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Popularvetenskaplig sammanfattning

En polymer dr en stor kemisk molekyl uppbyggd av sammankopplade mindre
enheter, monomerer, och utgér grunden for de material som till vardags kallas for
plast eller gummi. Genom att dndra en polymers kemiska uppbyggnad kan dess
materialegenskaper skraddarsys och anvindas for véldigt olika andamal. Exempelvis
sé dr bade tuggummi och bowlingklot baserade pa polymerer. Den typ av polymerer
som behandlats i denna avhandling 4r s& kallade jonomerer och bestar av
polymerkedjor med laddade grupper (joner) pa.

Ett stort anvindningsomrade for jonomerer 4r som membran i polymerbrinsleceller,
vilka ses som en viktig del i ett framtida fossilfritt samhélle. | dessa omvandlas energi
i ett brénsle, 1 form av kemiska bindningar, till elektricitet genom en elektrokemisk
process. I den vanligaste processen omvandlas vitgas och syrgas till vatten och
elektrisk energi. Forutom varme, dr den enda biprodukten eller avgasen alltsa vatten.
For att processen ska fortgd maste bade joner och elektroner transporteras mellan
bréanslecellens olika sidor (elektroder; plus- och minuspol). Elektronerna som bildats
leds ut fran cellen for att driva exempelvis en elmotor, medan jonerna transporteras
genom jonomermembranet. Vilken jon som transporteras beror pd designen av
bréanslecellen. Vanligast ér protoner (H*) eller hydroxidjoner (OH").

I en konkurrenskraftig brianslecell maste den elektrokemiska processen vara effektiv
och kunna fortga under lang tid. For att uppna detta krivs att alla komponenter och
delar av brénslecellen &r optimerade, héllbara och ger sé laga forluster som mojligt.
I den bésta av vérldar ska brénslecellen koras under manga tusen timmar, gérna vid
en hog temperatur (80 — 100 °C), dé detta paskyndar de elektrokemiska processerna.
En av de mer kritiska komponenterna for att uppna detta dr jonomermembranet och
det &r just forskning kring och utveckling av denna komponent som varit fokus i detta
arbete. De jonomermembran vi undersokt dr av den typ som transporterar
hydroxidjoner, dven kallat anjonbytarmembran, och dessa anvinds i en typ av
alkaliska brénsleceller, som kors vid hogt pH. En stor fordel med alkaliska
brénsleceller, jaimfort med brénsleceller som kors under sura betingelser, 14gt pH, ar
att man potentiellt kan anvinda mindre ddla (billigare och vanligare) metaller som
katalysator. Teknologin kan dirav bli bade billigare och mer tillgénglig.

Alkaliska brénsleceller dr fortfarande i1 utvecklingsstadiet och flera komponenter
behover forbdttras innan kommersialisering, diribland jonomermembranet. Tva
egenskaper med utvecklingspotential &r jontransporten genom membranet och
jonomerens livslingd och hallbarhet vid hdga temperaturer i alkalisk miljo. Det dr
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specifikt det sistndmnda som varit fokus i detta arbete, dir vi pa molekyldr niva
designat jonomerer for att sedan syntetisera och studera egenskaperna hos dessa
material.

Jonomererna som presenteras i detta arbete bar alla joner av cyklisk karaktir, da det
pévisats 1 tidigare studier att denna typ av jon har en vildigt hog stabilitet i alkalisk
miljo. Svérigheten med cykliska joner &dr att de ar besvérliga att inkorporera pa
polymerkedjor och det kan krdvas manga och dyra synteser for att uppné detta.
Genom smart molekyldesign och syntes har vi dock tagit fram tre olika typer av
jonomerer barande cykliska joner, och av dessa tillverkat och studerat
jonomermembran. Flera av membranen visade sig ha vildigt hog alkalisk stabilitet
och resultaten ligger till gagn for framtida brénslecellsforskning.

| vi|



List of appended papers

This thesis is based on the following papers:

I

IL.

III.

Iv.

Poly(V,V-diallylazacycloalkane)s for Anion-Exchange Membranes
Functionalized with N-Spirocyclic Quaternary Ammonium Cations
Joel S. Olsson, Thanh Huong Pham, and Patric Jannasch
Macromolecules 2017, 50, 2784-2793

Poly(arylene piperidinium) Hydroxide Ion Exchange Membranes:
Synthesis, Alkaline Stability, and Conductivity

Joel S. Olsson, Thanh Huong Pham, and Patric Jannasch

Adv. Funct. Mater. 2018, 28, 1702758

Poly(arylene alkylene)s with pendant /V-spirocyclic quaternary
ammonium cations for anion exchange membranes

Thanh Huong Pham, Joel S. Olsson, and Patric Jannasch

J. Mater. Chem. 4, 2018, 6, 16537

Tuning poly(arylene piperidinium) anion-exchange membranes by
copolymerization, partial quaternization and crosslinking

Joel S. Olsson, Thanh Huong Pham, and Patric Jannasch

J. Membr. Sci. 2019, 578, 183-195

Functionalizing polystyrene with /NV-alicyclic piperidine-based cations
via Friedel-Crafts alkylation for anion-exchange membranes with
improved alkaline stability

Joel S. Olsson, Thanh Huong Pham, and Patric Jannasch

Submitted (Jan 2020) - Macromolecules

| vii |



My contributions

I

II

11

v

I planned and performed all the experimental work. I wrote the first draft
of the paper.

I planned and performed a vast majority of the experimental work. I wrote
the first draft of the paper.

I took an active part in planning experimental work and discussing ideas. I
did not perform any lab work. I participated actively in the later stages of
the project, with e.g. data analysis and proofing.

I planned and performed all the experimental work. I wrote the first draft
of the paper.

I planned and performed all the experimental work. I wrote the first draft
of the paper.

