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1. Introduction

1.1. Hydroxide exchange membranes for fuel cells

Global warming, caused by too high levels of atmospheric carbon dioxide, is
currently one of the most serious issues the world is facing. In order to reduce the
emission of carbon dioxide, extensive efforts have in the last decades been invested
in developing methods to replace fossil fuels with more sustainable and
environmentally friendly energy sources, including wind power, solar power and
biofuels.'"> Many electrochemical devices, such as redox flow batteries,”” water
electrolyzers'™® and fuel cells (FCs)* " are required to efficiently use these
intermittent energy sources by converting and storing the energy produced. Ion
exchange membranes (IEMs) are currently widely employed as separators in these
devices.'* % As key components, they will directly or indirectly affect the
performance and life-time of these devices. Hence, the IEMs must be tailored to
satisfy the specific requirements set by the application.

IEMs are semipermeable membranes that conduct specific ions but prevent the
cross-over of gases.”* IEMs can be classified based on the nature of the ions conducted
into two main types: anion exchange membranes (AEMs) and cation exchange
membranes. As the names imply, AEMs facilitate the transport of anions while
cation exchange membranes facilitate the transport of cations.** In this thesis work,
AEMs in the specific hydroxide form are referred to as hydroxide exchange
membranes (HEMs) and cation exchange membranes in the proton form are
denoted proton exchange membranes (PEMs).

The focus of this thesis work has mainly been directed toward the development of
HEMs for application in FCs. Therefore, this section gives a brief introduction of
these devices and their requirements on the HEMs applied.

1.1.1. The fuel cell

History

The first FC prototype was studied as early as 1839 and was named “gas voltaic
battery” by its inventor, Sir William Robert Grove.”? This early prototype
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Figure 1. Schematic representation of a cell in Grove’s gas voltaic battery

consisted of two platinum electrodes and diluted sulfuric acid electrolyte. The
electrodes were immersed in the electrolyte at one end and separately sealed in glass
tubes containing oxygen and hydrogen at the other end (Figure 1). With this
arrangement, Grove discovered that he could generate a constant electrical current
between the electrodes and the liquid rose in both glass tubes. The electrical current
generated by Grove’s fuel cell was low and thus did not have much practical
significance at the time.

A major advance in fuel cell technology development came much later, around the
mid-1900s. In August 1959, Francis Thomas Bacon demonstrated the first useful
fuel cell system that consisted of 40 cells and could reach up to 5 kW.*” Bacon’s cell
was the earliest version of an alkaline fuel cell (AFC), a FC that has an alkaline as
opposed to an acidic electrolyte. An improved version of the AFC was later employed
to power the Apollo space vehicle.”® The space programme in the late 1950s and
early 1960s played an important role in the development of fuel cells. The proton
exchange membrane fuel cell (PEMFC) was also born during this period. An early
version of the PEMFC, invented by Willard Thomas Grubb and refined by Leonard
Niedrach, was used in the Gemini space program in the mid-1960s.”

In recent years, fuel cells have received renewed interest due to their potential as
environmentally friendly alternatives to for instance internal combustion engines
(ICEs). In an ICE, the fuel is directly oxidized by oxygen in a combustion chamber
to generate thermal energy, which is further transformed into useful mechanical
energy.”” Under ideal conditions, the thermal efficiency of ICEs is limited by the
Carnot cycle, but in reality, the efficiency of ICEs is even lower due to factors such
as incomplete combustion, energy loss as heat, friction, etc.”® The efficiency of a
typical gasoline combustion engine used in a car is about 20%.%'** Meanwhile, FCs
continuously convert chemical energy stored in fuels directly into usable electrical
energy at a high efficiency up to 65%. FC systems that co-generate electricity and
heat can reach even higher overall efficiencies, up to 90%.% Furthermore, FCs have
a high potential to utilize renewable energy sources such as hydrogen, methanol and
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ammonia instead of the fossil fuel. The use of FCs also reduces the release of
pollutants such as CO, NO, and hydrocarbons formed as by-products in ICEs.**

Fuel cell types

FCs can be classified based on the type of electrolyte used. Several types of FCs are
listed below:

e AFC: The electrolyte is a liquid alkaline solution. AFC is one of the earliest
developed FC systems.?

e DPEMFC: The electrolyte is a PEM. Currently, the most commonly used
PEM in PEMFC:s is Nafion®, a sulfonated perfluorinated polymer (Figure
2). PEMFCs are already commercialized as a power source for various
vehicles, mobile devices and military equipment.'® 374

—[~CF—CF2+CF—CF2?—I~
\0 XIn

“CF;—CF=0-CF;~CF,~SO:H
CF3

Figure 2. Chemical structure of Nafion®

e HEMEFC: The electrolyte is a HEM. The development of alkali-stable
HEMs for application in FCs is the focus of this thesis work. This type of
FC is also called alkaline anion exchange membrane fuel cell (AAEMFC) or
just anion exchange membrane fuel cell (AEMFC) in the literature.”

e Solid acid fuel cell: The electrolyte is an inorganic solid acid material, e.g.

CsHSOy or CsH,PO,. 44

e Phosphoric acid fuel cell (PAFC): The electrolyte is phosphoric acid. PAFC
usually operates at ~150 — 200 °C.*

e Solid oxide fuel cell (SOFC): The electrolyte is a solid non-porous ceramic
that can conduct oxide ions (O*"). SOFCs operate at very high temperatures
(800 - 1000 °C). 74

Working principles

When Grove first introduced his “gas voltaic battery”, the first FC prototype in the
1800s, it stirred up a debate within the scientific community over how it worked.
Thankfully, the working principles of an FC is no longer a mystery for the scientist
nowadays. FCs generate electricity by splitting the redox reaction between fuel and
oxygen into two separated half reactions at the anode and cathode.*® As an example,
the conversions of hydrogen under acidic and alkaline condition in a PEMFC and
HEMEC are shown in Figure 3a and b, respectively.” A catalyst is necessary to lower
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the activation energy and enable the reactions at both the cathode and anode. Thanks
to the electrolyte that separates the two electrodes and allows only one type of ion to
be transported through it, a potential is built up between the electrodes. The
theoretical open circuit potential is low and depends on the fuel type. When H, is
employed, the maximum cell potential is ~1.23 V. This value is ~1.18 V for
methanol. The actual voltage is in reality even lower and will drop with increasing
current density. In order to reach sufficient output voltage, the FCs are assembled in
series in an FC stack.*

Advantages and disadvantages of PEMFCs, AFCs and HEMFCs

b) Hydroxide exchange membrane
fuel cell (HEMFC)

ey

a) Proton exchange membrane
fuel cell (PEMFC)

0

Cathode (reduction) Cathode (reduction)

02+4H++4e_—>2H20 0,+2H,0 +4e — 4 0OH"

I
|
|
|
|
|
|
|
|
|
H,=>> ﬁ Z <=o, l Hye=> ﬁ & <=0,
L o — : —— e @ —
H* I OH-
» L | = Lo
H, e < 0, : H, - 2
H* | OH-
mp | <=
|
H,O|== : <¢=H,0
|
PEM — ! S
H0 == | <= H,0 HEM <= H,0
|
Am/)de C;thode : An(/>de C;thode
Anode (oxidation) I Anode (oxidation)
|
2H,—4H*"+4e | 2H,+40H —4H,0 +4c
E°=0000V | E°=-0828V
|
|
|
|
|
|
|

e E°=1229V , B = _040LV_
Overall reaction: 2H,+ O, — 2H,0  E°=1229V

Figure 3. Schematic illustration of a PEMFC (a) and an HEMFC (b) and the reactions taking place
when hydrogen gas is used as a fuel.
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As can be seen in Figure 3, provided that the fuel type is the same, the overall reaction
and cell potential are identical for both types of fuel cells. However, the specific half
reactions and their reaction potentials differ due to the dissimilarity in pH. The
necessity of using the scarce and expensive Pt catalyst for the reactions under acidic
condition severely limits the availability and increases the cost of production of
PEMEFCs, thereby impeding the wide commercialization of this type of FC. In
comparison, FCs operating under alkaline conditions have the advantage of a more
facilitated oxygen reduction reaction (ORR) which enables a wider choice of catalyst,
e.g., Ag, Co, Fe and diverse inorganic oxides.”’

An AFC comprising a liquid alkaline solution as the electrolyte was the first fuel cell
system operating under alkaline conditions. In comparison with PEMFCs, AFCs
have some disadvantages. The first and most important disadvantage is that the
liquid alkaline electrolyte readily absorbs CO, (from the air supply) to form
carbonates:*’

ZOH_ + C02 —» CO32_+ HzO
OH + CO, —» HCO;

This consumes hydroxide ions and consequently decreases the cell current. More
seriously, it also leads to carbonate precipitate, which can block the electrodes and
prevent gas diffusion. Another disadvantage of the AFCs is the higher risk of leakage
of the very corrosive liquid electrolyte in comparison with the solid polymeric
electrolyte in PEMFC.”

Therefore, an HEMFC that combines the advantages of alkaline operating
conditions with a solid polymeric electrolyte seems to be an ideal system. However,
the HEMEFC technology is currently not as well-developed as PEMFC. One of the
main issues hindering the development of HEMFC:s is the lack of a high-performing
HEMs suitable for application in FCs. In the next section, the specific requirements
for HEMs in FCs and the main challenges of their development is discussed.

1.1.2. Hydroxide exchange membranes-requirements and challenges

Requirements

As already mentioned above, to be used as an electrolyte in FCs, the HEM must
maintain an efficient transport of hydroxide ions from the cathode to the anode, but
at the same time still ensure the separation of the electrodes. Therefore the HEM
must fulfill the following requirements:*> '

e High hydroxide conductivity

e High mechanical, thermal and chemical stability



e Low fuel and gas permeability

Furthermore, for practical use, HEMs should be able to be readily produced on a
large scale and at low cost.

Challenges

In the infancy of the field, the low hydroxide conductivity and the low
thermochemical stability were considered the two main challenges for the
development of HEMs for FCs.”> > HEMs generally have a lower conductivity in
comparison with PEMs with similar ion exchange capacity (IEC) due to two reasons:

e Hydroxide ions have a lower mobility than protons. In a dilute solution at
25 °C, the mobility of hydroxide ions is approximately 1.8 times lower than
that of protons.®

e HEM:s and PEMs typically consist of hydrophobic polymeric backbones
tethered with ionic groups. The cationic groups of HEMs generally have a
lower level of dissociation than the anionic groups of PEMs.

