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2. SYNTHESIS OF ANION CONDUCTING POLYMER
ELECTROLYTE MEMBRANES BY PD-CATALYZED
BUCHWALD-HARTWIG AMINATION COUPLING
REACTION

2.1 Introduction

Since its discovery,®®% the Buchwald-Hartwig amination has become a well-established Pd-
catalyzed cross-coupling reaction and provided a convenient method to form aryl carbon-nitrogen

bonds. The reaction is catalyzed by a palladium/ligand system and base to couple an amine to an

@ Pd, Ligand, —
\ X + R1R2NH B QNR»]RQ
Y/‘/ Base, 25 - 110 °C y X/

X =CI, Br, |, OTs, OTf
R = H, alkyl, aryl, amide

Figure 2.1: General reaction scheme for Buchwald-Hartwig amination.
aryl halide (Figure 2.1).199 101 This carbon-nitrogen coupling reaction has been extensively used
in synthetic routes for pharmaceuticals and natural products.’®> However, little interest has been
paid to its applications and advancement of polymer chemistry.% 1% Carbon-nitrogen coupling
reactions that have been performed for polymer functionalization of aryl bromine in a polymer
backbone are rare. Amine bearing polymers have been used as specialty functional materials in
applications such as antimicrobial,’% 1% gas separation,’?1® CO, capture,!1!2 and anion

exchange membranes.’® AEMs are a subset of ionic functional polymers which typically bear a

This chapter previously appeared as: Pagels, M. K.; Walgama, R. C.; Bush, N. G.; Bae, C.,
Synthesis of Anion Conducting Polymer Electrolyte Membranes by Pd-Catalyzed Buchwald-
Hartwig Amination Coupling Reaction. Tetrahedron 2019, 75 (31), 4150-4155.
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quaternary ammonium ion covalently bound to the backbone of polymer and an associated mobile
anion (e.g. OH-). These anion exchange polymer membranes can play an important role in

115 \vater

electrochemical applications such as AEM fuel cells,*® 113 114 redox flow batteries,
electrolysis,*'® 17 and reverse electrodialysis,*'® 1° where their main function is to physically
separate anode and cathode while being selectively permeable to anions. Traditionally, synthesis
of AEM polymers has been accomplished by chloromethylation of aromatic rings of polymers.
However, chloromethylation of aromatic rings requires toxic reagents, in some cases long reaction
times (e.g. up to several days) and extensive optimization to reach a desired degree of
functionalization.”” In this chapter, the first synthesis of AEM polymers using the Buchwald-
Hartwig amination in post-polymerization functionalization is reported. A novel aryl bromine
containing polymer (FIArBr; polymer 3) was synthesized by Friedel-Crafts polycondensation of
9,9-dimethyl-9H-fluorene 1 and 4’-bromo-2,2,2-trifluoroacetophenone 2. This acid-catalyzed
polycondensation method provides an efficient route to produce a high molecular weight polymer
featuring an aryl bromine.*?® The polymer was then functionalized with a variety of amines using

the Buchwald-Hartwig amination. The amine moieties in the polymer was subsequently

quaternized yielding anion conducting polymers.

2.2 Results and Discussion

2.2.1 Synthesis of FIArBr

A polymer containing an aryl bromide (FIArBr; polymer 3) was synthesized via acid-
catalyzed Friedel-Crafts polycondensation. High molecular weight polymers were achieved by
controlling the stoichiometry of the reactants. 9,9-Dimethyl-9H-fluorene 1, a commercially

available arene, was selected due to its good nucleophilicity and the lack of potentially labile
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Figure 2.2: Friedel-Crafts polycondensation for synthesis of polymer containing aryl bromide.

benzylic hydrogen that could degrade under high pH conditions of AEMs in electrochemical
energy conversion process. The ketone monomer, 4'-bromo-2,2,2-trifluoroacetophenone 2, is also
commercially available and was chosen for installation of an aryl bromine moiety into the polymer.
The trifluoromethyl group of ketone monomer is required for the Friedel-Crafts polycondensation
as it increases the electrophilicity of the carbonyl carbon.?! Trifluoromethanesulfonic acid was
used as a catalyst to activate the ketone and produce high molecular weight polymers (Figure 2.2).
After 4 h of polymerization, the reaction mixture becomes a viscous solution which was then
precipitated into methanol and purified to give polymer 3 as a white fibrous solid. Number average
molecular (My) and polydispersity index (Mw/My) determined by size exclusion chromatography
(SEC) were 122,000 g/mol and 1.68, respectively, and the chemical structure of the polymer was

confirmed by *H NMR spectroscopy.

2.2.2 Buchwald-Hartwig Amination

For a reaction to be applicable in post-polymerization functionalization, it needs to give
high conversions without causing side reactions such as crosslinking. Even a minor level (e.g. less
than 1%) of crosslinking of polymer repeat units can result in an insoluble gel rendering the

polymer unusable for membrane applications.*?? As the Buchwald-Hartwig amination is known to
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give desired coupling products in high yields, we conducted the C—N coupling reaction to create

various aryl amine functionalities using FIArBr 3 as a precursor polymer.

To avoid additional coupling reaction which might cause polymer crosslinking, we focused

on synthesis of aryl amine polymers using monofunctional secondary amines as a substrate. As a

representative amine, N-methylpiperazine, was used to screen for optimized condition of solvent,

Table 2.1: Optimization of the Buchwald-Hartwig amination for synthesis of amine functionalized

polymers.

\ CFs3 H :
~ Q N Pd,(dba),;, Ligand,
O ENJ Base, 1 h, 5 wiiv %
| [Nx
Br
N
3 (1.0 equiv.) (1.2 equiv.)
Entry® Ligand Solvent Base Temp. (°C) g:;lb"’m on
1 BINAP Toluene +-BuONa 80 81
2 BINAP Toluene +~BuONa 100 98
3 BINAP Toluene £BuOK 100 89
4 BINAP THF BuONa 100 89
5 BINAP DMAC BuONa 100 Gel®
3] DPPF Toluene -BuONa 100 as
7 SPhos Toluene +BuONa 100 85
8 FRuPhos Toluene +BuONa 100 81
9 P(o-tolvl)s Toluene -BuONa 100 Gel®
10 P(rBu)s Toluene +BuONa 100 Gel®

® All reactions were carried out using 3 (0.233 mmol), Pda{dba)s (0.0058 mmol), ligand (0.0175 mmol), bas

(0.326 mmol) and solvent (2mL).

" Conversion caculated by intezration values measurad by 'H NMR spectroscopy.
©Gel refers to an insoluble polymer product

ligand, base, and temperature (Table 2.1). As our starting point we used Pd2(dba)s (5 mol% total

Pd) and BINAP (7.5 mol%) as a catalyst, ligand system with t-BuONa (1.4 equiv.) as a base, which
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Table 2.2: Buchwald-Hartwig amination of FIArBr 3 with secondary amines.

CF, CFs
[arH- . _N__ Pdydba), BINAP  TAT
R R -
t-BuONa, Toluene, ||
100°C, 2 h X
Br R’N""R
3 513
Entry* Amine Product Conversion (%0)°
1 { NH 5 92
b 1 \
2 HM MH i) Gel®
~
3 o MH 7 a7
-
4 Boc—N MH 8 99
N/
5 D\JH 9 89
H
6 N 10 86
7 HoNT " 11 Gel®
g dipropylamine 12 84
9 dihexylamine 13 67

2 All reactions were carried outusing 3 (0233 mmaol), Pdy{dba); (0.0038 mmol), BINAP(0.0173 mmol), t-BuONa
(0.326 mm ol). toluene (2 mL) at 100 *C for 2 hunless otherwise noted

¥ Amine (3.493 mmol), ~BuONa (3540 mmol), and toluens (10 mL).

* Conversion calculated from integration values measured by 'H NME.

2 Gel refers to insoluble polymer product

gave a moderate conversion of aryl bromide of polymer 3 to the corresponding amine. It afforded
81% conversion to amine-functionalized polymer 4 in toluene at 80 °C within 1 h (entry 1, Table
2.1). Increasing the temperature to 100 °C resulted in near complete conversion of 98% (entry 2,
Table 2.1). Running the reaction with t-BuOK as a base and more polar THF as a solvent reduced
conversion to 89% (entries 3 and 4, Table 2.1). The use of DMACc as a solvent (entry 5, Table 2.1)

maintained a soluble reaction mixture throughout the course of the reaction. However, once the
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reaction was quenched by precipitation into methanol, the polymer was no longer soluble. This
might indicate a slight degree of crosslinking of polymer chains (entry 6, Table 2.1). Bidentate
ligands appear to work best for N-arlyation of this polymer system: BINAP and DPPF shows near
quantitative conversion of 95-98% (entries 2 and 6, Table 2.1). Dialkylbiaryl phosphine ligands,
SPhos and RuPhos showed less effective compared with the bidentate ligands (entry 7 and 8, Table
2.1). P(o-tolyl)s and P(t-Bu)s resulted in a gelled mixture prior to quenching reaction (entries 9 and
10, Table 2.1).

With the optimized condition of entry 2 of Table 2.1 we chose to explore a variety of cyclic
and acyclic secondary amine substrates for N-arylation of our polymer system (Table 2.2). We
first tried structurally similar amines including piperidine, morpholine, boc-piperazine, and
pyrrolidine (entry 1, 3-5, Table 2.2). The Buchwald-Hartwig reaction proceeded smoothly with
the cyclic secondary amines in excellent yields affording polymers 5, 7-9 in 92-99% conversion.
For difunctional amine substrates, piperazine and propylamine (entry 2 and 7, Table 2.2), both had
resulted in insoluble polymers 6 and 11 after quenching with methanol even employment of very
dilute conditions (1 wt/v%) and an excess of amine (15 equiv.) to minimize crosslinking of
polymer chains. We suspect that this is caused by additional coupling reaction of the remaining
N-H bond in the polymer chains. Acyclic diamines in general showed lower conversions than
cyclic amines (entries 6, 8, and 9 of Table 2.2). Polymer 10 was synthesized from the hydrochloride
salt of dimethylamine, thus an extra equivalence of base was added to remove HCI. Both
dimethylamine polymer 10 (entry 6, Table 2.2) and dipropylamine polymer 12 (entry 8, Table 2.2)
gave moderate yields of 86% and 84%, respectively. Dihexylamine showed lowest conversion
among all amines successfully tested (entry 9, Table 2.2). Polymer 13 also showed reduced

solubility in organic solvents.
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2.2.3 Quaternization and Characterization of FIAr-Q-Pz 14 and FIAr-Q-Pd 15

To produce a quaternary ammonium polymer FIAr-Q-Pz 14, polymer 4 was methylated using
1.2 equiv. of methyl iodide in DMAc. The lower basicity of aryl amine compared to that of
aliphatic amine in the piperazine side group allows selective methylation of aliphatic amine
affording FIAr-Q-Pz 14. Similarly, polymer 5 was quaternized using 2.0 equiv. of methyl iodide
to give FIAr-Q-Pd 15. After the reactions proceeded overnight, the solutions were dried in an oven
and then redissolved in DMSO and membranes were cast in a glass dish from this solution at 80 °C
overnight. The dried polymer membranes were submerged in water to assist in detaching the

membranes from the glass plate. To convert the counter anion of quaternary ammonium polymers

Table 2.3: lon exchange capacity, water uptake, and swelling ratios of ionic polymers.

o URD-E

ENj X~ ENT
o L
/N
FlAr-Q-Pz 14 FIAr-Q-Pd 15
Sample Theoretical Titration IECY OH- Water OH- Swelling

P IEC? (mmol/g) (mmol/g) Uptake (%) Ratio (%)
FlAr-Q-Pz 14 2.08 2.02 (2.06)¢ 72 (38)d 19 (11)4
FlAr-Q-Pd 15 2.15 2,12 (2.13)¢ 69 (33)d 22 (9)4

2 Calculated from repeat unit molecular weight
b Calculated by Mohr titration

¢ Calculated by 'H NMR integration values
¢l form

from 1" to CI, the membranes were submerged in 1 M NaCl for 24 h and washed thoroughly with

deionized water. lon exchange capacity (IEC) of a membrane is a measurement of ionic
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concentration in the polymer (milli equivalence of ionic groups per gram of polymer). These two
polymers 14 and 15 were chosen to compare the location effect of the cation group (attached to
aromatic ring in 15 vs. aliphatic chain in 14) on membrane properties as both have similar IEC
values (Table 2.3). The IEC measurements were carried out by Mohr titration and analysis of *H
NMR spectrum. FIAr-Q-Pz 14 and FIAr-Q-Pd 15 had a titration IEC value of 2.02 and 2.12

mequiv./g, respectively, which agree well with the *H NMR IEC values. Since these polymers are

120 -
®  FIAr-Q-Pz 14 Chloride
A FIAr-Q-Pd 15 Chloride A
100 0  FIAr-Q-Pz 14 Hydroxide
4 FIAr-Q-Pd 15 Hydroxide
— (]
c 80
o
(]
E
> 60
:g (] A
©
S
g 7 D =
O A
204 a -
A
]
0 1 L T L 1 1 T T T L T
30 40 50 60 70 80

Temperature (°C)

Figure 2.3: Chloride ("Cl) and hydroxide ((OH) conductivity of quaternized polymers in liquid water at
30, 60, and 80 °C.

ionic in nature, they absorb water. To investigate the membrane properties of these ionic polymers
in water, swelling ratio and water uptake data were collected with chloride and hydroxide as a
counter anion (Table 2.3). Water is highly important in conducting mobile ions of these types of
ion exchange membranes and plays a critical role for effective ion transport and ion channel

formation.*?® 12 FIAr-Q-Pz 14 and FIAr-Q-Pd 15 showed very similar water uptake and swelling
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ratio regardless of counter anion, and their values in hydroxide form were larger than those of

chloride form for both polymers.
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Figure 2.4: Remaining chloride conductivity at 80 °C after alkaline stability test in 1M NaOH at 80 °C.

Chloride and hydroxide ion conductivities of the membranes measured at 30, 60, and 80 °C in
liquid water are included in Figure 2.3. In electrochemical devices such as AEM fuel cells, the ion
conductivity of membranes is very important in enhancing operating efficiencies as higher
conductivities decrease ohmic losses within the device. Both anion conducting polymers 14 and
15 showed enhanced hydroxide and chloride conductivities with increasing temperature due to an
increased ion mobility. Additionally, as hydroxide ion has higher ion mobility than chloride ion,
polymer membranes in hydroxide ion form afforded a higher conductivity. FIAr-Q-Pz 14 and
FIAr-Q-Pd 15 showed good hydroxide conductivity of 84 mS/cm and 107 mS/cm, respectively, in
liquid water at 80 °C. As both anion conducting polymers have similar water uptake values, we

suspect the difference in conductivity arises from the difference in basicity of the aminated
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precursor polymers (4 and 5): the quaternary ammonium derived from the less basic aryl amine
polymer 5 yields less tightly bound ion pair interaction leading to higher anion conductivity. To
show feasibility of these membranes in an AEM fuel cell, ex situ accelerated chemical stability
test was done by immersing membranes into a 1 M NaOH solution at 80 °C and measuring
resulting drop in conductivity over 48 h (Figure 2.4). FIAr-Q-Pz 14 showed significantly higher
retention of conductivity, dropping 19% in chloride conductivity while FIAr-Q-Pd 15 showed 95%
drop in chloride anion conductivity. The unstable nature of FIAr-Q-Pd 15 is presumably due to the

electron withdrawing effect of the attached phenyl ring.

2.3 Conclusion

Anion conducting quaternary ammonium-functionalized polymers were synthesized using the
Buchwald-Hartwig amination as a key step in reaction sequence. An aryl bromine containing
polymer was synthesized by Friedel-Crafts polycondensation. This polymer was converted to
various amine-functionalized polymers by the Buchwald-Hartwig amination. The scope of amine
substrates was demonstrated to be limited to monofunctional secondary amines due to undesirable
crosslinking reactions taking place between different polymer chains for difunctional amines. Two
examples of amine-functionalized polymers were then quaternized using methyl iodide, one with
cation directly attached to the aryl group and the one separated by an aliphatic spacer. The AEM
properties were then characterized by IEC, conductivity, water uptake and swelling ratio to probe
performance within an electrochemical device. It is shown that quaternary ammonium that is

directly attached to an aromatic ring show higher ion conductivity but lower alkaline stability.

2.4 Experimental Section
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2.4.1 General Information

All NMR spectra were obtained using a Varian Unity 500 MHz spectrometer and chemical
shifts were referenced to the residual solvent peaks for *H NMR; CDCl3 and DMSO-ds (7.26 ppm
and 2.50 ppm, respectively). Anhydrous N,N-dimethylacetamide, anhydrous tetrahydrofuran,
propylamine, dipropylamine, dihexylamine, piperazine, N-methylpiperazine, morpholine,
pyrrolidine, piperidine, and dimethylamine hydrochloride were purchased from Alfa Aesar.
BINAP, anhydrous dichloromethane, anhydrous toluene, sodium tert-butoxide, and potassium
tert-butoxide were purchased from Acros Organics. Pd>(dba)s, DPPF, RuPhos, SPhos, tri(o-
tolyl)phosphine, and tri-tert-butylphosphine were purchased from Strem Chemicals. 4’-Bromo-
2,2,2-trifluoroacetophenone, 1-Boc-piperazine, and trifluoromethane sulfonic acid were purchased
from Oakwood Chemicals. 9,9-Dimethyl-9H-fluorene was purchased from Ark Pharm. CDCl3z and
DMSO-ds were purchased from Cambridge Isotope Laboratories. All chemicals were used as

received.

2.4.2 Synthesis of FIArBr 3

9,9-Dimethyl-9H-fluorene 1 (2.00 g, 10.3 mmol) and 4'-bromo-2,2,2-
trifluoroacetophenone 2 (2.86 g, 11.3 mmol) were dissolved in dichloromethane (12 mL) under No.
After cooling the mixture in an ice bath, trifluoromethanesulfonic acid (1.86 mL, 11.3 mmol) was
added dropwise. The reaction mixture was precipitated in excess methanol after stirring for 4 h.
The resulting polymer was dissolved in tetrahydrofuran and was reprecipitated in excess methanol
and then dried in a vacuum oven, giving a white solid in 95% yield. *H NMR (500 MHz, CDCls)
07.64 (2H, d, J=8.2 Hz), 7.46 (2H, d, J=8.8 Hz), 7.26 (2H, d, J=8.3 Hz), 7.07 (4H, dd, J = 15.5,

8.2 Hz), 1.32 (6H, s).
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2.4.3 General Procedure for Buchwald-Hartwig Amination of FIArBr 3

In a N2 glovebox FIArBr (1 equiv., based on one repeat unit), amine (1.2-2.0 equiv.), t-
BuONa (1.4-2.2 equiv.), Pd>(dba)s (0.025 equiv.), ligand (0.075 equiv.) and solvent (5 wt/v%,
with respect to polymer) were added to a vial. The vial was sealed with a cap with a Teflon septum
and removed from the glove box and placed into an oil bath at 80-100 °C and stirred (1-2 h). The
solutions were allowed to cool to room temperature and then the polymer was precipitated by
adding excess of methanol to the solution. The polymer was vacuum filtered and then redissolved
into tetrahydrofuran. Purification was done by filtering through a short plug of silica and
precipitation into excess methanol. The polymer was then vacuum filtered, and vacuum dried at

80 °C overnight. All polymers were obtained in >99% yield.