Publications not included

VI

A1

VIII

IX

| viii |

N-Spirocyclic Quaternary Ammonium lonenes for Anion-Exchange
Membranes

Thanh Huong Pham, Joel S. Olsson, and Patric Jannasch

J. Am. Chem. Soc. 2017, 139, 2888-2891

Effects of N-alicyclic cation and backbone structure on the performance
of poly(terphenyl)-based hydroxide exchange membranes

Thanh Huong Pham, Joel S. Olsson, and Patric Jannasch

J. Mater. Chem. A 2019, 7 (26), 15895-15906

Ether-free polyfluorenes tethered with quinuclidinium cations as
hydroxide exchange membranes

Andrit Allushi, Thanh Huong Pham, Joel S. Olsson, and Patric Jannasch
J. Mater. Chem. A 2019, 7 (47),27164-27174

Fuel cell evaluation of anion exchange membranes based on
poly(phenylene oxide) with different cationic group placement
Annika Carlson, Bjorn Eriksson, Joel S. Olsson, Goran Lindbergh,
Carina Lagergren, Patric Jannasch, Rakel Wreland Lindstrom
Sustain. Energy Fuels — Accepted: doi.org/10.1039/C9SE01143A



Abbreviations

AEM
AEMFC
AFC
APS
ASU
DADMAC
DCM
DIPEA
DMP
DMSO
El

E2

FC
HEM
HEMFC
IEC
IEM
MEA
MOFC
mPip
NMP
PAA
PAPipQ
PBI-O
PEMFC
PiptOH
PSU
QA

Sn2
SOFC
TFA
TFSA

anion-exchange membrane
anion-exchange membrane fuel cell
alkaline fuel cell

ammonium persulfate
6-azonia-spiro[5.5]Jundecane, N-spirocyclic cation
diallyldimethylammonium chloride
dichloromethane
N,N-diisopropylethylamine
N,N-dimethylpiperidinium, monocyclic cation
dimethylsulfoxide

unimolecular elimination

bimolecular elimination

fuel cell

hydroxide exchange membrane
hydroxide exchange membrane fuel cell
ion-exchange capacity (meq. g”! or mmol g!)
ion-exchange membrane

membrane electrode assembly

molten carbonate fuel cell
N-methyl-4-piperidone
N-methyl-2-pyrrolidone

poly(arylene alkylene)

poly(arylene piperidinium)
polybenzimidazole

proton-exchange membrane fuel cell
2-(piperidine-4-yl)propane-2-ol
polysulfone

quaternary ammonium

bimolecular nucleophilic substitution
solid-oxide fuel cell

trifluoroacetic acid

triflic acid/trifluoromethanesulfonic acid

| ix |



Symbols

x|

characteristic separation distance

water content, [H>OJ/[OH] or [H2O]/[QA]
intrinsic viscosity

ion conductivity

scattering vector



1. Context and scope

1 Context and scope

The current worldwide electric generation capacity is estimated to be about 25 x 10°
GWh,' and the energy demand is still growing. Unfortunately, it is accompanied by
an increase of greenhouse gases in the atmosphere?, making it impossible to meet the
growing energy demand with combustion of more fossil fuels. To limit the global
warming to below 2 °C (Paris Agreement), the global energy demand year 2050 must
not be greater than that of 2015 and two-thirds of the energy from primary sources
must come from renewables.? To achieve this, focus has shifted to the development
of alternative energy technologies that would offer sustainable energy to all economic
sectors globally.* Among these technologies are energy storage and conversion
devices’, which store electrical energy either electrochemically (e.g. batteries)® or by
conversion to chemical bonds (e.g. water electrolysis).® 7 Implementation of these
technologies would make it possible to decouple the electricity generation from its
demand by releasing or converting the stored energy to electricity (e.g. using fuel
cells) when required. Without this kind of infrastructure, intermittent and less reliable
primary energy sources, like wind and solar energy, cannot be efficiently utilized on
a large scale to power the world.? In order to establish such a comprehensive energy
infrastructure, the conversion and storage devices, and their components, need to be
further developed.

A conversion device with great potential is the fuel cell. It electrochemically converts
energy stored in chemical bonds to electricity and offers high conversion efficiencies
as well as zero emissions with great scalability and cogeneration possibilities.> 0
Today, several different types of fuel cells exists, such as phosphoric acid fuel cells,
solid oxide fuel cells, alkaline fuel cells as well as polymer electrolyte membrane fuel
cells.!® The latter has received a lot of attention as a promising power source for the
next generation of vehicles. The topic of this thesis work is related to the development
of a crucial component of this kind of fuel cell, namely its polymeric electrolyte
membrane, which is a type of ion-exchange membrane. The properties of this
membrane strongly affect both the output and lifetime of the fuel cell itself. Due to
the harsh environment of fuel cell operation, the requirements of high ionic
conductivity and structural integrity over thousands of hours are difficult to achieve.

Presented in this thesis is the development, preparation and characterization of
polymers tailored to withstand the alkaline environment and elevated temperatures
of hydroxide exchange membrane (HEM) fuel cell operation. On basis of the results
in a recent publication, where N-alicyclic quaternary ammonium cations were found
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to be exceptionally stable!!, synthetic procedures to prepare polymers carrying this
type of cationic moieties were developed and the subsequently cast HEMs were
characterized with special focus on chemical stability.

No fuel cell tests of the prepared materials are included in this work
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2. Introduction

2 Introduction

Ion exchange membranes (IEMs) typically consist of a hydrophobic polymer
functionalized with immobilized ionic groups and their mobile counter-ions.!? The
inherent osmotic pressure of the IEM causes absorption of water into the membrane,
which allows the ions to dissociate and enables controlled diffusion of the counter-
ions through the membrane.'> Depending on the charge of the transported ion, an
IEM is classified as either an anion-exchange membrane (AEM) or a cation ditto.!?
IEMs have found use in several applications related to energy conversion and storage,
e.g. in redox flow batteries'?, reverse electrodialysis'4, water electrolysis'> and
polymer electrolyte membrane fuel cells'®, all in which the IEM functions as a
polymer electrolyte membrane. In this work, research has been focused solely on
alkaline AEMs or hydroxide exchange membranes (HEMs) for fuel cells. Thus, the
introduction will be focused on the description of fuel cells, membrane requirements
and recent advances in the field of HEMs.