However, the concern about the low level of dissociation of hydroxide ions might be
overstated. At high water contents, the transport coefficients of hydroxide ions in
HEMs approach those in pure water, suggesting complete dissociation.”” The
difference in degree of ionic dissociation between HEM and PEM is however more
prominent at low water contents.”®” The reason for this behavior is the less
developed phase-separated nano-morphology in HEMs. The formation of
hydrophilic/ hydrophobic phase separation in a HEM is much more challenging
than in for instance Nafion, because the hydrophobicity of the hydrocarbon polymer
backbone of HEMs is generally lower than that of the fluorocarbon backbone of
Nafion.”” In addition, in HEMs, the cations are often connected to the polymer
backbone via short side chains which do not assist in the ion cluster formation as
effectively as the rather flexible side chains in Nafion.®*7*

The most straightforward solution for the low conductivity problem is to increase
the IEC of the HEMs. This has two positive effects on the hydroxide conductivities
since an increase in IEC will increase not only the concentration of cations, but also
the uptake of water, which is necessary for the formation of the conducting
percolating water-rich channel system. However, this strategy must be adopted with
care, because extensive water uptake causes dilution of cations and consequently
decreases the conductivity.”” Furthermore, a too high water uptake will lead to a high
degree of swelling and deterioration of the mechanical properties.””’* Another
plausible method to enhance the hydroxide conductivity without sacrificing the
mechanical integrity is by promoting phase separation by extending the links
between the cations and polymer backbones. This is however a significant challenge
for polymer synthesis, which calls for new synthetic methods. By combining both



methods, many research groups have succeeded in producing HEMs with
conductivities exceeding 100 mS cm™ at 80 °C, which is needed for a high FC current
density.** 7586

The other major challenge, i.e., the low thermochemical stability of HEMs in the
working conditions at high pH, might be more difficult to overcome. The highly
nucleophilic hydroxide ions readily attack both the cations and the polymer
backbone of HEMs. Depending on the chemical structure of the cations, they can
degrade via a number of different degradation pathways. For example, quaternary
ammonium (QA) cations can degrade via Hofmann elimination,”* nucleophilic
substitution,”””" Sommlet Hauser rearrangement and Stevens rearrangement

+ H-OH

Scheme 1. Some degradation pathways of QA cations, including nucleophilic substitution at benzyl (a)
and methyl (b) positions, Hofmann elimination (E2) (c), Elcb elimination (d), Sommlet Hauser
rearrangement (e) and Stevens rearrangement (f).



(Scheme 1).”2”* Regarding the polymer backbone, the cleavage of the aryl ether bond
is the main degradation mechanism for many polymers including poly(arylene ether
sulfones) (PAES) and poly(p-phenylene oxide) (PPO) (Figure 4a and Figure 4b).”
"% Consequently, polymers free from aryl-ether linkages, such as poly (arylene
alkylene)s (PAAs), polyphenylenes and fluorene-based polymers (Figure 4c-f) are

more suitable backbones for HEMs. 7879 101-105

In addition, the combination of alkali-stable cations with an alkali-stable backbone
does not necessarily result in an alkali-stable HEM.”" 117 Therefore, the alkaline
stability of the cations and backbone cannot be treated separately but must always
be evaluated together. In the search of alkali-stable HEMs, various strategies have
been used, including but not limited to employment of 3-hydrogen-free cations and
an ether-free backbone, utilization of steric protection,'*!"
restriction,”> 8?1 11113 resonance and inductive effects.’”® '*'2° These strategies are
discussed in more detail in the following section.

conformational

aryl-ether linkage aryl-ether linkage
susceptible to cleavage susceptible to cleavage
a .\ / b) |
O OA0o), °)
o n n
PAES PPO

c) Ri R

Ve Ve

PAA

S0,

Polyfluorene

Fluorene-phenylene-based polymer

Figure 4. Some examples of polymer backbone for HEMs, including a PAES (a), a PPO (b), a PAA (o),
a polyphenylene (d), a polyfluorene (e) and a fluorene-phenylene-based polymer (f).



1.2. Strategies to improve alkaline stability

1.2.1. The cationic groups
Quaternary ammonium cations

Table 1.Half-lives of some QA cations in 6 M NaOH at 160 °C

QA cation  Abbreviation Half-life [h]

|
PN TMA 61.9
|
/,Nt/ ETM 2.8
|
,,N:/\ PTM 33.2
|
/,N% NTM 20.7
NT
AN BTM 4.18
/
@N\ DMPy 37.1

(N DMP 87.3

E:N:j ASD 28.4
GNQ ASU 110

QA cations are the most frequently used and extensively studied cations for HEMs
due to their synthetic accessibility and inexpensive starting materials. The Hofmann
elimination (Scheme 1c and d) has generally been considered the main degradation
mechanism for most QA cations.”>”" Consequently, a common strategy to achieve
alkali-stable HEMs is to employ QA cations that lack B-hydrogens and cannot
degrade via this pathway. However, in the absence of Hofmann elimination, other
degradation  mechanisms  usually become  prominent. For  example,
benzyltrimethylammonium (BTM) degrades readily via nucleophilic substitution at
the benzylic position to form benzyl alcohol and trimethylamine (Scheme 1a).
Similarly, neopentyltrimethylammonium (NTM), which contains no B-hydrogens,
decomposes even more rapidly than propyltrimethylammonium (PTM), which




contains two B-hydrogens (Table 1). The mechanism of degradation of NTM is
complex, with major degradation products arising from Sx2 attack/ylide formation
but other minor unidentified degradation products have also been detected.?””!

Despite the concern about more facile Hofmann elimination, the introduction of
longer alkyl spacers between QA cations and the polymer backbone can actually
improve the alkaline stability of both QA cations and the polymer backbone. A study
on small model compounds by Marino and Kreuer revealed that, while
ethyltrimethylammonium (ETM) cations are unstable under alkaline conditions, the
alkaline stability improved significantly when the length of the alkyl chain was
extended to 3 or 6 carbon atoms.” This behavior might be a result of both the
induction effect and steric shielding by the long alkyl chain. However, the stability
dropped again when the alkyl chain was further extended to contain 8 carbon atoms
or more (Figure 5), suggesting that the mechanism is more complex.”" Nevertheless,
a number of recent studies have proven that implementing long alkyl spacers is a
viable strategy to design and prepare alkali-stable HEMs, 7779 101102, 111, 114, 121-122

I
60 N

I+’ .

Half-life (h)

0 2 4 6 8 10 12 14 16
Chain length (number of carbon atoms)

Figure 5. Half-life of different trimethylalkylammonium cations in 6M aq. NaOH solution at 160 °C
as a function of the alkyl chain-length.”!

Introducing substitution groups at o and 3 positions is another approach to alkali-
stable QA cations. The increased steric hindrance at these positions can prevent the
nucleophilic attack of hydroxide ions, therefore reducing Hofmann elimination via
the E2 mechanism (Scheme 1c). However, the presence of quaternary and tertiary
carbons may enable other degradation mechanisms, e.g., Elcb elimination (Scheme

1d).”

A strategy that has proven effective in reducing the degradation of QA cations in
alkaline conditions is conformational restriction. The two major degradation
pathways via E2 and the Sx2-mechanism proceed via the formation of transition
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state complexes with specific bond angles (Scheme 1la-c). Consequently, the
formation of the transition state complexes for alicyclic QA cations, such as
dimethylpiperidinium ~ (DMP),  dimethylpyrrolidinium  (DMPy), 5-
azaspiro[4.5]decan-5-ium (ASD) and 6-azaspiro[5.5]undecan-6-ium (ASU),
requires a significant deformation of the stable 5- and 6-membered rings, leading to
an increase in activation energy and stability. The remarkable alkaline-stability of the
alicyclic QA cations mentioned above was reported in a seminal work by Kreuer and
Marino.” Amongst the 26 QA cations investigated in the study, ASU and DMP had
the longest half-lives of 110 and 87.3 h, respectively, in 6 M aq. NaOH at 160 °C.
Under the same conditions, DMPy and ASD, showed half-lives of 37.1 and 28.4 h,
respectively and were less stable than TMA (61.9 h) but still more stable than BTM
(4.18 h) (Table 1).

The most straightforward pathway to incorporate alicyclic QA cations into HEMs
is via Menshutkin reactions of methylpiperidine or methylpyrrolidine with a benzyl
or alkyl halide. The alicyclic QA cations are then connected to the polymer backbone
via substitution at the 1,/V-position (Scheme 2). Even though an improvement in
alkaline stability was observed,” the hydroxide ions can still attack the labile benzyl
carbon or the anti-periplanar B-hydrogens in the alkyl chain. A more ideal approach
to utilize the conformational restriction of the alicyclic QA cations is to attach them
to the polymer via the 3- or 4- position instead. This is, however, quite a challenge
from a synthetic point of view.

susceptible to

more desirable benzylic substitution

attaching positions >/:Br o \ €>

susceptible to Hofmann

N
attaching position / | \ / elimination
achieved via §—\_ é \ : >
IN+

Menshutkin reactions Br

Scheme 2. Menshutkin reactions of N-methylpiperidine with benzyl or alkyl bromide, respectively.

Imidazolium

In addition to QA cations, different /N-based cations have also been actively
investigated as potential cationic groups for HEMs. Amongst these, imidazolium
and benzimidazolium-based cations are the most promising candidates. Imidazolium
cations without substituents at the C2-positions (Scheme 3, R,=H) are unstable
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Scheme 3. Degradation of imidazolium cations via ring-opening (a) and dealkylation (b).

under alkaline conditions and can decompose via ring-opening (Scheme 3a) or
dealkylation (Scheme 3b). The introduction of bulky substituents at the C2-position
sterically protects the cations against nucleophilic attack at this position, thus
preventing ring-opening degradation. Long alkyl chain substituents at the N1- and
N3-positions have been reported to suppress dealkylation. A number of
poly(benzimidazoliums) and poly(arylimidazoliums) with high alkali stabilities have
recently been reported to give promising results in fuel cell testing.'*'*¢

1.2.2. The backbone polymers

The polymer backbones are not only responsible for the structural integrity and
mechanical strength, but also have a substantial impact on the chemical stability of
HEMs. The chemical degradation of the backbone is a significant issue as it can lead
to cleavage of polymer chains and a decrease in the molecular weight of the polymer.
This might eventually result in membrane breakage and collapse/failure of the
device. Various polymers, including PAES, PPO, polyphenylene and PAAs, have
been employed as backbone for HEMs (Figure 4). Recently, Bae and Mohanty et al.
performed a systematic study to investigate and compare the alkaline stability of nine
representative polymer structures. Among these, PAESs were found to have the
lowest alkaline stability, followed by PPOs. The main degradation pathway for these
polymers was aryl ether bond cleavage.”® While both non-functionalized PAES and
PPO are quite stable at high pH,'* the presence of the strong electron-withdrawing
cationic groups in close proximity to the aryl ether bond significantly accelerated its
cleavage. Thus, one strategy to improve the alkaline stability for the polymer
backbones would be to attache the cations via long alkyl chains instead of the short
methylene link as in the widely used benzyltrimethylammonium cation. Another
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strategy is to employ aryl ether-free polymers, such as poly(phenylene)s and PAAs
instead. Both strategies have been successfully employed to prepare alkali-stable
HEMs.