2.4.4 Polymer 4

Following the general procedure for Buchwald-Hartwig Amination with FIArBr 3 (500 mg,
1.17 mmol) Pdx(dba)s (26.7 mg, 0.0291 mmol), BINAP (54.4 mg, 0.0874 mmol), t-BuONa
(154 mg, 1.63 mmol), N-methylpiperazine (140 mg, 1.40 mmol) and toluene (5 w/v%, 10 mL)
yielded a light yellow solid. 'H NMR (500 MHz, CDCl3) § 7.60 (2.00H, d, J=8.1 Hz), 7.29
(2.04H, d, ]=7.9 Hz), 7.13-7.02 (4.08H, m), 6.85 (2.03H, d, J=8.8 Hz), 3.82 (3.93H, s), 2.63

(3.75H, ), 2.38 (2.91H, 5) 1.31 (5.99H, s).

2.45 Polymer5

Following the general procedure for Buchwald-Hartwig Amination with FIArBr 3 (500 mg,
1.17 mmol) Pdz(dba); (26.7 mg, 0.0291 mmol), BINAP (54.4 mg, 0.0874 mmol), t-BuONa

(246 mg, 2.56 mmol), piperidine (198 mg, 2.33 mmol) and toluene (5 w/v%, 10 mL) yielded a light
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yellow solid. 'H NMR (500 MHz, CDCls) § 7.60 (2.00H, d, J = 8.2 Hz), 7.29 (2.08H, d, J = 6.2 Hz),
7.15-6.98 (4.07H, m), 6.85 (1.81H, d, ] =8.4 Hz), 3.19 (3.69H, s), 1.70 (3.75H, s), 1.57 (2.09H,

s) 1.31 (6.05H, s).

2.4.6 Polymer 7

Following the general procedure for Buchwald-Hartwig Amination with FIArBr 3 (100 mg,
0.233 mmol) Pda(dba)s (5.3 mg, 0.0058 mmol), BINAP (10.9mg, 0.0175mmol), t-BuONa
(31.3 mg, 0.326 mmol), morpholine (45.7 mg, 0.466 mmol) and toluene (5 w/v%, 2 mL) yielded a
light yellow solid. *H NMR (500 MHz, CDCls) § 7.61 (2.00H, d, J=8.2 Hz), 7.30 (2.14H, d,
J=7.8Hz), 7.09 (3.95H, d, J = 8.3), 6.85 (1.99H, d, J=8.2 Hz), 3.86 (3.88H, s), 3.20 (3.79H, s),

1.31 (5.97H, s).

2.4.7 Polymer 8

Following the general procedure for Buchwald-Hartwig Amination with FIArBr 3 (100 mg,
0.233 mmol) Pdz(dba)z (5.3 mg, 0.0058 mmol), BINAP (10.9mg, 0.0175 mmol), t-BuONa
(31.3 mg, 0.326 mmol), 1-Boc-piperzine (88.2 mg, 0.466 mmol) and toluene (5 w/v%, 2mL)
yielded a light yellow solid. *H NMR (500 MHz, CDCls) & 7.61 (2.00H, d, J=8.2 Hz), 7.30
(2.21H, d, J=9.4 Hz), 7.08 (4.02H, t, ] =8.9), 6.87 (1.98H, s), 3.59 (3.95H, s), 3.18 (3.94H, s),

1.48 (9.25H, s) 1.31 (6.09H, s).

2.4.8 Polymer 9

Following the general procedure for Buchwald-Hartwig Amination with FIArBr 3 (100 mg,
0.233 mmol) Pdz(dba)s (5.3 mg, 0.0058 mmol), BINAP (10.9 mg, 0.0175 mmol), t-BuONa
(31.3 mg, 0.326 mmol), pyrrolidine (33.6 mg, 0.466 mmol) and toluene (5 w/v%, 2 mL) yielded a
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light yellow solid. 'H NMR (500 MHz, CDCls) & 7.60 (2.00H, d, J=8.3 Hz), 7.31 (2.03H, d,
J=8.0Hz), 7.11 (4.24H, s), 7.01 (1.76H, d, ] =8.4 Hz), 3.29 (3.55H, s), 1.99 (3.84H, s), 1.31

(6.22H, s).

2.4.9 Polymer 10

Following the general procedure for Buchwald-Hartwig Amination with FIArBr 3 (100 mg,
0.233 mmol) Pdz(dba)z (5.3 mg, 0.0058 mmol), BINAP (10.9mg, 0.0175 mmol), t-BuONa
(94.0 mg, 0.978 mmol), dimethylamine hydrochloride (38.0 mg, 0.466 mmol) and toluene (5
w/v%, 2mL) yielded a light yellow solid. 'H NMR (500 MHz, CDCls) & 7.61 (2.00H, d,
J=8.2Hz), 7.31 (2.01H, d, J=5.5Hz), 7.11 (2.15H, s), 7.04 (1.85H, d, J =8.5 Hz), 6.66 (1.68H,

s), 2.96 (5.13H, 5), 1.31 (5.93H, s).

2.4.10 Polymer 12

Following the general procedure for Buchwald-Hartwig Amination with FIArBr 3 (100 mg,
0.233 mmol) Pdz(dba)z (5.3 mg, 0.0058 mmol), BINAP (10.9mg, 0.0175 mmol), t-BuONa
(31.3 mg, 0.326 mmol), diproplyamine (47.1 mg, 0.466 mmol) and toluene (5 w/v%, 2 mL) yielded
a light yellow solid. *H NMR (500 MHz, CDCls) § 7.60 (2.00H, d, J=8.2 Hz), 7.31 (1.93H, d,
J=6.7Hz), 7.12 (2.11H, s), 6.96 (2.00H, d, ] =8.5 Hz), 6.54 (1.70H, d, ] =8.6 Hz), 3.21 (3.35H,

s), 1.60 (3.38H, q, J=7.7 Hz), 1.31 (5.91H, 5), 0.91 (5.53H, t, ] = 7.3 Hz).

2.4.11 Polymer 13

Following the general procedure for Buchwald-Hartwig Amination with FIArBr 3 (100 mg,
0.233 mmol) Pdz(dba)s (5.3 mg, 0.0058 mmol), BINAP (10.9 mg, 0.0175 mmol), t-BuONa
(31.3mg, 0.326 mmol), di-N-hexylamine (86.3 mg, 0.466 mmol) and toluene (5 w/v%, 2 mL)
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yielded a light yellow solid. *H NMR (500 MHz, CDCls) & 7.60 (2.00H, d, J=7.9 Hz), 7.32
(1.76H, s), 7.11 (2.28H, s), 6.95 (1.59H, s), 6.59 (1.27H, d, J = 8.6 Hz), 3.23 (2.60H, s), 1.66—1.44

(3.60H, m), 1.41-1.16 (17.72, m), 0.86 (5.36H, s).

2.4.12 FIAr-Q-Pz (Polymer 14)

FIArPz 4 (250 mg, 0.557 mmol) was dissolved in DMAc¢ (5 mL) in a vial and stirred until
dissolved completely. CHal (94.4 mg, 0.669 mmol) was then added and then the vial was capped.
The solution was stirred overnight (16 h). The solution turned from a light yellow to a burgundy
color. The solution was then filtered through a short plug of silica into a Petri dish. Solvent was
removed by placing in a convection oven at 80 °C overnight. The polymer was then removed from
the dish and redissolved in DMSO (5 mL). The solution was then, again, filtered through a short
plug of silica and then a film was cast in a Petri dish overnight in a convection oven at 80 °C (98%
yield). *H NMR (500 MHz, DMSO-ds) § 7.86 (2.09H, d, ] =8.5 Hz), 7.29 (2.33H, d, ] = 12 Hz),

7.10-6.93 (6.11H, m), 3.58 (8.02H, ), 3.24 (5.95H, s), 1.27 (6.00H, 3).

2.4.13 FIAr-Q-Pd (Polymer 15)

FIArPd 5 (250 mg, 0.557 mmol) was dissolved in DMAc (5 mL) in a vial and stirred until
dissolved completely. CHsI (158 mg, 1.11 mmol) was then added and then the vial was capped.
The solution was stirred overnight (16 h). The solution turned from a light yellow to a burgundy
color. The solution was then filtered through a short plug of silica into a Petri dish. Solvent was
removed by placing in a convection oven at 80 °C overnight. The polymer was then removed from
the dish and redissolved in DMSO (5 mL). The solution was then, again, filtered through a short
plug of silica and then a film was cast in a Petri dish overnight in a convection oven at 80 °C (98%
yield). tH NMR (500 MHz, DMSO-dg) & 7.86 (2.00H, d, J = 8.5 Hz), 7.28 (2.24H, d, ] = 12 Hz),
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7.03 (6.11H, dd, J=18.4, 10.9 Hz), 3.58 (7.06H, s), 3.24 (5.92H, 5), 1.31 (6.00H, 5).

2.4.14 General Methods of Characterization

Size exclusion chromatography was used to determine weight average and number average
molecular weight of polymers on a Viscotek T60A instrument with differential refractive index
detector (Viscotek 302) using THF as eluent and polystyrene standards. lon conductivity
measurements were made using a BT-512 membrane conductivity test system (BekkTech LLC)
using a four-point probe method. Membranes were measured in degassed deionized water,
bubbling argon gas throughout entire experiment. Membranes were cut to approximately 3 cm by
0.5 cm and measurements were taken after conductivity reading had stabilized for at least 30
minutes at the given temperatures. lonic conductivity was calculated according to the following

equation:

d (g) = (RLTT) 2.1

where L is distance between the two inner platinum probe wires (0.425 cm), R is the measured
resistance in ohms and W and T are the width and thickness of the membrane in centimeters.
Water uptake and swelling ratio of membranes was measured in hydroxide and chloride
anion forms of the membranes. Measurements for hydroxide form of membranes was done in
argonfilled glovebox to avoid contamination by COz in air. Prior to measurement membranes were
submerged in either LM NaOH or 1M NacCl for 24 h then rinsed thoroughly with deionized water.
To measure water uptake, membranes were submerged in deionized water for 24 h, then the
membranes were removed from water and blotted quickly with a Kim Wipe to remove any surface

water. The membranes were weighed immediately. To dry membranes, they were placed under an
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infrared lamp for 1 h and then weighed again. Water uptake was calculated with the following
equation:

et —

|4 W
Water Uptake (%) = — Y 4+ 100 (2.2)

where Wywet and Waqry are the wet and dry mass of the membrane respectively. Swelling ratio was

measured similarly:

et

L — L
Swelling Ratio (%) = “wet  d1Y 4100 (2.3)
Ldry

where Lwet and Lary are the wet and dry diagonal length of a square sample of membrane.
Chemical stability testing was done by immersing membranes into 1M NaOH solution at
80 °C. After allotted time, the membranes were removed from heat and rinsed with 1M NaCl
solution. The membranes were then placed into 1M NaCl solution for 24 h, then rinsed thoroughly
with deionized water. Conductivity measurements were then taken in the chloride form to halt any
further degradation that may occur by hydroxide ion. The percentages of decrease in chloride ion

conductivity of the membranes are shown in Figure 2.4 to show alkaline stability.
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3. ONE-POT SYNTHESIS OF PROTON EXCHANGE
MEMBRANES FROM ANION EXCHANGE MEMBRANE
PRECURSORS

3.1 Introduction

PEMs are a critical component of many electrochemical devices such as water electrolyzers, ™
125 glectrochemical hydrogen compressors,*2% 127 fuel cells,® 128 and flow batteries.'?® 130 Although
perfluorosulfonic acid polymers (PFSAS), such as Nafion, have been the most widely used PEMs
due to their commercial availability, good proton conductivity, and excellent chemical stability,
they are not ideal materials of choice. The drawbacks of PFSA materials include (i) high cost, (ii)
difficulty of chemical modification to tune material properties, (iii) high reactant crossover, and
(iv) low glass transition temperatures. Hydrocarbon PEMs based on aromatic polymers, on the
other hand, can offer an alternative material solution as they are less expensive, and their properties
can be easily modulated, addressing the problems of current PFSA PEMs. However, hydrocarbon
PEM materials generally suffer from excessive dimensional swelling in water, low proton
conductivity, and poor oxidative stability. In spite of a sizable amount of literature existing for
hydrocarbon PEMs, most of them contain aromatic polymer structures with heteroatom linkages
in either the backbone or side chain. For example, sulfonated poly(aryl ether sulfone)s, which were
pioneered by McGrath et al. in the early 2000s,2? inherently contain aryl ether linkages in the
backbone because they are prepared by nucleophilic aromatic substitution polymerization of

aromatic diol (Figure 3.1a). The presence of these heteroatom linkages is suggested to initiate

This chapter previously appeared as: Pagels, M. K.; Adhikari, S.; Walgama, R. C.; Singh, A.; Han,
J.; Shin, D.; Bae, C., One-Pot Synthesis of Proton Exchange Membranes from Anion Exchange
Membrane Precursors. ACS Macro Lett. 2020, 9 (10), 1489-1493.
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Figure 3.1: Synthetic approaches to PEMs.

chemical degradation of hydrocarbon PEMs by oxygen radical species in a fuel cell environment
because of the (i) enhanced stability of the radicals by adjacent atoms with lone pairs and (ii)
increased electron density of the aryl group.?* 13! 132 Sylfonated aromatic polymer PEMs that are
free of heteroatom linkages are supposed to afford significantly better oxidative stability in

electrochemical reaction environments, but they are difficult to synthesize. Cornelius and co-
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workers reported an oxidatively stable, all-carbon backbone polyphenylene PEM.**2 However, this
all-aromatic polymer material requires functionalization with chlorosulfonic acid, leading to
poorly controlled regioselectivity and degree of sulfonation (Figure 3.1b). Holdcroft!3* 13 and
Miyatake'®® 3" groups have independently improved this drawback by polymerization of
sulfonated aromatic monomers (Figure 3.1c and d). The resulting polyphenelyene PEMs reported
by these two groups showed excellent oxidative stability and performance; however, both suffer
from the multistep synthesis of monomer preparation, employing precious metal catalysts.
Recently, to overcome these issues, Jannasch and co-workers have reported a polyphenylene
backbone PEM by a superacid-catalyzed Friedel—Crafts polycondensation reaction using
commercially available p-terphenyl and perfluoroacetophenone (Figure 3.1e).1%818 Although this
material showed good oxidative stability and proton conductivity, the heterogeneous oxidation of
thiol to a sulfonic acid moiety requires harsh conditions and is limited to the pentafluorophenyl
substrate. In spite of those reported stable PEM materials, there is still a lack of facile, scalable,
and efficient synthetic approaches to make these ionic polymer materials. In addition, these stable
PEMs have a sulfonate moiety that is directly attached to rigid aromatic rings of polymers in order

to exclude heteroatoms.

3.2 Results and Discussion

Many polymers bearing a haloalkyl side chain are known and can easily be converted to a
quaternary ammonium head group for use in AEMs, 3% 37:38,44.93,139,140 T gyr pest knowledge, an
analogous method of direct conversion to a sulfonated group for use in the PEM field has not yet
been reported. Herein we report a widely applicable and conveniently scalable one-pot synthesis

of heteroatom link age-free aromatic PEMs by converting a tethered haloalkyl side chain to a
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Figure 3.2: 'H NMR spectra of BPSA and mTPSA PEMs in —SOzNa form.
sulfonate group in polymer systems. Many of the polymer properties required for AEMs overlap
with those of PEMs including good chemical and oxidative stability. Our laboratory has previously
reported two polymers, BPBr*® and mTPBr,*® which were subsequently converted to quaternary
ammonium polymer AEMs by nucleophilic substitution with trimethylamine. The resulting anion-
conducting polymers have shown excellent alkaline stability due to all-carbon polyphenylene
backbones. The precursor polymers were synthesized by acid-catalyzed Friedel—Crafts
polycondensation reaction first developed by Zolotukhin et al.'#! 142 Since BPBr and mTPBr are
formed in highly acidic media without any aryl ether linkages or benzylic hydrogens, we presumed
they could serve as an ideal substrate for heteroatom linkage-free aromatic PEMs (Figure 3.1,
bottom). To test this hypothesis, we investigated a synthetic method to convert BPBr and mTPBr
to BPSA and mTPSA, respectively (Figure 3.2). The polymers first reacted with potassium
thioacetate at 50 °C for nucleophilic substitution reaction (Sn2) at the tethered bromoalkyl group.
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Figure 3.3: *H NMR spectra of BPBr (red, CDCls), BPTA (green, CDCls) and BPSA (blue, DMSO-ds).
We found no crosslinking by disulfide bond formation, which can occur with a free thiol or thiolate
and an oxidant (e.g., O2), so ambient atmosphere reaction conditions can be used. Spectroscopic
characterization by *H NMR (CDCls, Figure 3.3) confirms complete conversion of the terminal
bromide group by loss of triplet at 3.33 ppm (—CH2—Br) to the thioacetate group with the
appearance of a triplet at 2.80 (—CH2—S—) and singlet at 2.29 ppm (—-S—C=0—CHz) in the 'H NMR
spectra. The substitution reaction in the polymer side chain was also confirmed by the appearance
of a new band at 1689 cm™ (—C=0 stretch) in FT-IR spectra (Figure 3.4). Conversion of the
thioacetate group to sulfonate was conducted using meta-chloroperoxybenzoic acid (nCPBA),
which is a commercially available solid peroxyacid oxidant. Reported conversions of thiols to

sulfonate in polymer systems oxidize thiol by in situ generation of peroxyacid, typically by mixing
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Figure 3.4: FT-IR spectra of BPSA and polymer precursors. Dotted lines are to highlight functional
group changes in polymers.

30 wt % hydrogen peroxide with a carboxylic acid.3® 143 Polymer systems designed for PEMs do
not have a good solubility in these water—acid—peroxide mixtures, necessitating heterogeneous
reactions. The use of mCPBA allows convenient homogeneous oxidation at 0 °C to room
temperature, reducing the risk of side reactions. We found that the oxidation of thioacetate to
sulfonate could be carried out under homogeneous conditions by dissolving the thioacetate-
functionalized polymers in N,N-dimethylacetamide (DMAc) and portion-wise addition of
mCPBA. Precipitation of the reaction mixture to 1 M NaCl solution gave the corresponding
sulfonate polymers, BPSA and mTPSA (Figure 3.2). The polymer structures were confirmed by
the appearance of a new peak at 2.48 ppm (—CH2—SO3Na) in *H NMR spectra (DMSO-dg, Figures

3.2 and 3.3). FT-IR spectra also showed loss of a —C=0 stretch band at 1689 cm™* and the
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Table 3.1: BPSA and mTPSA solubility.

1. 70%
Sample DMAc DMSO DMF NMP MeOH EtOH Propanol T2 IPA/Water
BPSA ++ ++ ++ ++ ++ ++ ++ ++ ++
mTPSA  ++ ++ +H - + + * -

Polymer solubility tested by addition of 25 mg of polymer in 0.5 mL of solvent (5 wt/v %). (DMAc)
Dimethylacetamide. (DMSO) Dimethyl sulfoxide. (DMF) Dimethylformamide. (NMP) N-methyl-2- pyrrolidone.
(MeOH) Methanol. (EtOH) Ethanol. (IPA) Isopropanol.

(++) polymer 1s soluble.

(+) polymer is soluble but requires heating.

(-) polymer is ingoluble.

appearance of —SO3Na stretch bands at 1122 and 1035 cm™ (Figure 3.4). Once this approach was
proved as a viable synthetic route, a one-pot procedure was developed by sequential addition of
potassium thioacetate and mCPBA, which was later successfully scaled up to 10 g. It should be
noted that the heterogeneous oxidation process using precursor thioacetate polymers, BPTA or

MTPTA, in membrane form is also possible if necessary. The heterogeneous oxidation can be

Table 3.2: Properties of sulfonate polymer, BPSA and mTPSA.