2.1 Fuel cells

A fuel cell is an electrochemical device that continuously converts the chemical free
energy of a gas or a liquid into electrical energy via redox reactions.!” In the most
simple case, H» (fuel) is oxidized, while O, (oxidant) is reduced to form H,O,
electricity and heat. The produced electrical energy can be used to power e.g. an
electric car motor. Vehicles powered this way can both be refueled as quickly as
current petrol cars and be zero-emission, depending on how the fuel is produced.

Similar to a battery cell, the fuel cell consists of two electrodes (anode, cathode)
separated by an electrolyte.!” Through the years, a variety of fuel cells have been
developed and they are normally classified according to the type of electrolyte used.
For example, solid oxide fuel cells (SOFCs) and molten carbonate fuel cells (MCFCs)
have electrolytes consisting of solid oxides and molten carbonates, respectively. They
are both examples of high temperature fuel cells and operate at temperatures up to
1000 °C, which makes them appropriate for stationary applications.!” Both alkaline
fuel cells (AFCs) and polymer electrolyte membrane fuel cells are examples of low
temperature fuel cells.!” The AFC has aqueous KOH as electrolyte while an IEM
functions as the electrolyte in the latter.'” In comparison with other fuel cell
technologies, the polymer electrolyte membrane fuel cell is more suitable for
transportation applications due to its high energy density and the low operating
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2.1. Fuel cells

temperature.'” The polymer electrolyte membrane fuel cells are divided into to two
distinctly separate categories depending on which the transported ion is, protons or
hydroxide ions.

2.1.1 Proton-exchange membrane fuel cells (PEMFC)s

PEMFCs were first developed in the US during the space age in the 1960°s and have
since then seen significant advances.! Today, PEMFCs can be found in several
commercially available vehicles (Toyota Mirai, Hyundai Tucson, etc.), but also in
stationary applications.'® A general overview of how a single PEMFC functions is
shown in Figure 1a and the electrochemical reactions that occur are the following:

Anode (oxidation): H, > 2H' + 2e” EO=0V
Cathode (reduction): %20, + 2H* + 2e” -» H,0 E°=1.23V
Total: ) 02 + HZ g Hzo EO =1.23V

The operating temperature of a PEMFC is typically limited to between 50 and 100
°C, due to limitations of the proton-exchange membrane (PEM).!7 At these
comparatively low temperatures, reaction rates are rather sluggish and in order for a
PEMFC to function adequately, costly and rare platinum catalysts are employed to
speed up the electrochemical processes.'® Even though much effort and some

(a) (b)
H, — e_fl\_/l\ ~—0, H, — e_/l\_/l\ —
M) M) H,0
H* OH™
— —
H,0 H,0
anode PEM cathode anode HEM  cathode

Figure 1. Schematic of two different single fuel cells powering a motor (M), one with an acidic electrolyte
(PEM) (a) and the other with an alkaline one (HEM) (b). In both cases anode and cathode consist of a gas
diffusion layer, a catalyst layer and a bipolar plate.
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2. Introduction

progress has been made to replace and decrease the platinum loading!® ?° and to
recycle the platinum?!, further development is needed in order for PEMFCs to be a
serious alternative to combustion engines in automotive applications.

One of the most commonly used PEMs today was developed already in the 1960s by
DuPont.?> It is a copolymer consisting of a Teflon-based backbone with
perfluorinated sidechains terminated with sulfonic acid groups, as shown in Figure
2, and was originally developed as a separator membrane transporting Na* in the
chlor-alkali process.?? This polymer goes by the trade name Nafion and is still seen
as a benchmark in the field.?? It combines a very hydrophobic fluorinated backbone
carrying fluorinated side chains capped with superacidic perfluorosulfonic acid
groups. A combination that promotes phase separation and offers a high proton
conductivity at low hydration levels.?* The main drawbacks of Nafion, in addition to
its high price, are dehydration as well as its poor mechanical and chemical stability
at high temperatures.?® In 2013 Nafion was reported to be, by far, the most expensive
single component of a fuel cell stack.”> However, even after decades of research on
alternate PEMs, Nafion continues to be the most used PEM in energy conversion and
storage devices.?

Figure 2. Molecular structure of Nafion®.

2.1.2 Alkaline and hydroxide exchange fuel cells

Alkaline fuel cells (AFCs) that use ag. KOH as electrolyte were also developed
during the space age.!” Compared to the acidic PEMFC, AFCs have a significant
advantage because operation in a high pH environment offers advantageous reaction
kinetics.!” This makes it possible to replace the Pt-group catalysts required in e.g.
PEMFCs with less rare and cheaper alternatives, such as Fe or Ag, in alkaline
systems.!”-2” However, there are two major drawbacks for this type of fuel cell. First,
leakage of highly corrosive and hot KOH solution could possibly damage machinery
and injure humans. Second, electrolyte poisoning by CO, decreases the efficiency of
the fuel cell by physically obstructing the mass transport.!” In contact with OH™ ions
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2.1. Fuel cells

in the cell, CO; from ambient air reacts to form HCOs™ and COs?>, which precipitates
together with K* causing pore blockages in the gas diffusion layer.!”

Quite recently, another type of fuel cell operating under alkaline conditions, namely,
the hydroxide exchange membrane fuel cell (HEMFC), also called the anion-
exchange membrane fuel cell (AEMFC), started to receive a lot of attention.?® This
interest arose because the HEMFC has the potential to combine the advantages of
both the PEMFC and the AFC.?"-?° That is, the leakage-free solid electrolyte of the
PEMFC and the faster reaction kinetics in alkaline media of the AFC, potentially
making it both safe and cheap(er).>° On top of this, since the cationic moieties in these
membranes are covalently attached to the polymer, they cannot co-precipitate with
formed carbonates and cause pore blockages, as observed in AFCs.!”

An assembled HEMFC is very similar to a PEMFC, and also functions in a similar
way as illustrated in Figure 1b. Nevertheless, there are several important differences
between them, such as the direction of ion transport, water management and the
presence of the OH™ ion, which is both a base and a nucleophile.”® The
electrochemical reactions in alkaline media are:

Anode (oxidation): 2OH™ + H; - 2H,0+ 2e” E®=-083V
Cathode (reduction): % 0,+ H,O0+ 2e” - 20H" E°=0.40V
Total: % 0, + H, — H,0 E®=1.23V.