1.3. Overview of the thesis work

Molecular

J
Thermal &

Preparation &
Alkaline stability ) /\yz¢er uptake & Morphology
Conductivity

Figure 6. Research methodology to develop HEMs for fuel cells.

The main goal of this thesis work is to synthesize alkali-stable polymers and HEMs
suitable for application in HEMFCs. Based on previous knowledge acquired from
the literature and own research, each project in this thesis started with the molecular
design of the cationic polymers. The designed polymers were synthesized and HEMs
were prepared and characterized with regard to their morphology, water uptake,
hydroxide conductivity, thermal stability and alkaline stability. The results provided
new knowledge about the structure-property relationships of the HEMs and
contributed to further development (Figure 6).The alkaline stability of the HEMs
was the main focus and the first consideration in the molecular design, followed by
hydroxide conductivity and water uptake.

Inspired by the promising results reported by Marino and Kreuer regarding the
highly alkali-stable alicyclic QA cations, these cations were selected as cations for
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Figure 7. The alicyclic QA cations employed as cations for HEM:s in this thesis work.

HEM:s throughout this thesis work (Figure 7). The influence of the structure of the
cations on the stability of HEMs was also investigated.

In comparison, the choice of polymer backbones is usually less straightforward as
each polymer type has its own advantages and disadvantages. Therefore, throughout
this work, different polymers, namely PAES, spiro-ionene and PAA (Figure 8) were
utilized as the polymer backbone and their influence on the properties of the
resulting membranes was explored.

~O$+O- 0y, KOO

PAES Spiro-ionene

Figure 8. Representative structures of the polymer backbones studied in this thesis work.

Another factor that can affect the alkaline stability of the HEMs is the placement of
the cations along the polymer backbone. Here, three different polymer architectures
were explored as shown in Figure 9. Representative chemical structures of the
resulting polymers are summarized in Figure 10.

a) b) c)

Figure 9. Schematic illustration showing the three polymer architectures employed. The cations were
incorporated in the polymer backbone (a), attached directly on the polymer backbone (b) or connected
to the backbone via spacers (c).
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Figure 10. Representative structures of the cationic polymers synthesized in this thesis work.
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2. Experimental methods

This chapter introduces the main experimental methods employed throughout the
thesis. It is divided into two parts with different focus. The focus of the first part is
on the cationic polymer; the various strategies employed to synthesize the polymers
and the methods used to characterize them. The second part will cover the general
methods for fabricating and characterizing the HEMs based on these polymers.

2.1. Polymer synthesis and characterization

2.1.1. Backbone polymers

Poly(arylene ether sulfone)s

PAESs possess superior properties such as high thermal and hydrolytic stabilities, an
elevated chemical resistance, decent electrical and mechanical properties, as well as
flame retardancy. Thus, they are widely used as high-performance polymers in
biomedical, electrical, food-processing and other applications that require a high-
temperature tolerance.'”"?! Sulfonated PAESs have been employed as PEMs in both
hydrogen/air and direct methanol fuel cells instead of the bench-mark Nafion. Many
PAES membranes have displayed similar or even better performance than Nafion."?"
"% Commercial PAESs were developed as early as in the 1960s independently by the
3M Corporation, the Union Carbide Corporation, and the plastics division of ICI."**

OOt OO OO

Udel Radel R
g 2 9 Q
HOFOF  HOFOO OO
o o o o
Victrex PES Victrex HTA

Figure 11. Some examples of commercial PAESs.
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Nowadays, a wide variety of PAESs are commercially available under different
trademarks; e.g. Udel, Radel, Victrex, Astrel (Figure 11).'”

There are two main synthetic routes to PAESs: polysulfonylation and
polyetherification.”™ In polysulfonylation, the sulfonyl linkages are formed in
Friedel-Crafts type reactions of aryl sulfonyl chlorides and aromatic substrates
(Scheme 4). The aryl sulfonyl chlorides first form aryl sulfonyl cations, which
subsequently carry out electrophilic attacks on the aromatic substrates. Since the
attacks can happen at both o- and p-positions, the PAESs synthesized by this route
have a less defined structure and can be branched (Scheme 4).

\\//

”“//@ —G,

ortho

acid
§—©—soz—C| - @—

Scheme 4. Synthesis of PAESs via polysulfonylation.

The second route, polyetherification, can proceed without this complication and was
chosen as the method for synthesizing PAES backbones in the present work. A
polyetherification is a typical nucleophilic aromatic substitution (SnAr) reaction,
where the halogens in activated aryl chlorides or aryl fluorides are displaced by
phenolate anions (Scheme 5). The aryl fluorides are generally more reactive than aryl
chlorides, but are also more expensive. Therefore, 4,4’-dichlorodiphenyl sulfone was
the reactant of choice for the PAES synthesis herein. The phenolate anions were
produced 77 situ by addition of K;COj together with the diphenols bisphenol A and
tetramethylhydroquinone.

The solvent is another important parameter that strongly influences the efficiency of
the polymerization. The solvent for polyetherification must be able to dissolve both
the reactants and the growing polymer chain without leading to side reactions.
Hence, polar aprotic solvents such as dimethylsulfoxide (DMSO), N,N-
dimethylformamide, /V,N-dimethylacetamide (DMAc) or N-methyl-2-pyrrolidone

R R R R
0:S:0 0:$:0 0:S-0~ 0:S:0
Ar-0— !
¥ Al'\o X Ar\o X X )
Ar”
X=CL F

Scheme 5. Reaction mechanism of polyetherification (SnAr).
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(NMP) are most suitable. The solvent must be polar in order to solvate the phenolate
ions and aprotic to avoid the solvolysis of the phenolate.’”” The presence of water is
undesirable because water limits the conversion and consequently the molecular
weight of the PAES. Water was therefore removed by azeotropic distillation of the
reaction mixture using toluene. In order to enhance the solubility of the phenolate
and the reaction rate of the polymerization, the temperature of the reaction was kept
high. The temperature is however limited by the thermal stability of the reactants
and the boiling point of the solvent.

Spiro-ionenes

The spiro-ionene backbones are quite unique as the cations are directly incorporated
in the backbone. The synthesis of a spiro-ionene with unique rod-like structure
(Figure 12) was reported by Miillen et al. in 1990."%® The polymers are formed by
cyclo-polycondensation between diamines and 1,2,4,5-tetrakis(bromomethyl)
benzene. The cyclo-polycondensation reaction is in fact a series of consecutively
repeated cycloquaternization reactions, which will be further discussed in Section
2.1.2.

fees;

Figure 12. An ionene with a spirane structure.'?

Poly(arylene alkylene)s

The ether-free PAA backbones were synthesized by Friedel-Crafts type
polyhydroxyalkylations. The Friedel-Crafts hydroxyalkylation reactions are widely
used in the synthesis of organic compounds. For example, bisphenol A is synthesized
by a Friedel-Crafts hydroxyalkylation between acetone and phenol.'” In a typical
Friedel-Crafts hydroxyalkylation, an electron-rich arene, activated by electron-
donating groups, is condensed with a ketone or aldehyde in an acidic medium. By
employing a super acidic medium, even non-activated arenes can be used in reactions
with electron-poor aldehydes or ketones. The reaction is highly efficient and can be
used to synthesize polymers with high molecular weight. Recently, it has been
recognized as one of the few routes to ether-free polymer backbones.” 7" 19 14014 [y
this thesis, various PAAs were successfully synthesized by this method. Phenylenes
such as biphenyl, 7- and p-terphenyl were used as arene reactants. The carbonyl
reactants were 1,1,1-trifluoroacetone (TFAc), 2,2,2-trifluoroacetophenone (TFAp),
4-piperidone and derivatives of these.
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The Friedel-Crafts type polyhydroxyalkylation reaction proceeds in two steps, both
of which are electrophilic aromatic substitutions (Scheme 6). The relative rate of
these two steps depends on the acidity of the super acid, the electrophilicity of the
carbonyl reactants and the nucleophilicity of the aromatic reactants.'* In the
reaction between non-activated aromatic compounds such as biphenyl and terphenyl
with TFAp and TFAc in a mixture of TFSA and dichloromethane (DCM), the first
step is slower than the second one and is therefore the rate-determining step of the
reaction (Scheme 6). Thus, a small excess of the carbonyl compounds would increase
the rate of this step, resulting in acceleration and dramatic enhancement of the
overall polymerization rate. However, too high excess may lead to side reactions and
cross-linking.'* The excess of carbonyl compounds in the synthesis of PAAs was here
kept at 10 - 30 mol%.

SRPValcha Ve

EWG Ry — EWG™ R, EWG” "R,
-H2

EWG = electron withdrawing group

Scheme 6. Mechanism of a Friedel-Crafts type polyhydroxyalkylation reaction.

The solvent used was a mixture of TFSA and DCM. In some cases, a small amount
of TFA was also added.'” The hydrophilicity and acidity of the mixture of solvents
can be tuned by adjusting the ratio of TFSA and cosolvents. Choosing an appropriate
solvent mixture is one of the major challenges for polyhydroxyalkylation reactions as
the solubility of the reaction components is usually very different and can change
during the course of the reaction. Since a stoichiometric ratio is not required in
polyhydroxyalkylations, it was possible to obtain a high molecular weight polymer
even when the aromatic monomers had low solubility in the reaction medium.
However, premature precipitation of the resultant polymers often resulted in low
molecular weight polymers.

Another challenge in synthesizing the PAAs is the occurrence of side reactions. When
the carbonyl monomer contains a-hydrogens, elimination reactions that resulted in
dead chain ends were the most prominent side reactions (Scheme 7). At the
beginning of the polymerization, the molecular weight of the polymer increased with
conversion. However, when the polymerization time was kept too long, the dead
chain ends produced by elimination accumulated and resulted in a decrease in
molecular vveight.84 Therefore, the reaction time must be careful monitored to obtain
maximum molecular weight. The reaction temperature was also kept low at 0-20 °C
in order to depress the eliminations.
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Scheme 7. Elimination at the a-position - a side-reaction in a Friedel-Crafts type polyhydroxyalkylation
reaction.

