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Abstract

The only way to combat the depletion of resources and climate crisis is to reduce
our dependence on fossil fuels. Renewable sources, such as wind and solar energy,
are increasingly used to meet our ever-growing energy demands; however, they are
intermittent. One promising solution to the power crisis in the world is fuel cells,
which, unlike the combustion engine, can operate on renewable fuels such as
hydrogen, methanol, and ethanol without emitting pollutants with high efficiency.
A conventional type of polymer electrolyte fuel cell is proton exchange fuel cells
(PEMFCs), which have already moved from laboratory to market; however, the
usage of Pt catalyst makes them costly and unstable. On the other hand, the fuel
cells operating in alkaline media, anion exchange membrane fuel cells (AEMFCs)
can use nonprecious-metal catalysts with higher redox reaction kinetics. However,
the technology of AEMFC:s is currently less developed than that of PEMFCs due to
several challenges, including the need for high-performing anion exchange
membranes (AEMs) that can meet all requirements. The two main challenges
hampering the development of AEMs for fuel cells are the lower conductivity of
PEMs and the lower thermochemical stability in alkaline media. It is worth noting
that research efforts now focus on obtaining stable polymer AEMs with high
efficiency and low degradation in alkaline media.

This thesis aims to investigate different structural factors, including polymer
backbone, and the design and placement of cationic moieties on the final properties
of AEMs. Several ether-free polymers were synthesized through superacid-
mediated polyhydroxyalkylation reactions and, after required functionalization,
were conducted to make fully quaternized polymers. AEMs were prepared from the
polymers and investigated in terms of water uptake, ion conductivity, thermal
properties, morphology, and alkaline stability.
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Popular science

Polymers are everywhere in our world, from the natural fibers in plants to the
synthetic materials in our clothes, electronics, and packaging. Polymers are large
molecules built from repeating units that are not only versatile but can also be
engineered, opening up applications in advanced technologies. lonic polymers, a
specialized class of polymers with charged groups enabling ion conduction, when
processed into thin, transparent films called ion exchange membranes (IEMs), act
as both barriers and conductors in sustainable energy conversion and storage
technologies like fuel cells and water electrolyzers, which are at the heart of the
transition to cleaner energy solutions.

The urgency to address climate change has never been clearer. Transitioning to
renewable energy sources like wind and solar is essential, but these intermittent
resources require efficient energy conversion and storage solutions. Hydrogen
offers a compelling answer. This clean, energy-dense fuel can be produced through
water electrolysis powered by renewable electricity and later used in fuel cells to
generate electricity, water, and heat as a by-product with almost zero CO, emissions.
This cycle is central to the emerging hydrogen economy, which contributes to
decarbonizing industries and transforming global energy systems.

Fuel cells and water electrolyzers, both crucial to hydrogen-based technologies, rely
on IEMs to separate electrodes and transport ions. Two types of IEMs, proton
exchange membranes (PEMs) and anion exchange membranes (AEMs), serve
distinct purposes. PEMs, which conduct positively charged protons, dominate
current commercial applications. However, AEMs, which transport negatively
charged hydroxide ions, are gaining attention due to their advantages under alkaline
conditions. Alkaline systems can use less expensive, non-precious metal catalysts
and operate with a broader range of fuels, making them more economical and
versatile.

The performance and longevity of these devices highly depend on the quality of
their IEMs. AEMs face significant challenges in alkaline environments, such as
lower ionic conductivity and vulnerability to chemical degradation, especially at
high hydroxide concentrations and elevated temperatures (80-100 °C). To overcome
these limitations, researchers are designing new ionic polymers and membranes
with improved stability and conductivity. Recent innovations involve tailoring the
molecular architecture of AEMs to enhance their properties. These membranes
typically consist of a hydrophobic polymer backbone for mechanical integrity and
cationic groups that enable ion conduction. The type, arrangement, and density of
these cations significantly impact conductivity and stability.

vi



Identifying highly conductive and durable AEMs is essential for advancing the
development and commercialization of alkaline fuel cells and water electrolyzer
cells. This thesis utilized different methods to synthesize ionic polymers, which
were then evaluated for their performance. The type and positioning of the cations
were systematically varied to investigate their impact on the conductivity, water
uptake, and stability of the resulting membranes. This research established crucial
structure-property relationships, providing valuable insights for future research and
development in AEMs.
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1 Context and scope

The reliance on fossil fuels for global energy production has significantly
contributed to greenhouse gas emissions, which are causing climate change impacts
such as more intense heatwaves, frequent extreme weather events, rising sea levels,
and loss of biodiversity." Earth's average surface temperature is now about 1.2 °C
higher than preindustrial levels in the late 19" century. Limiting the temperature rise
to 1.5 °C is critical for maintaining ecological stability, which requires reducing
greenhouse gas emissions by at least 45% of 2010 levels by 2030 and achieving net-
zero emissions by 2050." Achieving these targets requires a transition from fossil
fuel-based energy to those powered by renewable energy sources.” However, while
renewable energy sources such as wind and solar power are widely available and
cost-effective, they are intermittent, seasonal, and geographically dependent.”* As
a result, the development of alternative energy technologies that would offer
sustainable energy is essential to ensure a consistent energy supply.>*

For instance, hydrogen (Hz) has emerged as a promising energy carrier due to its high
energy density and ability to store and transport energy efficiently.” Hydrogen can
address large-scale energy storage and transportation challenges, either as compressed
gas or in hydrogen-rich compounds.”> ¢ However, for hydrogen to truly contribute to
decarbonization, its production must also be carbon-neutral. Green hydrogen refers to
Ha produced via water electrolysis, where water is split into hydrogen and oxygen using
renewable electricity, resulting in zero emissions.” Additionally, fuel cells (FCs)
convert the energy stored in fuel (e.g. hydrogen, methanol, etc.) into electricity through
an electrochemical process with higher efficiency than combustion with almost no
harmful pollutant emission.® For example, when the fuel is H,, they produce water and
heat as byproducts > ' These FCs are fundamentally the same, except for the
electrolyte, which determines their operating temperature.''* One type of FC is an
AEMFCs in which a solid electrolyte membrane, an AEM, separates the two electrodes
and transports hydroxide from the cathode to the anode."" The properties of these
materials play a critical role in determining the efficiency, performance, and lifespan
of the devices, and they are challenged by the high operating pH and temperature in
the device.'" Due to these challenges, meeting the requirements of high ionic
conductivity and structural integrity over thousands of hours is difficult to achieve.'* '°

These technologies enable hydrogen to be stored as a chemical fuel and converted
back into electricity with high efficiency, offering a pathway for reducing
greenhouse gas emissions while meeting large-scale energy demands. Building on
the recent findings and reports, this thesis explores the design, preparation, and
analysis of AEMs, specifically used in alkaline media. The resulting membranes
were then tested, with a particular emphasis on their chemical stability, to assess
their suitability for applications.



2 Introduction

Ion exchange membranes (IEMs) are widely used in different electrochemical
devices such as FC,'*!® water electrolyzers (WE),'*! redox flow batteries****. IEMs
are semi-permeable membranes that consist of ionic functional groups covalently
attached to polymers, which can mainly be categorized into two primary classes
based on the nature of conducted ions.”> Membranes with negatively charged
functional groups facilitate cation transport, predominantly protons, and are termed
PEMs, while those with positively charged groups enable anion conduction and are
classified as AEMs.'"- 2

In the upcoming sections, a brief discussion on FCs operating at temperatures below
90°C that utilize IEMs will be given. The focus will be on their fundamental
operating principles, the advantages and limitations, and most importantly, the
specific requirements for IEMs. Developments in other components, such as
catalyst and diffusion layers, will not be covered, nor will systems that do not use
IEMs as electrolytes be addressed. Particular emphasis will be placed on AEMs
designed for alkaline environments, specifically hydroxide exchange membranes
(HEMs), where hydroxide ions act as the conducting species. The discussion will
include typical polymeric and cationic structures, membrane requirements, and
especially chemical stability challenges in AEMs.

2.1 Fuel cell

The FC prototype was invented in the 19™ century and has undergone significant
development since then.””?* FCs are systems that continuously transform the
chemical energy of gaseous or liquid reactants into electrical energy through
electrochemical processes.'! FCs can operate as long as they are supplied with fuel
and oxidant.® Furthermore, they produce energy with high conversion, and when
the fuel is Hy, they produce water and heat with much less CO, emission (almost
zero) in comparison to conventional fossil fuel-powered combustion engines.” '°
FCs have applications in stationary, automotive, and stationary applications.’" *
FCs based on H; have been reported to have a comparable driving range, refueling

time, and lifetime to conventional cars with combustion engines.** **

Basically, FCs consist of two electrodes, an anode, and a cathode, separated by an
electrolyte and connected to an external circuit.'" **** In general, the oxidation
reaction occurs at the anode, and electrons are generated while at the cathode, the
reduction reaction occurs.'" '"-** With the flow of electrons, direct current electricity
is produced through an external circuit between the anode and cathode. The type of
ions produced in electrochemical reactions and their movement through the



electrolyte depends on the specific type of FC. ' ' 17303536 Qyer the years, a
variety of FCs have been developed, typically classified based on the type of
electrolyte used, which determines their operating temperature.'" '* Some types of
FCs include solid acid (SAFC),*” phosphoric acid (PAFC),* solid oxide (SOFC),*
molten carbonate (MCFC),* alkaline (AFC),*" and polymer electrolyte membrane
fuel cell.'"** Polymer electrolyte membrane fuel cells can be divided into two main
categories based on the operating conditions and the type of membrane used:
PEMFC and AEMFC.*

This thesis primarily focuses on developing AEMs for potential application in
electrochemical devices operating in alkaline media like FC. Accordingly, this
section provides a brief overview of these devices and outlines the specific
requirements for AEMs in their applications.