IEC (mequiv./g) M

Sample A Npound®  Npeot (ka)f bf
Theoretical NMR?  Titration® a

BPSA 2.60 2.60 2.40 134 7.5 59 41 2.3

mTPSA 2.17 217 2.10 8.4 7.3 1.1 53 2.0

2[EC measured by relative integrations of IH NMR.

b Titration IEC measured by average of 2 runs.

< ) calculated by water uptake at 20 °C and NMR IEC value.

4 Npourg 18 number of non-freezable water molecules per ionic group.

2 Npe, 15 number of freezable water molecules per ionic group.

f Obtained from GPC measurement of precursor polymers (BPBr and mTPBr) using THF eluent and polystyrene
standards.

carried out simply by submersion of precursor polymer membranes to a mixture of 30 wt %
hydrogen peroxide, acetic acid, and water (1:1:4 volume ratio) at 50 °C for 5 h.

The resulting sulfonate polymers show good solubility including alcohols (Table 3.1), and
clear films were cast from DMSO. The IEC of BPSA and mTPSA measured by titration were 2.40

40



40 - e
= e -
S 304 BPSA
Y mTPSA
@ 201 Nafion 212
=]
a 10 o A N ]
D_
0 50 100 150 200 250
Strain (%)

Figure 3.5: Stress-Strain curve of BPSA and mTPSA in —-SOzH forms at 50 °C and 50 % RH (solid), 25 °C
and fully hydrated (dotted) conditions, and 50 °C and 20 %RH (dash).

and 2.10 mequiv/g, respectively, which matched closely with the theoretical IECs (2.60 and 2.17
mequiv/g), further providing evidence of successful conversion to sulfonated polymer (Table 3.2).
For PEMs with a high IEC (e.g., over 2.0 mequiv/g), the effect of water on the physical properties
is a major concern. High IEC hydrocarbon PEMs tend to show excessive water uptake and
membrane swelling due to the plasticization effect of water, which leads to poor mechanical
stability. Mechanical properties of BPSA and mTPSA were measured by tensile stress—strain
analysis under 50% relative humidity (RH) at 50 °C and in a fully hydrated state at room
temperature (Figure 3.5). At 50 °C and 50% RH, BPSA and mTPSA showed ultimate strain of
72% and 110%, respectively, with tensile stress of 26 and 35 MPa. In a fully hydrated state, BPSA
and mTPSA showed ultimate strain of 31% and 131%, respectively (10.4 and 32.2 MPa for tensile
stress). As expected, as RH decreases, these hydrocarbon PEMs show higher tensile stress values.
Interestingly, the effect of RH change on the mechanical property was smaller for mTPSA than
BPSA, possibly due to more efficient chain entanglement of the m-terphenyl backbone than the
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biphenyl backbone and lower water uptake. In contrast, Nafion’s mechanical properties do not

depend on RH conditions (Figure 3.5).
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Figure 3.6: Water uptake (solid) and swelling ratio (dotted) of BPSA and mTPSA at 20, 30, 60, and 80 °C
measured in —SOzH form.

Water uptake and swelling ratios were measured at 20, 30, 60, and 80 °C, and both sulfonated
polymers showed only a minor increase in water uptake as temperature was raised (Figure 3.6).
The separation of the sulfonic acid group from a rigid aromatic polymer backbone (i.e., biphenyl
and m-terphenyl) by a flexible tether chain might have resulted in significantly lower water uptake
and swelling ratio compared to other hydrocarbon PEMs with a similar IEC range.133 135 144

The microstructure of sulfonated polymers was studied by small-angle X-ray scattering
(SAXS) under dry and wet conditions (Figure 3.7). Because both BPSA and mTPSA have a
regularly spaced sulfonate group tethered to the polymer backbone by a flexible alkyl side chain,
they showed an ionic group aggregation peak with d-spacing of 21-23 A in the dry state. In the
fully hydrated state, the ionic group aggregation d-spacing of BPSA increased to 40.1 A at room

temperature, and surprisingly, this value marginally increased to 41.5 A even as temperature is
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Figure 3.7: SAXS profiles of BPSA and mTPSA in —-SOsH form, (a) measured in vacuum, (b) measured in
fully hydrated condition at 20 °C, (c) measured in fully hydrated conditions at 80 °C, and (d) table listing
calculated d-spacing.

increased to 80 °C. The regularity of sulfonate groups along the rigid biphenyl backbone and
flexible sulfonate spacer may have developed a well-ordered microstructure in which water
molecules are confined to an ionic phase, thus minimally affecting the water uptake and swelling
behavior of BPSA. In contrast, the ionomer peak in dry sample of mTPSA disappeared in the
SAXS data of hydrated conditions (Figure 3.7). Although further investigation is needed, we
suspect the loss of the ionomer peak in the hydrated mTPSA sample may not necessarily mean a
loss in hydrophobic/hydrophilic phase separation and could be due to loss of contrast from the
absorption of water.}*® With high IEC values, good mechanical properties, and manageable water
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Figure 3.8: Arrhenius plot of BPSA, mTPSA, and Nafion 212 measured in water at 30, 60, and 80 °C.
uptake, we envision that this new class of sulfonated polymer materials would serve as a valuable
PEM in electrochemical energy conversion and storage applications. In water, the proton

conductivity of BPSA greatly exceeded that of Nafion 212 at all measured temperatures reaching
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Figure 3.9: Proton conductivity of BPSA, mTPSA, and Nafion 212 measured at different RH conditions at
80 °C.
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Figure 3.10: BPSA and mTPSA weight and conductivity percent change after a 1 h Fenton’s test.
Conductivity measured in water at 80 °C.

250 mS/ cm at 80 °C, 1.5 times higher than that of Nafion 212 (Figure 3.8). mTPSA, which has
significantly lower IEC and lower water uptake than BPSA, still showed a high proton conductivity
of 125 mS/cm at 80 °C. Under reduced RH conditions, the proton conductivity of BPSA exceeded

that of Nafion 212 only above 80% RH (Figure 3.9). This is likely due to the lower acidity of the
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Figure 3.11: Stress-Strain curve of BPSA and mTPSA before (solid) and after (dot) Fenton’s reagent
testing in -SOsH form at 50 °C and 50 %RH.
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Figure 3.12: *H NMR spectra BPSA (blue, a) and mTPSA (red, b) before and after 1 h of Fenton’s
reagent test. Measured in DMSO-de.

alkyl sulfonic acid group of BPSA compared to the perfluoroalkyl sulfonic acid group of Nafion
212.1%6. 147 Oxidative stability is an important parameter for a PEM in water electrolyzer and

hydrogen fuel cell applications. Fenton’s reagent has been commonly used to test oxidative
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stability of hydrocarbon PEMs since hydroxyl radicals that are generated by sluggish oxygen
reduction reaction in acidic media could attack ionic polymers at and between electrodes and cause
degradation. We investigated changes in mass, chemical structure (by *H NMR spectroscopy), and
proton conductivity of the polymer membranes before and after Fenton’s test (Figure 3.10 and
Figure 3.12). Remarkably, we did not see any notable changes in these metrics. When mechanical
properties of BPSA and mTPSA were compared before and after the Fenton’s reagent test, only a
minor decrease (ca. 10%) in tensile stress was observed with a slightly enhanced (30—50%)
ultimate strain for both polymers, suggesting their polymer backbones are intact under the Fenton’s
reagent conditions (Figure 3.11). The excellent oxidative stability of these membranes can be
ascribed to the absence of any labile chemical bonds, such as heteroatom linkages and benzylic

hydrogen, in the polymer design.

3.3 Conclusion

In conclusion, we have disclosed a convenient synthesis of sulfonated aromatic polymers for
PEM based on a simple, mild, and scalable one-pot route. This approach is widely applicable to
the hydrocarbon PEM field as it allows easy conversion of a haloalkyl functionality, a common
functionality within the AEM material, to a sulfonate side chain, generating a new class of stable
hydrocarbon PEMs that are difficult to prepare otherwise. Using this method, we chose to convert
previously reported BPBr and mTPBr precursor polymers to their sulfonated polymers BPSA and
MTPSA, respectively. Excellent mechanical and physiochemical properties were obtained due to
the rigid polyphenylene backbone and separation of the sulfonate group via a flexible side chain.
Outstanding proton conductivity was measured, with BPSA showing significantly higher value

than that of Nafion 212 at all temperatures with mitigated swelling even at 80 °C. Oxidative
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stability using Fenton’s test showed no noticeable signs of degradation in conductivity, 1 H NMR,

or mass loss.

3.4 Experimental Section

3.4.1 Materials

BPBrand mTPBr were prepared according to previously reported literature.*® #° Potassium
thioacetate (KSAc, 98 %, Sigma-Aldrich), m-chloroperoxybenzoic acid (MCPBA, 70-75 %, Acros
Organics), dimethyl sulfoxide (DMSO, 99.9 % Sigma-Aldrich), dimethylacetamide (DMAc, 99
%, Honeywell), tetrahydrofuran (THF, 99.9 %, Honeywell), methanol (99 %, Fisher Chemical),
acetone (99.5 %, Fisher Chemical), DMSO-ds and CDCIls (99.96 % D, Cambridge Isotope

Laboratories) were purchased from the respective companies and used as received.

3.4.2 Synthesis of BPTA

To a 100 mL one-neck round bottom flask, BPBr (1.00 g, 2.6 mmol), KSAc (0.33 g, 2.9
mmol), and DMAc (20mL) were added. The solution was then heated to 50 °C in an oil bath and
allowed to react for 4 h. Once cooled to room temperature, the solution was precipitated into 100
mL of methanol and stirred for 0.5 h. The polymer was then filtered by vacuum filtration and
dissolved into THF (10 mL). The polymer solution was once again precipitated into methanol (50
mL). After vacuum filtration, the polymer was dried in vacuum overnight (0.97 g, 99 % yield). *H
NMR (500 MHz, CDCls, Figure 3.3) & 7.58 (d, 4H), 7.37 (d, 4H), 2.80 (t, 2H), 2.43 (m, 2H), 2.29

(s, 3H), 1.52 (m, 2H), 1.37 (m, 2H), 1.25 (m, 2H).

3.4.3 Synthesis of mMTPTA
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Procedure follows the synthesis of BPTA. mTPBr (1.0 g, 2.2 mmol), KSAc (0.28 g, 2.4 mmol),
DMAC (20 mL), yield 0.98 g, 99 %. *H NMR (500 MHZ, CDCls, Figure A.1): § 7.85 (s, 1H),
7.65-7.55 (m, 6H), 7.51 (t, 1H), 7.40 (d, 4H), 2.80 (t, 2H), 2.45 (m, 2H), 2.29 (s, 3H), 1.53 (m,

2H), 1.38 (m, 2H), 1.27 (m, 2H).

3.4.4 Synthesis of BPSA

In a 100 mL one neck round bottom flask, BPTA (0.90 g, 2.4 mmol) was dissolved in DMAc (18
mL). The flask was cooled to 0 °C in an ice bath and mCPBA (1.78 g, 7.2 mmol) was added
portionwise over 10 minutes. After complete addition of mCPBA, the flask was warmed to room
temperature and stirred for additional 1 h. This solution was precipitated into 50 mL of 1M NaCl
solution and stirred for 0.5 h. The polymer was vacuum filtered and then dissolved into 10 mL
DMSO. This solution was precipitated into 50 mL acetone and stirred for 0.5 h. Again, the
precipitated polymer was vacuum filtered then allowed to dry in vacuum overnight (0.95 g Na+
form, 97%). *H NMR (500 MHZ, DMSO-ds, Figure 3.3): § 7.75 (d, 4H), 7.38 (d, 4H), 2.48 (m,

2H), 2.35 (t, 2H), 1.52 (m, 2H), 1.35 (m, 2H), 1.14 (m, 2H).

3.4.5 Synthesis of mMTPSA

Procedure follows the synthesis of BPSA. mTPTA (0.90 g, 2.0 mmol), mCPBA (1.46 g, 5.9 mmol),
DMAC (18 mL), yield 0.90 g, 98 %. *H NMR (500 MHZ, DMSO-ds, Figure A.1: § 8.02 (s, 1H),
7.84 (d, 4H), 7.71 (d, 2H), 7.75 (t, 1H), 7.40 (d, 4H), 2.50 (m, 2H), 2.36 (t, 2H), 1.53 (m, 2H), 1.37

(m, 2H), 1.17 (m, 2H).

3.4.6 General Procedure for One-Pot Synthesis
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Synthesis of BPSA will be used as an example. To a 500 mL one-neck round bottom flask, BPBr
(10.0 g, 26.1 mmol), KSAc (3.28 g, 28.7 mmol) and DMAc (200 mL) were added and heated to
50 °C. The reaction mixture was stirred at 50 °C for 4 h. The solution appeared cloudy due to
insoluble potassium bromide that was formed during the reaction. The solution was then cooled to
room temperature before placing on ice. Once the solution is successfully brought to 0 °C, mCPBA
(21.2 g, 86.1 mmol) was added portionwise over 1 h. After complete addition, the solution was
removed from the ice bath and allowed to warm to room temperature and stirred for additional 1
h. The solution was poured into 800 mL of 1M NaCl and stirred for 1 h. The polymer was filtered
by vacuum filtration and rinsed with deionized water, then dissolved into 100 mL DMSO. The
solution was then precipitated into 500 mL of acetone. The final polymer was vacuum filtered and

dried under vacuum (10.3 g, 97%).

3.4.7 Procedure for Membrane Casting

All membranes were prepared by solution casting in —SOsNa form. Polymers BPSA or mTPSA
was dissolved into DMSO at a 5 % wt/v concentration. The solutions were then passed through a
short plug of silica to remove any dust particles. The freshly filtered solutions were then poured
on to a clean glass plate that had been leveled inside of a convection oven. The samples were then
heated to 80 °C for 16 h. The membranes were removed from the glass plates by immersing to
deionized water and then placed into 1 M H2SO4 for 24 h. After this time the membranes were
rinsed with deionized water until they become neutral. The membranes were then placed into fresh

deionized water for 24 h, replacing with fresh water three times over the course of 24 h.

3.4.8 Preparation of BPSA by Heterogeneous Oxidation

BPTA was casted from solution by dissolving polymer in THF at a 5 % wt/v solution. The solution
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was filtered through a short plug of silica and poured on to a clean and leveled glass plate. The
plate was covered and solvent was allowed to evaporate at room temperature overnight. The
polymer film was removed from the plate by immersing to methanol. The membrane was placed
into a solution of 30 % hydrogen peroxide, acetic acid, and water in a 1:1:4 ratio by volume and
heated to 50 °C for 5 h. The membrane was rinsed thoroughly with water, then placed into 1 M
H>SO4 for 24 h. After this time the membranes were rinsed with deionized water until they become
neutral. The membranes were then placed into fresh deionized water for 24 h, replacing with fresh

water three times over the course of 24 h.

3.4.9 Membrane Characterization

!H NMR spectra was obtained using a Varian Unity 500 MHz spectrometer, and chemical shifts
were referenced to the residual solvent peak (CDCls, & = 7.26 ppm and DMSO-de, 6 = 2.50 ppm)
FT-IR spectra was obtained using a Nicolet (Thermo) 4700 FT-IR with PIKE ZnSe/Diamond ATR
accessory. Number (M) and weight-average (Mw) molecular weights of polymers were
determined by size-exclusion chromatography (SEC) on a Viscotek T60A instrument with a
differential refractive index detector (Viscotek 302) using THF as the eluent and polystyrene as
the standard. Small angle X-ray scattering (SAXS) were tested under vacuum and in hydrated
conditions by placing membrane inside a capillary tube with water. SAXS measurements were
carried out at the NSLS-11, 12-ID Soft Matter Interfaces beamline at the Brookhaven National
Laboratory, Upton, NY. Tensile stress-strain behavior was measured by dynamic mechanical
analyzer (DMA) by TA instruments Q800 DMA with DMA-RH accessory for humidity-controlled
experiments. Membrane sample sizes are approximately 20 mm x 5 mm x 0.05 mm for the
measurement at 50 °C and 50% relative humidity condition, while for fully humidified conditions,

membranes were soaked in deionized water 24 h prior to measurement and measured immediately
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at room temperature. Differential scanning calorimetry (DSC) analysis was done using a TA
instruments Q2000 DSC using hermetically sealed pans. Measurements were taken at a heating
rate of 5 °C/min under N2 and a temperature range of -70 to 40 °C.

IEC was determined by NMR spectroscopy and by acid-base titration. For acid-base
titration measurement, a membrane sample (in —SOsH form) of approximately 100 mg was placed
into a pre-weighed polypropylene container with loosely closed cap. The container was placed
under vacuum at room temperature for a minimum of 12 h and purged with N2. The cap of the
polypropylene container was quickly closed, then the mass of the container was measured to obtain
dry mass of the membrane. The membrane was then submerged into 50 mL of 1M NaCl for 24 h.
The solution was then poured into a 200 mL Erlenmeyer flask. The membrane and container were
washed with 10 mL of 1M NaCl which was then added to the flask, and this step was repeated 3
times. The amount of HCI released from the membrane in the NaCl solution was titrated with

freshly standardized 0.01M NaOH. The calculation for IEC is as follows:

1EC (mmol) _ Vaon X Cnaon
Wy

(3.1)
Where Vnaon is the volume of NaOH added in mL, Cnaon is the molar concentration of
standardized NaOH solution and Wyq is the dry mass of the membrane in H+ form in grams.

For determination of water uptake, approximately 100 mg of membrane (dry mass) was
determined by following the procedure of IEC measurement described above. To measure wet
mass, membranes were placed into deionized water for 24 h at room temperature then placed into
20, 30, 60, or 80°C water bath for 3 h. The membranes were removed from the water bath and
surface water was quickly removed using a Kim wipe, then weight was measured on a

microbalance. The wet membranes were placed back to the water bath at the respective

temperature for 1 h, then their weight was measured again after removing surface water. An
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average of three independent measurements using the same membrane sample is reported as water

uptake values in Figure 3.5. The calculation for water uptake is as follows:

Ww - Wd
Water uptake (%) = —w X 100 (3.2)
d

where Wy, and Wy are the wet and dry masses of the membrane, respectively.

For determination of swelling ratio, dry membrane samples (in —SO3zH form) were cut into
squares and dried using the above IEC measurement procedure. Membranes were removed from
the polypropylene container and the length along the diagonal is quickly measured. In a similar
fashion of water uptake protocol mentioned above, the dry membranes were soaked in deionized
water for 24 h, then placed into 20, 30, 60, or 80°C water bath for 3 h. After removing the
membranes from water bath, their dimensions were measured immediately. The membrane
samples were returned to the water bath of specified temperature for 1 h. After removing surface
water quickly, their dimensions were measured again. An average of three independent
measurements using the same membrane sample is reported as swelling ratio in Figure 3.5. The

calculation for swelling ratio is as follows:

. . Lw Ld
Swelling ratio (%) = 7 x 100 (3.3)
d

where Ly and Lgq are the wet and dry lengths of the material, respectively.
Hydration number (L) represents the number of water molecules per ionic group. This is calculated

as follows:

(W — Wy 1000 )
A= ( w, )X (18 x IEC 34

Freezable (Nfree) and non-freezable (Nbound) Water amounts were measured (Table 3.2) to
understand the states of the water within the membrane (free water vs. chemically bound water).

Membrane samples were soaked in deionized water for 24 h. They were removed from water and
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wiped with a Kim wipe. The samples were quickly placed into a preweighed pan and then sealed.
Samples were subject to 3 cycles of heating and cooling in DSC scans, and the third scan was used
for analysis. The amount of freezable and non-freezable was determined by the following:14

N _ Hfree/Hice
Jree (Ww - Wd)/Ww

X A (3.5)

Npouna = 4 = Npree (3.6)
where Hsree is the enthalpy obtained from the integration of DSC and Hice is the enthalpy of
fusion of water.