The research on HEMFC:s is still quite young and the foundation of the field was laid
in 2006 by Varcoe with a publication on the first all-solid-state HEMFC without
additional base dopant.?! A couple of years later, Zhuang et al. presented the first Pt-
free HEMFC?* and from there, the field expanded rapidly and has since advanced
tremendously. The advances can be followed by studying some of the many
comprehensive reviews written on the topic.2’-3% 3338 For example, the targeted ex-
situ OH™ conductivity of the HEM has increased from 10 mS cm™! before 2010 to
100 mS cm™,* including several reports on HEMs that approached or reached a
conductivity of 200 mS ¢cm™'.3%#! In connection with this, the highest reported peak
power for a Ho/O; hydroxide membrane electrode assembly (MEA) was, at the time
of writing, 3.4 W cm? with a Pt-loading of 1.5 mg cm™ reported in 2019 by Kohl et
al.*? This is more than a 60-fold increase in power output compared to the early MEAs
prepared by Varcoe in 2006.3!

Even though the potential of the HEMFCs is huge, there are some drawbacks and
issues that need to be addressed before realization of a commercial product. To
surpass current PEMFCs equipped with Nafion, an HEMFC should be cheaper, but
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still have a similar performance. A crucial component to achieve this is the HEM,
which to a large extent determines the lifetime and performance of the whole fuel
cell.?

2.2 Hydroxide exchange membranes

An HEM is a solid electrolyte membrane that consists of polymers functionalized
with cationic groups (typically quaternary ammonium (QA)) and OH™ as the mobile
counter ion.*® Its main purpose is to transport OH™ ions between the fuel cell
electrodes, while isolating both the current and the reactant gases at respective
electrode. The fundamental requirements of HEMs for fuel cells include: high
hydroxide conductivity, mechanical integrity and good separation properties, as well
as thermal and chemical stability against radicals, bases and nucleophiles.?®> *3 The
ionic conductivity of the membrane determines the number of electrons produced in
the fuel cell (1 electron per monovalent ion). Thus, an insufficient OH™ conductivity
will limit the fuel cell power density. The water content of the HEM is vital for the
ion transport, but a too large water uptake might instead lead to a dilution effect,
which reduces the OH™ conductivity.** Excessive amounts of water might also cause
the mechanical properties of the HEM to suffer, which can impair the separation
properties and enable gas crossover or short circuiting.?’ The last two points, thermal
and chemical stability, are related to the lifetime of the membrane in the harsh
conditions of fuel cell operation. Even slow degradation or decomposition will over
time decrease the efficiency of the fuel cell. In a best case scenario, membrane
degradation only leads to a small voltage loss, but in some cases it might also cause
the fuel cell to break down.

The advantages of switching from acidic PEMs to alkaline HEMs have been
discussed previously. However, changing the transported ion from H* to OH™ also
introduces new obstacles to overcome.* One related to ionic conductivity and one to
membrane durability. First, the diffusion coefficient and mobility of the OH™ ion are
intrinsically lower than of H* in water, due to the different size and solvation behavior
of the anion.** In addition, QA groups are less dissociated than typical corresponding
sulfonic acid groups in PEMs (pK» ~ 4 compared to pK, < -1) at low hydration
levels.* Together these two attributes make the OH™ conductivity for HEMs lower
than corresponding H" conductivity for PEMs. The second issue is related to the
chemical stability of the HEM in aqueous alkaline media, also called the alkaline
stability.!’ 4547 In contrast to the rather unreactive H*, the OH™ ion functions both as
a nucleophile and base. Within the membrane this reactive specie is surrounded by
large organic molecules carrying plenty of decent leaving groups. Hence, at the
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2.2. Hydroxide exchange membranes

elevated temperature of HEMFC operation, where the reactivity of the OH™ ion is
increased, chemical stability issues arise.”® 3° Depending on temperature and
humidity (degree of solvation of the OH™ ion), degradation rates and mechanisms can
vary, even for the same polymer sample.*® This further emphasizes research on
polymers, HEMs and their stability in alkaline media in order to gain valuable
structure-property relationships and to better understand the degradation phenomena.

A more in-depth explanation of HEMs, their properties, design and synthesis will
now follow.

o z% 65&% p 05 .;._..oc?
o Y o > @@@" § o

Figure 3. Structural diffusion (Grotthuss mechanism) of OH™ in liquid water with the transported hydrogen
(blue) and proton hole (white) included. Adapted from Tuckerman et al.*®

Qoo

2.2.1 Ton transport, conductivity, water uptake and morphology

Transport of OH™ ions in water occurs via the same mechanism as H3O", but differ
from other ions.>® In liquid water, the presence of H3O" and OH™ can be pictured as
opposite defects in a hydrogen bond network (protons and proton holes,
respectively).’? As the dynamic O-H bonds form and break, the defects move between
adjacent molecules and are in that way transported through the network as shown in
Figure 3. This type of diffusion is called structural diffusion and occurs via the
Grotthuss mechanism.! It is the main transport mechanism for both H;O* and OH~
in water and is the underlying reason for the anomalously high mobility of H3O" and
OH™ in water compared to other ions.>® Customary diffusion, also called vehicular or
hydrodynamic diffusion, which is the normal mode of transport for most ions, also
contributes to the diffusion of both H3;O" and OH .°? Despite the mechanistic
similarity, the total diffusion of H3O" is approximately twice that of OH™ in liquid
water.** As mentioned earlier, this is related to the size and different solvation
behavior of the ions.** 33 For example, structural diffusion is retarded because OH™
can be stabilized by a hyper-coordinated solvation structure, which “discourages”
proton transfer, according to Wu et al.>

The above also applies for ion transport in HEMs and PEMs, which is governed by
two factors: the ion-exchange capacity (IEC) of the membrane and the mobility of
the ions.>* A sufficiently hydrated HEM can exhibit an ion conductivity within a
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2. Introduction

factor 2 of a PEM with the same number of charge carriers per gram polymer (IEC).*
However, at lower hydration levels the OH™ conductivity decreases drastically due to
a reduced degree of ion dissociation.** Thus, to achieve similar performance to a
PEM, HEMs must have well hydrated ions (high mobility) and a higher IEC. To
accommodate the high IEC, the HEM must withstand the increased osmotic pressure
and avoid excessive water uptake, e.g. by employing polymers of high molar mass
and/or implementing a phase separated morphology.?® 3

In addition to the presence of water and dissociated ions within the HEM (placed in
an external electrical field), percolation is also needed for the ions to be transported
through the membrane.”® That is, the connectivity of aqueous phase must be
developed enough to allow the ions to travel across the full width of the membrane.
However, percolation should not come at the expense of the mechanical integrity of
the HEM. At high water uptake (>100%; mass of water > mass of dry membrane),
percolation and ion transport are seldom a problem, but depending on polymer
structure and molar mass, the mechanical properties might be compromised. Thus, it
is beneficial to achieve percolation already at low water uptake.