2.1.1 Proton exchange membrane fuel cells

PEMFCs have become a competitive power source for stationary, automotive, and
portable applications due to their high energy conversion efficiency, minimal
emissions, rapid load response, and low operational temperature.*> Most electric
vehicles today rely on batteries, which work well for smaller cars and trucks under
5 tons; however, larger vehicles face challenges with battery weight and space
constraints, making it difficult to meet range requirements. Therefore, FC-powered
vehicles are essential, offering an emission-free and environmentally friendly
solution for heavier or long-range applications.** The overall electrochemical
reaction when the H; is used as fuel is described as follows:

Anode (oxidation): 2H, — 4H' + 4¢ E°=0.000V
Cathode (reduction): 0, +4H" + 4e- — 2H,0 °=1.229V
Overall 2H, + O, — 2H,0 E°=1229V

The oxygen reduction reaction (ORR) at the cathode is kinetically slower at low
temperatures (e.g., 80 °C), leading to a sluggish overall FC reaction. Using a highly
active and stable catalyst, such as platinum (Pt), effectively lowers the activation
energy and enhances the reaction rate.*’

Thanks to significant efforts, some progress has been made in replacing or
decreasing the loading of Pt catalyst, but the high dependency of PEMFC on Pt-
based catalysts, especially on the cathode side, is still limiting the widespread
commercialization and further progress is necessary to make them as a viable
alternative to combustion engines.* *¢ The most typical electrolyte to be used in
PEMEFC is a class of perfluorinated sulfonic acid (PFSA), which was invented by
DuPont and known by the trademark Nafion. Nafion is a semicrystalline random
copolymer consisting of a hydrophobic fluorinated backbone (typically
polytetrafluoroethylene, PTFE) with randomly distributed sulfonic acid capped-



perfluoro ether side chains, as shown in Figure 1.*" The intrinsic chemical
dissimilarity between the covalently bonded ionic pendant groups and the
hydrophobic PTFE backbone promotes microphase separation, which is further
intensified by solvation upon the introduction of polar molecules such as water or
other solvents.?’ For instance, Nafion 112 can reach around 0.09-0.1 S cm™ proton
conductivity in a fully hydrated state at 25 °C.*® Despite the high performance of
Nafion, it has some limitations, including high cost, low performance at lower
relative humidity, and low mechanical properties at elevated temperatures.*” 3 All
the aforementioned drawbacks hamper the large-scale commercialization of FC
vehicles.
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Figure 1. Chemical structure of Nafion (adapted from Kusoglu et al.).*’

2.1.2 Anion exchange membrane fuel cells

AEMEFC is considered a new evolution of AFCs. AFCs were first invented at the
beginning of the 20" century, and their development is closely tied to the space
age.’">? The first generation of AFCs was made of KOH solution as an electrolyte,
sintered nickel anode, sintered lithiated nickel/oxide cathode, and operated with
pressurized gas (30-40 atm) at around 200 °C.*' Despite considerable success with
space missions in 1960, AFCs have not been widely developed due to their
electrolyte sensitivity to CO,, which can consume hydroxide ions and lead to cell
current reduction.”? Additionally, the formed carbonate can precipitate on the
electrode and block gas diffusion. Furthermore, there is a higher possibility that the
corrosive alkaline liquid electrolyte (KOH) leaks and destroys the system compared
to the solid polymeric electrolyte implemented in modern FCs.*!

FCs operating at alkaline conditions have advantages over the ones operating in acidic
media, like faster reaction kinetics at the electrodes, which can result in higher cell
voltage. This higher electrical efficiency enables the use of non-noble catalysts. >**



Furthermore, alkaline media are less corrosive to cell components in comparison to
acidic media. With advancements in membrane technology, replacing an alkaline
solution of KOH (the common electrolyte) with AEMs was found to be effective in
overcoming the challenges of AFCs.>>*® The overall electrochemical reaction in an
AEMFC when Hs is used as fuel is described as follows:

Anode (oxidation) 2H,+40H - 4H,0+4¢ E°=-0.828V
Cathode (reduction) 0,+2H,O+4e —40H E°=0401V
Overall 2H, + 0, —» 2H,0 °=1229V

Subsequently, increasing attention has been paid to AEMFCs due to their
advantages over PEMFCs, including faster electrochemical kinetics, cost-saving
catalysts, and stronger corrosion resistance. Moreover, the fuel feeding direction of
AEMEFC is opposite to the direction of ion transfer, which avoids the fuel leakage
problem in FC.”” The working principle of AEMFC closely resembles PEMFCs in
structure and operation principles (Figure 2); however, several critical differences
distinguish them, including the direction of ion transport, water management, and
the presence of the OH™ ion, which acts as both a base and a nucleophile.* For
instance, one of the first solid AEMFCs without any doping of external base was
reported in 2006 with 55 mW cm™ peak power density (PPD) at 50 °C,** and we
have since seen substantial improvements. For example, norbornene-based
tetrablock membrane with IEC around 3.8 mequiv g™’ reached the highest reported
PPD at the time of writing, up to 3.5 W cm™ at 80 °C.*® It is important to note that
these power densities are achieved under different conditions (temperature, catalyst
type and amount, membrane thickness, etc.), which can significantly affect
performance.

The technology of AEMFC:s is currently lagging behind PEMFCs in technological
maturity, mainly due to the lack of stability of cell components, including AEMs
and catalysts, which can cause unrecoverable performance loss.**” From an AEM
perspective, various parameters play a role in the final performance, such as its
chemical structure, ionic conductivity, water uptake, thermal and chemical stability,
thickness, and mechanical properties, which can significantly impact cell
performance. However, optimizing these parameters simultaneously is a significant
challenge, as improvements in one area often come at the expense of another. For
instance, enhancing ionic conductivity through increased ion exchange capacity can
lead to excessive swelling and reduced mechanical stability. Consequently,
developing AEMs that balance all these requirements while maintaining long-term
stability in highly basic conditions remains a central focus of ongoing research
efforts to advance AEMFC technology.
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Figure 2. Schematic illustration of a PEMFC and AEMFC.

2.2 Anion exchange membranes

An AEM is made of polymeric structures covalently tethered with cationic groups,
typically quaternary ammonium (QA), with OH™ as mobile counter ions. In other
words, the AEM creates an alkaline environment inside the FCs.** The aim of AEMs
is to transport OH™ ions from the cathode to the anode while separating the anode
and cathode to hinder fuel penetration, which can lead to internal short circuits,
forcing electrons through the external circuit and insulating the electronics.®® The
requirements for efficient AEMs include high hydroxide conductivity, mechanical,
thermal, and chemical stability, good separation properties, and moderate water
uptake. It is also worth mentioning that the AEMs must be able to be readily
produced on a large scale at a low cost.* The two main challenges in implementing
AEMs into FCs are the lower conductivity compared to PEMs and the lower
chemical stability.>* The lower conductivity compared to its competitor, PEM, can
be correlated to the lower mobility of hydroxide ions in comparison to protons and
the lower dissociation of cationic groups compared to anionic groups of PEMs at
lower water content.” ® The insufficient conductivity can lead to low power and
current densities. Increasing the number of cationic charges per gram of polymer,
denoted as ion exchange capacity (IEC, mequiv g') is the simplest way to address
the low conductivity problem.®®®* This strategy must be approached cautiously,
which will be discussed in section 2.2.1.%

The other major obstacle that needs to be addressed is the lower chemical stability of
AEMs operating at high pH and elevated temperatures.*> The hydroxide ions are



nucleophiles that can easily attack the cations or polymer backbone and jeopardize
the chemical and mechanical stability of the membranes. Therefore, designing a stable
structure for AEMs in order to survive in the alkaline environment is crucial.**

2.2.1 Water management, ion transport, conductivity, and morphology

Ion transport in aqueous systems and ion exchange membranes primarily occurs
through two mechanisms: vehicular diffusion and structural diffusion (Grotthuss
mechanism).”” * The vehicular mechanism involves the movement of charged
species along with their hydration shell, essentially "riding" on water molecules as
they diffuse.®> Structural diffusion, on the other hand, relies on the dynamic
formation and interconversion of specific ionic structures. For protons, this involves
Eigen (HyO4") and Zundel (HsO,") cations.®® The relative contributions of these
mechanisms can vary significantly depending on the system and conditions.
Hydroxide transport is more complex than simply being the reverse of proton
transport or a "proton hole" concept.®® OH™ ions are typically hypercoordinated,
accepting about 4-4.5 hydrogen bonds in a square-planar arrangement, compared to
the protons interacting with only 2-3 water molecules.®” The different mechanism,
involving additional hydrogen bond rearrangements plus reorientations, is the
reason for the reduced mobility of the hydroxide ion compared with the oxonium
ion. For instance, conductivity measurements clearly show that the mobility of
H*(aq) (36.23 x 108 m?/(s V)) is significantly higher than that of OH (aq) (20.64 x
10® m%(s V)) at room temperature.®® Consequently, the diffusion coefficients
derived from these mobilities are 9.31 x 10~ m?/s for H'(aq) and 5.30 x 10~° m?%/s
for OH(aq).® It has been reported that the mechanism for hydroxide transport is
highly dependent on the hydration state; e.g., the vehicular mechanism often
contributes more to hydroxide transport than structural diffusion, especially at lower
hydration levels.** Another factor that causes the higher conductivity of proton is
the higher degree of dissociation of sulfonic group even at a lower hydration level
(1< A <2 =19% RH)*® in comparison to QA.®” This phenomenon can be correlated
to the fact the sulfonic acid groups are strong acids with pK, ~ -3 while the QA
group considers weak bases with pK, ~ 4 (conjugate acid pK, > 10).%
Additionally, the susceptibility of alkaline systems to CO, contamination leads to
the formation of carbonate ion species (CO;* and HCO5").” These ions have lower
mobility than hydroxide ions and can accumulate in the membrane, further reducing
overall ionic conductivity and potentially degrading membrane performance over
time.”” AEMs typically require higher IEC and better hydration than PEMs to
achieve comparable performance. Increasing the IEC to address the low
conductivity problem is the most straightforward approach.®’ By increasing IEC, the
concentration of cationic groups will increase, leading to higher water uptake, which
is essential for forming percolating water-rich channels.®” This strategy must be used
with caution, as extensive water uptake causes cation dilution and decreases in
conductivity. Additionally, excessive water uptake can result in a high degree of



swelling and deterioration of the mechanical properties.®* For instance, one possible
way to enhance the conductivity without sacrificing the mechanical properties is by
promoting phase separation through different methods, e.g., using alkyl extenders
or spacers,”'””* grafting multicationic side chain,”® and block copolymerization.”: 7
Effective phase separation between hydrophobic polymer backbones and
hydrophilic cations may be crucial for creating interconnected conducting
channels.” 7 The formation of ionic clusters in membranes may improve
percolation and conductivity, even under conditions of low water uptake, compared
to membranes lacking phase separation.’”” In some cases, crosslinking was reported
as an effective way to optimize water uptake, potentially leading to improved
conductivity and enhancing mechanical properties.”” However, the degree of
crosslinking needs to be balanced since a high degree of crosslinking can lead to a
low level of water uptake and ion transportation.”® Recent advances have
significantly improved the hydroxide ion conductivity of AEMs, bringing their
performance closer to that of PEMs. However, achieving high conductivity while
maintaining low water uptake remains a challenge. Addressing this issue requires a
combination of high IEC, innovative polymer design, and the use of high molecular
weight polymers.