2.1.2. Incorporation of alicyclic quaternary ammonium cations

The greatest challenge in the synthesis of polymers functionalized with alicyclic QA
cations is the incorporation of mono- and spirocyclic cations. Menshutkin
reactions'*® of polymers containing alkyl halide side chains and monocyclic tertiary
amines are the most straightforward and frequently employed methods. However,
cationic polymers synthesized in this way still contain B-hydrogens in the side chains
that can adapt the anti-periplanar conformation, enabling Hofmann elimination.
Connecting the alicyclic QA cations to the polymers at 4- or 3-positions is more
desirable but also more challenging. In this thesis work, it was accomplished by first
introducing a “precursor” of the alicyclic QA moiety, then transforming that
precursor to the desired cation. Two types of precursors were chosen: i) two adjacent
bromobenzyl groups and ii) piperidine groups.

Incorporation of the precursors

Spirocyclic QA cations can be synthesized by cycloquaternizations of pairs of
adjacent benzyl bromides and monocyclic secondary amines such as pyrrolidine,
piperidine and azepane. Pairs of adjacent benzyl bromide were incorporated by
bromination of polymers or monomers containing tetramethylphenylene moieties
via the free-radical pathway, using /N-bromosuccinimide (NBS) and
azobisisobutyronitrile (AIBN) (Scheme 8).'"*° Due to the delocalization effect

Br Br

NBSIAIBN

Br Br

vuv-

Scheme 8. Radical bromination of a tetramethylphenylene moiety followed by cycloquaternization to
give spirocyclic QA cations.
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from the aromatic ring, benzylic radicals are stable and are easily formed from
methylbenzenes.””' The radical bromination reactions were highly efficient and
proceeded without side reactions. The greatest challenge is ensuring quantitative
bromination of all four methyl groups in tetramethylphenylene moieties. Unreactive
methyl groups would prevent the cycloquaternization in the next step. Moreover, a
residual benzylic C-H bond is weaker than a normal alkyl C-H bond, and prone to
for instance oxidation, which leads to a decreased stability of the whole polymer.'*

The solvent is an important factor that can influence the efficiency of the
bromination reaction. Carbontetrachloride is frequently used for radical
bromination with NBS and is still irreplaceable in some cases. It is however highly
toxic and its usage is restricted. In this work, chloroform was chosen as the solvent
for bromination of 1,2,4,5-tetramethylbenzene and chlorobenzene for bromination

of PAES.

Another synthetic route to incorporate alicyclic QA cations is via monomers
containing secondary or tertiary piperidine groups. These precursor groups were
readily transformed further to monocyclic dialkyl piperidinium or spirocyclic ASU,
respectively, by quaternization. In this thesis work, six monomers containing
secondary or tertiary piperidine groups were employed (Figure 13). Four of them,
4,4 -trimethylenedipiperidine, 4,4’-bipiperidine, 4-piperidone and /N-methyl-4-
piperidone are commercially available. The other two were synthesized in-house
(Scheme 9) by incorporating a piperidine moiety into m-terphenyl and TFAp
monomers via hydroboration of 4-methylenepiperidine, followed by Suzuki
coupling with 5’-bromo-m-terphenyl and 4’-bromo-2,2,2-trifluoroacetophenone,
respectively.'”

(o) 0
OO OO ) ()

N

H \

commercially available

NH,*

synthesized in-house

Figure 13. Monomers containing secondary or tertiary piperidine groups.
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Scheme 9. Incorporation of piperidine moieties in 3 steps: hydroboration (1), Suzuki coupling (2) and
deprotection (3).

Quaternization

Alicyclic QA cations were synthesized via N-alkylation reactions involving cyclic
secondary or tertiary amines and alkyl halides (Scheme 10). The alkylation is
straightforward and usually proceeds smoothly without side reactions. Reactions
between a tertiary amine with alkyl halides (Menshutkin reactions) require no
additional reactants. On the other hand, the quaternization of secondary amines
requires addition of a base. Here, Hiinig’s base N, N-diisopropylethylamine (DIPEA)
was used in most quaternization reactions, except those involving methyl iodide since
it can react with DIPEA."* For quaternization reactions with methyl iodide, one of
the inorganic bases CaCOj; or K,COs was used.

O+XAR'_.®

N 1]
R R' R

X=Br,l
Scheme 10. N-alkylation of a cyclic tertiary amine (Menshutkin reaction).

In the present thesis work, the term “cycloquaternization” is used to refer specifically
to the reactions between secondary piperidine rings and a,w-dibromoalkanes. The
reaction proceeds via two consecutive nucleophilic attacks; the first one is
intermolecular, the second intramolecular (Scheme 11). The main drawback of this
synthetic pathway is the risk of side reactions that lead to crosslinking. In order to
prevent crosslinking, the concentration of the reactants was kept low. The rate of the
intramolecular reaction remained unchanged while the intermolecular reaction rate
decreased with the concentration. Therefore, the low concentration impeded the
intermolecular side reactions and minimize the risk of crosslinking. The solvent also
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Scheme 11. Cycloquaternization reaction and some possible side-reactions.

had to be carefully chosen to ensure the homogeneity of the reaction mixture. If one
of the reactants precipitated, its local concentration would change, leading to an
increased risk of side reactions and cross-linking. In many cases, the use of one
solvent is not sufficient because of the change in solubility of the compounds during
the course of the reaction. In these cases, a mixture of solvents was employed. For
example, the PAAs containing protonated secondary piperidine moieties were
soluble in DMSO but had low solubility in NMP. However, when the polymers
were deprotonated by DIPEA, they became insoluble in DMSO but remained
soluble in NMP. Therefore, a mixture of NMP and DMSO was used for the
cycloquaternization  of these polymers. Likewise, mixtures of /N,/V-
dimethylformamide and water were employed for polymerization of the spiro-
ionenes.

2.1.3. Characterization

NMC‘ZKLZV Wldgi’lé‘ti[‘ resonance spectroscopy

Nuclear magnetic resonance (NMR) spectra of the synthesized monomers and
polymers were obtained using a Bruker DRX400 spectrometer. 'H NMR spectra
were obtained at 400 MHz and >C NMR at 100 MHz. The solvents used were
DMSO-ds (6 = 2.50 ppm), CDCl; (6 = 7.26 ppm) and D,O (6 = 4.79 ppm). In
some cases, TFA was added to shift the signal of residual water in order to reveal the
compound signals originally overlapped with water. TFA also enhanced the
dissolution of the cationic polymers in DMSO-d.

Size-exclusion chromatography

Size-exclusion chromatography (SEC) is a method to separate and analyze molecules
in solution according to their size."”” When the polymer solution passes through the
size-exclusion column, the smaller molecules enter the pores of the adsorbent packed
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inside the column and are thus eluted later than the bigger molecules. The eluent
then passes through a detector and the signal intensity is plotted as a function of the
elution time (Figure 14). A calibration curve is prepared from elution time of
standard samples of known molecular weight. The molecular weight of the analyzed
sample is determined by comparing its elution time with the calibration curve
(Figure 14). Here, SEC was employed to determine the molecular weights and
polydispersity index (PDI) of unmodified PAES (before radical bromination). A 3
wt% solution of PAES in chloroform at room temperature was passed through a
series of three Shodex columns (KF-805,-804, and -802.5) at a rate of 1 ml min™.
The detector was a refractive index detector and the standard consisted of four low
polydispersity polystyrene (PS) standards with molecular weights M,= 650, 96, 30
and 3.18 kg mol™.

\
\\
= <_________"_t:_7___~
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Figure 14. An illustration of the SEC profile of a polymer sample containing two molecular weight
fractions.

Intrinsic viscosity

Due to instrument limitations, it was not possible to analyze the polymers that were
insoluble in both chloroform and tetrahydrofuran by SEC. In these cases, dilute
solution intrinsic viscosimetry was employed to give some indication about the
molecular weight of the polymers."” Depending on the solubility, they were
dissolved in either water or DMSO. LiBr was added to prevent the polyelectrolyte
effect. The temperature was kept constant throughout the experiments using a water
bath. The elution time through an Ubbelohde viscometer of polymer solutions at
different concentrations (Zumpie) and blank solutions (#.nk) was used to calculate the
inherent (i) and reduced (77.d) viscosities according to:
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The intrinsic viscosity ([1]) was calculated as the average of the intersections of the
linear regressions of 1iun and 1. with the y-axis.'™

2.2. Membrane preparation and characterization

2.2.1. Membrane preparation and morphology

Membrane preparation

The HEMs were prepared by casting from 5 wt% solutions of the corresponding
polymers in NMP or DMSO at 80-85 °C. The membranes were exchanged to
bromide and hydroxide form by immersion in 1 M aq. NaBr and NaOH solutions,
respectively. Due to their high IEC, spiro-ionenes (Figure 10) were water-soluble
and had to be blended with a commercially available polybenzimidazole PBI-OO
(Figure 15) to form HEMs. Blends of 70-80 wt% spiro-ionene 2 (Figure 10) with
PBI-OO were dissolved in DMSO to give 5 wt% solutions. HEMs were cast from
these solutions at 65-80 °C and the resulting membranes were treated with 0.5 M
aq. KOH to yield water-insoluble HEMs. The membranes were soluble in DMSO
before the treatment with KOH solution but became insoluble afterwards due to the
formation of ammonium-imidazolate complexes (Figure 15).

I OO0

Figure 15. The ammonium-imidazolate complex presumably formed in the blend of spiro-ionene 2

and PBI-OO0.
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lon exchange capacity

The IEC of HEMs is an important property that affects both the water uptake and
hydroxide conductivity. The IEC value represents the number of ions that can be
exchanged in the polymeric membrane and is usually expressed as milliequivalents
of ions per gram polymer (meq. g'). The IEC of HEMs (IECon) were not
determined directly from acid-base titration because the reaction of the hydroxide
counter ions with CO; and the potential degradation caused by the hydroxide ions
could decrease the accuracy of the results. Instead, IECon was determined indirectly
from the IEC of the corresponding membranes in bromide form (IECs,). IECs; was
obtained from Mohr titration. The membrane samples (approximately 0.03-0.06 g)
in their bromide form were dried in a vacuum oven (50 °C) for at least 2 days and
weighed to obtain the dry weight. Afterwards, they were immersed in 0.2 M agq.
NaNOs solution for 48-240 h and the resulting solutions were titrated with 0.01 M
aq. AgNO; solution. IECon was then calculated as:

IECg, IECg;
IECOH e =
1 _ IECr(Mp,- = Mop-) 1 —0.0629 X IECg,
1000

Small angle X-ray scattering

As mentioned above, membrane phase separation is important for a high hydroxide
conductivity. The extent of phase separation was investigated by small angle X-ray
scattering (SAXS)."”"*® The membrane samples were irradiated with X-ray and the
scattering at small angles (usually < 10°) was detected by a detector (Figure 16). The
intensity of the scattering can be plotted as a function of the scattering vector (¢)
(Figure 17), which is derived from the scattering angle (€) and the wavelength of
the X-ray (4) according to:"”’
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Figure 16. Schematic illustration of a SAXS system
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Figure 17. SAXS profile of an IEM with the ionomer peak clearly visible.