QA group
0

alkyl chain

— N~

backbone

NS

Figure 4. A phase separated lamellar structure of a comb-shaped polymer used as an HEM. Adapted from
Binder et al.®®

A connection between the presence of phase segregated ion rich domains (ionic
clusters) in a dry membrane, which aids percolation when hydrated, and high ionic
conductivity at limited water uptake has been demonstrated.’®> 3% 36-3% By clever
polymer design, e.g. using alkyl extenders®® 37 or spacers®’- 38, the formation of these
ionic clusters can be facilitated. As the membrane takes up water, the ionic domains
will swell and form an interconnected hydrated phase enabling high OH™
conductivity, even at low water uptake (<50%). Shown in Figure 4 is an example of
a polymer designed to phase separate. The alkyl chains of this comb-shaped polymer,
reported by Binder et al., caused segregation and formation of an ordered lamellar
structure.’® Compared to a polymer with no clear clustering, HEMs based on this type
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2.2. Hydroxide exchange membranes

of polymer architecture showed much higher conductivity at lower water uptake.>
Another way to facilitate phase separation is to prepare polymers where the QA
groups are concentrated to certain segments within the polymer structure (i.e.
multicationic repeating units or block copolymers).?®-3° However, placement of ions
in too close proximity might lead to an incomplete ion dissociation and therefore a
decrease in ion conductivity.** ®° The phase separation and morphology of dry HEMs
is typically studied using small angle X-ray scattering techniques.

In recent years, HEMs found in literature often exhibit OH™ conductivity that surpass
100 mS cm! and have started to rival those measured for PEMs.3 However,
achieving high conductivity at limited/low water uptake (<50%) is still challenging
and requires both a high IEC, rational polymer design and polymers of high molar
mass. Since the work presented in thesis has been more focused on the exploration
and development of alkali-stable HEMs and studying structure-property relationships
with this focus, achieving high conductivity at low water uptake would only be a
bonus.

2.2.2 The polymer backbone

There are a vast number of different polymers that can be used to form membranes,
but only a limited number that have the potential to fulfill the earlier stated
requirements of an HEM. Fundamentally, the polymer backbone must provide the
HEM with good mechanical stability at the operating temperature by withstanding
the osmotic pressure and limiting the difference in dimensional swelling between dry
and wet state.?’ Thereby keeping the mechanical stress on the membrane during fuel
cell operation to a minimum. On top of this, the backbone should also possess a high
thermal and chemical stability. To accommodate all the requirements stated above, a
typical backbone has a high glass transition temperature (7) and is highly aromatic.

In the early stages of HEM research, previously gathered knowledge from studying
PEMs was directly implemented into the new field of membrane research for
HEMFCs. Thus, many early HEMs were based on polysulfone (PSU) backbones that
were designed and functionalized various ways.®!> 2 An example of a PSU is
displayed in Figure 5a. In addition to the earlier mentioned attributes, these polymers
also provide good film forming properties and can easily be modified chemically,
either pre- or post-polymerization. However, HEMs based on PSUs often performed
very poorly in alkaline solutions, wherein they tend to degrade rapidly. Both the aryl
ether bonds and the quaternary carbons present in the PSUs can be activated for
hydrolysis.®*-%3 Moreover, attaching a cationic group in the benzylic position further
destabilizes the backbone and causes polymer degradation via chain cleavage, as
shown in Figure 5¢.53-¢7
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Figure 5. Examples of polymer backbones containing aryl ether bonds, a) PSU and b) PPO. c) Chain
scission in alkaline media of an activated ether bond in a functionalized PSU.% %8 X corresponds to an
electron withdrawing group, e.g. a QA group.

Since then a variety of other polymer backbones have been explored. Among them is
poly(p-phenylene oxide) (PPO) (Figure 5b), which is a commercially available
polymer that offers possibilities similar to the PSUs, while providing a better alkaline
stability.®” Our group have in recent years worked a lot with PPO, especially with
preparation of HEMs from bromoalkylated PPO made using lithiation chemistry.%-
"I Some of the experience of working with PPO was utilized in Paper I to prepare
crosslinked HEMs from pre-functionalized PPO and N,N-diallylpiperidinium
chloride.

In a recent study by Bae et al., functionalized PPO was also found to degrade via
chain scission of the backbone in alkaline solution at elevated temperature.’® Even
though the study showed that unsubstituted PPO possessed a high alkaline stability,
it was also shown that the molar mass of functionalized PPO decreased after
exposure. This effect was observed for PPO functionalized with heteroatoms attached
in benzylic position as well as via alkyl chain. The degradation mechanism could not
be conclusively elucidated, but was assumed to be similar to cleavage of the ether
bonds observed for PSUs (Figure 5¢).%