In-plane ion conductivity was measured in liquid water and under relative humidity
conditions. In liquid water membranes (approximately 30 mm x 5 mm x 0.05 mm) were measured
using a four-point probe method with BT-512 membrane conductivity test system (BekkTech
LLC) by scanning direct current sweep from 0.1 V to — 0.1 V and the linear voltage-current data
is fit for resistance. Each sample was equilibrated for at least 1 h at a given temperature before
recording measurement. Relative humidity conditions were tested 10 to 95 % at 80 °C using a
four-point probe method with a Scribner 740MTS instrument where alternating current (10 to 105
Hz) is applied to the outer electrodes and the real impedance is determined from high x-intercept

of the semicircle of Nyquist plot. Conductivity was calculated by using the following equation:

L

g = E (37)

Where o is conductivity, L is the length between two inner probes, A is the cross-sectional
area of the membrane and R is the measured resistance or impedance.
Oxidative stability of membranes was tested using Fenton’s reagent (3 % H20> aqueous

solution in 2 ppm Fe>"). A dry membrane of ~50 mg was immersed into the Fenton’s reagent at
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80 °C. After 1 h the membrane was taken out of the Fenton’s reagent and washed with distilled
water and equilibrated in distilled water for at least 24 h. The membrane was dried and weighed.
The residual mass was calculated from the membrane mass before and after immersion in Fenton’s
test at 80 °C for 1 h. The same membrane sample was used to determine proton conductivity and

run *H NMR spectrum after Fenton’s test.
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4. SYNTHESIS OF PROTON EXCHANGE MEMBRANES
FROM ANION EXCHANGE MEMBRANE PRECURSORS
WITH INCREASED ACIDITY

4.1 Introduction

The development of clean and sustainable energy technologies is crucial for a society
independent of fossil fuels. Fuel cells in conjunction with water electrolyzers are the ideal
alternative energy converting devices due to their environmentally friendly operation. Water
electrolyzers, powered by renewable energy sources, provides clean and energy dense fuel in the
form of hydrogen. When electricity is needed, fuel cells recombine the stored hydrogen and oxygen
from air by reversing electrochemical reactions, converting the chemical energy to electrical
energy with water and heat as the only byproducts. One of the important components of both of
these energy converting devices is the proton exchange membrane (PEM) that acts as a physical
and electrical separator between the two electrodes while conducting proton between them. The
state-of-the-art PEM technologies utilize perfluorosulfonic acid (PFSA) polymers because of their
high conductivity, excellent oxidative stability, and commercial availability. However, PFSA
polymers’ high cost, high gas crossover and environmental processing concerns have motivated
the search for alternative materials. In the past decade, hydrocarbon-based PEMs have experienced
a surge of interest as an alternative to PFSA polymers for electrochemical applications such as fuel
cells, electrolyzers, and redox flow batteries.?” 14° This is mainly due to the several advantages
such as high flexibility in molecular design, less complicated synthesis, potential low production
cost, low gas crossover, and high thermal stability (high Tg) that they offer over PFSA polymers.

Significant investigation has been done on the sulfonated polyaromatic polymer such as
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poly(arylene ether sulfone)?> 10, poly(arylene ether ketone)*! 152, poly(ether ether ketone)®3 154,
and polyimides®® 1° for PEM based electrochemical devices due to their good thermal stability.
Though these materials have addressed particular drawbacks of PFSA polymers separately, none
of them address all the drawbacks simultaneously. Further, all of these materials suffer from poor
oxidative stability under fuel cell operating conditions due to the presence labile bonds or aryl-
ether linkages in the backbone.?* Recently, PEM researchers have moved focus to developing
hydrocarbon-based PEMs that are made of all C-C bonds without any labile chemical bonds.
Sulfonated polyphenylenes have seen particular interest for this purpose. Loy et al. reported a
sulfonated polyphenylene polymer synthesized by Diels-Alder polymerization followed by post-
sulfonation with chlorosulfonic acid.'*® Though these PEMs showed good thermochemical
stabilities, however, they generate ill-defined structures due to harsh sulfonating condition and the
availability of a multitude of sulfonating sites on the polymer backbone. This issue has been
resolved by Holdcroft et al. by synthesizing sulfonated polyphenylenes by Diels-Alder
polymerization of sulfonated monomers.* 135 However, this new version of sulfonated
polyphenylenes still suffers from poor mechanical properties due to the rigid backbone structure.
They also require a complicated multistep monomer synthesis that uses precious metal catalysts.
Recently, Miyatake et al. reported the synthesis of flexible sulfonated polyphenylenes by
Yamamota polycondensation of sulfonated phenylene and quinquephenyl monomers,t3: 157, 158
Decent mechanical properties were obtained by balancing the combination of p- and m-phenylene
groups in the polyphenylene backbone to enhance polymer chain entanglement. However, a
multistep monomer synthesis involving palladium catalyzed coupling reactions and the
requirement of a stoichiometric amount of nickel catalyst for polymerization limit the scalability

of this polymer electrolyte. In an approach to address this issue, Jannasch and co-workers reported
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the synthesis of polyaromatic perfluorophenylsulfonic acids by superacid-catalyzed Friedel—Crafts

polycondensations of commercially available p-terphenyl and perfluoroacetophenone, which

showed high oxidative stability and proton conductivity.*3®

In our recent communication,°

we reported a one-pot synthesis of novel polybiphenyl
based PEMs (BPSA, see Figure 4.1) starting from an AEM precursor BPBr (see Figure 4.1).* The

AEM precursor polymer offers an excellent platform for the development of PEM materials due

Precursor to AEM BP-SArSA BP-SOArSA

BPBr Br IEC = 2.03 mmol/g S IEC = 1.91 mmol/g O"S,’O
SOzH SOzH

Increasing acidity of sulfonic acid

A 4

Figure 4.1: Structure of the precursor polymer, BPBr; and hydrocarbon-based PEMs, BPSA, BP-SArSA,
and BP-SOATrSA. Theoretical IECs are given.

to the ability to create all C-C bond polymer backbone (i.e., devoid of aryl-ether linkages).8"%
Many of these AEM precursors feature an alkyl halide separated from the backbone by a carbon
tether chain. Until recently, there has been no effective means to convert these alkyl halides in
polymer systems to sulfonic acid moieties without incorporating aryl-ether linkages. Herein we
disclose another route to producing PEMs from AEM precursors without a labile aryl-ether bond
linkage. The BPSA material showed excellent oxidative stability and high proton conductivity in
liquid water with good physicochemical properties despite having high IEC. However, the proton
conductivity of this PEM at lower relative humidity was low. One of many ways to enhance the
proton conductivities at low relative humidity is to increase the acidity of the sulfonic acid
group.**® 47 To improve low relative humidity conductivity, a simple and scalable synthetic
approach to attach aromatic sulfonic acid group to an electro-withdrawing side chain of polymer

is reported in this chapter. The structures of these new PEMSs were characterized by NMR, FTIR,
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and their membrane properties such as IEC, water uptake, swelling ratio, conductivity, mechanical
properties, and morphology were evaluated and compared with BPSA to gain insightful

information of the side group effect.

4.2 Results and Discussion

4.2.1 Polymer Synthesis and Characterization

The synthetic route for two novel PEMs, BP-SAIrSA and BP-SOAISA, are depicted in Figure 4.2.
These PEMs were synthesized by the simple post-functionalization of the precursor polymer BPBr,
which has been previously developed in our laboratory and successfully utilized in the
development of highly alkaline stable anion exchange membranes.*® Since BPBr is synthesized by
a superacid catalyzed Friedel-crafts polycondensation reaction and composed of only C-C bonds
backbone with high molecular weights, we presumed it would be an excellent precursor candidate

for preparation of chemically and mechanically stable PEM materials.

CF3 Q_SH CF3 —S:i-O-E-CI CF3 mCPBA CF3
BPBr o BP-SAr é BP-SArsSA é BP-SOArSA 09‘53

SOzH SOzH

Figure 4.2: Synthesis of BP-SArSA and BP-SOArSA.

First, Sn2 substitution reaction on the alkyl bromide side chain of BPBr with thiophenol in
presence of potassium carbonate afforded BP-SAr in quantitative yield (Figure 4.2). The loss of
triplet peak at 3.33 ppm (-CH2Br) and appearance of a new triplet peak at 2.84 ppm (-CH2S-) as
well as the appearance of new multiple peaks at 7.21-7.28 ppm and a triplet at 7.13 ppm
corresponding to the added phenyl ring in *H NMR spectra (Figure 4.3) confirmed the complete
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substitution of the bromide group by thiophenol. We choose thiophenol over phenol moiety for

the substitution of bromide group because a thioether bond is more chemically resistant against

free radicals and may act as a radical scavenger under fuel cell conditions.®% 161 Furthermore, this

linkage can be easily oxidized to sulfone generating a new class of PEMs with an increased acidity

(BP-SOATrSA of Figure 4.2). In general, post-sulfonation reactions on polyaromatic substrates lead

to uncontrolled reactions on multiple aromatic rings and generate ill-defined PEM materials.

However, here we hypothesized that the post-sulfonation of BP-SAr will occur on the side chain

phenyl groups selectively, not on the backbone phenyl groups, to give well defined PEM materials

because the biphenyl ring on the backbone is more sterically hindered and electron deficient due

H,0 DMSO-d,

H,0 DMSO-d;

JU

80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 0.5

ppm

Figure 4.3: 'H NMR of BPBr (CDCls, purple), BP-SAr (CDClIs, pink), BP-SArSA (DMSO-ds, red), and

BP-SOArSA (DMSO-ds, blue).
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to the inductive electron-withdrawing effect of trifluoromethane group compared to the electron-
rich and easily accessible phenyl ring on the side chain. This hypothesis stems from observation
that there is no branching reaction in the polymerization of BPBr; the propagating carbocation in

polymerization mixture reacts does not react with the biphenyl rings in polymer backbone that
Fs CF3
OO0
% No crosslinking in polymerization reaction!
CF,

Figure 4.4: Friedel-Crafts polycondensation reaction scheme.

could give a branched polymer chain due to increased steric hindrance and the presence of
electron-withdrawing CFs group (see Figure 4.4).1%2 To test our hypothesis, we ran a control
sulfonation reactions on BPBr using two sulfonating reagents for this purpose. When BPBr was
mixed with chlorosulfonic acid, a highly reactive sulfonating reagent, an insoluble polymer
material was precipitated out of the solution. However, with a mild sulfonating reagent

trimethylsilyl chlorosulfonate (TMSCS) was used, BPBr remained in the solution throughout the

CDCl,

e

NIy

75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
ppm

Figure 4.5: 'H NMR of BPBr after control reaction with TMSCS.
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Figure 4.6: FTIR spectra of BP-SAr, BP-SArSA, and BP-SOArSA.
reaction and we did not observe any indication of sulfonation reaction on BPBr as confirmed by
the *H NMR spectrum (Figure 4.5). So, we used TMSCS as sulfonating reagent for the post-
sulfonation of BP-SAr to synthesize BP-SArSA. The appearance of two doublets at 7.51 and 7.22
ppm from the phenyl group on the side chain and loss of a triplet peak at 7.13 ppm in the *H NMR
spectra (Figure 4.2) and two new peaks 1125 cm™ (as a shoulder) and 1075 cm™ corresponding to
—SOsNa stretch in FT-IR (Figure 4.6) confirmed successful sulfonation on the side chain phenyl
group selectively and formation of BP-SArSA. BP-SArSA was then treated with meta-
chloroperoxybenzoic acid (MCPBA) to oxidize the thioether linkage on the side chain to sulfone
yielding BP-SOATrSA. The loss of triplet peak at 2.89 ppm (-CH2-S), appearance of a new triplet
peak at 3.21 ppm (-CH2-SO»-), loss of two doublets peaks at 7.51 and 7.22 ppm from the phenyl
group on the side chain, and appearance of a singlet peak at 7.83 ppm in the *H NMR (Figure 4.2)
confirmed the oxidation of thioether to sulfone of BP-SOArSA. In order to confirm that the

oxidation of thioether to sulfone in presence of mMCPBA did not lead to any polymer chain scission
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Figure 4.7: GPC traces of BPBr, BP-SAr, and BP-SOAr.
or unwanted reaction, we treated BP-SAr with mCPBA. Only oxidation of thioether to sulfone was
observed as confirmed by *H NMR and GPC traces (Figure 4.7). Both BP-SArSA and BP-
SOATrSA have excellent solubility in aprotic polar solvents like DMSO, DMF, and DMAc and

transparent films can be cast from these solutions.

4.2.2 Morphology Characterization

The microphase separated morphology of BP-SArSA and BP-SOArSA in —SOsH form was
investigated by X-ray scattering experiments in dry and wet states and their 1D intensity profiles
of SAXS data as a function of the scattering vector (q = (4 n/A) sin (6/2)), where 6 and A represent
the scattering angle and wavelength of X-ray beam, respectively, are given in Figure 4.8.
Distinguished sharp ionic peaks were observed for both BP-SArSA and BP-SOArSA ionomers in
dry state suggesting well-developed nano-scale phase separation morphology between the

hydrophilic sulfonic acid groups and hydrophobic backbone which is facilitated by the well-
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Figure 4.8: SAXS profiles of BPSA, BP-SArSA and BP-SOArSA in the (a) dry state and (b) in the wet
state.

defined polymer chemical structure and the separation of ionic group from the backbone by a
flexible tether chain (Figure 4.8a). The g* (where g* is the center of the primary peak) for BP-
SArSA and BP-SOArSA appeared at 0.231 and 0.222 1/A, respectively, which corresponds to d-
spacing of 27.2 and 28.3 A. In the case of BP-SAISA, second order scattering peak was also
observed and the SAXS scattering peaks follow the g/g* ratio of 1 and 2, suggesting well defined
lamellar like morphology. The polymer membranes morphology was also investigated in fully
hydrated state after soaking the films in water for 24 hr (Figure 4.8b). In the case of BP-SArSA,
we observed a complete loss of ordered structure at this length scale while an increase in the ionic

domain spacing to 43.6 A was observed for BP-SOArSA.

4.2.3 lon Exchange Capacity, Water Uptake, Swelling, and Proton

Conductivities

The membrane properties such as IEC, water uptake, in-plane swelling ratio, and proton
conductivities of BP-SArSA and BP-SOArSA were evaluated in —SOsH form and the data is given

in Table 4.1. For a comparison, the membrane properties of BPSA from our previous report are
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Table 4.1: Membrane properties of PEMs.

IEC (mequiv./g) Water g;g[lﬁﬁ;
Polymer Theoretical NMR? Titration® U?,talfe A Npee  Noowa Ratio
(%) oy
BP-SArSA 2.03 2.03 1.92 27 74 14 60 7
BP-SOArSA 1.91 1.91 1.67 38 11.0 42 6.8 13
BPSA 2.60 2.60 2.40 58 134 59 75 18

* Measured by relative integrations of '"H NMR.
® Titration IEC reported as average of 2 runs.
¢ Measured at 20 °C in the H™ form.

also included in the table. At first the IECs of these materials were calculated from *H NMR and
found to match exactly with the theoretical values 2.03 and 1.91 mmol/g, respectively, for BP-
SArSA and BP-SOATrSA. To confirm these IEC values, we determined the IECs from titration

method. They were found to be 1.92 and 1.67 mmol/g, respectively, for BP-SArSA and BP-

BP-SArSA BP-SOArSA BPSA

(22} |
o o
I 1

L
(o)} ~l
o o

(%)}
o
I
I
o
o

Water Upatek (%)
5
.\
~
o
Swelling Ratio (%)

W)
o
1
1
(9% ]
o

rn
o
1
.
N
.
M
.
-
.
*
M
*
M
-
M
.
.
.
.
.
.
.
N
.
.
L
]
o

...........
.

s
o
1
.
.
v
M
.
.
.
*
M
-
»
.
.
.
M
»
M
.
.
M
1
—_
o

Temperature (°C)

Figure 4.9: Water uptake and in-plane swelling ratio of BPSA, BP-SArSA, and BP-SOArSA as a function
of temperature.

SOATrSA which closely matched with the NMR and theoretical values, further indicating selective
sulfonation on the side chain phenyl group in BP-SArSA and complete oxidation of thioether bond
to sulfone in BP-SOArSA.
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All three PEM polymers of BP-SArSA, BP-SOArSA, and BPSA showed decent water
uptake and in-plane swelling values despite they all have high IECs (Table 4.1). Further, these
water absorption values showed only minimal change with an increase in temperature (20 to 80
°C) as shown in Figure 4.9 which could be attributed to the hydrophilic-hydrophobic microphase
separation resulting from the regularly spaced and tethered sulfonic acid groups from polyaromatic
rigid hydrophobic backbone by a flexible linker. As expected, BP-SArSA and BP-SOArSA
showed lower water uptake with in-plane swelling than BPSA which has IECnwvr = 2.60 mequiv./g.
However, their water absorption behavior does not follow the general trend of IEC. Despite BP-
SOATrSA having a lower IECnmr (1.91 mmol/g), it showed higher water uptake and swelling ratio
than BP-SArSA with a higher IECnmr (2.03 mmol/g). This result suggests that there are stronger
interactions between water molecules and sulfonate group of BP-SOArSA due to the presence of
adjacent sulfone moiety in the side chain.

In order to better understand the nature of the absorbed water, we determined the amounts
of freezable/free (Niree) and non-freezable/bound (Nbound) water using differential scanning
calorimeter (Table 4.1). Absorbed water in both forms play important role in determining
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Figure 4.10: Proton conductivities of BPSA, BP-SArSA, BP-SOArSA, and Nafion 212 (a) as a function of
temperature in water and (b) as a function of relative humidity at 80 °C.
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membrane properties such as proton conductivities and mechanical properties. While optimum
amount of free water is desirable for both ion dissociation and the formation of well inter-
connected ionic channel, excess free water can lead to swelling and poor performance of the
membrane. While both of these ionomers have similar amounts of bound water (Npound = 6.0 and
6.8 for BP-SArSA and BP-SOATrSA, respectively), BP-SArSA has much lower amount of free
water (Nfree = 1.4) compared to BP-SOArSA (Nfree = 4.2). Since optimal amount of free water is
required for formation of interconnected ionic channel and enhancement of proton conductivity
without causing too much membrane swelling, BP-SOArSA might exhibit better interconnected
ionic channel in hydrated form compared to the BP-SArSA, which is also supported by the SAXS
data in hydrated form of these materials (Figure 4.8).

The proton conductivities of BP-SArSA and BP-SOArSA were determined as a function
of temperature in water and also as a function of relative humidity at 80 °C. BP-SOArSA showed
excellent proton conductivity in water which was higher than that of Nafion 212 throughout the
entire temperature range measured (Figure 4.10A) and reached maximum of 228 mS/cm at 80 °C
which was approximately 1.4 times higher than Nafion 212. On the other hand, BP-SArSA showed
lower proton conductivities in water than BP-SOArSA despite having a slightly higher IEC. The
reason for this discrepancy is likely due to a combination of the following possibilities: i) BP-
SOATrSA retains clear phase separation of ionic clusters leading to more conducive transport
morphology in the hydrated state (as shown by SAXS measurements) compared with BP-SArSA,;
i) BP-SArSA has lower water uptake and low free water content (Nfree) in the membrane restricting
proton transport; iii) due to strongly electron-withdrawing ability of adjacent sulfone moiety, the
sulfonate group of BP-SOATrSA is more acidic in nature allowing enhanced proton dissociation.

Surprisingly, BP-SOArSA shows comparable proton conduction values of BPSA in water despite
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it has a significantly lower IEC value (IECnmr = 1.91 vs. 2.60 mmol/g).