2.2.2 Polymer backbone

Besides providing structural integrity and mechanical strength, polymer backbones
also play a significant role in chemical stability.” % Polymer chains can be cleaved
due to the chemical degradation of the backbone, causing their molecular weight to
decrease and destroying the mechanical strength.**®* This also can result in the
breakage of membranes and, eventually, device failure.®** AEMs were preliminary
prepared through chemical modification of sulfonic acid groups in Nafion to QA
group,® or through post-polymerization modification, like chloromethylation of
PS,* or benzyl-bromination or -chlorination of polymers like poly(aryl ether
sulfone)s (PSU),* ® and poly(p-phenylene oxide) (PPO),*” and grafting on
poly(vinylidene fluoride) (PVDF).” Later, studies showed limitations in the
polymer backbone stability of these polymers. For instance, difluoroethylene is
sensitive to high pH values where it undergoes dehydrofluorination.”> Moreover,
aryl-ether cleavage was reported for the AEMs based on PSU and PPO, which
resulted in brittleness and failure of these membranes.”’™ Further studies have
shown that the barrier height of aryl—ether cleavage via the SyAr reaction pathway
generally decreases with the presence of more electron-withdrawing substituents on
the phenyl group.”* Different model compounds mimicking the PSU repeat unit
showed different degrees of C—O bond cleavage near sulfone linkage. For example,
almost complete  degradation was reported for  ortho-substituted
benzyltrimethylammonium molecules in 4 equiv. of NaOCHj3; in DMSO-ds/CD;0D
at room temperature for 20 h, while the ortho-substituted methyl one showed around
30% aryl ether cleavage.” However, no backbone degradation was reported for



aromatic polymers without aryl ether bonds, even for brominated trifluoromethyl-
containing poly(biphenylalkylene) (PBA), which contained -CF; and -Br in the
structure due to the absence of sensitive aryl ether bond in the structure.’> Various
polymerization techniques have been developed to synthesize ether-free aromatic
polymers with enhanced properties including metal-catalyzed coupling reactions for
poly(phenylene-fluorene)s,”  superacid-mediated polyhydroxyalkylations for
poly(arylene  alkylene)s (PAA),”  Diels-Alder  polymerizations  for
poly(phenylene)s,'® ' and cyclopolycondensation for spiro-ionenes.'” Each
method offers distinct advantages, allowing researchers to tailor polymer structures
for specific applications in various fields. Different representative polymer
structures are shown in Figure 3. The mentioned polyaromatic ether-free structures
typically exhibit enhanced thermal stability. Furthermore, the hydrophobicity of
aromatic rings can possibly decrease the water uptake.
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Figure 3. Examples of molecular structures of AEMs based on quaternized ether-free polymers.

2.2.3 Cationic group

Another difficult challenge in designing AEMs is identifying the most stable cation
to embed in the structure. All the cationic groups that have been used in the polymer
structures can generally be divided into N-containing,'®'% N-free,'® 7 and
organic metal groups.'® '” Examples of cationic groups are displayed in Figure 4.
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Figure 4. Representative molecular structure of N-containing (a), nitrogen-free (b), and
organometallic (c) cationic groups.

Among all types of cations, QAs are typically preferred due to their accessibility,
easy synthesis pathway, and easy way to attach them to the polymer structure.'"
However, many QAs are prone to degradation through different pathways based on
their structure.”> ''!' The main degradation pathways include nucleophilic
substitution on an a-carbon and Hofmann B-elimination, although other mechanisms
may occur depending on the chemical structure of cations. Examples of degradation
mechanisms are given in Figure 5.

H H

a /

) 4:‘?{")«‘,]{5 » A2+ p#— + H,0
(

O
HO )

HO

b) Hzc\@/CHsHA)
/B('L\cl —_—— /\/\N’ + H;C-OH
AT \

c) A H ﬂ\/ P /

H H)l®

HOe

Figure 5. Degradation mechanism of acyclic QA through Hofmann B-elimination (a), and
nucleophilic substitution (Sy2) at a-carbons (b, c).

Moreover, it was found that the placement of cations also plays an important role in
their stability. For instance, it was reported that tethering the cations on the benzylic
positions or nearby electron-withdrawing groups increases degradation
significantly. Recently, it was found that the stability of QAs also depends on the
microsolvation of hydroxide ions in the media, which defines the chemoselectivity
of the hydroxide ions.'">'"® Hence, the chemoselectivity of the hydroxide ion to
attack B-hydrogen, leading to an E, reaction, is favored at a lower microsolvation
state due to the lower energy required for the transition state, as compared to the
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attack on the carbon leading to Sx2 reaction.''? In other words, the nucleophilicity
and basicity of the hydroxide ions are affected by their degree of solvation.

Thus, efforts have been made to design AEMs in ways to increase stability.''" These
strategies include the implementation of conformational restriction, steric
hindrance, B-hydrogen free, and resonance and inductive effects in cations.''*
Kreuer and Marino reported the stability of 26 QA cations in 6 M aq. NaOH at 160
°C. This study showed that alicyclic QAs like N,N-dimethylpiperidinium (DMP),
and 6-azonia-spiro[5.5]undecane (ASU) possess the longest half-life in comparison
to the rest of the studied QAs. This higher stability can be attributed to the higher
activation energy needed for the deformation of the stable 6-membered rings.'"
Furthermore, DMP cation degrades primarily through nucleophilic substitution at
the methyl group, while the ASU cation shows higher stability due to its lack of
methyl groups.'”” The mentioned results were based on model compounds;
however, the outcomes could vary upon incorporating cyclic QAs into the
polymeric structure. The mentioned results have motivated many researchers to
implement these cations in the structure of AEMs as the cationic moieties. Some
possible degradation pathways for DMP and ASU are presented in Figure 6.
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Figure 6. Possible degradation mechanisms of alicyclic QAs, DMP, and ASU by hydroxide ions
through Hofmann B-elimination (a,d), nucleophilic substitution at a-carbon (b, c, e).

2.2.4 Durability of AEMs

As illustrated earlier, the stability of AEMs depends highly on the polymer
backbone, the structure of the QAs, and the placement of QAs on the polymer
backbone.'® 2 81 116 117 [t wag found that the ether-free polymer backbone can
improve alkaline stability.”> ®' However, due to the complexity of degradation
mechanisms in polymers, an alkali-stable model compound does not necessarily
ensure an alkali-stable AEM. Although the earlier studies on model compounds

11



reported high alkaline stability for alicyclic QAs,''> ''® the alkaline stability data of
quaternized polymer may yield different results. For instance, the alkaline stability
data on poly(terphenyl piperidinium) showed the Hofmann B-elimination as the
preliminary degradation, which contrasts with the behavior of the small molecule
model cation, where methyl substitution was the predominant degradation
mechanism."'>'"? This phenomenon was attributed to the rigidity of the p-terphenyl
based polymer backbone, which can distort the cation ring conformation and, as a
result, lower the activation energy for degradation reactions and ultimately reduce
stability in alkaline environments.''” Different strategies have been used to improve
the stability of the AEMs, including crosslinking,'**'? tethering flexible spacer,'”
and the incorporation of moieties with multiple cationic sites.'”' Moreover, the
mechanical properties can be improved by crosslinking,'* '* reinforcement,'** and
blending.'®

In-situ durability evaluations of AEMs present significant challenges due to the
complex operating environments encountered in applications.'*® These evaluations
are further complicated by some factors including, but not limited to, variations in
hydration levels, which affect dimensional stability and ion conductivity; pressure
fluctuations, which can cause physical degradation over time; and the presence of
reactive oxygen species, which may lead to chemical degradation of the membrane
material.'** '*" For example, the oxidative degradation resistance of AEMs has been
less extensively studied compared to other degradation mechanisms despite its
critical role in ensuring long-term performance and durability in applications such
as FCs and electrolyzers.®" ' Addressing these challenges is essential to enhance
the reliability and longevity of AEMs in practical settings.

2.3 Approach and aim

Building upon previously established concepts and extending earlier investigations
into the influence of polymeric structure on material properties, this work aimed to
develop novel polymer-cation arrangements for the fabrication of AEMs and
evaluate their performance. Starting with alkali-stable polymer backbones and
cations identified from the literature and previous work in our group, all polymers
were designed and synthesized through superacid-mediated polyhydroxyalkylation
and subsequent post-functionalization (Figure 7). While the synthetic process was
designed to be straightforward, the creation of new monomers was occasionally
required to achieve the targeted polymer architecture. The synthesized polymers
were then cast into membranes and analyzed for key properties, including water
uptake, ionic conductivity, thermal stability, and chemical resistance.
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3 Experimental methods

This chapter introduces the main experimental methods employed throughout the
thesis. It is divided into two parts focusing on the different strategies employed to
synthesize the cationic polymers and the characterization methods.

3.1 Synthesis

3.1.1 Polymer synthesis

In this thesis, the polymerization techniques are based on superacid-mediated
polyhydroxyalkylation reactions. The term "hydroxyalkylation" traditionally
describes Friedel-Crafts-type condensation reactions between aldehydes or ketones
and electron-rich arenes under acidic conditions, leading to the formation of
carboxonium ion intermediates. In certain cases, these intermediates can undergo
further activation by strong Brensted or Lewis acids, resulting in the formation of
highly reactive dicationic species known as superelectrophiles.'® '*° This concept
of superelectrophilic activation, introduced by Nobel Laureate George Olah and
collaborators, has since proven highly effective in facilitating the synthesis of
condensation monomers and polymers.'?'** A representative hydroxyalkylation
reaction mechanism is presented in Scheme 1.

Scheme 1. Mechanism of the hydroxyalkylation reaction of an arene and a ketone in acid media. k1
and k2 are reaction constants.
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In superacidic media, such as trifluoromethanesulfonic acid (TFSA), the reaction
occurs in two sequential steps, and each step has been assigned its own rate constant
(k1 and k,)."** 1% First, the superacid protonates the carbonyl group, an electrophile,
which then undergoes condensation with an arene, producing a carbinol
intermediate. In the subsequent step, the C-O bond of the carbinol breaks
hydrolytically, generating a carbocation that reacts with a second arene. The ratio
between rate constants (ki/k2) for these two steps is influenced by the structure of
the reactants and the reaction conditions. The ki/k; ratio is influenced by three
factors: the electrophilicity of the carbonyl component, acid strength, and the
nucleophilicity of the aromatic component. For instance, ki depends on the
electrophilicity of the carbonyl group, as well as the strength of the acid and the
reactivity of the aromatic component. Additionally, an increase in the
nucleophilicity of the arene enhances both k1 and 42 by stabilizing the carbocation
in the second step. The rate constants are also influenced by the acidity of the
reaction medium; for example, an increase in the acidity of the reaction medium,
while keeping all other factors constant, reduces k; at the expense of the protonation
energy, while k> remains unaffected."** A study based on the model reaction of
2,2,2-trifluoro-4'-methoxyacetophenone with anisole was reported that when
TFSA/Ketone would be equal, only diaryl product was formed; however, by
increasing TFSA/ketone ratio to above 7 the monoaryl carbinol started to appear in
quantitative yield."*’