Even though PPO is still a popular backbone for HEM research, focus has shifted to
the implementation of more suitable ether-free aromatic polymer backbones. Because
of their lack of vulnerable ether groups, these backbones are not cleaved as easily and
possess a higher stability towards the OH™ ion. Four different examples of such
backbones prepared in four types of polymerizations are shown in Figure 6. They
include, a) poly(quinquephenylene-fluorene)s prepared in Ni-mediated Yamamoto
coupling polymerizations’?, b) poly(phenylene-fluorene)s prepared in Pd-catalyzed
Suzuki coupling polymerizations’3, ¢) poly(arylene alkylene)s (PAA) prepared in
superacid mediated polyhydroxyalkylations’#-%? and d) poly(phenylene)s prepared in
Diels-Alder polymerizations® 84,
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QOO R
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Figure 6. Examples of suitable ether-free aromatic polymer backbones used for HEMs found in literature:
a) poly(quinquephenylene-fluorene)’, b) poly(phenylene-fluorene)”, c) poly(arylene alkylene) (PAA)74-82
and d) polyphenylene® 8,

The examples above include only highly aromatic polymer backbones with high 7.
However, many other less rigid ether-free backbones have also been used for HEMs,
for example, styrene-ethylene-butylene-styrene block copolymer (SEBS)%90,

95-100 Because of their

poly(norbornene)*> °1-%3, polystyrene (PS)** and polyethylene
much less rigid backbone, HEMs based on these polymers tend to be softer and
exhibit a larger water swelling at a given IEC compared to those based on more rigid
backbones. To avoid an excessive dimensional swelling and to improve the
mechanical integrity of HEMs based on these backbones, crosslinking and blending

are commonly used strategies. > 838793, 94

HEMs based on PPO, PAA and PS backbones are included in this thesis work.

2.2.3 The cation

With a suitable polymer backbone identified, another, and perhaps, more difficult
task is to determine what type of cation to use. A suitable cation should be alkali-
stable, hydrophilic and possess a good oxidative and voltage stability.?> 1°! Hence,
the cation should be stable towards hydroxide ions at elevated temperature without
compromising its hydrophilic character. Since many strategies to increase the
structural integrity of the cation is based on steric protection, its hydrophilicity is
often sacrificed for an improved alkaline stability.!%-!% This may likely decrease
both the water uptake and ion conductivity of the HEM, leading to a lower power
output of the FC.'% Thus, care has to be taken when designing and selecting cation.
On top of this, the cation must be both stable towards reactive oxidants and not
involved in their formation.”” 3 Some cations have been shown to catalyze the
formation of reactive oxygen species (e.g. superoxide radicals).'”” The typical
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Fenton’s reagent, used in the assessment of the oxidative stability for PEMs, cannot
be used for HEMs, since the relevant radical species are not formed in alkaline
media.® Instead, in-situ durability performance tests are preferred.”’

In the search for high-performance HEMs a wide variety of cations has been
synthesized and investigated, such as QA cations, sterically protected phosphonium
moieties and transition metal complexes with large ligands (Figure 7).!1 46 80,99, 103-
105, 108-112 The bottom two examples in Figure 7 are examples of larger and more
complex ions. Metallocene cations typically require quite expensive synthesis,
counteracting the main advantage of platinum-free HEMFCs, which is the potential
low cost. Even though certain phosphonium ions have shown interesting
properties!!'?, the high molecular weight of these bulky cations can make them
difficult to implement.?® Instead, QA cations are typically preferred and have been
studied extensively. They are often commercially available or easily synthesized, as
well as low molecular weight and facile to attach onto polymer backbones.!!® The
most commonly encountered cation in literature is based on trimethylamine (TMA),
i.e. benzyl-TMA or alkyl-TMA57 8. 85,86, 114 [t ig with basis in these facts the QA
type cation was selected as the cation of choice in this work.

) e
N~ RgNy-R NS
! R’N@/z; (%j [ﬁ]

VRN
trimethyl- imidazolum  piperidinium  DABCO
ammonium
— - 2+
OMe MeO
MeO ®P OMe
OMe MeO
MeO. OMe
— - OMe
ruthenium phosphonium

Figure 7. A few types of cationic moieties from recent research. The top row consists of different QA groups
(TMAS7: 58.75.95 imidazolium?6. 99 103195 piperidinjum™! 76, 80. 94, 96,108,109 'HABCQ?), in the bottom one more
exotic ones are displayed (ruthenium'" and phosphonium''?). The counter-ions have been left out for
clarity.
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2.2. Hydroxide exchange membranes

QA Cation stability and degradation

The main degradation pathways of QA groups in the presence of OH™ ions are via
nucleophilic substitution or B-elimination reactions (Figure 8a).2’-3% 13 Bimolecular
nucleophilic substitution (Sx2) occurs via a nucleophilic attack on an a-carbon
resulting in a loss of charge and formation of an alcohol and a tertiary amine.!'> 116
The reaction proceeds via a trigonal bipyramidal transition state and results in an
inversion of the stereochemistry. ''5!17 B-elimination of a QA cation (referred to as
Hofmann elimination) is the abstraction of a proton in the -position to the charged
center producing an alkene, a tertiary amine and water.!'> This reaction can only
occur if the leaving group is positioned in an anti-periplanar (trans) conformation in
regards to the abstracted proton and the formed alkene is the least substituted/stable
one (Hofmann’s rule).!'> The broken o bonds are then correctly aligned to form a «
bond, as can be seen in transition state in Figure 8b. However, sterically hindered
QA cations having only cis-f-hydrogens (trans conformation hindered) may instead
degrade via a two-step f-carbanion mechanism (Elcb).!'3

a)
R < ,
& 5 / R w
(V&N\ —_— HO---- Lo N— k . N
@ A OH |
OH- oY —
b)
| s
H H. 9.0 wH <
H” P’ Rﬂ_\H + \N/
e g —
oy 1@ §
5 OH

Figure 8. lllustration of nucleophilic substitution (Sn2) (a) and Hofmann elimination (b) of a QA group,
including transition states. These two are the most prominent degradation pathways for commonly used
QA groups.

Even though the above mentioned mechanisms constitute the most commonly
encountered degradation pathways of QA compounds, other routes exist. Pyridine
type cations degrade almost instantly via ortho attacks.''” For benzylic QA groups
(e.g. benzyl-TMA) degradation via ylid formation (e.g. Sommelet-Hauser and
Stevens rearrangements) have been observed.'?*!?2 Imidazoliums, resonance
stabilized ammonium type cations, tend to degrade via a nucleophilic addition-
elimination pathway if no bulky substituents have been attached.'?* For all examples
of degradation above, it is expected that the total Gibbs free energy of the starting
materials (QA and OH") is higher (AG < 0) than that of the degradation products
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(alcohol, alkene, alkane, water, etc.) and stabilization of these cations must thus occur
by increasing the kinetic barriers of the degradation reactions.