If the measured membrane is phase-separated, the difference in electron density of
the different phases gives rise to an angular distribution of the scattering. For an
IEM, this gives rise to an ionomer peak, indicating the formation of ionic clusters.
The maximum of the ionomer peak is correlated to the characteristic separation
length (d), which is the average length between the ionic clusters, according to:'**'¢!

21
d=

qmax

In this thesis, SAXS measurements in the g-range 0.14-8.0 nm™ were conducted for
AEMs in bromide form, using a SAXSLAB SAXS instrument, from JJ X-ray Systems
Aps (Denmark) equipped with a Pilatus detector. The radiation was Cu Kq with
wavelength 4 =1.542 A.

2.2.2. Water uptake and hydroxide conductivity

Water uptake

The water uptake (WU) of the HEMs at different temperatures was determined as:

)

WU—W w 100%

Here, W is the dry weight obtained after drying the membrane samples in a vacuum
oven at 50 °C, and W’ is the wet weight of the membrane samples, obtained after
immersion at the predetermined temperature. The excess water on the surface was
gently removed by tissue paper. Notably, the dry weight in hydroxide form is
difficult to obtain due to the risk of carbonation with CO; and of degradation when
the hydration number decreases. The dry weight of the HEMs was therefore
recalculated from the dry weight of the corresponding AEM:s in the bromide form
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(W) and their IEC, assuming quantitative conversion in ion exchange from
bromide to hydroxide according to:
Wpgy - IECpy - (Mpy — Mop) _ _ Wpgy - IECpy - 62.9

W = We,. — =W,
Br 1000 Br 1000

Hydroxide Conductivity

The hydroxide conductivity of HEMs in the temperature range -20 — 80 °C was
determined under fully hydrated conditions by electrochemical impedance
spectroscopy (EIS),"”" using a Novocontrol high resolution dielectric analyzer V
1.01S. The membrane samples were assembled between 2 electrodes in a closed cell
(Figure 18) to maintain the fully hydrated condition and to avoid contact with CO,
in air. An alternating current with a magnitude of 50mV and frequency varied
between 10°-10" Hz was applied while the cell was kept at a predetermined
temperature. The conductivity was plotted against the frequency and the plateau
values were taken as the hydroxide conductivity of the sample at that temperature
(Figure 19).

Spacer (Teflon)

Membrane :

/

Elecgrodé (steel)

Figure 18. An HEM assembled for EIS measurements (left) and the closed cell (right) that covers the
whole assembly to maintain the fully hydrated condition and to avoid contact with CO.. The thin
membrane is here replaced by a thick piece of rubber (black) for clarity.
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Figure 19. The conductivity as a function of frequency at constant temperature showing a clear plateau
between 10'-10¢ Hz.
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2.2.3. Thermal and alkaline stability

Thermal stability

The thermal stability of the AEMs in bromide form in N, atmosphere was measured
by thermogravimetric analysis (TGA), using a TA Instruments Q500 Analyzer. The
samples were first pre-dried at 100-120 °C to remove residual solvents and then
heated from 50 °C to 600 °C at a heating rate of 10 °C min". The weight of the
samples was measured continuously while increasing the temperature and the
thermal decomposition temperature was taken at 5% weight loss (7739s).

Alkaline stability

Figure 20. From left to right: an empty glass pressure tube, a Teflon inner tube, a front seal and an

assembled holder for the alkaline stability study.

In order to evaluate the alkaline stability of the HEMs, the membrane samples were
first immersed in alkaline solution at a predetermined temperature. Typically, the
membrane sample was stored in 1 or 2 M aq. NaOH solution at 20-120 °C. At lower
temperature (20-60 °C) the HEMs were immersed directly in alkaline solution in a
glass holder. For alkaline stability studies at above 80 °C, glass pressure tubes with
custom-made Teflon inner tubes were used (Figure 20). The pressure tubes with a
safety seal prevent evaporation of water, maintaining the concentration and
temperature constant throughout the experiments. The Teflon inner tubes impede
the corrosion of the pressure tube caused by direct contact with the highly corrosive
alkaline solution. The temperature was kept constant by using an oven or a heated
oil bath. Membrane samples were taken out after different periods of time, washed
extensively with deionized water and ion-exchanged to bromide form. After drying
in a vacuum oven at 50 °C, they were dissolved in DMSO-d; and analyzed by 'H
NMR spectroscopy. In some cases, TFA was also added to the polymer solutions in
order to shift the residual water signal and to protonate any tertiary amine
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degradation products, assisting in the elucidation of the extent and the mechanism
of degradation.

The alkaline stability study of water-soluble spiro-ionenes were conducted slightly
differently. The spiro-ionenes were dissolved in 1 M KOD solution in D,O. After
different periods of time, a portion of the solution was taken and analyzed directly
by '"H NMR spectroscopy.

NMR spectroscopy was chosen for the evaluation of the alkaline stability of the
HEMs in this thesis due to the versatility of the technique. NMR spectroscopy does
not require much material, is easy to repeat and can detect low degrees of degradation
with high accuracy. Furthermore, NMR spectroscopy enables the study of not only
the degree but also the mechanism of degradation, as different degradation pathways
can give rise to degradation products with varying chemical shifts in NMR
spectroscopy. By comparing the signal intensity of each degradation product with
that of the original polymer, the degree of degradation by specific pathways was
estimated.
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3. Summary of appended papers

3.1. Hydroxide exchange membranes based on
poly(arylene ether sulfone)s (Paper I)

FO O H OO0+,
(ii)l

O HO O HO-OHOA,

r

o o
OO a-oHO-HO--OHOH
o X o y
& ®, O
PAES-spiro-pyr PAES-spiro-pip PAES-spiro-aze

Scheme 12. Synthetic pathways to PAES functionalized with spirocyclic QA cations in 3 steps:
polyesterification (i), radical bromination (ii) and cyclo-quaternization (iii).

In the first approach to incorporate the N-spirocyclic QA cations into the anion
exchange membrane, a PAES backbone was employed. Even though the PAES
backbone has a tendency to degrade in alkaline medium, this approach has a clear
advantage in its straightforward synthesis. PAESs functionalized with N-spirocyclic
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QA cations were successfully synthesized in three steps, where the first two,
polyetherification and radical bromination, followed a previously reported
procedure.'®'%* The last step was cycloquaternization, using the cyclic secondary
amines pyrrolidine, piperidine and azepane, to give three cationic polymers. The
polymers were designated PAES-spiro-x, where x = pyr, pip and aze, respectively
(Scheme 12). The IEC values determined by titration of the AEMs based on these
polymers in bromide form were 1.62, 1.51 and 1.49 meq. g, which corresponded
to IEC values of the HEMs of 1.80, 1.67 and 1.64 meq. g, respectively (Table 2).

SAXS profiles of all HEMs based on PAES-spiro-x polymers displayed clear ionomer
peaks at the same g ~1.3 nm™, corresponding to a characteristic distance 4~ 4.8
nm (Figure 21). On the other hand, the scattering intensity increased with decreased
ring size, probably because the increased electrostatic shielding effect of a larger ring
impeded the clustering and scattering efficiency of the clusters.

Table 2. Properties of HEMs based on PAES-spiro-x

IEC (meq. g') WU o Ti o5
HEM
theoretical * titrated (wt%) (mS cm™) °C)
PAES-spiro-pyr 1.76(1.98) 1.62(1.80) 53 110 308
PAES-spiro-pip 1.72(1.92) 1.51(1.67) 53 53 309
PAES-spiro-aze 1.68(1.87) 1.49(1.64) 45 24 274

* Calculated from the chemical structure of the polymers in the bromide form, (values for the hydroxide
form within parentheses).” Measured at 80 °C in the hydroxide form under fully hydrated conditions
(immersed).© Measured by TGA under N> at 10 °C min™.
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Figure 21. SAXS profiles of PAES-spiro-x AEMs in bromide form.
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As expected, both water uptake and conductivity increased with decreased ring size
and increased temperature (Figure 22). The increase in water uptake and
conductivity was possibly a combined effect of both higher IEC and more efficient
ion clustering of the smaller ring. At 80 °C, the hydroxide conductivity of HEMs
based on PAES-spiro-pyr, -pip and -aze reached 110, 53 and 24 mS cm™'

respectively.

>
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Figure 22. Water uptake of fully hydrated HEMs based on PAES-spiro-xas a function of temperature
(a) and hydroxide conductivity of these HEMs as a function of 7°!' (b).

Both the thermal and chemical stability of the PAES membranes functionalized with
spirocyclic QA cations were significantly improved in comparison with the
corresponding PAESs functionalized with BTM. The former had a thermal
decomposition temperature 7395 between 274 and 309 °C, while decomposition
occurred between 233 and 269 °C for the latter. % Furthermore, the PAES-spiro-
x membranes showed no significant degradation after 168 h storage in 1 M aq.
NaOH solution at 20 °C as no change in the "H NMR spectra was observed. After
168 h storage at 40 °C, "H NMR spectra of all three PAES-spiro-x HEMs showed
new signals at 4.5 ppm, corresponding to benzyl protons in benzyl alcohols, the
products of nucleophilic substitution at the benzyl position of the spirocyclic cations
(Figure 23).

Comparing the intensity of these signals with the original benzyl protons signal at
4.8 ppm, the ionic loss was estimated to 5% for all HEMs. In contrast, under the
same conditions, HEMs based on PAES functionalized with BTM presented ~80%
loss of the QA groups.'"% The ionic loss of the PAES-spiro membranes increased
sharply when the temperature was raised to 60 °C. In addition, the polymer
backbones also decomposed as indicated by the appearance of new signals in the
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Figure 23. "H NMR spectra of PAES-spiro-aze before (a) and after 168 h storage in 1 M NaOH
solutions at 20 (b), 40 (c) and 60 °C (d).

aromatic region (6.5-8 ppm). The membranes also became more brittle and were
broken into small pieces, which suggested a decrease in molecular weight due to
chain cleavage, probably at the aryl ether bonds.