Table 4.2: IEC normalized conductivities of BPSA, BP-SArSA, and BP-SOArSA.

Polvmer o at 50 %RH o at 95 %RH o/IEC at 50 o/IEC at 95
Y (mS/cm) (mS/cm) %RH %RH
BPSA 6.4 221.5 2.46 85.19
BP-SAISA 8.7 134.7 4.29 66.35
BP-SOArSA 10.4 175.6 5.45 91.94

Under relative humidity conditions (Figure 4.10B), we observed that the proton
conductivities of BP-SArSA and BP-SOArSA were slightly higher than that of BPSA at below
70% relative humidity conditions. As shown in Table 4.1, BP-SArSA and BP-SOArSA have
significantly lower IECs and lower water uptake values than BPSA. In water, the proton
conductivity of BPSA is higher than those of BP-SArSA and BP-SOArSA (Figure 4.10A). Thus,
although we need more study on microstructure contribution, we believe stronger acidity of the
sulfonated groups of BP-SArSA and BP-SOArSA compared to alkyl sulfonate in BPSA attributed
led to improved low relative humidity conductivity. It is well known that aromatic sulfonate has a
lower pKa value than alkyl sulfonate,**” thus the aromatic sulfonates of BP-SArSA and BP-
SOATrSA should be more acidic and readily dissociate than the alkyl sulfonate of BPSA. Between
BP-SArSA and BP-SOATrSA, the latter is expected to have more acidic sulfonate group because
of the strong electron-withdrawing ability of sulfone in the side chain. To take a closer look at how
sulfonate group acidity strength impacts low humidity proton conductivity, the conductivities
normalized by IEC are given in Table 4.2. By normalizing proton conductivity by each respective
membrane’s IEC, the conductivity contribution of each sulfonate group can be obtained. From
Table 4.2, we can see an increase in the 50% low humidity conductivity contribution of each
sulfonate group from 2.46 to 5.45 with increasing acidity of the pendant ionic groups. This is a

122% increase in conductivity per ionic group. As hydration level is increased to 95% relative
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humidity, although the difference in normalized conductivity contribution becomes narrow, BP-
SOATrSA still retains the highest conductivity per ionic group. BP-SArSA shows lower values
compared with BPSA, possibly due to insufficient water uptake in this material and the loss of

ordered structure in hydrated conditions as shown by SAXS in liquid water (Figure 4.8B).

4.2.4 Mechanical Properties

BP-SArSA
404 BP-SOArSA
BPSA
Nafion

BP-SArSA
401 BP-SOArSA

BPSA
Nafion

Stress (MPa)
Stress (MPa)

0 50 100 150 200 250 0 50 100 150 200 250
Strain (%) Strain (%)

Figure 4.11: Stress-Strain curves of BP-SArSA and BP-SOArSA (a) at 50 °C and 50 % RH and (b) at
hydrated conditions at 20 °C.

Mechanical properties of BP-SArSA and BP-SOArSA ionomers were evaluated at 50
°C/50 % RH and 20 °C/fully hydrated conditions using DMA. The tensile stress/strain curves are
given in Figure 4.11. Both of these polymers possess good flexibility and show higher stress than
Nafion 212 which did not break until it reached the measurement limit of the instrument. The
maximum tensile stress and elongation at break were 34 MPa and 155% for BP-SAIrSA, 42 MPa
and 192% for BP-SOArSA, and 14 MPa and 335% for Nafion 212. BP-SOArSA showed higher
elongation at break than BP-SArSA due to its more hydrophilic side chain and higher water uptake.
Even at 20°C and fully hydrated conditions, BP-SArSA and BP-SOArSA showed good

mechanical properties and their elongation at break and ultimate tensile stress were 15 MPa/56 %
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and 16 MPa/126 %, respectively.

4.2.5 Thermal Stability
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Figure 4.12: TGA curves of BP-SArSA and BP-SOArSA under N2 atmosphere.

The thermal stability of these polymer electrolytes was evaluated using thermogravimetric
analysis (TGA) as shown in Figure 4.12. BP-SArSA showed thermal stability up to 250 °C and
showed three stages of degradation pattern. BP-SOArSA, on the other hand, had higher thermal
stability reaching up to 350 °C and showed only two stages of degradation pattern. The first
decrease in weight below 150 °C in both PEMSs corresponds to the loss of absorbed residual water
molecules within the membranes. In the case of BP-SArSA, the second decrease in weight (~15%)
was observed between 250-300 °C which corresponds to the loss of —SOzH moieties followed by
the third weight loss above 350 °C due to the degradation of side chain and polymer backbone.

But the desulfonation was not observed in BP-SOArSA between 250-300 °C suggesting that
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presence of electron withdrawing group (-SO--) on the para-position enhances the thermal stability

of —SOsH group. The second loss in weight in BP-SOArSA occurred above 300 °C which

corresponds to desulfonation followed by side chain and backbone degradation.

4.2.6 Oxidative Stability

One of the most challenging issues with hydrocarbon-based PEMs is their oxidative stability under

fuel cell operating conditions. The oxidative stability of BP-SArSA and BP-SOArSA were studied

(a)

“,“, }l BP-SOArSA (After) ﬁ S

ll )\ BP-SOArSA (Before) ;\ Jk
J\A__{’Mfﬂﬁi{After) A 1 L
h
'l l ‘l A BP-SArSA (Before)

DMSO
b a

DMSO

b i a

8.5

8.0 7.5 7.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

ppm
(b) (c)
BP-SArSA  BP-SOArSA
1401 BP-SArSA
100 { BP-SOArSA
120 o
5
100 »
~ E 10
5 80 =
E =
2 604 %
& 3
T 14
40 S
o 5
20
a
0- 0.1 ——— ———————r—————
Weight IEC  095%RH 050% RH 20 30 40 50 60 70 80 90 100

Relative Humidity (%)

Figure 4.13: (a) *H NMR of BP-SArSA and BP-SOArSA, and (b) percentage retention of weight, 1EC,
and proton conductivity before and after Fenton’s test for 1 h 80 °C. Proton conductivity (¢) compared
here was measured at 80 °C at 95 and 50 %RH. (¢) Proton conductivity at 80 °C under relative humidity

conditions before (solid) and after (dotted).
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by Fenton’s test, which is a commonly employed ex-situ accelerated oxidative stability test due to
its ability to generate hydroxyl free radicals in solution. The oxidative stability was evaluated by
'H NMR and by measuring the percentage retention of weight, IEC, and proton conductivities after
Fenton’s test at 1 h and 80 °C (Figure 4.13). In the course of the Fenton’s testing on BP-SArSA,
we observed that the thioether linkage of polymer side chain was oxidized and transformed to BP-
SOAISA as evidenced by *H NMR spectroscopy. Clearly the peak attributed to the thioether
methylene (-CH2-S-) at 2.89 ppm had shifted to 3.21 ppm associated with the sulfone methylene
peak (-CH2-SO>-). In addition, the two doublets in the aromatic region at 7.22 and 7.51 ppm were
merged to a singlet at 7.83 ppm. These peaks are identical to those of BP-SOArSA which was
obtained by oxidation BP-SArSA with mCPBA. Closer inspection into the *H NMR spectrum of
the Fenton’s tested BP-SArSA shows the appearance of three small peaks attributed to unwanted
oxidation of the polymer at the side chain (indicated with black arrows in Figure 4.13A). Although
the origin of these signals however could not easily be assigned, the vast majority of side chains
had been oxidized to the sulfoxide linkage. Inspection of BP-SOArSA before and after Fenton’s
testing *H NMR provides evidence that the sulfone linkage is quite stable, and no detectable
degradation has occurred.

Investigation into the membrane properties of BP-SArSA were also conducted. We observed an
increase in the mass and a decrease in the titration IEC of BP-SArSA after the Fenton’s test. These
changes correspond appropriately with the added mass associated with the oxidation of the
thioether linkage to the sulfone linkage. BP-SOArSA on the other hand did not experience any

Table 4.3: d-spacing of BP-SArSA and BP-SOArSA before and after Fenton’s testing for 1 h at 80 °C.

d-spacing (A)

Polymers

Before Fenton’s Test After Fenton’s Test
BP-SArSA 27.2 32.0
BP-SOArSA 283 30.5
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changes in IEC or mass further providing evidence of an oxidatively stable PEM. Proton
conductivity before and after Fenton’s test was also conducted for these polymers. BP-SOArSA,
again, was found to show no changes in conductivity at 95% relative humidity conditions. At 50%
low humidity levels there seems to be a slight decrease in conductivity loosing 22% of its original
measured conductivity. This, however, may not be attributed to oxidative decomposition of the
polymer but possible due to morphological changes after being exposed to the Fenton’s test
condition (1 h in 80 °C). Figure 4.14 shows before and after SAXS profiles of BP-SOArSA
showing slight changes in domain spacing that may account for the discrepancy in conductivity.
On the other hand, BP-SArSA did increase in conductivity at 95% high humidity level
appropriately with the change from thioether to sulfone linkage. The Fenton’s test aged BP-SArSA

membrane reached a conductivity of 178 mS/cm at 95 %RH and 80 °C which is almost identical
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Figure 4.14: SAXS profiles of BP-SArSA (red) and BP-SOArSA (blue) before (solid) and after (dotted)
Fenton’s test for 1 h at 80 °C.
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to pristine BP-SOArSA’s measured conductivity of 177 mS/cm under the same condition. At 50%
relative humidity level, however, we saw a drop in conductivity after Fenton’s test; at 50 %RH
and 80 °C, BP-SArSA had a conductivity of 8.7 mS/cm and 4.2 mS/cm before and after Fenton’s
test, respectively. With the conversion of BP-SArSA to BP-SOArSA upon oxidation by Fenton’s
test, an increase in the conductivity at this low humidity level was expected but we observed the
opposite trend. We believe that a combination of minor adverse oxidative degradation (indicated
by extra peaks in 1H NMR spectrum in Figure 4.13A) and change in domain spacing (shown in
Figure 4.14 and Table 4.3) may be the cause of this decreased conductivity which becomes more
apparent at low relative humidity conditions. More investigation into degradation products is

required to elucidate the origin of this phenomena.

4.3 Conclusion

Hydrocarbon PEMs are a promising technology that has potential to replace PFSA PEMs in
electrochemical devices due to their flexibility in molecular design, low cost, and high thermal
stability. In this work we have disclosed a new method to convert AEM precursors to high-
performance and oxidatively stable PEMs with increased acidity functionality. We have also
introduced a polymer functionalization chemistry that allows simple adjustment in acidity level of
ionic group with minimal changes to IEC of PEMs. BP-SArSA and BP-SOArSA were tested for
their PEM properties including water uptake, swelling ratio, conductivity, and mechanical
properties. In comparison with reference material BPSA, BP-SOArSA has a significantly lower
IEC and, as a result, yields lower water uptake and swelling ratio and better mechanical property.
Despite those given properties, BP-SOArSA shows comparable conductivity in liquid water and

greatly higher conductivity than BPSA at low relative humidity levels. Thus, we demonstrated
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simultaneous decrease in IEC and increase in proton conductivity could be achieved for BP-
SOATrSA by simple polymer functionalization at the side chain. In addition, BP-SOArSA exhibits
excellent oxidative stability for a hydrocarbon-based PEM with no detectable changes in mass,

IEC, and *H NMR spectrum.

4.4 Experimental Details

4.4.1 Materials

BPBr was prepared according to previously reported literature*® with number average molecular
weight and polydispersity index of 45,000 kDa and 2.1 respectively. Thiophenol (99 %, Alfa
Aesar), m-chloroperoxybenzoic acid (mCPBA, 70-75 %, Acros Organics), trimethylsilyl
chlorosulfonate (TMSCS, 99 %, Sigma-Aldrich), potassium carbonate (99 %, Alfa Aesar), sodium
hydroxide (97 %, Fisher Chemical), anhydrous dichloromethane (DCM, 99.9 %, Acros Organics),
diethyl ether (99 %, Fisher Chemical), dimethyl sulfoxide (DMSO, 99.9 % Sigma-Aldrich),
dimethylacetamide (DMAc, 99 %, Honeywell), tetrahydrofuran (THF, 99.9 %, Honeywell),
methanol (99 %, Fisher Chemical), acetone (99.5 %, Fisher Chemical), DMSO-ds and CDCls
(99.96 % D, Cambridge Isotope Laboratories) were received from the respective companies and

used without further purification.

4.4.2 Test Reaction of BPBr with Sulfonating Agents

To a 25 mL one-neck round bottom flask BPBr (0.25g, 0.65 mmol) and the flask was fitted with a
rubber septum. The flask was put under vacuum for five minutes and backfilled with nitrogen.
This was repeated three times. To the flask anhydrous DCM (5 mL) is added and allowed to stir

until completely dissolved. Once dissolved the solution was cooled in an ice bath. The sulfonating
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reagent CISOsH (0.15g, 0.09mL 1.3 mmol) or TMSCS (0.25g, 0.20mL, 1.3 mmol) is added
dropwise over ~5 minutes. The solution was warmed to room temperature and allowed to react for
1 h (at this point the reaction with CISO3H had gelled completely). The solution was then poured
into methanol (20 mL). The polymer was then filtered by vacuum filtration and redissolved into
THF (5 mL). The reaction with CISOsH would not dissolve in any solvents. The polymer was then
precipitated into methanol (20 mL) after which it was vacuum filtered and dried under vacuum

overnight.

4.4.3 Synthesis of BP-SAr

To a 500 mL one-neck round bottom flask BPBr (10.00 g, 26 mmol) and DMAc (200mL) were
added and heated to 90 °C in an oil bath. Thiophenol (5.73 g, 52 mmol) and K>COs (7.19 g, 52
mmol) were added and allowed to react at 90 °C for 4 h. The solution was removed from the oil
bath and once to room temperature poured into 800 mL of methanol. The precipitated polymer
was then filtered off by vacuum filtration. It was then dissolved into 100 mL of THF and then
again precipitated into methanol (500 mL). The polymer was filtered by vacuum filtration and then
allowed to dry in vacuum overnight (10.61g, 99 % yield). *H NMR (500 MHz, CDCls, Figure 4.2):
§7.57 (d, 4H), 7.36 (d, 4H), 7.28 — 7.21 (m, 4H), 7.13 (t, 1H), 2.84 (t, 2H), 2.44 (m, 2H), 1.60 (m,

2H), 1.44 (m, 2H), 1.26 (m, 2H).

4.4.4 Synthesis of BP-SOAr

To a 25 mL one-neck round bottom flask, BP-SAr (0.25 g, 0.6 mmol) was dissolved in DMAc (5
mL). The solution was then cooled in an ice bath and mCPBA (0.30, 1.2 mmol) was added portion-
wise over 10 minutes. The reaction mixture was then warmed to room temperature and stirred for
additional two hours. The solution was then poured into methanol (20 mL) and the precipitated
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polymer was vacuum filtered. The polymer was purified by re-precipitating into methanol. After
vacuum filtration the product was vacuum dried overnight (0.23g, 86 % yield). *H NMR (500
MHz, CDCls): 6 7.86 (d, 2H), 7.63 — 7.50 (m, 7H), 7.34 (d, 4H), 2.99 (m, 2H), 2.41 (m, 2H), 1.67

(m, 2H), 1.38 (m, 2H), 1.22 (m, 2H).

4.45 Synthesis of BP-SArSA

To a 500 mL one-neck Schlenk flask, BP-SAr (10.00 g, 24.2 mmol) was added. The flask was
fitted with a rubber septum and connected to Schlenk line. The flask was put under vacuum for
five minutes and backfilled with nitrogen. This was repeated three times. To this flask anhydrous
DCM (200 mL) was added via syringe and the solution was stirred until the polymer had dissolved
completely. The solution was then cooled in an ice bath and TMSCS (9.13g, 7.46 mL, 48.4 mmol)
was added dropwise via syringe over 15-20 minutes. The solution was warmed to room
temperature and stirred for 1 h, after which time the polymer had precipitated out of solution. A
small amount distilled water was added to the reaction mixture to quench any unreacted TMSCS.
The polymer was filtered by vacuum filtration and rinsed thoroughly with water. It was then
dissolved into DMSO (100 mL) and precipitated into 1M NaOH (500 mL). The precipitated
polymer was filtered off by vacuum filtration. The polymer was then soaked in deionized water
for 24 h changing water 3 times over that period. The product was then filtered and dried under
vacuum overnight (11.82g, 95 % yield, measured in Na* form). *H NMR (500 MHz, DMSO-ds):
8 7.75 (d, 4H), 7.51 (d, 2H), 7.37 (d, 4H), 7.22 (d, 2H), 2.89 (t, 2H), 2.50 (m, 2H), 1.52 (m, 2H),

1.43 (m, 2H) 1.17 (m, 2H).

4.4.6 Synthesis of BP-SOArSA

In a 250 mL one-neck round bottom flask, BP-SArSA (5.00 g, 9.7 mmol) and DMAc (100 mL)
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were added. Once the polymer had completely dissolved, the solution was cooled in an ice bath.
To this mCPBA (4.78g, 19.4 mmol) was added portionwise over 10 minutes. After complete
addition of mCPBA, the reaction mixture was warmed to room temperature and stirred for
additional 2 h. The solution was then precipitated into a 1:1 by volume mixture of acetone and
diethyl ether (500 mL). The resulting precipitate was filtered by vacuum filtration and then placed
into 1M NaOH solution for 24 h. The polymer was washed with deionized water until neutral and
was soaked into deionized water for 24 h. The polymer was then filtered and dried under vacuum
overnight (5.19g, 98 % yield, measured in Na* form). *H NMR (500 MHz, DMSO-ds, Figure 4.2):
8 7.83 (s, 4H), 7.74 (d, 4H), 7.35 (d, 4H), 3.21 (m, 2H), 2.45 (m, 2H), 1.48 (m, 2H), 1.36 (M, 2H),

1.12 (m, 2H).

4.4.7 Membrane Casting

All membranes were prepared by solution casting in —SOzNa form. Polymers BP-SArSA and BP-
SOATrSA were dissolved into DMSO at a 5% wt/v concentration. The solutions were then passed
through a short plug of silica to remove any dust particles. The freshly filtered solutions were then
poured on to a clean glass plate that had been leveled inside of a convection oven. The samples
were then heated to 80 °C for 16 h. The membranes were removed from the glass plates with the
assistance of deionized water and then placed into 1M H>SO4 for 24 h. The membranes were then
rinsed with deionized water until neutral and were placed into fresh deionized water for 24 h,

replacing with fresh water three times over the course of the 24 h.

4.4.8 Characterization

'H NMR spectra was obtained using a Varian Unity 500 MHz spectrometer, and chemical shifts
were referenced to the residual solvent peak (CDCl3, 6 = 7.26 ppm and DMSO-ds, & = 2.50 ppm)
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FT-IR spectra was obtained using a Nicolet (Thermo) 4700 FT-IR with PIKE ZnSe/Diamond ATR
accessory. Number-average (Mn) and weight-average (Mw) molecular weights of polymers were
determined by size-exclusion chromatography (SEC) on a Viscotek T60A instrument with a
differential refractive index detector (Viscotek 302) using THF as the eluent and polystyrene as
the standards. Small angle X-ray scattering (SAXS) measurements were carried out at the NSLS-
I, 12-1D Soft Matter Interfaces beamline at the Brookhaven National Laboratory, Upton, NY.
SAXS samples measured in the wet state were measured in flame sealed quarts tubes. Tensile
stress-strain behavior was measured by dynamic mechanical analyzer (DMA) by TA instruments
Q800 DMA with DMA-RH accessory for humidity-controlled experiments using membrane
samples approximately 20 mm x 5 mm x 0.05 mm for all tests. For fully humidified conditions,
membranes were soaked in deionized water for 24 h prior to measurement. Differential scanning
calorimetry (DSC) analysis was done using a TA instruments Q2000 DSC using hermetically
sealed pans. Measurements were taken at a heating rate of 5 °C/min under N2 and a temperature
range of -70 to 40 °C. TGA measurements were performed using a high-resolution
thermogravimetric analyzer TA instrument Model Q-50, within the temperature interval of 30—
900 °C, with a rate of 20 °C min! under continuous nitrogen flow.