Zolotukhin et al. reported the first applications of hydroxyalkylation chemistry to
polymer synthesis and, in particular, to the synthesis of a new class of aromatic
polymers, the polyaryleneoxindoles, by using isatin as a ketone.'** Since then, this
polymerization method has significantly broadened, enabling the synthesis of a
diverse range of polymers from various carbonyl and aromatic compounds.'® 136141
This type of polymerization process is highly efficient and can yield high molecular
weight products when using a stoichiometric ratio of monomers. However, it has
been observed that the polymerization rate significantly increases with an
imbalanced monomer feed ratio, specifically when the ketone monomer is in excess
and ki<k»."**'*! An imbalanced feed also produces polymers with higher molecular
weights, which is particularly advantageous for AEMs precursor applications.
However, an excessive amount of carbonyl monomer can result in crosslinked,
insoluble polymers due to side reactions.'**

Ketone monomers containing electron-withdrawing substituents, such as
trifluoromethyl (-CFs) groups, are particularly promising for use in
polyhydroxyalkylation reactions. The strong inductive effect of the -CFs group
increases the electrophilicity of the carbonyl carbon, making it more susceptible to
nucleophilic attack. This enhanced electrophilicity lowers the activation energy
required for forming the carboxonium ion intermediate, thereby facilitating the
reaction and increasing polymerization rates, which can lead to the formation of
higher molecular weight polymers. Moreover, the incorporating -CFs groups
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improves the thermal stability and elevates the glass transition temperature (7g) of
the resulting polymers. However, the effect of -CFs on reaction kinetics requires
careful optimization. When both vicinal positions adjacent to the carbonyl group are
substituted with -CFs, the activation energy required for C-O cleavage increases
drastically due to the destabilization of the intermediate carbocation, dramatically
slowing the reaction rate and rendering the system nearly unreactive. On the other
hand, substituting these positions with electron-donating groups such as methyl (-
CHs5) causes the first step to have a much higher activation energy than the second,
leading to the formation of unreactive intermediates and no progress on the reaction.
Thus, while -CFs groups offer significant advantages in terms of reactivity and
polymer properties, their impact on the reaction mechanism must be carefully
considered.

Heterocyclic ketones, such as piperidone and quinuclidone, are commonly
employed in superacid-mediated polyhydroxyalkylation reactions alongside
trifluoroketones. Studies on model compounds indicate that the carbonyl groups in
piperidone are more electrophilic than those in acyclic ketones.'*"'** In the presence
of acid, unfavorable through-space charge-dipole interactions occur between the
positively charged ammonium group and the partial dipole of the carbonyl,
destabilizing the ketone.'* % However, this destabilization is mitigated by
nucleophilic addition. Additionally, ring strain in 4-heterocyclohexanones further
enhances their reactivity compared to acyclic ketones, as the strain is relieved
through a nucleophilic attack on the carbonyl, resulting in sp® hybridization.'** '46
Moreover, the protonated amine functions as an electron-withdrawing group
through inductive effects, further increasing the electrophilicity of the carbonyl
group.'” Piperidones and quinuclidone have been used in the preparation of linear
or hyperbranched polymers by condensation with e.g., biphenyl, terphenyl, and
derivatives of flourenes.” - 119 147-149

3.1.2 Monomer synthesis

Non-ionic monomer

In Papers II and III, the non-ionic monomers were synthesized through Suzuki
coupling reaction according to the previously published papers (Scheme 2).%% '
The palladium-catalyzed cross-coupling reaction progresses through three
interconnected steps.'®' First, in the oxidative addition step, the palladium catalyst
in its Pd(0) state inserts into the bond between the electrophilic halide (e.g., an aryl
halide) and its leaving group, forming a Pd(II) complex. This is followed by
transmetalation, where the organoboron reagent transfers its organic group to the
palladium center, facilitated by a base that activates the organoboron compound and
promotes ligand exchange. Finally, in reductive elimination, the palladium complex
couples the two organic groups, forming the desired carbon-carbon (C—C) bond and
regenerating the Pd(0) catalyst, completing the catalytic cycle.'!
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The synthesis procedure used for dimethyldiphenyl fluorene (DMDPF) is given as
an illustrative example. 7,7-Dibromo-9,9-dimethyl-9H-fluorene was dissolved in
toluene with phenylboronic acid and 1 M aq. Na.CO:s solution. After 4 vacuum/argon
cycles to degas the mixture, Pd(PPhs)s was added, and the reaction was refluxed
under argon for 48 hours. The reaction was monitored by TLC using EtOAC: n-
heptane (1:5). The mixture was then cooled, extracted with DCM, washed with
brine, and dried over MgSQOs. After filtering through a silica plug, the solvent was
evaporated, and the crude product was purified by dry vacuum column
chromatography using a heptane-toluene gradient. DMDPF was obtained as white
crystals with 60% yield.

In Paper 111, the same procedure was used to synthesize para,meta-, and meta, meta-
quaterphenyl, p, mQP, and m,mQP, respectively, using 4-biphenylboronic acid or 3-
biphenyl boronic acid with 3-bromo-1,1'-biphenyl (Scheme 2).

Scheme 2. Schematic route to arenes in Paper II, and II through aryl Suzuki coupling.
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Cationic arenes

In Papers III and IV, the cationic arenes were synthesized. In Paper II, the dual
piperidine rings were tethered to a fluorene-based monomer (Scheme 3). Fluorene
possesses a rigid planar structure with two weakly acidic protons (C9-H) in the
methylene bridge, which allows the introduction of different functional groups via
alkylation reactions. This was achieved using a simple Sx2 alkylation reaction.
Through alkylation reaction, two N-protected 4-bromomethylpiperidines were
attached to the 9-position on dibrominated fluorene monomers in the presence of
KOH as base and TBAB as a phase transfer catalyst in toluene under nitrogen
atmosphere at 75 °C.”> '52 After cooling to room temperature, the mixture was
extracted with DCM, and the organic layer was washed with brine and dried over
MgSO.. Solvents were removed using a rotary evaporator. The crude product was
purified by dry vacuum column chromatography. The product, BrBocPipF, was
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obtained. The same method was used to synthesize di-tert-butyl-4,4'-[(9H-fluorene-
9,9-diyl)bis(methylene)]bis(piperidine-1-carboxylate) (BrBocPipF) with using
fluorene. Next, BrBocPipF was diphenylated through Suzuki coupling, which was
described before, to produce PBocPipF. In order to remove the Boc protection
group, PBocPipF was dissolved in DCM. Then, TFA was added, and the mixture
was stirred at room temperature for 4 hours. After evaporating the solvent, the
product (DPF-DHP) was obtained as a white powder. The same method was used
to deprotect BocPipF, yielding F-DHP as a white powder. After each step of
modification, the molecular structures were verified using '"H NMR spectroscopy.

Scheme 3. Synthetic route toward DPF-DHP in Paper IIL.

S AL

PBocPipF

DPF-DHP

For Paper IV, the arene monomer containing two cyclic QA, 4,4"-dibenzyl-5',7'-
dihydro-1'H,3'H-dispiro[piperidine-1,2'-pyrrolo[3,4-f]isoindole-6',1"-piperidine]-
1,6'-diium (DSp), was synthesized through cycloquaternziation of tBMB containing
pairs of adjacent benzyl bromides with 4-benzyl piperidine (Scheme 4). This
reaction involves two consecutive nucleophilic substitutions. The secondary amine
first replaced one benzylic bromide group, forming a substituted intermediate
through Sn2 reaction. The nitrogen then attacks the second bromomethyl group in
an intramolecular reaction, leading to the formation of a cyclic QA structure.
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Scheme 4. Synthetic route toward DSp monomer in Paper IV.

Ketones

In Paper V, a ketone was synthesized. Recently, papers have been published that
utilized 3-quinuclidone instead of piperidone as a ketone and reported significantly
higher stability than PAPs.'*'>* These findings inspired the design of a zwitterionic
monomer based on quinuclidinium to further improve alkaline stability (Scheme 5).
For this purpose, a zwitterionic N-sulfobutylquinuclidinium-3-one, was synthesized
through Sn2 reaction to develop the alkaline stability of our previous work we
published on zwitterionic poly(terphenyl piperidinium)s.'>* First, 3-quinuclidinone
hydrochloride was neutralized in 40 mL of aqueous NaOH and extracted with DCM.
The organic phase was dried with MgSQOa, and the solvent was removed by rotary
evaporation. Subsequently, the neutralized monomer was dissolved in MeCN,
followed by the addition of 1,4-butane sultone and heating to 60 °C. A whitish solid
formed within minutes and the mixture was refluxed overnight. After cooling, the
solid product was filtered, washed with fresh MeCN, and recrystallized in methanol
before drying in a vacuum oven, yielding 72%. The molecular structure was verified
by "H NMR spectroscopy.

Scheme 5. Synthetic route toward zwitterionic ketone, zwQui, in Paper V.
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3.1.3 Polymer functionalization and quaternization

A key characteristic of the cationic polymers described in this thesis is their
functionalization with QA cations. The incorporation of QA cations, commonly
referred to as quaternization, is a central process throughout this work. In most
cases, the QAs were introduced into the polymer chains via post-modification,
except in Paper IV, where the quaternized monomer was first synthesized and
subsequently polymerized through polyhydroxyalkylation. Notably, in Paper V,
sulfoalkylated quinuclidone (zwQui) was also used in the copolymerization with 3-
quinuclidinone hydrochloride, with full quaternization achieved in a subsequent
step. In Paper I, the benzylic positions of polymers were brominated first through
Wohl-Ziegler using N-bromosuccinimide (NBS) and azobisisobutyronitrile (AIBN)
to be able to quaternize the polymer afterward. Overall, the quaternization reaction
generally proceeds via an Sy2 mechanism between a tertiary or secondary amine
and an alkyl halide (as discussed in Papers II-1V), or with 1,4-butane sultone, as
shown in Paper V.

The QA groups were synthesized based on tertiary amine and an alkyl halide,
commonly known as a Menshutkin reaction. These reactions are typically
performed in polar aprotic solvents like NMP or DMSO to ensure good solubility.
Usually, no catalyst is needed; however, in some cases, like quinuclidone or N-
methyl piperidone, adding K>CO; helped full quaternization (Scheme 6). For
introducing dual quaternary groups like bis-piperidinium, a low concentration of
polymer solution was dropwise added to a solvent solution containing an excess of
amine (up to 10 equiv.) to minimize crosslinking. A base is essential for facilitating
the quaternization of secondary piperidines. Here, Hiinig's base N,N-
diisopropylethylamine (DIPEA), was used in some quaternization reactions, except
those involving methyl iodide since it can react with DIPEA. For quaternization
reactions of secondary amine with methyl iodide, K,CO; was used.