Stability of N-alicyclic QA cations

A fundamental and comprehensive study of the alkaline stability of a large number
of QA groups was conducted by Marino and Kreuer in 2015.!! In the study, the half-
life of different cations was measured in 6 M aq. NaOH at 160 °C and the cations
were ranked accordingly. A selection is shown in Figure 9. N-Alicyclic QA groups
were found to be exceptionally stable and two piperidine-based cations, N,N-
dimethylpiperidinium (DMP) and 6-azonia-spiro[5.5Jundecane (ASU), possessed the
highest alkaline stability in the chosen conditions. The results also suggested that
placement of otherwise stable cations in benzylic positions severely reduced the
alkaline stability, as illustrated in Figure 9 for benzyl-TMA and benzyl-
methylpiperidinium. They also found that benzylic cations that degrade via ylid
formation may cause radical formation, initiating other type of polymer degradation
reactions.'?’

ooy © \ ()
o o R o4 R E

4.18 7.26 28.4 37.1 61.9 87.3 110

[

Half-life (h) Most stable

Figure 9. A selection of QA groups investigated by Kreuer et al. arranged according to their established
half-life in 6 M aq. NaOH at 160 °C.""

The observed high alkaline stability of the N-alicyclic QA groups is quite remarkable,
especially since each ring has several B-protons available for Hofmann elimination.
According to Marino and Kreuer the resistance towards Hofmann ring-opening
elimination is ascribed to unfavorable bond angles and bond lengths of the
piperidinium ring in the transition states of the this type of degradation reaction
(Figure 8b).'" 7 Analysis of the degradation products showed that degradation of
the N-alicyclic QA cations only occurred via ring-opening a-substitution (ASU) or
methyl substitution (DMP), as shown in Figure 10, with no sign of Hofmann
elimination.'! It was with basis in these findings, ideas for the polymers presented in
Paper I — V were developed and realized.
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Figure 10. Plausible degradation reactions of the ASU and DMP cations. a) And ¢) Hofmann ring-opening
elimination (E2) and b) and d) nucleophilic substitution (Sn2). Only b) and d) was observed by Marino and
Kreuer. !

2.2.4 Issues with alkaline stability studies of cationic polymers

A large variety of the different polymer backbones and cations mentioned above have
been explored in the process of developing novel and high-performance HEMs for
fuel cells. Part of the efforts invested have been focused on the preparation of alkali-
stable HEMs. Hence, a lot of structure-property relationships on the subject have been
published and it has helped the field to progress.®> 3% 101 However, interpreting and
comparing data from different studies or drawing general conclusions on HEM
durability is not straightforward.

One issue with these studies is the sheer number of different methods used to assess
the alkaline stability. Common approaches include studying the IEC, ion conductivity
and/or the chemical structure as a function of storage time in alkaline solutions,
ranging from 1 - 10 M aq. NaOH/KOH at different temperature.> 1> 124 This variety
makes comparison between different studies difficult and the introduction of a
standard procedure for ex-situ alkaline stability assessment would simplify the
situation.

Another problem involves the study of the alkaline stability of model compounds,
which are compounds prepared to mimic the cation in the anticipated polymer.!%
Since the degradation processes of HEMs are complex, it is often difficult to isolate
the contribution from different components on the overall degradation, e.g.
degradation of backbone or cation.!’ By instead studying model compounds data
analysis can be simplified.'” However, because the degradation processes within
polymers are so complex, an alkali-stable model compound does not directly translate
to an alkali-stable HEM. For example, unsuitable placement of an otherwise stable
cation might both cause backbone degradation®, or enable degradation of the cation
itself.!?> 126 Hence, the design of a cationic polymer is crucial for its properties and
the combination of an alkali-stable backbone and cation must be well thought through
in order to avoid the introduction of unforeseen vulnerabilities.
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2.3 Approach and aim

The work presented in this thesis was focused on the development of different
synthetic strategies to prepare and explore polymers functionalized with N-alicyclic
cations. With basis in literature and previously gathered knowledge, interesting
polymer structures were identified, and synthetic strategies developed and verified.
In the lab, these polymers were then realized, and subsequent HEMs were
characterized with focus on thermal and alkaline stability, water uptake, ion
conductivity and morphology. Additional information was acquired by studying how
small structural changes of the prepared polymers affected the aforementioned
properties. The obtained structure-property relationships were then added to the pot
of knowledge, and the iterative process of developing new ideas was continued. The
ultimate goal of this process was to discover and develop an alkali-stable and
membrane-forming polymer material in which the inherently high alkaline stability
of the N-alicyclic QA cation could be fully utilized. Preferably, this polymer should
also be prepared using commercially available compounds using high yield and
straightforward (short) synthetic procedures. Examples of the different types of
polymers synthesized and studied in this thesis are found below in Figure 11.

Paper | Paper II-IV Paper V

n m
L\! x=1or2 /N\ O O
@ <

¢

Figure 11. Examples of N-alicyclic QA cation functional polymers presented in the included papers.
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3 Experimental methods

This section covers the experimental part of the thesis work, with focus on synthesis,
analysis and the different materials used.