IEC was determined by NMR and by acid-base titration. For acid-base titration
measurement, a sample membrane of approximately 100 mg was placed into a pre-weighed
polypropylene container with loosely closed cap. The container was placed into a vacuum for a
minimum of 12 h and purged with nitrogen. The cap of the polypropylene container was quickly
closed, then container was massed to obtain dry mass of the membrane. The membrane was then
submerged into 50 mL of 1M NaCl for 24 h. The solution was then poured into a 200 mL

Erlenmeyer flask. The membrane and container were washed with 10 mL of 1M NaCl which was
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then added to the flask, this was done 3 times. This solution was titrated with freshly standardized

0.01M NaOH. The IEC was determined by using the equation,

mmol Vnaon X Cnaon
= 41
) - (4.1)

IEC (
where Vnaon is volume of NaOH added in mL, Cnaon is the molarity of standardized NaOH
solution and Wy is the dry mass of the membrane in H* form in grams.

For determination of water uptake, the dry mass of approximately 100 mg of membrane
was determined by following the procedure as described above. To measure wet mass, the
membranes were placed into deionized water for 24 h at room temperature then placed into 20, 30,
60, or 80 °C water for 3 h. The membranes were removed from the water and surface water was
removed using a Kim wipe and then quickly massed. The membranes were placed back into the
water at the respective temperature for 1 h then massed again, after removing surface water, twice

more . An average of these three measurements is reported. The water uptake was determined by

using the equation,

Ww Wd
Water uptake (%) = W X 100 (4.2)
d

where Wy, and Wy are the wet and dry masses of the material, respectively.

For the determination of swelling ratio, the membranes were cut into squares approximately 2 cm
by 2 cm and dried using the above-mentioned procedure. The membranes were removed from the
polypropylene container and, quickly, the length along the diagonal was recorded. In a similar
fashion as water uptake mentioned above the membranes were soaked in deionized water for 24 h
then placed into water at 20, 30, 60, or 80°C for 3 h. The dimensions are then measured
immediately after removing from the water. The membranes were returned to the water with

respective temperature for 1 h and then measured again, for two more times. An average of the 3

80



measurements is reported. The calculation for swelling ratio is as follows:

L, —L
w74 100 (4.3)

Swelling Ratio (%) = T
d

where Ly and Lgq are the wet and dry lengths of the material, respectively.
Hydration number (L) represents the number of water molecules per ionic group. This is calculated

as follows:

W, —W, 1000

A= X
w, 18 X IEC

(4.4)

Freezable (Nfree) and non-freezable (Nwound) Water is a measurement of the amount of water that
can be frozen in the membrane. This is used to understand the state of the water within the
membrane, whether it is chemically bound or so-called free water. Samples were prepared by
soaking in deionized water for 24 h. They were removed from water and wiped dry with a Kim
wipe. The samples were quickly placed into a pre-weighed pans and then sealed. Samples were
subject to 3 cycles of heating and cooling; the third cycle was used for analysis. The amount of
freezable and non-freezable was determined by using following equation,4®
Hpyee

N — Hice
Tree = (W, _Wy) /W,

X A (4.5)

Npouna = 4 — Npree (4.6)
where Hsree IS the enthalpy obtained from the integration of DSC and Hice is the enthalpy of fusion
of water.

In-plane ion conductivity was measured in liquid water and under relative humidity
conditions. In liquid water membranes (approximately 30 mm x 5 mm x 0.05 mm) were measured

using a four-point probe method with BT-512 membrane conductivity test system (BekkTech
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LLC) by scanning direct current sweep from 0.1 V to — 0.1 V and the linear voltage-current data
is fit for resistance. Each sample was equilibrated for at least 1 h at a given temperature before
recording measurement. Relative humidity conditions were tested 30 to 95 % at 80 °C using a
four-point probe method with a Scribner 740MTS instrument where alternating current (10 to
105Hz) is applied to the outer electrodes and the real impedance is determined from high x-
intercept of the semicircle of Nyquist plot. Conductivity was calculated by using the following

equation:
o=— (4.7)

where o is conductivity, L is the length between two inner probes, A is the cross-sectional area of
the membrane and R is the measured resistance or impedance.

Oxidative stability of the membranes was tested using Fenton’s reagent (3 % H2O2 aqueous
solution in 2 ppm Fe?*). A dry membrane of mass ~100 mg was immersed into the Fenton’s reagent
at 80 °C. After 1 h the membrane was taken out of the Fenton’s reagent and washed with distilled
water and equilibrated in distilled water for at least 24 h. The membrane was then dried and
weighed. The residual mass was calculated from the membrane mass before and after immersion
in Fenton’s test at 80 °C for 1 h. The same membrane was used to determine the conductivity, *H

NMR and IEC after Fenton’s test.
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5. SYNTHESIS OF CYCLIC OLEFIN COPOLYMER ANION
EXCHANGE MEMBRANES

5.1 Introduction

Anion exchange membrane (AEM) fuel cells have the ability to address several drawbacks
experienced by proton exchange membranes fuel cells and can ultimately lead to lower cost
hydrogen fuel cell systems. Since AEM fuel cells operate in high pH environments, thus the need
for acid resistant materials is no longer necessary. This can broaden material choices of catalysts,
bipolar plate, and polymer membrane. Operating in alkaline environments opens the door for the
use of non-platinum group metal catalysts such as iron, nickel, and cobalt compared to the
requirement of platinum group metal catalysts (e.g., platinum, ruthenium, and iridium) for acidic
environment of PEM technologies.!®® Bipolar plates made of stainless steel also becomes viable
eliminating the need for more costly titanium bipolar plates.'4 164 Lastly, membrane chemistries
of AEM typically rely on non-fluorinated hydrocarbon chemistries that allow for increased
freedom in molecular design, safer and more environmentally friendly synthesis, and lower
costs. % 149:165 | the field AEM, however, there is no standard membrane until now like Nafion in
the PEM field. Thus, there is a large number of publications investigating various polymer designs
for high performing AEMs. One of the largest challenges of designing polymers for AEM
application is stability in high pH conditions. This is because strongly nucleophilic hydroxide ion
can react with polymer backbone and quaternary ammonium head groups which would decrease
ion conductivity performance and cause catastrophic failure over time. Through a number of small
molecule model compounds studies, it was found that a convenient method to improve alkaline
stability of ionic group is to tether the quaternary ammonium group to the backbone with a long
alkyl sidechain.*" %> 72 75 Inyestigations into polymer backbone chemistries highlighted that aryl-
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ether linkages are a weak link in the polymer chain due to their susceptibility to hydroxide attack.®®-
8 To avoid these issues many researchers have turned toward all carbon backbone polymers with
tethered quaternary ammonium groups. The switch to all carbon backbone polymers, however,
poses a synthetic challenge in AEM materials due to the difficulties in functionalization of

chemically inert hydrocarbon backbones and the polymerization of functionalized monomers. For

- %
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Figure 5.1: Scheme for synthesis of (a) PhNB monomer and (b) COC polymer.

this reason, many high performing AEMs have major drawbacks in terms of synthetic approach.

There have been many reported polymer chemistries that meet the chemical structure
requirements of sufficiently long alkyl side chains and all carbon backbones for adequate alkaline
stability.2*® However, these approaches generally involve complex multistep synthetic routes, use
of precious metals, or the use of high catalyst loadings. 341 44.46.48.93,166 £\ rthermore, AEMs must
have high hydroxide conductivity, good mechanical properties, low gas permeability and
reasonable swelling in water simultaneously. In this work a novel AEM material was proposed
through the copolymerization of ethylene and norbornene monomers by vinyl addition known as
cyclic olefin copolymers (COC). The use of this material platform as an AEM backbone chemistry
has a number of important advantages; (i) norbornene and ethylene monomers are well-known
inexpensive raw chemicals leading to low-cost polymers, (ii) the vinyl addition polymerization of
ethylene and norbornene is a well-established chemistry using zirconium, titanium, or scandium
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catalysts.®” 168 (jii) extraordinary catalyst activities > 10° g/mol<M+h and high molecular weights
> 10 g/mol can be achieved with an extremely low loading of metal catalysts (down to the ppm
level),’8%-171 (jv) COC offers control of backbone rigidity by varying ratio of flexible ethylene units
and rigid norbornene units Figure 5.1b, and (v) no additional steps for hydrogenation are required
and the backbone contains no potentially alkaline labile aryl ether bonds. Herein, the first AEM
system based on ethylene-norbornene copolymers was investigated through vinyl addition
polymerization of ethylene and phenyl norbornene using a commercially available zirconium
catalyst. The phenyl norbornene unit was then functionalized post-polymerization via Friedel-
Crafts bromoalkylation then incorporated into a porous polyethylene support layer and quaternized

(Figure 5.2).

5.2 Results and Discussion

The phenyl norbornene (PhNb) monomer was first synthesized via Diels-Alder reaction of
dicyclopentadiene and styrene (Figure 5.1a) and its *H NMR is given in Figure 5.3. There has
previously been no reported use of PhNDb in literature for the use in COC synthesis and first reaction
conditions were investigated to obtain desired polymer properties of high activity, yield and PhNb
incorporation. The reactions were carried out in a parr reactor in a nitrogen atmosphere at 70 °C
and with dichloro[rac-ethylenebis(indenyl)]zirconium (IV) and co-catalyst modified
methylaluminoxane (MMAO) in a 1:2000 [Zr]:[Al] ratio, and a representative *H NMR of the
COC polymer is shown in Figure 5.3. The reaction conditions of COC synthesis are listed in Table
5.1. First, the amount of PhNb was controlled in entries 1-3. With increasing mass of PhNb added
into the reaction mixture, increases in catalyst yield, activity and PhNb incorporation were
observed. By reducing the total amount of ethylene additions from 6 to 4, higher PhNb

incorporation of 35 mol % was achieved (entries 3and 4). In entry 5, simply by increasing PhNb
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and catalyst loading by three times, we were able to obtain the highest PhNb incorporation of 48
mol%. However, low yields were obtained likely due to the high PhNDb to ethylene ratio and bulky
nature of PhNb restricting PhNb-PhNb additions.'®® 12 Further increasing ethylene amount by
increasing the pressure of ethylene addition was found to be successful in increasing yield with
minor impact on PhNb incorporation in entries 6 and 7. With the optimized polymerization
condition from entry 6, we decided functionalized the polymer (COC-46) using Friedel-Crafts

Table 5.1: Reaction conditions for optimization of COC polymer synthesis.

PEND Catalyst  Ethvlene  Number of rield Catalyst PhNb Mw
Entry? @ Loading addition ethylene @ activity x 10%  incorporation (Kg/mol)
{mg) (PSD) additions (g/mol h) (mol %)® =
1 1 08 30 6 1.95 3.06 20 113 22
2 2 1.1 50 6 3.08 351 25 o8 22
3 3 09 30 6 3.61 5.03 20 109 23
4 3 09 30 4 235 3.28 33 a7 2.0
3 9 24 50 4 3.65 1.89 48 54 18
] a e 100 4 7.25 2.50 46 64 22
7 9 35 200 4 1022 3.63 41 73 26

All reactions were carried out at 70°C.
a Entries 1-4 used 20 mL of Toluene as solvent and entries 5-7 used 50 mL of Toluene.
b Calculated from 'H NMR.

bromoalkylation. In this work we opted to use a dibromoalkyl tertiary alcohol to achieve high IEC
(> 2.5 mmol/g) in the final ionic polymer. This high level of IEC is beneficial if the polymer will
be incorporated into a porous polyethylene support later for improved mechanical properties. Since
the porous support is layer is non-ionic, it will decrease the final IEC of the membrane to certain
extent (typically 10-20%). Functionalization of COC-46 proceeded smoothly and yielded polymer
COC-46-2Br in which 50% of PhNb groups functionalized dibromoalky! functionality. When this
precursor polymer is converted to quaternary ammonium form, it gives theoretical IEC of 3.00
mmol/g in hydroxide form (Figure 5.2aand 5.3). To generate the polyethylene pre-filled reinforced
composite membranes, the precursor polymer COC-46-2Br was crosslinked inside the support
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matrix by addition of N,N,N’,N -tetramethylhexanediamine. The crosslinked composite membrane
was then soaked in aqueous trimethylamine solution to fully convert bromine groups to quaternary
ammoniums. A graphical representation of the polyethylene-supported composite membrane

preparation is given in Figure 5.2b. To ensure proper impregnation of the polymer into the porous

2
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Figure 5.2: (a) Synthesis of COC46-2Br. (b) Scheme and photographic images of polymer impregnation
into porous polyethylene support layer.

support layer scanning electron microscopy (SEM) images were taken and are shown in Figure
5.4. Figure 5.4a shows the porous polyethylene support layer prior to being impregnated with
COC-2Br polymer. Figure 5.4b and Figure 5.4c show the top side and the bottom side of the final

composite AEM, respectively. During pore-filling process, the polymer solution is poured on top
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Figure 5.3: *H NMR of PhNb (red), COC46 (green), and COC46-2Br (blue).
of a porous support layer that is laid flat on a piece of glass (total membrane thickness ~ 25um and
support layer has thickness of 15-20 pum). Due to this casting method, it is likely that a thicker film
of polymer is forms on the top side of the membrane compared with the bottom side. This
hypothesis is confirmed by the homogenous SEM image for the top side of the membrane and the

(b)

Figure 5.4: SEM images of (a) pristine porous polyethylene support layer. (b) top side (c) bottom side of
polyethylene supported COC AEM.

88



Table 5.2: Membrane properties of XLy-COC46-2TMA-PE.

Degree of IEC (mmol/g) Water In-plane Tensile FElongation

Samples Crosslinking 1 uptake swelling Stress at Break
(%) NMR Titration (%o)® (%o)? (MPa)* (%)"
XJE%EEEE 6- 10 3.00 263 47 123 295 165
XJE%E:?EEG_ 20 3.00 254 42 113 308 63
%Aﬁa?ggﬁ_ 40 3.00 276 35 10.6 351 83
X’fﬁ&‘f’fﬁ‘ & 60 300 253 26 103 506 138

2 Measured by Mohr titration.
b Measured in hydroxide form.
¢ Measured at 50 °C and 50% relative humidity
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Figure 5.5: Scheme showing the two potential crosslink options for COC46-2Br polymers.
slight inhomogeneity depicted SEM image for the bottom side, where fibrils of the support layer

can be seen.
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A series of four composite membranes were synthesized by controlling the degree of
crosslinking, while maintaining the same IEC (Table 5.2). The polymers are named according to
the following scheme XLy-COC-46-2TMA-PE, where y is the degree of crosslinking. The degree
of crosslinking was controlled by stoichiometric ratio of alkyl bromide sidechains in the polymer
to tertiary amine groups in N,N,N’,N -tetramethylhexanediamne. For example, 10% crosslinking
corresponds to 5 mol% of N,N,N’, N -tetramethylhexanediamne added with respect to the bromides
in the polymer. Since there are two alkyl bromide sidechains attached to one aromatic ring, there
is an opportunity for both inter and intramolecular reactions to occur. The intermolecular reaction
will give successful crosslinks and the intramolecular reaction leads to a cyclic structure formation
without crosslinking as depicted in Figure 5.5. To test empirically if either or both reactions occur
non-polyethylene supported polymers were cast with N,N,N’,N -tetramethylhexanediamne to give
100% crosslinking degree varying the concentration of the polymer solution cast. High

concentrations of polymer solution should promote intermolecular reactions while low

Figure 5.6: Graphical image of XL100-COC46-2TMA polymers cast at various concentrations. Top left
20 wt/v%, top middle 15 wt/v%, top right 10 wt/v%, bottom left 5 wt/v%, bottom middle no polymer,
bottom right 2 wt/v%. For polymers cast at 10, 5, and 2 wt/v% membrane broke apart readily in water so
only small fragments remained.
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Figure 5.7: Stress-Strain curves of XLy-COC46-2TMA-PE membranes at 50 °C and 50% relative
humidity

concentration should favor intramolecular crosslinking. A photographical image of the casted
polymers is given in Figure 5.6. Polymers cast from 20 and 15 wt/v% solutions formed intact
membranes once submerged in water while polymer films cast from 2-10 wt/v% broke apart
readily. This indicates at lower concentration there is insufficient intermolecular reactions to obtain
a freestanding film. At the higher concentrations, there is sufficient intermolecular reactions.
However, it is impossible to determine the ratio of inter to intramolecular reactions from this
experiment and it is likely both could have occurred. When casting the membranes to obtain the
XLy-COC46-2TMA-PE, a 5 wt/v% solution was used because poor impregnation at higher
concentration lead to a higher ratio of intra to intermolecular reactions.

The properties of these pore-filled composite membranes are given in Table 5.2. The titrated
IECs of composite membranes are lower than those of NMR IEC from polymer without support
layer. This is due to the incorporation of non-ionic polyethylene support layer into the membrane.
The swelling and water uptake in these materials are also shown in Table 5.2 and their values are

significantly low despite high IECs.3* “ Further, as the degree of crosslinking was increased, the
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Figure 5.8: Conductivity of XLy-COC46-2TMA-PE membranes in liquid water.

swelling and water uptake were reduced from 12.3% to 10.3% and 47% to 26%, respectively. As
expected, ultimate tensile stress at break (at 50% relative humidity and 50°C) increased with

increasing degree of crosslinking. The stress-stain curves are plotted shown in Figure 5.7. Our

Figure 5.9: Photographic images of membranes before and after alkaline stability in 1M NaOH at 80 °C.
(a) XL10-COC46-2TMA-PE pristine (left) and after 500 hr (right). (b) XL40-COC46-2TMA-PE pristine
(left), after 250 hr (middle), after 500 hr (right).
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Table 5.3: Alkaline stability of XLy-COC46-2TMA-PE membranes.

S I IEC (mmol/g) TIEC (mmol/g) IEC (mmol/g) % change in IEC
ample 'H NMR Titration after 250 h after 500 h after 500 h

XL10-COC46-

2 o

JTMA.-PE 3.00 2.63 1.82 0.51 81%
XL40-COC46-

2 bl [

ITMA_PE 3.00 2.81 2.80 2.75 2.1%

2 Measured by Mobhr titration

observation of increase in ultimate tensile strength and decreases in water uptake and swelling
ratio with increasing degree of crosslinking supports successful intermolecular crosslinks within
these membranes. In-plane conductivity of these composite membranes was also tested to give
insight into how these materials may perform within a fuel cell system. Each membrane in
hydroxide form was tested at 30, 60 and 80°C in liquid water (Figure 5.8). For membranes with
crosslinking degree of 10-40%, there is no difference in conductivity at 80°C. However, when the
crosslinking degree is increased to 60%, there is a drop in the hydroxide conductivity because ions
must travel more torturous path from the increased crosslinking and decreased water uptake.
Lastly, alkaline stability of these composite membranes was tested. Based on previous
performance of membrane conductivity and mechanical properties, XL10-COC46-2TMA-PE and
XL40-COC46-2TMA-PE were tested in 1M NaOH at 80°C up to 500 hours and the results are
listed in Table 5.3. The XL10-COC46-2TMA-PE membrane showed poor stability in this test.
However, this was not due to chemical degradation of the polymer in the membrane. After 500 h
of stability test, the ionic polymer was delaminated from the porous polyethylene support likely
due to the low degree of crosslinking. Before and after alkaline stability images of the membranes
are given in Figure 5.9. The XL10-COC46-2TMA-PE membrane was transparent before the
alkaline stability test while it became opaque white much like the pristine porous polyethylene
support layer depicted in Figure 5.2. The XL40-COC46-2TMA-PE membrane on the other hand

performed exceptionally in alkaline stability test over 500 hours showing just a 2.1% drop in
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titration IEC. This also provides further proof of the drop in IEC of XL10-COC46-2TMA-PE came
from delamination rather than chemical degradation.