The spirocyclic quaternization occurs in two key stages. The first stage, an
intermolecular reaction, involves the reaction of a secondary amine with an a,®-
dibromoalkane to generate a tertiary amine. In the second stage, an intramolecular
reaction occurs, and the newly formed tertiary amine reacts with an alkyl halide,
resulting in the formation of the spirocyclic ring structure. A low concentration of
polymer solution was added dropwise to the solution containing an excess of 1,5-
dibromopentane to suppress crosslinking and favor intramolecular ring closure.
Solvent selection, such as N-methyl-2-pyrrolidone (NMP) or dimethyl sulfoxide
(DMSO), was based on polymer and product solubility.
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Scheme 6. Quaternization of brominated benzylic positions (a), piperidine, and quinuclidine with alkyl
halides (b and c) to form QA cations.
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3.2 Characterization methods

3.2.1 Polymer characterization

Nuclear magnetic resonance spectroscopy (NMR)

The structure of all synthesized compounds was verified using NMR spectroscopy
on a Bruker DRX 400 spectrometer. DMSO-dg (6 = 2.50 ppm), CDCl3 (6 = 7.26
ppm), or DO (& =4.70 ppm) was used as a solvent. In the former case, 5-10 vol%
TFA was also added in order to shift the water peak downfield region; thus, the
overlapped signals with the broad water signal in the upfield region (6 = 3.30 ppm)
were revealed. In addition, TFA protonates secondary or tertiary amines originating
from degradation or incomplete quaternization reactions, which appear above 9
ppm. After alkaline treatment, the integration of the appeared amine peaks
compared to the aromatic peaks of the polymer backbone, which were usually stable
in alkaline media, can be used to calculate the ionic loss.

Size exclusion chromatography (SEC)

SEC was used to measure the number average molecular weight (M,), weight
average molecular weight (M,,), and polydispersity (P) of non-cationic polymers in
Paper I. The mass distribution of precursor polymers was defined using the
conventional calibration method. A calibration curve was attained through the
elution time of standard samples with known molecular weight. Thus, the molecular
weight of prepared samples was determined by comparing the elution time of the
sample to the calibration curve. A Malvern Viscotek instrument equipped with two
PL-Gel Mix-B LS columns (2 x 30 cm) and OmniSEC triple detectors (refractive
index, viscosity, and light scattering) and chloroform was used as eluent at 35 °C
with a flow rate of 1 mL min™. For calibration, standard polystyrene (PS, Mn = 96
kDa, B = 1.03, Polymer Laboratories, Ltd.) was used. The samples were dissolved
in the chloroform 24 h prior to measurements, and the polymer solutions were
passed through a PTFE filter (pore size = 0.2 pm) before running the measurements.
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Intrinsic viscosity

Due to the limitations of the in-house SEC instruments, which use chloroform or
tetrahydrofuran as eluents that are not proper solvents for the polymers in Papers I1-
V, the intrinsic viscosity ([n]) was measured as an indication of the molecular
weight of polymers. This method relies on the fact that the dissolution of the
polymer in the solvent will increase the viscosity of the final polymeric solution,
which depends on different factors, including the type and molecular weight of
polymers, concentration, temperature, and choice of solvent. In the case of ionic
polymers, the degree of ionization and charge density are also important. Thus, a
suitable amount of salt is added to avoid the polyelectrolyte effect. The
measurements in this thesis were carried out using a Ubbelohde viscometer at 25
°C. The measurements were conducted in a water bath to maintain a constant
temperature. First, the blank solution, 0.1 M LiBr in DMSQO, was prepared, and the
efflux time was recorded as #,. The samples in bromide form were dried completely
and then precisely weighed and dissolved in the blank solution with an initial
concentration of 0.1 g dL™'. Then, the efflux time of the solution was recorded, and
the solution was diluted to several precise concentrations. The efflux time was
recorded for more diluted solutions as #. Each concentration was measured four
times, and the average was taken. The inherent (#inn) and reduced (#r.q) viscosities
were calculated as:

t
In(3) (),
Ninh = ——
ts
o .
Nred = b

The intrinsic viscosity ([n]) was calculated by the intersections of the linear
regressions of #7inn and #req With the y-axis, zero polymer concentration (¢=0).

Thermogravimetric analysis (TGA)

The thermal decomposition temperature of precursor polymers and membranes was
studied in dry bromide form using TGA Q500 (TA instruments). All samples were
first preheated up to 150 °C for 15 to 20 minutes to remove solvent residue before
running the main cycle between 50 to 600 °C at a heating rate of 10 °C min™'. The
measurements were carried out under N, atmosphere. The weight changes were
recorded giving TGA traces, and the decomposition temperature was noted at 5%
weight loss (74,5).
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Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) is a thermo-analytical technique used to
investigate the response of polymer to heating. This technique was used to study the
precursor polymers in Paper 1. In DSC, the difference in heat flow is compared
between the sample and the reference at the same temperature and is presented as a
function of temperature. All the measurements were carried out under a N,
atmosphere using Q2000 DSC (TA instruments). For each sample, a three-cycle
heating-cooling-heating procedure was used. The first heating cycle was applied to
eliminate the thermal history of the material, which may affect the final result. The
glass transition temperature was taken as the inflection point in the thermogram
during the second cycle.

3.2.2 Membrane preparation and characterization

Membrane Preparation

All quaternized polymers were cast in Petri dishes from 5% solutions of the respective
polymer in DMSO or NMP at 80 °C. After drying, the membranes were detached
from the dishes by adding deionized water and then stored in 1 M aq. NaBr 72 h to ion
exchange to bromide form. Finally, the membranes were washed repeatedly to remove
excess NaBr salt before being kept in deionized water for further characterization. The
samples in hydroxide form were prepared by soaking them in 1 M aq. NaOH for 72 h,
during which the alkaline solution was replaced at least three times. Then, the samples
were washed with degassed deionized water quickly and repeatedly until the water
remained neutral pH. The samples in hydroxide form were stored in degassed
deionized water under N, atmosphere to prevent CO, contamination.

lon exchange capacity (IEC)

The ion exchange capacity, defined as the number of charges in milliequivalent per
gram of dry polymer, was calculated through the '"H NMR spectroscopy as a
theoretical value and through titration as an experimental value. The IECs of AEMs
in bromide form were measured by Mohr titration. The samples in bromide form
were completely dried and then precisely weighed before being immersed in 25 mL
of 0.2 M aq. NaNOs and kept for at least 72 h at around 50 °C to ensure complete
ion exchange. During this time, the vials were carefully sealed to avoid water
evaporation. Subsequently, this solution was divided into 4 aliquots of 5 mL each.
These aliquots were then titrated against 0.01 M aq. AgNO; using potassium
chromate (K,CrOj) as an indicator. The average value of the endpoints from 4
titrations was used to calculate the IEC in the bromide and hydroxide form.

IECg,

3).
1—(0.0629 x IECg,)

IECOH =
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Water uptake and swelling ratios

The water uptake of the membranes at different temperatures between 20 and 80 °C
was measured gravimetrically. Samples in bromide form were dried at 50 °C under
vacuum for at least 48 h, and then the weight (m4ry 8:), thickness (%4, Br), and length
(lary, Br) were measured carefully. Then, the samples were ion exchanged to
hydroxide form as described above. Afterward, the samples were equilibrated in
degassed deionized water at 20 °C for 24 h under N and for 8 h at 40, 60, and 80
°C. The samples were taken out and wiped gently to remove the excess water on the
surface, and the weight (Wye, on), length (lwet, on), and thickness (fwet, on) in the
hydrated state were measured. The water uptake value was calculated as:

Wwet,OH - Wdry,OH

WU = X 100% “4)

Wdry,OH

while the swelling ratio values were calculated as:

l -1
wet,OH dry,Br X 100% (5);

SVVin—plane = Iy
ry,Br

twet,OH - tdry,Br
SWthrough—plane = X 100% (6).

tdry,Br

Dynamic mechanical analyzer

A Dynamic Mechanical Analyzer (DMA) with tension clamps in force-controlled
mode at a constant temperature was used to generate the stress-strain curve of
membranes in Papers II, IV, and V (Figure 8). In this method, a controlled force
was applied to the membrane while maintaining a fixed temperature, and the
resulting strain was measured. The stress-strain curve provides essential information
on the mechanical behavior of the membrane, including its Young’s modulus,
elongation at break, and ultimate tensile strength. This technique is crucial for
assessing the mechanical properties of materials, such as stiffness, flexibility, and
structural integrity, under defined thermal conditions.
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Figure 8. Photo of a sample in tension clamp in DMA (a), and the schematic of DMA (b).

Small angle X-ray scattering

The morphology of the dry samples in bromide form was studied by small angle X-
ray scattering (SAXS). In SAXS, a collimated monochromatic X-ray beam
illuminates the sample, and the elastic scattering at small angles is detected by a
detector (Figure 9).

Sample
X-ray source } 26 I Beam
stopper
Collimation
system
Detector

Figure 9. Schematic illustration of a SAXS experiment setup.

If the sample is phase-separated, the difference in electron density between phases
shows as an angular distribution of the scattering. The intensity of the scattering is
reported as a function of the scattering angle (26), which is used to define the
scattering vector (¢) using the following equation:

4
q= %sin 0 (7).

where A is the wavelength of the X-rays. The microphase structure in AEMs is based
on the incompatibility of the hydrophobic backbone and hydrophilic cations, which
can be detected by SAXS as an intensity maximum known as "ionomer peak"
(Figure 10).

25



lonomer peak

/

o~ -~ q
.t-f '\7“-»__‘.’.,?‘.;\':5%;

log[scattering intensity (a.u.)]

3 4 5 6 7
g (nm-1)

o
-
N

Figure 10. SAXS profile of an AEM with a clear phase separation.

The average distance between the ionic clusters, also known as the characteristic
separation distance (d) is calculated from the gmax and according to the Bragg's law:

d="2 (8).

The characteristic separation distance calculated from SAXS results of AEMs is
related to the distance between clusters and is affected by the molecular structures.

All the SAXS results presented in Paper I-1II were measured using a SAXSLAB
SAXS Instrument from JJ X-ray A/S, Denmark, in the g-ranges of 0.12-8 nm’
employing Cu Ko radiation with a wavelength of A = 1.542 A. The results presented
in Papers IV and V were carried out through a Xeuss 3.0 instrument (Xenocs,
France) combined with Eiger2 R 1 M 2D-detector (Dectris). X-ray source was
producing a photon beam with a wavelength of 1 = 1.34 A.