3.2. Spiro-ionenes (Paper II)

The PAESs have low alkaline stability due to the presence of both strong electron
withdrawing groups and aryl ether bonds. In our first attempt to overcome this issue,
aryl ether-free spiro-ionenes were designed, synthesized and investigated as potential
anion-conducting polymers. In fact, spiro-ionenes are not a new type of material.
The synthesis of similar polymers was reported by Miillen et al. already in 1990,
but only the solubility and the thermal properties were studied. In this work, two
spiro-ionenes were synthesized by polycondensation of commercially available
dipiperidines,  4,4’-bipiperidine and  4,4’-trimethylenedipiperidine, ~ with
tetrakis(bromomethyl)benzene (Scheme 13). The cyclo-polycondensation reaction
was efficient and produced the polymers in quantitative yield under mild conditions
in short time. The key challenge in synthesizing these polymers was the selection of
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Scheme 13. Synthetic pathway to spiro-ionenes via cyclo-polycondensation.

Spiroionene 2

an appropriate solvent system to avoid precipitation and gelation. In addition, the
concentration was kept low (- 3 - 3.6 wt%) to suppress intermolecular crosslinking.
The resulting spiro-ionenes had good solubility in water and gave high-resolution
'"H NMR spectra in D,O. Thus, the molecular weight could be estimated by
comparing the chain end group signals with the repeating units signals in their 'H
NMR spectra.

The spiro-ionenes had excellent thermal and chemical stability. The thermal
decomposition temperature 7395 of spiro-ionenes 1 and 2 was 336 and 318 °C,
respectively. The higher 7395 value of spiro-ionene 1 was induced by the stiffer
structure and higher aromaticity. The alkaline stability of the spiro-ionenes was
studied by H' NMR spectroscopy of polymer solutions in 1 M KOD/D,O at 80
and 120 °C. Both polymers showed no detectable sign of degradation after 672 h at
80 °C (Figure 24). Especially, spiro-ionene 2 did not degrade even after extending
the alkaline stability study to 1896 h. Still, when the temperature was raised to 120
°C, both polymers degraded via ring-opening nucleophilic substitution as indicated

HDO /HDO
N Before \ f i Before J M M
‘ 672 h, 80 °C ‘ 672 h, 80 °C HI H h
336 h, 120 °C
B - kﬁ;
4.0 3.0 2.0

ppm 7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppm 7.0 6.0 5.0 . 1.0

336 h, 120 °C

i

i

Figure 24. '"H NMR spectra of the spiro-ionenes before and after the alkaline stability test at 80 and
120°C
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by the appearance of new signals at ~ 2.7-2.8 and ~1.9-2.0 ppm, which corresponded
well to a-protons in N-benzylpiperidine groups. Comparing the intensity of these
signal with the original polymer signals at ~-3.6-3.7 ppm, the degree of degradation
via this pathway after 336 h storage for spiro-ionenes 1 and 2 were estimated to 15
and 10%, respectively. In addition, spiro-ionene 1 also degraded via Hoffman
elimination in the 6 membered ring, giving rise to new alkene and alkenyl signals at
~ 5.5 and 5.0 ppm. The degree of degradation via this pathway was estimated to be
~10%. The flexible trimethylene spacer between two rigid fragments of spiro-ionene
1 was probably the cause of the remarkably higher alkaline stability, as it can greatly
facilitate ring strain relaxation and help mitigate the distortion of the 6-membred
ring system.

The spacer also promoted phase separation and formation of ion clusters. SAXS
profiles of spiro-ionene 2 equilibrated at 75% relative humidity (RH) showed a weak
ionomer peak at gmi ~ 4.8 nm™, corresponding to a characteristic distance of & ~
1.3 nm. Meanwhile, spiro-ionene 1 showed no distinct ionomer peak under the same
conditions (Figure 25).

Due to the high IEC, both spiro-ionenes were water soluble. In order to prepare
HEMs, blends of spiro-ionene 2 and PBI-OO were cast from DMSO solutions.
After alkaline treatment, a fraction of the imidazolium groups in PBI-OO was
deprotonated and could form ammonium-imidazolate complexes together with the
QA cations of spiro-ionene 2 (Figure 15), giving rise to water-insoluble HEMs. The
membranes were designated SxPy; where x is the weight percentage of spiro-ionene
2 and y is the weight percentage of PBI-OO. The water uptake and hydroxide
conductivity of these HEMs were controlled by varying the weight percentage of
spiro-ionene 2 in the blend (Figure 26). Out of the three blend membranes prepared
in this project, S70P30 had the highest hydroxide conductivity of 118 mS cm™ and

Spiroionene 2

log [scattering intensity (a.u.)]

01 2 3 4 5 6 7 8
q (nm-')
Figure 25. SAXS profiles of the spiro-ionenes equilibrated at 75% RH.

36



the lowest water uptake of 222 wt% at 80 °C. The water uptake increased drastically
when the weight percentage of spiro-ionene 2 increased. S80P20 reached a high
water uptake of 800 wt% at 80 °C. Consequently, the hydroxide conductivity
decreased to 66 mS cm™' due to the dilution effect (Figure 26).

——S80P20 ——S75P25 —e—S70P30
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Figure 26. Water uptake of fully hydrated blend membranes SxPy in hydroxide form as a function of
temperature (a) and hydroxide conductivity of these HEMs as a function of 7°! (b)

3.3. Hydroxide exchange membranes based on

poly(arylene alkylene)s (Paper I11-V)

The cationic polymers with the spirocyclic QA cations directly incorporated into the
polymer backbone have a severe disadvantage: the degradation of the QA cations can
lead to backbone cleavage and decreased mechanical strength. Due to the unique
ring fusion structure of the spiro-ionenes, the degradation of these polymers should
only cause ring opening without complete cleavage of the backbone and decrease of
molecular weight. However, it still leads to a less rigid backbone and to deteriorated
mechanical properties. A better strategy would be to incorporate alicyclic QAs as side
chains of an aryl ether-free backbone. There are only a few methods to synthesize
ether-free backbones. Throughout this section, the selected polymer backbones
belonged to the PAA family and were synthesized by Friedel-Craft type
polyhydroxyalkylations. The piperidine or N-methylpiperidine groups, the
precursors of alicyclic piperidinium cations, were smoothly incorporated by choosing
a monomer already bearing these groups. The resulting precursors were readily
transformed to monocyclic N,N-methylalkyl piperidinium, or to spirocyclic ASU
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cations by quaternization using alkyl halides or cycloquaternization using a,w-
dibromoalkanes, respectively.

3.3.1. Effect of cations (Paper III-IV)

O—»

N
! X>‘Br
% >

X ' Q' G h

PTPipQx, x = m+1 /NH’

m

Scheme 14. Synthetic pathways to PTPipQx polymers

The first approach was focused on poly(terphenyl NV, V-methyl alkyl piperidinium)s,
a subclass of PAA with /V,N-methylalkyl piperidinium cations directly attached to a
polymer backbone (Figure 9b). The synthesis of the precursor polymer PTPip was
straightforward from commercially available monomers N-methyl-4-piperidone and
p-terphenyl (Scheme 14). A quaternization reaction of PTPip with methyl iodide,
butyl bromide, hexyl bromide and octyl bromide resulted in a series of cationic
polymer with alkyl pendant chains of varied length. These polymers were designated
PTPipQx, where x corresponds to the number of carbon atoms in the alkyl
extenders.

When varying the length of the alkyl extender chain, one can monitor the IEC, WU
and conductivity of the HEMs. The water uptake decreased with increasing extender
chain length, mainly due to an increased IEC. At 80 °C, the water uptake values
were 404, 290, 171 and 79% for PTPipQ1,-Q4, -Q6 and -Q8, respectively (Table
3). The longer extender chain also promoted phase separation and ion cluster. When
studied by SAXS, PTPipQl, with the shortest extender, displayed no distinct
scattering peaks. Meanwhile, PTPipQ4, - Q6, and - Q8 presented clear scattering
peaks at gma ~ 5.2, 4.6 and 4.1 nm!, corresponding to characteristic distances of o
~1.2, 1.4, and 1.5 nm, respectively. The more efficient phase separation together
with a decreased dilution effect (lower water uptake) resulted in higher hydroxide
conductivity when the alkyl extender chain was extended from methyl to hexyl. The
hydroxide conductivity of PTPiPQ1 and -Q6 membranes at 80 °C was 89 and 111
mS cm’, respectively. However, the hydroxide conductivity decreased sharply to 61
mS cm™ when the length of the alkyl extender increased further to eight carbons
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Table 3. Properties of the HEMs based on PTPipQx polymers

IEC (mequiv. g")

wub o’ Ta, 05 dd Ionic
HEM
theoretical® titrated (wt%) (mS ecm™) ) (nm) loss® (%)
PTPipQ1 2.38(2.80) 2.42 404 89 264 4.5 8
PTPin4 2.16(2.50) 2.21 290 84 250 1.2 46
PTPipQ6 2.04(2.34) 2.08 171 111 241 1.4 65
PTPipQ8 1.93(2.19) 1.98 79 61 232 1.5 73

* Calculated from the chemical structure of the polymers in the Br™ form, (values in hydroxide form
within the parentheses). ® Measured at 80 °C in the hydroxide form under fully hydrated conditions
(immersed). ¢ Measured by TGA under N2 at 10 °C min™'. ¢Measured by SAXS in the dry Br~ form.
¢ Total ionic loss estimated by comparing the protonated tertiary amine proton signals (above 9
ppm) and the aromatic signals (7.0-8.0 ppm) in '"H NMR spectra of the HEMs after storage in 2
M NaOH agq. solution at 90 °C during 720 h.

(octyl) (Table 3), probably due to insufficient formation of a water percolating
system caused by an insufficient water uptake. Thus, N, N-methylhexyl piperidinium
in PTPipQ6 was the optimum choice of cation in order to obtain HEMs with a
high hydroxide conductivity and a reasonable water uptake.