In this chapter the synthesis of a high-performance alkaline-stable AEM material is discussed.
These COC-based anion-conducting polymers are made from inexpensive raw chemicals and
polymerization with very a low loading of a non-precious metal catalyst which is a commonly
overlooked requirement of this class of material. Non-ionic precursor polymer was crosslinked
into a porous polyethylene support layer to yield thin composite membranes with low ohmic
resistance while maintaining good mechanical strength. The top performing membrane in the
series (XL40-COC46-2TMA-PE) showed good conductivity at 66 mS/cm at 80°C in liquid water

and showed minimal alkaline degradation at 500 hours in 1M NaOH at 80°C.

5.3 Experimental Details

5.3.1 Materials

All materials were used a purchased without further purification. Styrene (99.5%, Acros
Organics), Dicyclopentadiene (95%, Acros Organics), Ethylene gas (Airgas), Dichloro[rac-
ethylenebis(indenyl)]zirconium(IV) (97%, Sigma Aldrich), Hydroguinone (99%, Sigma Aldrich),
Modified Methylaluminozane (MMAO-12, 10 wt% in Toluene, Sigma Aldrich), Anhydrous
Toluene (99.85%, Acros Organics), Anhydrous Diethyl ether (99.5, Acros Organics) y-
Butyrolactone (99%, Sigma Aldrich), Sodium Methoxide (30 wt% in methanol, Fisher),
Hydrobromic acid, (48 wt% in water), Methylmagnesium Bromide (3.0M in Diethyl ether, Sigma
Aldrich), Triflic acid (99%, Sigma Aldrich), N,N,N’,N'-Tetramethyl-1,6-hexanediamine (99%,
Sigma Aldrich), Trimethylamine (45 wt% in water, Fisher), CDCI3 (99.96 % D, Cambridge

Isotope Laboratories), Tetrahydrofuran (THF, 99.9 %, Honeywell).
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5.3.2 Synthesis of Phenyl Norbornene (PhNb)

To a 250mL glass pressure reactor hydroquinone (0.48 g, 4.36 mmol), styrene (90.9 g,
0.872 mol) and dicyclopentadiene (58 g, 0.436 mol) is added. Nitrogen gas is bubbled through the
solution for 1 hr. The glass pressure reactor is then sealed and placed into an oil bath at 180°C for
4 hr. The solution is allowed to cool to room temperature and then the product is obtained by
vacuum distillation. The product is then placed on molecular sieves (3-4 A) overnight and then

placed inside nitrogen glovebox. 40% yield, 29.7 g.

5.3.3 Representative Synthesis of COC Polymer (Entry 6)

Inside nitrogen glovebox 48 mL of anhydrous toluene is placed inside a Parr reaction
vessel. 9 g of PhNb and 1.113g of MMAXO solution is added to the Parr reactor and then the reactor
is sealed and a rubber septum is placed over an injection port. 3.6 mg of Dichloro[rac-
ethylenebis(indenyl)]zirconium(IV) is massed in a glass vial then 2 mL of toluene and 1.200 g of
MMAO solution is added. This mixture is stirred for 15 minutes. The sealed reaction vessel is
removed from the glovebox and heated to 70°C. the ethylene gas line is connected and purged with
ethylene gas 3 times to remove any air. The catalyst solution in the glovebox is then drawn into a
syringe with a metal needle. The syringe is removed from the glovebox and the solution is injected
into the Parr reactor through the injection port. Immediately after injection ethylene gas is added
until the Parr reactor reads to 100 PSI of pressure. The Parr reactor is pressurized to 100 PSI with
ethylene gas 3 more times in 5 minute intervals. After the last addition of ethylene, the reaction
continues for 5 more minutes. The Parr reactor is then depressurized, and the solution is poured
into methanol to precipitate the polymer. The polymer is vacuum filtered to obtain the solid

polymer. The polymer was dissolved in tetrahydrofuran, filtered through cotton, and precipitated
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into methanol to remove any insoluble material. After vacuum filtration the polymer is vacuum

dried to obtain the final product.

5.3.4 Synthesis of Dibromo Tertiary Alcohol (1,7-dibromo-4-methylheptan-4-

ol)

To a1 neck 500 mL round bottom flask 59 mL of 30 wt% sodium methoxide is added. The
flask is fitted with a dropping funnel and y-butyrolactone (50 g, 0.581 mol) is added dropwise over
1 hr. After complete addition the dropping funnel is removed, and the flask is then set up for
vacuum distillation. The solution is heated under atmospheric pressure and methanol removed by
distillation. Once methanol slows to approximately 1 drop every 5 seconds the system is placed
under vacuum to remove any remaining methanol. The round bottom is again fitted with a dropping
funnel and 150 mL of hydrobromic acid is added dropwise over 1 hr at 0°C. After complete
addition the flask is heated to 85 °C for 2 hr. The solution is then cooled to 0 °C and the solution
phase separates into an organic and aqueous phase. The organic phase is collected, and the aqueous
phase is washed 3 times with dichloromethane 3 times to extract any remaining product. The
solvent is removed from the organic phase by rotary evaporation. The remaining liquid product is
then distilled by vacuum distillation giving 1,7 dibromoheptan-4-one, 15 g. To convert to a tertiary
alcohol the 1,7 dibromoheptane-4-one is added to a 500 mL 1 neck Schlenk flask and the
atmosphere is replaced by nitrogen by vacuum and backfilling with nitrogen gas 3 times.
Anhydrous diethyl ether (150 mL) is added and the solution is cooled to 0 °C. 3 M
methylmagnesium bromide (22.1 mL, 0.066 mol) is then added dropwise using a syringe pump
over 1 hr. The reaction is warmed to room temperature after addition and reacted overnight. The
reaction is quenched using 25 mL of saturated ammonium chloride solution. The organic phase is

removed into another flask and the aqueous phase washed 3 times with diethyl ether. The organic
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phase is then dried using anhydrous magnesium sulfate and the final product is obtained by rotary

evaporation, 15 g.

5.3.5 Synthesis of COC46-2Br

To a 250 mL round bottom flask 5 g (0.057 mol) of COC polymer is added and the
atmosphere is replaced by vacuum and backfilling with nitrogen gas 3 times. Dichloromethane
(100 mL) is added and once dissolved the solution is cooled to 0 °C. 1 drop Dibromo tertiary
alcohol (8.185 g, 0.036 mol) is added via syringe, triflic acid (7.18g, 0.047 mol) is added over 15
seconds and then the remaining dibromo tertiary alcohol is added dropwise over 15 minutes. After
complete addition the solution is warmed to room temperature and allowed to react for 1 hr. The
solution is then poured into methanol to precipitate the polymer. It is then redissolved into
tetrahydrofuran, filtered through a short plug of basic alumina and the precipitated again into
methanol. After vacuum filtration the polymer is dried using a vacuum oven. 9.89 g, 96% yield,

50% of phenyl groups reacted.

5.3.6 Membrane Fabrication

For incorporation of COC46-2Br polymer into a porous polyethylene support layer the
polymer (0.30 g, 1.92 mmol) was dissolved into 6 mL of toluene. N,N,N’,N'-Tetramethyl-1,6-
hexanediamine was then added and the amount was used to control degree of crosslinking. For
XL40-COC46-2TMA-PE 30.5mg, 0.177 mmol was added. This solution was stirred for 15
minutes and poured onto a 5 inch by 5 inch piece of porous polyethylene support laid on a piece
of glass. The solution was careful spread over the entirety of the support layer and then the glass
was covered with a plastic box to slow evaporation and cast overnight. After casting the membrane
was submerged in water to help with the removal of the membrane from glass. The membrane was
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then submerged into a 45 wt% aqueous trimethlammonium solution for 48 hr to convert unreacted
alkyl bromides to quaternary ammoniums. The membrane was then rinsed with water thoroughly

and dried in air.

5.3.7 Characterization

'H NMR spectra was obtained using a Varian Unity 500 MHz spectrometer, and chemical
shifts were referenced to the residual solvent peak (CDCI3, & = 7.26 ppm). Number-average (Mn)
and weight-average (Mw) molecular weights of polymers were determined by size-exclusion
chromatography (SEC) on a Viscotek T60A instrument with a differential refractive index detector
(Viscotek 302) using THF as the eluent and polystyrene as the standards. Tensile stress-strain
behavior was measured by dynamic mechanical analyzer (DMA) by TA instruments Q800 DMA
with  DMA-RH accessory for humidity-controlled experiments using membrane samples
approximately 20 mm x 5 mm x 0.05 mm for all tests. IEC of the membrane was measured by
Mobhr titration using membranes approximately 100 mg in mass.

lon conductivity measurements were made using a BT-512 membrane conductivity test
system (BekkTech LLC) using a four-point probe method. Membranes were measured in degassed
deionized water, bubbling argon gas throughout entire experiment. Membranes were cut to
approximately 3 cm by 0.5 cm and measurements were taken after conductivity reading had
stabilized for at least 30 minutes at the given temperatures. Conductivity was calculated by using

the following equation:
o=— (5.1)

where o is conductivity, L is the length between two inner probes, A is the cross-sectional area of

the membrane and R is the measured resistance.
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Water uptake and swelling ratio of membranes was measured in hydroxide and chloride
anion forms of the membranes. Measurements for hydroxide form of membranes was done in
argon filled glovebox to avoid contamination by CO2 in air. Prior to measurement membranes
were submerged in 1M NaOH for 24 h then rinsed thoroughly with deionized water. To measure
water uptake, membranes were submerged in deionized water for 24 h, then the membranes were
removed from water and blotted quickly with a Kim Wipe to remove any surface water. The
membranes were weighed immediately. To dry membranes, they were placed under an infrared

lamp for 1 h and then weighed again. Water uptake was calculated with the following equation:

Ww - Wd
Water uptake (%) = —w. x 100 (5.2)
d

where Wy and Wy are the wet and dry masses of the material, respectively. Swelling ratio was

calculated with the following equation:

Lw_Ld

Swelling Ratio (%) = x 100 (5.3)

d

where Ly and Lgq are the wet and dry lengths of the material, respectively.

Chemical stability testing of these membranes were done by immersing the membranes
into 1M NaOH solution at 80 °C. After the allotted time the membranes were removed from heat
and rinsed thoroughly with water and placed into 1 M NaCl solution for 24 hr. They were then
rinsed again and placed into water for another 24 hr to remove residual ions from the membrane.

After drying the IEC of the membrane was measured.
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6. MIDDLE BLOCK SULFONATED STYRENE-BUTADIENE-
STYRENE (SBS) TRIBLOCK COPOLYMER PROTON
EXCHANGE MEMBRANES

6.1 Introduction

Proton exchange membranes (PEM) are a class of material that has found use in a number of
energy conversion applications including fuel cells,® 2 electrolyzers,*®> " redox flow
batteries,'’* 15 (reverse) electrodialysis,’® 1’7 and electrochemical hydrogen compression®’® 179,
In these systems, the PEM provides a physical barrier while enabling the selective transport of
proton between the anode and cathode. The advancement of these ion-conducting materials is
crucial in the development of reliable energy storage and conversion systems from renewable
energy sources and ultimately, reduce the release of carbon dioxide to the environment. Nafion, a
perfluorosulfonic acid polymer, is the standard PEM material used in these applications due to
exceptional chemical stability and efficient transport of ions. There is, however, a need to develop
high performing hydrocarbon PEMs from commaodity materials for use in applications that do not
require high chemical and oxidative stability such as electrolyzers, electrodialysis and
electrochemical hydrogen compression. The switch from Nafion to hydrocarbon PEMs could be a
key factor in lowering device cost with the added benefit of reducing potential release of
environmentally persistent and toxic perfluoroalkyl substances from the production and
degradation of Nafion.?!

Polystyrene-b-ethylene-r-butylene-b-styrene (SEBS, Figure 6.1a) is a well-known and widely
available thermoplastic triblock copolymer that exhibits microphase separated morphology at the

nanoscale due to the incompatibility between the covalently bound polystyrene end blocks and

poly(ethylene-r-butylene) middle block.*® In this system the higher Ty (=100 °C) polystyrene
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Figure 6.1: Synthesis of (a) styrene block sulfonation, (b) middle block sulfonation, and (c) middle block
sulfonation and crosslinking of SEBS polymers.

block provides mechanical strength to the polymer by means of physical crosslinking while the
rubbery poly(ethylene-r-butylene) block provides elasticity preventing membrane fracture. The
phase separated morphology from the “hard” and “soft” blocks can be advantageous for use as a
PEM material since selective functionalization of one of the blocks can yield high local charge

density polymers with ionically conductive channels and mechanically resilient property. SEBS
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has previously been used in preparation of PEMs but they have mainly consisted of styrene block
functionalization through electrophilic sulfonation using sulfuric acid, acetyl sulfate or
chlorosulfonic acid (Figure 6.1a).1818 This material design has the advantage of highly acidic
sulfonates due to the electron withdrawing effect of the aromatic ring.}*® However, water
molecules near the ionic functionality act as a plasticizer and disrupt the physical crosslinks of the
polystyrene block causing uncontrolled swelling and diminished mechanical strength. In this work
we propose the synthesis of hydrocarbon triblock copolymer PEMs with functionalization in the
middle block. Sulfonation in the middle soft polymer block can suppress water uptake and better
preserve mechanical integrity of the block copolymer PEMs. Furthermore, we introduce a novel
UV-induced crosslinking method that can serve as a valuable tool to further control water uptake

of high IEC membranes.

6.2 Results and Discussion

To demonstrate our new synthetic strategy for middle block sulfonated triblock copolymer
PEMs, polystyrene-b-butadiene-b-styrene (SBS, Figure 6.1b), which is the precursor polymer of
SEBS, was partially hydrogenated (H-SBS) and the remaining carbon-carbon doubles bounds were
reacted by means of thiol-ene click reaction using thioacetic acid (H-SBS-TA). The membrane
was then oxidized under heterogeneous condition to give sulfonated polymer H-SBS-SOsH
(Figure 6.1b). A novel crosslinking step was then added to this scheme by leveraging the carbon-
carbon double bonds of H-SBS. After partial thiol-ene click reaction, the remaining double bonds
of H-SBS-P-TA were crosslinked with a photoacid in film form (XL-H-SBS-P-TA). Oxidation of
thioacetate group in the crosslinked membrane using a mixture of H.O and formic acid produced
its crosslinked sulfonated polymer membrane XL-H-SBS-SOzH (Figure 6.1c¢).

The double bonds in SBS (31/69 wt% styrene/butadiene) were partially hydrogenated by
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Figure 6.2: FT-IR spectra of polymers.
hydrazine generated in situ from p-toluenesulfonyl hydrazide!®* to give H-SBS-x (Figure 6.1b)
where x represents the mol percentage of remaining double bonds. The partial hydrogenation of
the polymer is necessary to control ion exchange capacity (IEC) of the final sulfonated polymer
and avoid residual double bonds in the polymer that can undergo side reactions in later steps. A
series of five polymers with varying degrees of hydrogenation from 61-91% of total double bonds
hydrogenated were synthesized (H-SBS-9.2, -12.9, -15.9, -22.0, -39.3). Next thiol-ene click
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Figure 6.3: 'H NMR spectra of SBS (red), H-SBS-15.9 (green), and H-SBS-TA-15.0 (blue).

reaction was performed to attach a thioacetate functionality to the ethylene/butadiene middle block
of the polymer.’8 Thiol-ene click reaction is a versatile tool to economically incorporate
functionality into polymeric systems.'® 187 The thiol-ene click reaction proceeded smoothly under
UV light irradiation (365 nm, 8W) and benzophenone as a radical initiator and produced
thioacetate-functionalized polymer H-SBS-TA. The FT-IR and *H NMR spectra of H-SBS-TA are
given in Figure 6.2, 6.3, and 6.4 and they match well with expected chemical structures of the
polymers.

SBS is synthesized by anionic polymerization of styrene and butadiene, which affords block
polymers with a low dispersity (D). To study the effect of functionalization reactions on molecular
weights of the polymers, we analyzed molecular weights and dispersity with a gel permeation
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Figure 6.4: 'H NMR spectra of SBS, H-SBS, and H-SBS-TA polymers.
chromatography (GPC) and their results are shown in Table 6.1 and Figure 6.5. After
hydrogenation reaction, H-SBS showed a slight decrease in molecular weights due to a decrease
in the hydrodynamic volume from the conversion of double bonds to alkyl chains. After the thiol-
ene click reaction, My of H-SBS-TA slightly increased possibly caused by a small amount of
coupling reactions between polymer chains. Two types of side reactions that can occur in the
radical addition of thioacetate are illustrated in Figure 6.6; while intramolecular side reaction
produces a cyclized ring in polymer chain (Figure 6.6.b), intermolecular side reaction induces
polymer chain couplings (Figure 6.6.c).1%8 Table 6.1 lists the percentage of double bonds
participating in the cyclization or interchain coupling side reactions measured from *H NMR
spectroscopy. As the concentration of double bonds in H-SBS increased in the thiol-ene click
reaction, the amount of side reactions in carbon-carbon double bond increased. A partial thiol-ene
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Figure 6.5: GPC traces of polymers.

click reaction was conducted for H-SBS-39.3 to give H-SBS-P-TA-20.7 in which the residual
double bonds were crosslinked after film formation. Unfortunately, this partial thiol-ene reaction
experienced significant polymer chain coupling. The GPC traces of H-SBS-P-TA-20.7 show a
significant shoulder towards shorter elution times indicating a higher fraction of high molecular
weight chains. Although this side reaction from thiol-ene reaction cannot be completely avoidable,
all other thioacetate-functionalized polymers still maintained quite narrow dispersity as shown in
Figure 6.5 and Table 6.1.

To test the effectiveness of photoacid (structure given in Figure 6.1c) crosslinking in these
polymer systems, SBS was cast into a film with varying degrees of the photoacid (0.01 to 5 mol%

with respect to double bonds) and irradiated with UV for 2 minutes to initiate crosslinking. Based
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Table 6.1: Properties of H-SBS and H-SBS-TA.

Percent C=C side
Sample rea(?te.-c! : Mn b reaction
from initial  (kg/mol) (%)
C=C (%)

SBS 100 134 1.13 -
H-SBS-9.2 9.2 117 1.25 -
H-SBS-12.9 12.9 122 1.20 -
H-SBS-15.9 15.9 116 1.16 -
H-SBS-22.0 22.0 112 1.17 -
H-SBS-39.3 39.3 109 1.18 -

H-SBS-TA-8.9 8.9 120 1.74 0.31
H-SBS-TA-12.3 12.3 126 1.31 0.54
H-SBS-TA-15.0 15.0 122 1.31 0.84
H-SBS-TA-20.0 20.0 148 1.18 1.95
H-SBS-P-TA-

207 20.7 85 8.98 345

on our molecular weights study of superacid-catalyzed functionalization of SEBS, the mechanism
of photo-acid induced crosslinking of SBS is given in Figure 6.7.3" 3 The effectiveness of
crosslinking by this method was quantified through measurement of gel fraction of these polymers
in toluene. The gel fraction results of Figure 6.8 indicate that only a small amount of photoacid is
necessary to create insoluble polymer membrane. Similarly, 1 mol% loading of photoacid was
sufficient for the crosslinking of H-SBS-p-TA-20.7; after curing with UV irradiation the gel
fraction of XL-H-SBS-p-TA-20.7 was 90.1%.