Atomic force microscopy (AFM)

The AFM images recorded in Papers II, IV, and V were obtained using a Bruker
Icon Atomic Force microscope instrument. Tapping mode analysis of the air facing
side of the membrane was performed, scanning 1 pm x 1 um areas at a scan rate of
0.498 Hz.

lon conductivity

Ion conductivity of samples in the fully hydrated state was measured between 20-
80 °C by electrochemical impedance spectroscopy (EIS), using a NovoControl high-
resolution dielectric analyzer V 1.01 S. The in-plane resistance of samples was
measured using an AC voltage with an amplitude of 50 mV at 10°-10” Hz. In order
to measure the in-plane resistance (R), the sample was quickly assembled into a 2-
probe cell, as shown in Figure 11, in a way that the two stainless steel electrodes
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were placed alongside opposite edges of the sample. The compact assembly was
placed in a Teflon holder, and degassed deionized water was added to keep the
sample hydrated. Subsequently, the cell was sealed with brass plates and plastic
SCTews.

Teflon

membrane

electrode

Figure 11: Sample cell configuration for EIS experiment.

From the measured R values at different frequencies, the conductivity of the sample
(0) was calculated by the device according to the following equation:

).
L
°TRxA4

where L is the distance between two rectangular electrodes, which is 0.8 cm, and 4
is the area of the effective cross-section of the membrane. The acquired conductivity
data from the instrument was plotted as a function of frequency, and the plateau
value was reported (Figure 12). For each AEM, at least two samples were measured.
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Figure 12. Hydroxide conductivity data of AEM as a function of frequency at a constant temperature.
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Chemical stability

In order to assess the chemical resistance of an AEM in alkaline media, the samples
were treated in aq. NaOH solutions at elevated temperatures and their chemical
structure were studied using NMR analysis to determine the degradation mechanism
and calculate the degree of degradation, specifically by ionic loss. Initially, samples
were aged at 80 °C, since it is a prevailing operation temperature for many fuel and
electrolyzer cells.'® In order to accelerate the degradation reactions for ease of
illuminating the active degradation mechanisms, in many cases, the temperature was
raised to 90 °C. Furthermore, it was found that the molarity of the alkaline solution
has a significant role in the degradation rate. Throughout the thesis, the
concentration of alkaline solution was varied between 1-10 M. The alkaline
treatment was carried out in a sealed pressure-resistant glass tube containing a
Teflon insert to prevent water evaporation and maintain the temperature and
concentration constant during the experiment (Figure 13).

Figure 13. Assembled sample holder containing a thick pressure sustainable glass tube with a
Teflon inner tube and a screw (a), the assembled holder (b), and the set up placed in a ventilated
oven (c).

After different intervals, the samples were taken out and washed with deionized
water. Then, the samples were ion-exchanged to bromide form, thoroughly washed
with deionized water, and dried at room temperature under vacuum. Subsequently,
the samples were dissolved in DMSO-ds with a small amount of TFA to shift the
residual water signal and protonate any tertiary amine resulting from degradation,
assisting the elucidation of the extent and mechanism of degradation. NMR
spectroscopy was used to evaluate the alkaline stability of the AEMs in this thesis
because it does not require much material, and it is easy to detect even low degrees
of degradation with high accuracy. Furthermore, this technique helps to study the
mechanism of degradation. The degree of degradation by specific degradation was
estimated by comparing the signal intensity of each degradation product with the
untreated sample. With the exception of Paper 1, in all papers, the thermal stability
of samples after alkaline treatments was studied by TGA as well.
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4 Summary of appended papers

This chapter summarizes the results and findings of the synthesized AEMs via
polyhydroxyalkylations included in this thesis. The chapter is divided into five parts,
each representing one article. Each part explains the motivation for polymeric
structure and a part of the properties of the corresponding AEMs.

4.1 Paper I: Poly(arylene alkylene)s with pendant benzyl-
tethered ammonium cations

There has been a discussion about the stability of the N-alicyclic QA cations
structure and ammonium groups placed at the benzylic group. An earlier study
found that DMP and ASU possess significantly higher stability in 6 M aq. NaOH
solution at 160 °C.'"> However, according to Dekel and co-workers, benzyl
trimethylammonium (BTMA) compounds may remain more stable at very low
hydration levels compared to ASU during AEMFC operation at the cathode.''> '
A previous work described that at low microsolvation levels, the basicity of
hydroxide ions is more affected by the hydration level than its nucleophilicity,
which explains why the BTMA is more stable than ASU at lower hydration
conditions.'"?

All the studies mentioned above were conducted on the molecular compounds and
not on the polymeric structure, which motivated us to design a project to investigate
how placing different QA groups at the benzylic position in the polymer structure
affects the overall stability of AEMs. For this purpose, we synthesized two ether-
free poly(arylene alkylene)s based on p-terphenyl and biphenyl, respectively, via
superacid-mediated Friedel-Crafts. Then, the benzylic positions were brominated
and subsequently utilized for incorporating various mono- and di-QAs via
Menshutkin reactions (Scheme 7). The IEC of the final AEMs was controlled by
adjusting the degree of bromination of corresponding precursor polymers. The
resulting quaternized compounds were denoted as PT-QA4-y and PB-QA4-y, where
QA denotes the cation and y is the ion exchange capacity (IEC, mequiv g!) value
of the sample in the hydroxide form, as determined via Mohr titration. In general,
the samples functionalized with alicyclic QAs displayed higher thermal stability.
For instance, the decomposition temperature for PB-TMA-2.1 was 227 °C, while
for PB-Qui-1.8, and PB-bisPip-2.2 was 255 and 299 °C.
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Scheme 7. Synthetic pathways to PT and PB functionalized with mono- and di-QA groups, respectively.
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Table 1. Properties of AEMs

IEC® WUoH, 80 c” OoH,g0°c”
Sample (mequiv.g') (Wt%) Aongoec® (mS cm™) T4,95° (°C)
PT-TMA-1.7 1.57 (1.74) 61 19 41 206
PT-Pip-1.6 1.48 (1.64) 57 19 29 225
PT-bisPip-2.15 1.90 (2.15) 104 27 113 257
PT-bisPip-2.35 2.04 (2.35) 155 36 133 256
PB-TMA-2.1 1.91 (2.11) 83 22 69 227
PB-Pip-2.0 1.80 (2.03) 79 21 66 228
PB-Qui-1.8 1.67 (1.80) 69 19 53 299
PB-bisPip-2.2 1.93 (2.19) 153 38 93 255
PB-bisPip-2.4 2.09 (2.40) 203 46 81 281
PB-bisPip-2.6 2.24 (2.60) NAd NAd NAd 246

a Calculated from IEC g, values obtained by titration (values in hydroxide form within parentheses), ®
Measured at 80 °C under fully hydrated conditions (immersed), ¢ Measured by TGA under N, at 10 °C
min ', Y AEM was very brittle and was not analyzed.

The mono-QA functionalized membranes in hydroxide form showed a moderate
water uptake; however, after tethering the di-cationic bisPip groups, the water
uptake increased dramatically because of the higher IEC values. The same trend was
also observed in hydroxide conductivity. For example, PB-TMA-2.1 showed 69 mS
cm’ hydroxide conductivity with 83% water uptake at 80 °C, while PB-bisPip-2.2,
with a similar IEC value, reached 93 mS cm™ with corresponding 153% water
uptake. The comparison of conductivity and water uptake at 80 °C as a function of
IEC is given in Figure 14.
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Figure 14. Hydroxide conductivity and water uptake of AEMs in PT and PB series at 80 °C as a
function of IEC.

There are various pathways through which AEMs may degrade in an alkaline
environment, leading to the loss of cations and ultimately decreasing the IEC and
conductivity. 'H NMR spectroscopy was used to investigate any structural changes
after the alkaline treatment of the AEMs in 1, 5, and 10 M of aq. NaOH, respectively,
at 80 °C. The spectra of samples after storage in 1 M aq. NaOH for 168 and 504 h
for two samples is given in Figure 15. After different storage times, the samples
were taken out, ion-exchanged to the bromide form, dried, and dissolved in a
mixture of DMSO-ds and TFA before 'H NMR analysis.
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Figure 15. '"H NMR spectra of PB-TMA-2.1 (a), PB-bisPip-2.2 (b) before and after storage in 1 M
ag. NaOH at 80 °C.

At all investigated conditions, nucleophilic substitution at the benzylic position was
the main degradation pathway; however, increasing the alkali concentration
triggered additional degradation pathways, such as ring-opening and methyl
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substitution reactions. The results showed that the benzylic position is highly
susceptible to nucleophilic substitution (Figure 16). In addition, a correlation
between the QA structure and the total ionic loss was found. The bulkier cation,
Qui, showed a lower degree of degradation, probably due to the partial steric
shielding of benzylic positions and the cage-shaped structure.

I Ring-opening
Nucleophilic substitution at methyl position
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Figure 16: lonic loss of the AEMs after storage in 1, 5, and 10 M aq. NaOH at 80 °C for 168 h.

4.2 Paper II: Tuning the properties of AEMs by changing the
configuration of arene

In Paper I, we investigated the influence of monomer configuration on the final
structure and the properties of the regarded membranes. Ether- and fluorine-free
hydroxide-conducting poly(quaterphenyl piperidinium) membranes with relatively
high and comparable IECs around 2 mequiv. g' were synthesized using three
isomers of quaterphenyl monomer with different configurations, p,p-, p,m-, and
m,mQP. Using quaterphenyl isomers enabled us to have a moderate IEC value
without needing to copolymerize with a co-monomer like TFAp, which has been
commonly used to regulate the IEC of poly(arylene piperidinium)s.”” '3 156
Furthermore, as the flexibility of the monomer changes, it provides the opportunity
to tune the flexibility and conformation of the backbone, thereby influencing the
properties of AEMs.

For this purpose, p,m-, and m,mQP, were synthesized through Suzuki coupling, and
together with the commercially available p,pQP were implemented in super acid-
catalyzed polyhydroxyalkylation to prepare a series of homopolymers (Scheme 8).
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Since the molecular formulas of the repeating units are identical, the IECs for all the
samples are the same, and the properties can be mainly attributed to the difference
in the configuration of polymer structures and molecular weight. We have also
investigated the possibilities of preparing copolymers containing two different
quaterphenyl isomers. Furthermore, the results were compared with the PDPF-Pip
due to the similarity between the DMDPF structure and quaterphenyl, which makes
it quite a rigid compound with a rigidity between p,pQP, and p,mQP.

Scheme 8. Synthetic pathway towards x,x-QuPip, and PDPF-Pip in Paper II.
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All AEMs showed high thermal stability with 7495 0f 256 °C or higher. Furthermore,
the intrinsic viscosity values were measured for quaternized samples dissolved in
0.1 M LiBr in DMSO at 25 °C, and the [#] values were in the range between 0.38
and 0.76 dL g (Table 2).