However, the long alkyl extender also led to decreased thermal stability. Hence the
thermal decomposition temperature 7495 decreased with increased alkyl extender
length (Table 3). In addition to the thermal stability, the thermochemical stability
of the HEMs under the working conditions of the electrochemical device is a crucial
property that affects their performance and lifetime. The QA cations of the HEMs
degraded via both direct nucleophilic substitution at a-carbons and Hofmann
elimination at B-hydrogens. Both pathways led to ionic loss by formation of tertiary
amine products. Upon protonation with TFA, these tertiary amine products induced
new signals above 9 ppm, well-separated from the other signals. Meanwhile, the
alkenes (degradation products of Hofmann elimination) gave rise to three distinct
vinylic protons (-CH=CH,) with signals at 5.0, 5.4, and 6.6 ppm. As a result, the
degree of ionic loss, both in total and by Hofmann elimination was estimated by
comparing the intensity of the relevant signals with the aromatic signals (Figure 27
and Figure 28).
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Figure 27. "H NMR spectra of PTPipQ1 (a) and PTPipQ8 (b) recorded in DMSO-ds/ TFA before
and after 720 h immersion in 2 M NaOH solutions at 90 °C. TFA was added to shift the water signals.
The red arrows mark new signals originating from degradation products.
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Figure 28. The total ionic loss of the HEMs based on PTPipQx polymers after immersion in 2 M
NaOH solutions at 90 °C for 168 (black), 360 (blue) and 720 h (red). The solid colored part of the
bars display the contribution from ring-opening Hofmann elimination. The patterned parts of the bars
show the contribution from other degradation pathways.
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The thermochemical stability of poly(terphenyl NV, N-methylalkylpiperidinium)s
followed the same trend as their thermal stability. Amongst the investigated N,V -
methylalkylpiperidinium cations, DMP was the most stable and N,N-
methyloctylpiperidinium the least stable in an alkaline environment. After 720 h
storage in 2-M NaOH at 90 °C, the total ionic loss of PTPipQ1, -Q4, -Q6, and -
Q8 was 8, 46, 65 and 73%, respectively. Notably, the majority of the ionic loss (90-
100%) was the result of ring-opening Hofmann elimination (Figure 28). The
introduction of long alkyl extenders probably distorted the six-membered ring and
restricted ring strain relaxation, thus significantly decreasing the alkaline stability of
the alicyclic QA cations. A possible strategy to high-performance PAA-based HEMs
would be by combining DMP cations for high thermal and thermochemical stability
with partial functionalization, copolymerization or crosslinking to reduce the water
uptake and increase the hydroxide conductivity.'®

According to Marino et al., the spirocyclic ASU cation is even more stable than
DMP.”" In order to incorporate ASU into the PAA backbone, the secondary amine
4-piperidone was employed in the polyhydroxyalkylation together with biphenyl.
The secondary piperidine ring in the precursor underwent cycloquaternization with
dibromopentane to form the desired ASU QA cations, directly attached to a PAA
backbone. Furthermore, to lower the IEC and prevent excessive water uptake of the
resulting HEM, either TFAc or TFAp comonomers were introduced together with
piperidone as comonomers during the polymerization reaction. The resulting
polymers were designated P6Me-z and P6Ph-z where z is the titrated IEC of the
HEMs based on these polymers (Scheme 15).

When attached directly on the PAA backbones, the alkaline stability of ASU was
lower than for DMP, but still higher than for the other monocyclic QA cations
(Figure 29). After 720 h of storage in 2 M NaOH at 90 °C, the total ionic loss of
these HEMs exceeded 20%. The Hofmann elimination at the piperidine ring
directly attached to the backbone (Pil) and at the pendant piperidine ring (Pi2) gave
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Scheme 15. Synthetic pathways to P6Me-z and P6Ph-z
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Figure 29. The relative alkaline stability of alicyclic QA cations directly attached to PAA backbones.

rise to two distinct sets of "H NMR signals (Figure 30). According to the relative
intensity of these signals, Pil rings were more susceptible to Hofmann elimination,
suggesting that the direct attachment to the polymer backbone destabilized the
piperidinium cations. One possible explanation to this behavior is that the bulky and
rigid polymer backbone severely distorted the bond angles in the piperidine ring,
thus preventing conformational relaxation and increasing the energy level of the
piperidinium cations. This reduced the activation energy and facilitated the
degradation reactions. The result was consistent with the previous findings
concerning the alkaline stability of spiro-ionenes.'®® Spiro-ionene 2, with the flexible
spacer that can mitigate the distortion of the ring system, was significantly more
stable than the rigid spiro-ionene 1.

a) ]
H.0 "DMso

PPM 9.0 8.0 7.0 6.0 50 40 3.0 20 ppm 9.0 6.0 5.0

Figure 30. '"H NMR spectra of P6Ph-1.8 recorded in DMSO-ds/TFA before and after 720 h
immersion in 2 M NaOH solutions at 90 °C (a). TFA was added to shift the water signals. The red
arrows point out new signals originating from degradation products. Expansion of the regions between
4.7-6.7 and 8.7-10.4 ppm (marked by red dashed boxes) and possible products from Hofmann

elimination of ASU cations are also shown (b).
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3.3.2. Effect of spacer and backbone structure (Paper V)
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The placement of the N-alicyclic piperidinium cations on the polymer backbone not
only destabilized the cations, but also restricted their mobility and prevented the
efficient phase separation necessary for high hydroxide conductivity. In order to
improve the alkaline stability and hydroxide conductivity of the HEMs, the N-
alicyclic piperidinium cations ASU and DMP were attached to the poly(arylene
alkylene) backbone via a spacer. Initially, two monomers M1 and M2 (Scheme 16)
were synthesized by attaching the 4-benzyl-piperidine moiety to m-terphenyl and
trifluoroacetophenone,  respectively,  using  Suzuki  coupling  reactions.
Polymerization reactions of these monomers together with suitable comonomers,
employing Friedel-Craft type polyhydroxyalkylations, resulted in precursor
poly(arylene alkylene)s with piperidine groups attached via methyl or methylphenyl
spacers. The backbone structure was also conveniently controlled by the variation of
the comonomers. Finally, the piperidine groups of the precursor polymers were
converted to DMP or ASU cations by quaternization with methyl iodide or
cycloquaternization with 1,5-dibromopentane, respectively. The resultant polymers
were designated P1Pi, P1Me, P2mMe and P2pMe according to Scheme 16. The
properties of HEMs based on these polymers are summarized in Table 4.

As expected, the attachment of DMP cations to the polymer backbones via the
longer methylphenyl spacer instead of a methyl spacer had a positive effect on the
hydroxide conductivity. Membrane P2mMe and P1Me had the same polymer
backbone and similar water uptake, but P2mMe, which had the methylphenyl
spacer reached a hydroxide conductivity of 146 mS cm™ at 80 °C, i.e., 36% higher
as compared with P1Me at identical conditions. On the other hand, an increase in

Table 4. Properties of the HEMs described in Paper V

IEC (mequiv. g')

wub oP T4q,95°
HEM Total ionic loss?
theoretical ® titrated (wt%) (mS cm™) )
P1Pi 1.58(1.75) 1.57 54 58 335 ~10% (55%)
P1Me 1.69(1.89) 1.71 99 107 282 <5% (33%)
P2mMe  1.69(1.89) 1.73 103 146 269 <5% (27%)
P2pMe 1.69(1.89) 1.82 73 103 275 <5% (35%)

* Calculated from the chemical structure of the polymers in the bromide form, (values for the
hydroxide form within the parentheses). ® Measured at 80 °C in the hydroxide form under fully
hydrated conditions (immersed). ¢ Measured by TGA under N3 at 10 °C min™'. ¢ Estimated by
comparing the protonated tertiary amine proton signals (above 9 ppm) and the aromatic signals
(7.0-8.0 ppm) in 'H NMR spectra of the HEMs after storage in 2 M NaOH agq. solution at 90 °C
during 720 h, (values for 168 h storage at 120 °C within parentheses).
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rigidity of the backbone resulted in decreased water uptake and consequently,
decreased hydroxide conductivity. Hence, replacement of the m-terphenyl units in
P2mMe with the stiffer p-terphenyl units in P2pMe resulted in a drop by ~30% of
both the water uptake and the hydroxide conductivity (Table 4).

The introduction of spacers also improved the alkaline stability. As estimated by 'H
NMR spectroscopy, after 720h of immersion in 2 M aq. NaOH solution at 90 °C,
the total ionic loss of P1Pi was only 10% (Figure 31, Table 4). However, HEM
functionalized with ASU still showed a lower alkaline stability than those

_____ ~ rTTTTT TN ~
a) [ ppi | b) | P1Me ! /DMSO
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M Initial Initial l
After 720 h After 720 h
* @ WA
ppmg g 7 5 Pm9 8 7 6 5 4 3 2

Figure 31. 'H NMR spectra of P1Pi (a) and P1Me (b) recorded in DMSO-ds/TFA before and after
720 h immersion in 2 M NaOH solutions at 90 °C (a). TFA was added to shift the water signals
(originally at 3.3 ppm), revealing sample signals between 3.0 and 3.5 ppm. The red arrows point out
new signals originating from degradation products.
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Figure 32. "H NMR spectra of P1Me(a), P2Me(b) and P2pMe(c) recorded in DMSO-ds/TFA after
168 h of immersion in 2 M NaOH solutions at 120 °C (a). TFA was added to shift the water signals
(originally at 3.3 ppm), revealing sample signals between 3.0 and 3.5 ppm. Expansion of the regions
between 4.7-6.2 and 8.7-9.6 ppm (marked by red dashed boxes) are also shown (d,ef).
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functionalized with DMP. Under the same conditions, P1Me, P2mMe and P2pMe
had less than 5% ionic loss (Table 4). Notably, the PAA-based HEMs displayed no
significant change in the aromatic region (7.0-8.0 ppm) after 720 h of storage in 2
M NaOH at 90 °C, which further confirmed the excellent stability of the PAA
backbone (Figure 31). As the total ionic loss of P1Me, P2mMe and P2pMe at 90°C
was low and difficult to quantify, an additional study at 120 °C was performed to
enable a comparison of the alkaline stability of these HEMs. After 168 h of storage
at this extreme temperature, the total cationic loss of P1Me, P2mMe and P2pMe
was 33, 27 and 35%, respectively (Figure 32). P2mMe degraded significantly less
than the other HEMs, suggesting that the more flexible pendant spacer and polymer
backbone had a positive impact on the alkaline stability of HEMs.

3.4. Influence of chemical structure on the alkaline
stability of hydroxide exchange membranes

In order to develop alkali-stable polymers and HEMs suitable for application in FCs,
it is important to study the relationship between the chemical structure and alkaline
stability. The wide variation in the conditions of the alkaline stability studies hinders
a direct quantitative comparison between the HEMs. However, the variation reflects
the overall trend in the change of the alkaline stability. Due to the low alkaline
stability of PAES-based HEMs, the conditions of the alkaline stability study in Paper
I was quite mild. The concentration of hydroxide solution was kept constant at 1 M,
while the temperature varied from 20 to 60 °C. In later projects, since the HEMs
were more alkali-stable, harsher conditions were necessary to provide a better insight
into both the degree and mechanism of the degradation of these materials. The
temperature was increased to 80, 90 and 120 °C, and the hydroxide concentration
was increased to 2 M. Table 5 gives the conditions and results of alkaline stability
studies of some representative HEMs in each project.