To convert the thioester functionality in H-SBS-TA and XL-H-SBS-TA materials to -SOzH
form, they were oxidized heterogeneously in membrane form using water, formic acid, and
hydrogen peroxide in a 4:1:1 volume ratio.*>® & We chose to perform heterogeneous oxidation
for both thioester polymers because even uncrosslinked H-SBS-SOzH is found to be insoluble once

the thioacetate functionality of H-SBS-TA was converted to -SO3zH (and -SOsNa) form; it is quite
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Figure 6.6: (a) Thiol-ene click reaction mechanism. (b) and (c) side reactions of double bonds during
thiol-ene click reaction.

common to observe poor solubility (or no solubility) of sulfonated SBS and SEBS polymers,
particularly those with high molecular weights, due to the lack of solvent composition that can
dissolve both non-ionic polymer and sulfonated ionic polymer chains simultaneously. Thus, we
utilized FT-IR spectroscopy to confirm complete conversion of thioacetate functionality to
sulfonic acid form in H-SBS-SO3H and XL-H-SBS-SOsH (Figure 6.2). Please note that the

suffixes of the thioester polymers and those of sulfonated polymers in Figure 6.2 have different

L

Figure 6.7: Mechanism of photoacid crosslinking in membrane form.
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Table 6.2: Properties of H-SBS-SOzH membranes.

Degree of IEC (mmol/g) Water In-plane Tensile FElongation

Samples Crosslinking q uptake swelling Stress at Break
(%0) NMR Titration (%a)® (%)® (MPa)* (%o)°
XJE%E’EE; 6 10 3.00 263 47 123 295 165
X]jg{i(?}():‘;ﬁ— 20 3.00 254 42 113 308 63
X]iAT{;E‘?E;ﬁ_ 40 3.00 276 35 10.6 351 83
XJEGT{;&?I(,:‘;‘S_ 60 3.00 253 26 103 50.6 138

a Measured by Mohr titration.
b Measured in hydroxide form.
¢ Measured at 50 °C and 50% relative humidity

meanings; while the suffix of thioester polymers indicates the percentage of thioester functionality
relative to the initial carbon-carbon double bonds obtained from their *H NMR spectra (listed in
Table 6.1), the suffix of sulfonated polymers indicates their corresponding IEC values with

assumption of complete conversion to sulfonate form (IECnwmr in Table 6.2). After the oxidation
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disappearance of the carbonyl peak at 1680 cm™ indicates complete conversion to sulfonate group
in the polymer membranes. Successful oxidation of thioacetate to sulfonate was also confirmed by

titration IEC which matches closely to the theoretical IEC calculated from the *H NMR spectra of
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Figure 6.9: Comparison of hydration number (2) in styrene block sulfonation of SEBS (red) and middle
block sulfonation of SEBS (black, H-SBS-SOsH).

H-SBS-TA precursors (Table 6.2).

Properties of H-SBS-SOsH and crosslinked XL-H-SBS-SOzH membranes were evaluated with
respect to IEC, water uptake and swelling ratio (Table 6.2). As the IEC of H-SBS-SOsH increased,
both water uptake and swelling ratios increased as a result of enhanced hydrophilicity from
additional sulfonic acid groups in the polymer. There is a sharp increase in water uptake as the
IECnmr Was increased from 1.37 to 1.62 mmol/g (more than three times) and excessive water
uptake was seen for the H-SBS-SO3H-2.07 material with IEC of 2.07 mmol/g. For aliphatic
hydrocarbon backbone-based PEMs, such as sulfonated SBS and SEBS, the IEC of membranes is
generally limited to less than 2.0 mmol/g because of this excessive water uptake caused by higher
chain mobility when compared to ionic polymers made of an aromatic backbone.'*° Despite these
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Figure 6.10: Conductivity at 25 °C (circle) and 80 °C (triangle) of H-SBS-SOsH (black), XL-H-SBS-SO3zH-
2.14 (red) and Nafion 212 (blue).

Table 6.3: Conductivity and water normalized conductivity.

Conductivity, s /) ratio
Samole ¢ (mS/cm)

p ssoc 80 25 80

°C °C °C
H-SBS-SO_H-1.02 1.5 3 0.13 0.26
H-SBS-SOsH-l.37 48 57 2.31 2.74
H-SBS-SO H-1.62 57 68 097 1.16

H-SBS-SOgH-Z.O? 48 - 0.41 -

XL-H-SBS-SO_H-

514 3 14 70 1.4 7.00

high water uptakes of H-SBS-SOsH membranes, when their water absorption properties were
compared with those of hard end block sulfonated SEBS® (both in uncrosslinked systems), the
soft middle block sulfonated membranes do show more restricted hydration number (A, molar ratio
of H20/S0x3") as graphically illustrated in Figure 6.9. This lower water absorption behavior stems

from the preservation of the physical crosslinking at the styrene end blocks of SBS. In the case of
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Figure 6.11: (a) 50 °C and 50% RH. (b) 50 °C and 0% RH conditions.

XL-H-SBS-SO3H-2.14, the photo-initiated crosslinking reaction substantially reduced the chain
mobility of the sulfonated middle block’s ability of SBS further to prevent excess water uptake
and suppress membrane swelling (blue triangle in Figure 6.9).

Proton conductivity of H-SBS-SOsH membranes was measured in water at 25 and 80 °C
(Figure 6.10). There is an increase in the conductivity from 25 °C to 80 °C when the IEC is
increased from 1.04 to 1.62 mmol/g. However, the H-SBS-SO3H-2.07 membrane experienced
excessive water uptake and the conductivity of this membrane could not be measured at 80 °C. On
the other hand the crosslinked XL-H-SBS-SOsH-2.14 membrane showed good conductivity at 80
°C due to its better mechanical stability. To understand the effective use of water in these
membranes, the ratio of conductivity to hydration number is used as a metric (Table 6.3). High
ratio of conductivity to hydration number is beneficial in electrochemical device applications since
less water absorption can reduce permeation of gaseous reactants and products of electrochemical
reactions, such as Hz in fuel cells and water electrolyzers, while still providing good ionic
conductivity. In vanadium redox flow batteries, conductivity of protons to and from electrodes is

important to reduce ohmic losses in charge and discharge operations while vanadium ion crossover
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across the membrane separator is detrimental to energy efficiency. Water uptake is a key parameter
that dictates vanadium ion crossover where higher water uptake membranes tend to show higher
vanadium crossover.*8% 1% Similarly in humidified conditions, higher water content leads to higher
gas permeability since most gas transport occurs through the water phase of the membrane which
can diminish cell performance and reduce efficiencies for fuel cells, electrolyzers, and
electrochemical hydrogen compressor applications.*® %1 When the ratio of proton conductivity at
80 C to hydration number of the H-SBS-SO3H-1.37 and XL-H-SBS-SO3H-2.14 membranes is
compared, the uncrosslinked membrane has a ratio of 2.74 while the crosslinked membrane has a
ratio of 7.00 (see Table 6.3) despite both have similar water uptake values (51.2 and 38.7%,
respectively).

Mechanical properties of the middle block sulfonated SBS membranes were tested by
stress-strain analysis at 50 °C in humidified and dry conditions (Figure 6.11). All uncrosslinked
membranes did not break until they reached the end of the limits of the DMA (300% strain). Due
to the presence of effectively crosslinked network, the XL-H-SBS-SO3H-2.14 membrane showed
the lowest strain at break among all samples tested, however it maximum strain value is greater
than 100% under both humidified and dry conditions. Showing a similar maximum strain values
under different humidity conditions suggest that this strain value is related to the unique polymer
network structure such as crosslinking density. The decrease in tensile stress value of the
crosslinked membrane at 50% relative humidity condition clearly illustrates water plasticization

effect as we do not expect such an effect under dry condition.

6.3 Experimental

6.3.1 Materials

SBS (31/69 wt% styrene/butadiene, Kraton D1192 ET), p-toluenesulfonyl hydrazide
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(pTSH, 98%, Alfa Aesar), tripropylamine (TPA, 98%, Acros Organics), thioacetic acid (TAA,
98%, Acros Organics), benzophenone (BZP, 99%, Alfa Aesar), butylated hydroxytoluene (BHT,
99%, Sigma Aldrich), formic acid (99%, Acros Organics), hydrogen peroxide (30 wt% in water,
EMD Millipore), (4-(Octyloxy)phenyl)(phenyl)iodonium hexafluorostibate(V) (97%, Millipore
Sigma), anhydrous toluene (99.85%, Acros Organics), tetrahydrofuran (THF, 99% Honeywell),

CDCl3 (99.96% D, Cambridge Isotope Laboratories), all chemical were used as received.

6.3.2 Partial Hydrogenation of SBS

Synthesis of H-SBS-9.2 will be used as an example. To a 500 mL 2 neck round bottom
flask SBS (5 g, 78.7 mmol), pTSH (13.6 g, 73.1 mmol) and toluene (200 mL) was added. The flask
was fitted with a condenser and rubber septum and the atmosphere was replaced with dry nitrogen
gas by purging. The solution was heated to reflux and then TPA (10.4g, 13.9mL 73.1 mmol) was
added through a syringe. The reaction was refluxed for 6 h after addition of TPA. It was then
allowed to cool to room temperature after which the polymer was precipitated into approximately
600 mL of methanol and removed by vacuum filtration. The polymer was then dissolved into 100
mL of THF and again precipitated into approximately 300 mL of methanol. The polymer was
attained by vacuum filtration and vacuum drying at 60 °C overnight. 5.07g, 99% yield. H-SBS-
12.9, H-SBS-15.9, H-SBS-22.0, and H-SBS-39.3 were prepared using the same procedure and

adjusting the feed ratio of pTSH and TPA.

6.3.3 Thiol-ene Click Reaction

Synthesis of H-SBS-TA-8.9 will be used as an example. To a 1000 mL 1 neck round bottom
flask H-SBS-9.2 (5g, 77.0 mmol), BZP (140.2 mg, 0.77 mmol), and anhydrous toluene (500 mL)
was added. The flask was fitted with a septum and dry nitrogen gas was bubbled through the
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solution for 45 min. TAA (2 equiv. with respect to residual double bonds, 0.84 g, 0.79 mL, 11.1
mmol) was then added via a syringe. The solution was bubbled for 15 min more and then placed
under UV light (365 nm, 8W) with stirring for 4 h. The reaction was quenched by addition of BHT
(approximately 50 mg) and the polymer was precipitated into 1500 mL of methanol. The polymer
was vacuum filtered and dissolved into 100 mL of THF then again precipitated into 300 mL of
methanol. The polymer was attained by vacuum filtration and vacuum drying at 60 °C overnight.

5.47 g, 95% yield. Other H-SBS-TA samples were prepared using the same procedure.

6.3.4 Partial Thiol-ene Click Reaction (H-SBS-P-TA-20.7)

Procedure follows the same as thiol-ene click reaction procedure. H-SBS-39.3 (5 g, 77.5
mmol), BZP (141 mg, 0.78 mmol), TAA (0.5 equiv with respect to residual double bonds, 0.94 g,

0.88 mL, 12.3 mmol). 5.51 g, 92% vyield.

6.3.5 Membrane Casting

H-SBS-TA polymers were solution cast using toluene at 5 wt/v% concentration. The
solutions were passed through a short plug of silica to remove dust particles prior to casting. The
freshly filtered solutions were then poured onto glass plates and covered to slow evaporation of
toluene. The samples were left to dry at room temperature overnight. The membranes were
removed from the glass plates with assistance of methanol. To cast H-SBS-P-TA, 1 mol% of
photoacid with respect to remaining carbon-carbon doubles bonds was added and aluminum foil
was used to prevent light exposure while casting and was not rinsed with methanol until after

crosslinking by UV light (365 nm, 300W) for two minutes.

6.3.6 Synthesis of H-SBS-SOsH
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The casted membranes of H-SBS-TA and XL-H-SBS-TA were immersed in a solution of
water, formic acid, and hydrogen peroxide in a 4:1:1 ratio at 50 °C, respectively. The membranes
were oxidized at this temperature for 6 h and then rinsed thoroughly with fresh deionized water.
The membranes were then placed into 1 M sulfuric acid solution for 24 h, again washed thoroughly
with deionized water, then placed in fresh deionized water for 24 h. The membranes were then

dried in a vacuum oven at 60 °C overnight to obtain the final PEMs.

6.3.7 Gel Fraction

To test the effectiveness of crosslinking XL-SBS or XL-H-SBS-TA membranes were
massed then submerged in toluene for 24 h. After which, the membranes were rinsed with fresh

toluene then with methanol. After drying in vacuum at 60 °C overnight the membranes were

massed once more, and the gel fraction was calculated as follows: Gel Fraction (%) = % x 100
2

Where W, is the mass before submerging in toluene and Wi is the mass after submerging in toluene.

6.3.8 Membrane Characterization

'H NMR spectra was obtained with a Varian Unity 500 MHz spectrometer and chemical shifts
were referenced to the residual solvent peak (CDCl3, 6 7.26 ppm). FT-IR spectra was obtained
using a Nicolet (Thermo) 4700 FT-IR with PIKE ZnSE/Diamond ATR accesory. Molecular
weights of the polymers were obtained by size-exclusion chromatography on a Viscotek T60A
instrument using THF as the eluent and polystyrene standards with a differential refractive index
detector (Viscotek 302). Tensile strength testing was done using TA instruments Q800 with DMA-
RH accessory for humidity conditions. The membrane size used was approximately 20 mm x 5

mm x 0.05 mm for the measurement.
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lon exchange capacity (IEC) was determined from the precursor H-SBS-TA polymer and
by titration IEC. To conduct the titration IEC, membranes (~100 mg) in the proton form were
massed and then submerged into approximately 25 mL 1 M NaCl for 24 h. The solution was then
removed into a flask, and the membrane was washed approximately 3 mL of 1 M NaCl solution 3

times and again placed into the flask. This solution was then titrated using phenolphthalein as an

mmol

indicator with freshly standardized 0.01 M NaOH. IEC calculation is as follows: IEC (T) =

W{’/VM Where VnaoH is the volume of NaOH used in the titration, Cnaon is the concentration
d

of NaOH, and Wy is the dry mass of the membrane.

Water uptake was determined by the difference in the dry and wet mass of the membranes
in proton form. Dry membranes of approximately 100 mg were massed and then placed into water
for 24 h. The membranes were removed from water and then surface water was removed using a

Kimwipe and quickly massed. An average of 3 samples was used to determine the water uptake.

Wyw—Wgq
Wa

Calculations for water uptake are as follows: Water uptake (%) = X 100 Where Wy

and Wy is the wet and dry mass of the membrane respectively. Swelling ratio was measured

similarly by measuring the dimensional change of the membranes from dry to wet state.

Calculations is as follows: Swelling ratio (%) = LWL;L"Z X 100 Where Lw and Lg is the wet and
d

dry mass of the membrane respectively. Hydration number (1) gives the moles of water per

U 1000

sulfonate group. The calculation for A is as follows: A = v
100 18XIEC

Where WU is the water

uptake. lon conductivity was measured in-plane in liquid water using the four-point probe method.
Conductivity was measured using BT-512 membrane conductivity test system (BekkTech LLC)

by scanning direct current sweep from 0.1 V to -0.1 V and the linear voltage-current data is fitted

to get the resistance. Conductivity (o) is calculated as follows: o = ﬁ Where L is the length
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between the two inner probes on the test cell, A is the cross-sectional area of the membrane and R

is the resistance (water) or impedance (RH).

6.4 Conclusion

In conclusion, sulfonation of SBS to achieve a middle block sulfonated SEBS membrane is an
effective means to produce proton exchange membranes using commodity materials. By moving
the sulfonation from the styrene blocks end blocks to the middle block there is a preservation of
the physical crosslinks provided by the phase separation of styrene in SEBS films since water does
not plasticize the styrene blocks. This was shown by a decrease in the water uptake at comparable
ion concentrations (IEC). Furthermore, the water uptake can be suppressed further by leaving
unreacted carbon-carbon doubles bonds in the backbone after the thiol-ene click reaction that can
be crosslinked by the addition of a photoacid. Ultimately, these (XL-)H-SBS-SO3H membranes
showed good conductivity in water and resilient mechanical properties shown through stress-strain
analysis and provide a low cost and convenient means to producing proton exchange membranes

for electrochemical device applications.
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/. THESIS OVERVIEW

Membrane-based electrochemical energy conversion technologies, such as hydrogen fuel cells
and water electrolyzers, offer a powerful solution to address intermittent electrical energy
generation from wind and solar energy source. Broad implementation of such electrochemical
devices will allow convenient storage and conversion of energy helping in the reduction of carbon
dioxide released to the environment. One aspect of these electrochemical energy conversion
devices that was investigated in detail throughout this thesis is ionomeric polymer membrane in
these systems. One main drawback of the current state-of-the-art ionomer, Nafion, is its synthetic
inflexibility greatly restricting the optimization at the molecular level. This poses an issue because
we need ion-conducting polymer materials that can operate under a variety of unique environments
with different specific requirements. Hydrocarbon-based ionomers offer a wider variety of
polymer architectures with ability to better suit the intended applications.

In Chapter 2, a unique class of anion exchange membranes was synthesized by Friedel-Crafts
polycondensation of a ketone monomer containing an aryl bromide and subsequent
functionalization using the Buchwald-Hartwig amination. In this study the influence of the location
of the quaternary ammonium head group was investigated. The study showed that while a
quaternary ammonium attached to an aromatic ring shows higher conductivity, it also degrades
more readily in strongly alkaline conditions.

In Chapters 3 and 4, a novel synthetic method to generate proton exchange membranes from
anion exchange membrane polymer precursors was developed to utilize a wide library of anion
exchange membrane architectures for proton exchange membrane applications. In Chapter 3, two
synthetic methods to incorporate a sulfonic acid group while avoiding potential degradation points

within the polymer were discussed. Built on the findings of Chapter 3, we demonstrated a new

119



synthetic strategy of increasing the acidity of the sulfonic acid in proton exchange membrane in
Chapter 4 which can provide lower ionic resistance and decreased water uptake simultaneously.

In Chapter 5, a new polymer architecture based on polyolefin chemistry was introduced to take
advantage of cyclic olefin copolymer properties for anion exchange membranes. The polymer
structure in this chapter could be readily synthesized from commodity chemicals (e.g., ethylene
and norbornene) using a highly active and low-cost metallocene catalyst. Mechanical properties
were then improved through incorporation of the cyclic polyolefin into a non-ionic porous
polyethylene support layer.

Lastly, a new functionalization and crosslinking route to introduce sulfonic acid site at the
middle block of the triblock copolymer of polystyrene-b-ethylene-r-butylene-b-styrene (SEBS)
was introduced in Chapter 6. In comparison to end block functionalized SEBS, the material
generated here showed lower water uptake due to preservation of the physical crosslinking of
unaffected polystyrene chains. Mechanical properties and water uptake could be further tuned by
a simple photo-initiated crosslinking method introduced in this chapter. Overall, our studies in this
thesis highlight how hydrocarbon-based ionomers can be tuned to tackle issues that the current

state-of-the-art perfluorinated ionomers experience in electrochemical cell applications.
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APPENDIX A SUPPLEMENTAL FIGURE
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Figure A.1:'H NMR spectra of mTPBr (red, CDCls), mTPTA (green, CDCIs) and mTPSA (blue DMSO-ds).
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