Table 2. Properties of AEMs

IEC? WUOH,BO °Cb O0H,80 °Cb Td,95c [n]d

AEM (mequiv. g) (Wt%) (mS cm™) MAongoec® (°C)  (dL.g”)
m,m-QuPip 2.03 (2.32) 209 178 50 305 0.41
m-QuPip 2.04 (2.34) 145 156 34 273 0.76
p,p-QuPip 2.03 (2.32) 37 96 9 276 0.54
co-QuPip 2.01 (2.30) 116 142 28 256 0.50
PDPF-Pip 1.89 (2.14) 104 124 27 318 0.38

@ Calculated from IEC g, values obtained by titration (values in hydroxide form within parentheses),®
Measured at 80 °C under fully hydrated conditions (immersed), ¢ Measured by TGA under N, at 10 °C
min -, ¢ evaluated from extrapolating s and fmto ¢ = 0.
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As shown in Figure 17, the data of hydroxide ion conductivity and water uptake of
fully hydrated membranes at 80 °C revealed the impact of structure variation on the
properties. For instance, at 80 °C, m,m-QuPip showed water uptake and hydroxide
conductivity of 209% and 178 mS cm™, respectively, while p,p-QuPip displayed
37% water uptake and 96 mS cm™ hydroxide conductivity. The other samples, p, -
QuPip, and PDPF-Pip, displayed 156 and 124 mS cm™', with corresponding water
uptake of 145% and 104%, respectively, at 80 °C. A possible explanation why m,m-
QuPip, and p,m-QuPip had significantly higher hydroxide ion conductivity and
water uptake values compared to p,p-QuPip is due to the flexibility of their
structures.
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Figure 17. Hydroxide conductivity and water uptake of AEMs in a fully hydrated state at 80 °C.

The results of alkaline stability in 1, and 2 M aq. NaOH at 80 and 90 °C and time
intervals were investigated and summarized in Figure 18. Based on polymer
structure, the primary degradation pathway is through ring opening by Hofmann -
elimination. After storage of samples in 1 M aq. NaOH at 80 °C for 360 h, only very
small and barely detectable signals from degradation products were recorded, while
after 720 h, traces of degradation were increased, with p,p-QuPip showing the
highest degradation. After treating the samples in harsher conditions of 2 M aq.
NaOH at 90 °C, the rate of degradation increased, and all the samples displayed
signs of degradation after 360 h. After 720 h, all samples also showed degradation
through nucleophilic methyl substitution. m,m-QuPip had the highest alkaline
stability with 8% total ionic loss, while PDPF-Pip showed the lowest stability with
19%. To gather further insights, the samples were subjected to the same alkaline
conditions for 2400 hours. After this period, all AEMs experienced significant ionic
loss, roughly double that observed after 720 hours, with Hofmann ring-opening -
elimination remaining the predominant degradation mechanism.
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Figure 18. lonic loss of the AEMs after storage in 1 M ag. NaOH at 80 °C (a) and 2 M aq. NaOH at 90 °C.

4.3 Paper III: The effect of alkyl spacers in the alicyclic QA

Fluorene-based monomers were chosen as the electron-rich arene domain in this
work. Fluorene is an ortho-fused tricyclic structure with a rigid planar structure,
which has two six-membered benzene rings attached to either side of a five-
membered ring. Furthermore, the two weakly acidic protons in the five-membered
ring are highly reactive in the presence of a base and can be used for modification
through Sx2 alkylation. Diphenylfluorene monomer derivatives possess a more rigid
structure than their non-phenylated counterparts, facilitating the polyhydro-
xyalkylation reaction and enabling the construction of polymers with higher chain
rigidity, which in turn reduces water uptake and swelling in AEMs.

The polymer architectures described in Paper III feature a novel molecular structure
of fluorene-based monomer tethered with piperidinium-based cations attached at the
4-position, demonstrating high alkaline stability. In previous work in our group, a
long and flexible seven-carbon alkyl chain was used to tether the cation group to the
polymer backbone.”” °° It has been reported that alkyl chains with 4-6 carbons
enhance phase separation, promote the formation of ionic clusters and percolation
channels, and facilitate fast ion transport. However, longer alkyl chains (>6 carbons)
negatively affect the alkaline stability of the cationic group and reduce the glass
transition temperature of the polymers, resulting in a softer material. Additionally,
introducing long alkyl chains in the fluorene-based monomer increases the
molecular weight of the repeating unit, thereby sacrificing the total ion exchange
capacity (IEC)."*" In this work, piperidinium-based cations are attached at the 4-
position on a diphenylated fluorene monomer via an alkylation reaction. Using
methyl bridges instead of the seven-carbon alkyl chain to tether the cationic group
reduces the molecular weight of the functionalized repeating unit, enabling better
control of the final [EC. Synthesized di-cationic monomer DPF-DHP, and non-ionic
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DMDPF were polymerized via a superacid-catalyzed polycondensation reaction
using TFAp as a ketone to produce the precursor PDPF-DHP-x series, where x
represents the mole percentage of the ionic unit in the copolymers (Scheme 9). The
precursor polymers were then quaternized with methyl iodide and 1,5-
dibromopentane to create the PDPF-DMP-/EC and PDPF-ASU-/EC series,
respectively. The effect of the methyl bridge was investigated in terms of
morphology, water uptake, thermal and alkaline stability, and ionic conductivity and
compared with previously published work.

Scheme 9. Synthetic routes and structures of cationic polymers in Paper II.
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SAXS measurements revealed that introducing piperidinium-based cations via a
methyl bridge promotes phase separation in AEMs, resulting in distinct ionomer
peaks (Figure 19a). For the PDPF-DMP-/EC series, the characteristic distance (d)
decreased as the IEC value increased. Additionally, the structure of the cationic
group also influenced the characteristic distance; for example, at similar [EC values,
PDPF-DMP-2.4 and PDPF-ASU-2.4 exhibited d values of 2.25 nm and 1.91 nm,
respectively. The presence of phase separation and ionic clustering formed a
percolating channel, leading to higher ionic conductivities.
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Figure 19. SAXS profile of PDPF-DMP-IEC series and PDPF-ASU-IEC (a) and hydroxide
conductivity and water uptake of samples at 80 °C in a fully hydrated form as a function of IEC.

The water uptake and hydroxide conductivities of the AEMs were measured, with
the results presented in Table 3 and Figure 19b.

Table 3. Properties of AEMs

IEC® WUop,g0 °c” Oon® Toes*  [PRE]
AEM (mequiv. g) (Wt%) Aohgoc® (mScm')  (°C)  (dL.g”)
PDPF-DMP-1.8 1.61 (1.80) 121 36 99 269 0.67
PDPF-DMP-2.0 1.83 (2.06) 134 36 115 246 0.69
PDPF-DMP-2.2 1.93 (2.18) 290 84 126 283 0.79
PDPF-DMP-2.4 2.13 (2.46) 490 111 153 282 0.85
PDPF-DMP-2.6 2.23 (2.59) NA NA 181 310 0.81
PDPF-ASU-2.4 2.10 (2.41) 298 64 140 335 0.81

2 Calculated from IEC g, values obtained by titration (values in hydroxide form within parentheses), ©
Measured at 80 °C in the OH™ form in the fully hydrated state, ¢ Measured by TGA at 10 °C min™" under
N,, ¢ evaluated from extrapolating freq and Nisnto ¢ = 0.

Water uptake and hydroxide conductivity showed an explicit dependency on the IEC
across all AEMs. At 80 °C, PDPF-DMP-1.8 exhibited 3.4 times lower water uptake
than that of PDPF-DMP-2.4 with corresponding 99 and 153 mS cm™ hydroxide
conductivity, respectively (Figure 19b). PDPF-DMP-2.4 showed water uptake of
490% with hydroxide conductivity of 153 mS cm™ at 80 °C and PDPF-ASU-2.4 with
similar IEC value displayed 298% water uptake with 140 mS cm™ at 80 °C. The lower
water uptake of PDPF-ASU-2.4 can be attributed to the bulkier and less hydrophilic
structure of the ASU group and lower water uptake. The hydroxide conductivity of
PDPF-DMP-2.6 was nearly double that of PDPF-DMP-1.8.
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The alkaline stability of the PDPF-DMP-IEC series and PDPF-ASU-IEC was
assessed using '"H NMR spectroscopy. The AEMs were stored in 2 M aq. NaOH for
30 days and in 5, 7, and 10 M aq. NaOH at 90 °C for 168 hours. Comparing the
changes in the '"H NMR spectra of the AEMs before and after alkaline treatment
allowed us to determine the degradation mechanisms pathway and quantitatively
calculate the ionic loss. All AEMs demonstrated high alkaline stability, showing no
degradation after 720 h in 2 M aq. NaOH and 168 hours in 5 M aq. NaOH at 90 °C.
However, at the harsher condition, 10 M aq. NaOH at 90 °C for 168 h, the samples
showed degradation. "H NMR spectra of PDPF-DMP-2.2 is given as an example
(Figure 20a). No changes were observed in the aromatic region in the 'H NMR
spectrum, indicating a high alkaline stability of the backbone. The ionic loss was
calculated by comparing the integration of newly emerged signals to that of the
entire aromatic region. The new proton signals at ~4.0 ppm (c), 4.2 (¢) ppm, and
~5.0 (d) ppm showed an integration ratio of 1:1:1, correlating with the formation of
vinylic protons, most probably through Hofmann elimination. Moreover, the
corresponding tertiary amine proton formed in Hofmann elimination gave a signal
at 9.12 (a) ppm. The new and small signal at ~8.9 (a’) ppm was correlated to the
tertiary amines formed by nucleophilic substitution. Hofmann elimination was the
dominant degradation pathway, which decreased with increasing IEC values.
Among all the samples, PDPF-DMP-2.6 showed the highest alkaline stability with
27% total ionic loss.
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Figure 20. Alkaline stability of the PDPF-DMP-2.2 membrane after 168 h storage in 10 M ag. NaOH
at 90°C (a), and total ionic loss of the PDPF-DMP-IEC series and PDPF-DMP'®" after alkaline
treatment in 10 M, aq. NaOH for 168 h at 90°C (b).

All the presented AEMs showed lower total ionic loss than PDPF-DMP, where the
piperidine-based cation group was attached via a seven-carbon alkyl spacer (Figure
20b)."”” Additionally, the number of water molecules per hydroxide ion (i.e., the A-
value) may play a role in enhancing the alkaline stability of the current AEMs, as
higher hydration levels reduce the reactivity of hydroxide ions. PDPF-ASU-/EC
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could not be dissolved in DMSO-ds and analyzed after immersion in 10 M aq. NaOH
for 168 h at 90 °C.

To conclude, introducing the alicyclic piperidine-based cationic group via a methyl
bridge to the polymer backbone can be considered a new and efficient strategy to
improve the properties of AEMs.