As mentioned above, the alkaline stability of HEM:s is not only correlated to the
alkaline stability of their cations, but also influenced by the structure of the
backbones and the polymer architecture. Regarding the backbone structure, out of
the three polymer backbones investigated in this thesis work (Figure 8), PAES gave
HEM:s with the lowest alkaline stability. PAES-based HEMs degraded already after
168 h of immersion in 1 M NaOH agq. solution at 40 °C. At 60 °C, the ionic loss of
these membranes was estimated to be more than 40%. In addition to the degradation
of the QA cations, the PAES backbones also degraded, leading to deteriorated
mechanical properties. Despite having the same QA cations as PAES-spiro-pip
(Figure 7a, x=2), the spiro-ionenes were significantly more stable than the PAES-
based polymers. After 672 h in 1 M KOD/D,O at 80 °C, these polymers showed no
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Table 5. Conditions and results of alkaline stability studies of some representative HEM:s in this thesis

work.?
Conditions
Tonic loss
HEM Paper
T [OH] t %) P
§©) M) (h)
40 1 168 5
PAES-spiro-aze I
60 1 168 > 40
80 1 672 not observed
Spiro-ionene 1°
120 1 336 25
11
80 1 1896 not observed
Spiro-ionene 2°
120 1 336 10
PTPipQ8 90 2 720 73
111
PTPipQ1 90 2 720 8
90 2 720 20
P6Ph-2.2 I\%
120 2 360 > 50
90 2 720 10
P1Pi
90 2 2900 27
90 2 720 <5
v
P1Me 90 2 2900 13
120 2 168 33
P2mMe 120 2 168 27

* Alkaline stability studies of all HEMs except for the spiro-ionenes were performed in aqg. NaOH
solutions. "H NMR spectroscopy was used to estimate the ionic losses. ® The alkaline stability study of

spiro-ionenes was performed in 1 M KOD/D:O solution.

detectable signs of degradation. The alkaline stability of PAA-based HEMs was
comparable with that of the spiro-ionenes. Some PAA-based HEMs showed less than
5% ionic loss after storage in 2 M NaOH aq. solution at 90 °C during 720 h (Table
5). Moreover, no detectable degradation of the PAA backbone was observed.

Regarding the polymer architecture, the attachment of QA cations via flexible
spacers (Figure 9¢) improved the alkaline stability. For example, after 720 h of
storage in 2 M NaOH aq. solution at 90 °C, P1Me and P2pMe, both with DMP
cations attached to PAA backbones via spacers, had less than 5% ionic loss. Under
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the same conditions, the ionic loss of PTPipQl, having DMP cations directly
attached to a PAA backbone, was - 8%. A more substantial improvement was
observed when comparing HEMs functionalized with ASU. After 720 h of
immersion in 2 M aq. NaOH solution at 90 °C, the total ionic loss of P1Pi, with
the spacers, was only 10%. This was a significant decrease in comparison with the
20% ionic loss of P6Ph-z which had ASU directly attached to the polymer
backbone. Not only the PAA-based HEMs, but also the spiro-ionenes benefited from
the introduction of spacers. Spiro-ionene 2, which had spacers, displayed a
significantly lower degree of degradation than spiro-ionene 1(Table 5).

The positive influence of the spacers was possibly due to their ability to facilitate
ring-strain relaxation in the N-alicyclic QA cations. As previously explained (chapter
1.2.1), the alkaline stability of the V-alicyclic QA cations depended on the activation
energy of the degradation reactions, which is the difference in energy between the
transition states and the original cations. Due to the low ring-strain of 5- and 6-
membered ring, the energy of free ASU and DMP cations was low. However, when
these cations were incorporated into polymers, their ring relaxation might be
restricted by the stiff polymer chains, leading to an increase in free energy. This
would consequently result in a lower activation energy of degradation reactions and
a lower alkaline stability of the cations. The attachment to a polymer chain
disfavored the bulky and more rigid ASU to a greater degree than DMP. While free
ASU was more stable in alkaline conditions than DMP (Table 1), polymers
functionalized with ASU cations were less stable than their DMP-functionalized
counterparts (Table 5). Incorporation of ASU cations via longer, more flexible
spacers might help reduce the restriction imposed by the polymer backbone, thus
lowering the free energy and enhancing the alkaline stability of these cations.
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4. Conclusion and future outlook

The current thesis presents strategies employed and achievements accomplished in
developing alkali-stable HEMs functionalized with N-alicyclic QA cations. By
employing diverse synthetic methods, 19 HEMs with a variety of cations, backbones
and polymer architectures were successfully synthesized. The characterization of
these HEMs, with focus on their hydroxide conductivity, water uptake, thermal
stability and thermochemical stability made it possible to establish a relationship
between these properties and the chemical structure of the HEMs.

Amongst the three polymer types investigated, PAA was found to be the optimal
polymer backbone for HEMs. PAES-based HEMs had the undeniable advantage of
easy synthesis, high hydroxide conductivity and good mechanical properties, but
they also possessed low alkaline stability, and were thus unsuitable for FC
application. In contrast, the spiro-ionenes had excellent alkaline stability, but their
potential for structure variation was limited, making tailoring and optimization of
their properties difficult. PAA-based HEMs had the combined advantage of the
aforementioned polymer types. The aryl ether-free PAA backbones were tough and
alkali-resistant. The synthesis of PAA via super acid mediated polyhydroxyalkylation
was highly efficient and versatile. Since the method can be applied for a wide variety
of monomers, the chemical structure of the resultant polymers was easily modified
to achieve desirable properties.

Regarding the choice of cations, polymers functionalized with DMP cations were
more  alkali-stable  than  counterparts functionalized with other V-
methylalkylpiperidinium or ASU cations. This finding was in contrast with a
previous study that reported on an exceptional alkaline stability of an ASU bromide
salt. The close proximity to rigid polymer backbones restricting ring relaxation of
the cyclic QA cations might be the reason for the decreased alkaline stability. The
ring strain relaxation could be facilitated by separating the cations from the backbone
through flexible spacers. The introduction of spacers had positive effects not only on
the alkaline stability but also on the hydroxide conductivity as it promote phase
separation as well.

Out of the 19 HEMs synthesized and investigated in this thesis work, HEM based
on P2mMe, with DMP cations attached to a PAA backbone via flexible spacers was
the most suited to be used as polymeric electrolyte for FC. P2mMe membrane
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demonstrated a good balance between hydroxide conductivity and water uptake. At
80 °C, the membrane reached a high conductivity of 146 mS cm™ while its water
uptake still remained reasonable at 103%. The HEM also had a high thermal and
alkaline stability. The decomposition temperature 7395 of P2mMe AEM in bromide
form was 269 °C under N; atmosphere. The HEM displayed less than 5% ionic loss
after 720 h of storage in 2 M NaOH aq. Solution at 90 °C.

Future works with these HEMs include further investigation of in-situ fuel cell
performance, as well as optimization and upscaling of the polymer synthesis. The
positive results obtained in this thesis work also encourage further development of
HEMs based on N-alicyclic QA cations. A natural approach would be to continue
to employ a PAA backbone, but to use longer and more flexible spacers to connect
it with the cations. Even though DMP seemed a more suitable choice of cations than
ASU, the introduction of more flexible spacers might change the picture. Therefore,
HEMs functionalized with DMP as well as with ASU should be included in future
studies.
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5. Popular science summary

Climate change is ranked amongst the most serious global issues that the world is
currently facing. Many scientific reports have demonstrated the connection between
the more frequently occurring natural disasters during the last decade and the
human-caused global warming driven by accelerating emissions of carbon dioxide.
There is therefore an urgent need to reduce the emissions of atmospheric carbon
dioxide by replacing fossil fuels with sustainable and environmentally friendly energy
sources, including wind and solar power, biofuels and hydrogen. The utilization of
these energy sources requires efficient conversion and storage. This can be achieved
by the development of efficient electrochemical devices such as redox flow batteries,
electrolyzers and fuel cells. Ion exchange membranes separate the electrodes and
allow the transport of specific ions in these devices. They are thus crucial components
that to a large degree control their performance and lifetime. Hence, membranes
must be specifically developed for each application to satisfy a specific set of
requirements.

Ion exchange membranes are semipermeable and promote transportation of ions and
water, while preventing cross-over of fuel and oxygen gases. These membranes are
divided into two main types: anion exchange membranes and proton exchange
membranes (PEMs). They facilitate the transport of anions and cations, respectively.
The present thesis work is dedicated to the synthesis, study and development of
hydroxide exchange membranes (HEMs), a subclass of anion exchange membranes,
for fuel cell application. Due to the alkaline operating conditions, fuel cells using
HEM:s have a crucial advantage over the commercial ones using PEMs. They do not
require expensive and rare platinum-group metal catalysts and can utilize a wider
range of fuels. However, the low chemical stability and the lower ion conductivity
of HEMs in comparison with PEMs are significant challenges to a wider application
and commercialization of HEM fuel cells.

HEMs typically consist of hydrophobic polymeric backbones tethered with cations.
The backbone is responsible for the integrity and mechanical properties of the
membrane. Meanwhile, the type, concentration, placement and distribution of the
cations along the backbone influence the conductivity, as well as the alkaline and
thermal stability of the membrane. Previous studies have demonstrated that a specific
class of cations, alicyclic quaternary ammonium (QA) cations, are exceptionally
stable in alkaline media. We have therefore decided to investigate these cations to
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improve the alkaline stability of HEMs. However, the incorporation of alicyclic QA
cations into polymer structures is a significant challenge that required new synthetic
strategies.

Throughout this work, we have explored diverse synthetic strategies to incorporate
alicyclic QA cations into several different polymer backbone types. The nature and
placement of the cations were also varied to study the influence on the conductivity,
water uptake and stability of the resulting HEMs. These are key properties that
determine the performance and lifetime of HEMs in fuel cells. The membranes most
suitable for use in fuel cells were those that had dimethylpiperidinium cations
attached to a poly (arylene alkylene) backbone via flexible links. They presented
elevated conductivity, reasonable water uptake and high stability. The results of the
present study has provided new knowledge about the structure-properties
relationship and has indicated directions for further improvements of HEM
materials for energy applications.
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