4.4 Paper IV: N-Spirocyclic quaternary ammonium ionene

Previously in our group, aryl ether-free spiro-ionenes were synthesized through
cyclo-polycondensation as potential anion conducting polymers to overcome low
alkaline stability issues (Scheme 10).'”> These materials displayed high thermal
stability with high IEC values. Both ionenes were stable at 1 M KOD/D,O at 80 °C
for 672 h, and Spiroionene 2 did not degrade even after storage for 1896 h. However,
they were soluble in water, necessitating blending with PBI-OO to make water-
insoluble membranes. After blending, the samples showed high hydroxide
conductivity, up to 120 mS cm™ at 80 °C for S70P30. These were in agreement with
the other work that reported high stability for the model compound of P-ASN.'*®

Scheme 10. Synthetic routes towards Spiroionenes'®? and the series of Splsx in Paper IV.
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All the mentioned results motivated us to separate the spiro-centered QA cation
along the ionene to reduce the IEC and water uptake while retaining their alkaline
stability without the need to blend. For this purpose, a dispirocyclic QA monomer,
DSpl, was synthesized by wusing the commercially available 1,2,4,5-
tetrakis(bromomethyl)benzene (4BMB) and 4-benzyl piperidine. The synthesized
monomer was reactive enough to polymerize in Friedel-Crafts type
polycondensation with isatin as a ketone. The homopolymer gave a high IEC of 3.02
mequiv g in the hydroxide form; thus, for lowering the IEC values, p-terphenyl
was used as a comonomer in the polymerization reaction to gain a series of
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copolymers with lower IEC values. Li et al. reported that methylated isatin can lead
to lower alkali absorption, leading to higher alkaline stability of the polymer by
closely retaining IEC values.''® Therefore, two copolymers were synthesized by
implementing commercially available methyl isatin in polymerization to investigate
further the effect of N-modified isatin on the properties of the membranes.

Table 4. Properties of AEMs

IEC® WUor 50 -c” OoH,s0°C” Tqe5° [n]*
AEM (mequiv.g) (wt%) (mS cm™) Aow,goc’ (°C) (dL. g™
Splis100 2.57 (3.06) 282 152 52 346 0.30
Spls60 1.93 (2.21) 148 136 35 351 0.34
Spls50 1.75 (1.96) 92 86 26 338 0.32
Spls40 1.50 (1.65) 41 56 14 342 0.43
SpMis60 1.91(2.17) 128 116 33 393 0.26
SpMis50 1.70 (1.90) 112 103 33 383 0.24

a Calculated from IEC g, values obtained by titration (values in hydroxide form within parentheses), ?
Measured at 80 °C under fully hydrated conditions (immersed), ¢ Measured by TGA under N, at 10 °C
min ', ¢ evaluated from extrapolating nes and ninto ¢ = 0.

The samples demonstrated high conductivity in both hydroxide and bromide forms.
Spls100 displayed a hydroxide conductivity of 152 mS cm™ with high water uptake
of 282% at 80 °C, while with lowering IEC to 1.65 mequiv. g in Spls40 the
hydroxide conductivity reduced to 56 mS cm™ at the same temperature with 41%
water uptake. The same trend was observed in bromide conductivity, where Spls100
displayed the highest conductivity of 53 mS cm™, and the value was reduced by
decreasing the IEC in copolymers (Figure 21).
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Figure 21. Hydroxide and bromide conductivity as a function of T-' (a, b), and hydroxide conductivity
as a function of water uptake.
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The ring system contributed to high thermal stability, with all samples displaying
decomposition temperatures (749s) above 338 °C. In alkaline stability tests at 1 M
aq. NaOH at 80 °C, the samples exhibited high stability with barely detectable signs
of degradation in '"H NMR; however, their stability decreased in 2 M NaOH at 90
°C. Among the three tested samples, Spls100 had the highest stability with only 3%
total ionic loss, while SpIs60 had 7%, and SpMIs60 showed the lowest stability with
17% ionic loss. Since TGA has a high sensitivity to any changes in the structure of
the main backbone and ionic content, it was used to further investigate the alkaline
stability of the samples after an alkaline stability test in 1 and 2 M aq. NaOH at 80
and 90 °C, respectively. As shown in Figure 22, TGA traces of Spls100 after
alkaline treatments roughly coincided well with the pristine sample.
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Figure 22. '"H NMR spectra of Spls100 in 1 and 2 M aq. NaOH at 80 and 90 °C, respectively, for
720 h (a), and TGA traces of samples before and after alkaline treatment in 1 and 2 M aq. NaOH at
80 and 90 °C for 720 h.

4.5 Paper V: zwitterionic poly(terphenylene quinuclidinium)

The molecular design and synthesis of zwitterionic polymers, which feature both
cationic and anionic groups in the same side chain, represent a promising approach
for enhancing the overall properties of IEMs.'>* 18! These polymers offer a
platform that combines the benefits of both PEMs and AEMs, leading to increasing
interest in their application across various fields.'®” '°' Typically, the high ionic
content of zwitterionic polymers results in excellent ionic conductivity, while ionic
crosslinking, facilitated by electrostatic interactions between the cationic and
anionic groups, helps control water uptake.'®" '®* Building on our previous work
with zwitterionic poly(terphenyl piperidinium)s, which demonstrated high alkaline
stability in 1 M aq. NaOH at 80°C, we synthesized a zwitterionic monomer based
on quinuclidinium, zwQui (Schemel1)."**
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Scheme 11. Synthetic routes towards zwQui and zwQuix% in Paper V.
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This monomer was directly used in polymerization with varying ratios of zwQui
and 3-quinuclidinone hydrochloride to adjust the ionic content. The resulting
polymers were fully quaternized through methylation of the tertiary amine. The
quaternized copolymers were then cast into membranes, and their properties,
incorporating both cationic and zwitterionic groups, were evaluated and compared
to those from our earlier project.'> The properties of the samples are given in Table
5.

Table 5. Properties of AEMs

IEC® WUo? Gon® Taos®  [n]? (dL.
AEM (mequiv. g) (Wt%) (mS cm™) Aon,0-c” (°C) g’)
zwQui10% 2.12 (2.45) 143 139 32 350 0.35
zwQui30% 1.95 (2.23) 118 108 29 367 0.31
zwQui40% 1.83 (2.08) 94 100 25 373 0.45

aCalculated from IEC g, values obtained by titration (hydroxide form within parentheses), > measured at
80 °C under fully hydrated conditions (immersed), ¢ measured by TGA under N, at 10 °C min ',
evaluated from extrapolating r,es @and ninnto ¢ = 0.

These samples demonstrated an ion exchange capacity of 2.08 to 2.45 mequiv. g!
in hydroxide form, achieving high conductivity (100 to 139 mS cm™) and water
uptake ranging from 94% to 143% at 80 °C (Figure 23). As the zwitterionic content
increased, the water uptake and conductivity decreased, probably as a result of
decreasing IEC and increasing ionic crosslinking.
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Figure 23. Hydroxide conductivity (a), and water uptake (b) as a function of T-' and temperature,
respectively.

All samples showed no sign of degradation at 2 M aq. NaOH at 90 °C (Figure 24).
For further investigation, the samples were placed at 5 M aq. NaOH at 90 °C for 168
h, and they showed high stability with no detectable sign of degradation. Thus, the
samples were tested in harsher conditions at 10 M aq. NaOH at 90 °C for 168 h, and
they started to show degradation through nucleophilic substitution at the alkyl
group. The alkaline stability of PTPzw30Q was also investigated in the same
conditions as zwQuix%, and it was revealed that the latter has much lower alkaline
stability. For instance, PTPzw30Q showed 63% degradation through Hofmann
elimination and 11% through nucleophilic substitution;, however, zwQui30%
showed 4% degradation through nucleophilic substitution. These results show high
alkaline stability for zwQuix% samples, likely attributed to the cage-like structure
of the bicyclic quinuclidinium cation, which effectively reduced ionic loss by
increasing the transition state energy required for the ring distortions, thereby
decreasing degradation pathways such as Hofmann B-elimination.
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Figure 24. Alkaline stability of the zwQui30% membrane after 168 h storage in 5 and 10 M aq. NaOH
at 90 °C (a), and total ionic loss comparison with PTPzw30Q'> after alkaline treatment in 2 M, aq.
NaOH for 720 h and in 5, and 10 M, aq. NaOH for 168 h at 90 °C (b).
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5 Conclusion and outlook

5.1 Conclusion

This thesis mainly focused on preparing ether-free polymeric structures through
superacid-mediated polyhydroxyalkylation. This method is an efficient way to
synthesize high molecular weight polymers with precisely defined structures. In
superacidic media, the reaction between ketones and arenes demonstrates broad
compatibility with a wide range of monomers, allowing for the fabrication of
polymers using both commercially available and newly designed monomers. In
total, 29 AEMs were synthesized, the membranes were cast, and the different
properties were characterized.

Most of the previously published papers that investigated the alkaline stability of
benzylic tethered QA were based on monomers, which inspired us to design the first
paper. In Paper I, the placement of QAs on the benzylic positions of ether-free
polymer structure and its effects on the alkaline stability were investigated. It was
found that the stability of QA tethered at benzylic positions is not only dependent
on the structure of QA but also depends on the alkaline concentration, since at lower
concentrations, the degradation mainly involved nucleophilic substitution at
benzylic sites, while higher concentrations triggered additional pathways, like ring-
opening and methyl substitution. In Paper II, the influence of arene configuration,
quaterphenyl, on the different properties of AEMs without altering the IEC was
investigated. Increasing the proportion of meta-connectivity showed a gradual
increase in ionic clustering, water uptake, and hydroxide conductivity in the AEMs.
In Paper 111, it was found that tethering dual DMP groups via a methylene spacer in
fluorene monomer could significantly improve the alkaline stability of AEMs.
Furthermore, the IEC was tuned by controlling the monomer feeding ratio of
cationic and non-ionic monomers, which affected conductivity and water uptake.
The high alkaline stability reported for Spiroionenes, motivated the synthesis of a
dispirocyclic QA monomer, DSpl, as the arene to be polymerized with isatin for
Paper IV. The IEC of the polymer could be tuned through copolymerization with a
non-ionic monomer. The samples showed acceptable stability in 1 M aq. NaOH,
however, at 2 M aq. NaOH showed degradation. The high alkaline stability of
quinuclidone inspired the synthesis of a series of zwitterionic polymers with
precisely controlled ratios of cationic and zwitterionic groups in Paper V. The
membranes exhibited high hydroxide conductivity, which decreased as zwitterionic
content increased due to reduced water uptake and IEC value while showing high
alkaline stability.
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5.2 Outlook

While this thesis does not include in-situ evaluation data, some ex-situ data showed
potential for future testing in WEs and FCs. There are some points to be considered
for further development in the future. Reducing membrane thickness to 5-30 pm
could enhance water management and device longevity, especially for FCs. Future
development should explore diverse polymeric structures based on more stable
cationic groups like quinuclidinium, improve mechanical properties through
reinforcements, and optimize polymerization to increase the molecular weight of
polymers. Additionally, continued focus on stability and conductivity development
will likely improve durability, ultimately leading to viable commercially available
options.
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