3.1 Synthesis

3.1.1 Polymerization

Cyclopolymerization

Radical polymerization of various multiallyl QA salts was studied by Butler et al. in
the late 1940s and 50s and the results were published as a series of papers.!?713* At
that time, it had been established that radical polymerization of non-conjugated
monomers with more than one unsaturation produced crosslinked materials or formed
linear polymers carrying unreacted alkenes. The results of the first publication in the
series agreed with that, as the studied polymerizations of monomers with at least three
unsaturated (allyl) groups produced crosslinked polymers with ions only available
for ion-exchange.'?’ In later experiments Butler and coworkers found that polymers
prepared from diallyl QA salts contained no residual double bonds and were water
soluble, indicating that a linear polymer was produced even though both allyl groups
were taking part in the polymerization. On top of this, they also found that monoallyl
QA salts did not polymerize at all. In the eighth and most cited publication of the
series, Butler et al. proposed a mechanism for the formation of linear and water-
soluble polymers from diallyl QA salts. The reported mechanism consisted of
initiation, intra-molecular cyclization and inter-molecular propagation yielding a
polyelectrolyte with repeating units consisting of 6-membered rings.'** In-depth
analysis later revealed that the repeating units were in fact made up of 5-membered
rings produced in a slightly different polymerization mechanism, which is shown in
Scheme 1.!%

The cyclopolymerization of diallyldimethylammonium chloride (DADMAC or M*)
is typically conducted in water at high monomer concentrations (50 — 70 wt%) with
ammonium persulfate (APS) as initiator.'3> The primary radical (I', Scheme 1) is
formed either by complex formation of the persulfate ion with monomer cations
followed by its decomposition, or by redox reactions between the persulfate ion and
the CI~ ion.'3¢ I" and M" reacts to form a secondary radical (ii) in the initiating step,
which is followed by the formation of the 5-membered ring (ii7) in an intramolecular
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Scheme 1. Mechanism of APS initiated radical polymerization of DADMAC, including initiation, alternating
intra- and intermolecular propagation as well as termination. e = radical.

cyclization reaction. A polymer, PolyDADMAC (iv), is then produced in a sequence
of propagation and cyclization steps, before propagation is terminated. Termination
most commonly occurs via combination but can also occur by chain degradation
reactions with CI' moieties. Dead chains are also formed by chain transfer to

monomer.!3¢

This type of cyclopolymerization exhibits some interesting characteristics. For
example, the overall polymerization rate is significantly increased at high [M*] and
the ratio ky/k> shows a clear increase between 1.5 - 4 mol 1'.13¢ A reason for this
behavior is that the monomer salt not only acts as a monomer, but also as an
electrolyte, which decreases the Coulombic interaction between the propagating
chain and M". This effect increases with [M*].13¢ The presence of M* also speeds up
the primary radical formation by complex formation with the persulfate anion.!3¢

In an early patent by Butler, it was shown that various diallylammonium salts, such
as diallyldimethyl, -pyrrolidinium, -piperidinium and -morpholinium all could be
employed to prepare polyDADMAC type polymers.'?” In the same publication, the
effect the counterion had on the polymerization was also reported. In polymerizations
conducted at the same conditions, monomers in the Cl~ form gave polymers of much
higher molar mass than monomers in the Br~ form.'3” No reason was given for this
observation, but since the CI™ ion is involved in both initiation and termination,
changing the counterion could probably affect the equilibria of the reactions and,
thus, the resulting molar mass.

PolyDADMALC is today mass-produced industrially and used as a flocculating agent

in e.g. water treatment and paper manufacturing.'3?

In this thesis work cyclopolymerization was used to prepare the water-soluble N-
spirocyclic polyelectrolytes studied in Paper I.
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Polyhydroxyalkylation

The first hydroxyalkylation reaction was reported already in 1872 by A. Baeyer in a
study of the condensation of trichloroacetaldehyde and benzene in sulfuric acid.'*®
Since then these Friedel-Crafts type reactions, where different carbonyls and electron
rich arenes react, have been widely used to produce different industrial chemicals,
such as bisphenol A. The field advanced rapidly with the work on superelectrophilic
activation by Nobel laureate Olah and coworkers.!*’ They showed that the reactivity
of certain electrophiles were significantly enhanced in contact with strong Brensted
or Lewis acids (superacids) and called the reactive species formed
superelectrophiles.!*  This discovery allowed for high-yield and specific
hydroxyalkylations using less reactive arenes'#! and for the preparation of polymers
in superacid mediated polycondensations, called polyhydroxyalkylations, pioneered
by Zolotukhin et al.'*>14* A range of different carbonyl and non-activated aromatic
hydrocarbons compounds, employed as A, and B, or AB, monomers, have been
studied and used to prepare high molar mass linear and hyperbranched polymers.'#*-
147 The polyhydroxyalkylation reaction was quite recently postulated as an effective
method to prepare ether-free, high 7, membrane-forming polymers for use as

backbones for HEMs,*® 75 and has been frequently studied for this application
since. 74 76-82, 94, 148, 149
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Scheme 2. Hydroxyalkylation of a non-activated arene with a trifluoroketone in TFSA and DCM, with
included reaction mechanisms. k1 and k2 are rate constants.
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3. Experimental methods

An example of a superacid mediated hydroxyalkylation reaction is shown in Scheme
2. Here a trifluoroketone and an arene reacts in two steps to form a diaryl product (4)
in a solution of trifluoromethanesulfonic acid (TFSA) and dichloromethane (DCM).
Each step has been assigned its own rate constant (k,). In the first step, the protonated
trifluoroketone, an electrophile with enhanced reactivity, reacts with an arene to form
a carbinol intermediate. Subsequently, a tertiary carbocation is formed, which
condenses with a second arene forming the product. The reaction mechanism is also
included in Scheme 2. By using an A, monomer, i.e. biphenyl (R; = Ph), as the arene
reactant, a poly(arylene alkylene) (PAA) (B) can be produced.

The rate constants (k; and k2, Scheme 2) of a hydroxyalkylation reaction depend
strongly on the compounds used and the employed reaction conditions. Thus, the
ratio between the rate constants (k;/k;) can be tuned by reaction design.'>® For
example, the ratio for the reaction between 1,1,1-trifluoroacetone and anisole in
TFSA is 350 (k; > k2), while with benzene as nucleophile the ratio is 10 (k;<<k»).'>
The ratio can also be controlled by changing the acidity of the reaction solution. With
increasing acidity, k; decreases and k; stays intact so the ratio (k;/kz) decreases.!>
Together these characteristics mean that by careful reaction design either a mono- or
a diarylated product can be obtained. On top of this, if k;<k», the first step will be rate
determining and polyhydroxyalkylation reactions governed by such characteristics
may be accelerated by non-stoichiometric conditions, which is unusual for
polycondensation reactions. With the carbonyl compound in excess, the
polymerization rate will increase with increasing molar imbalance between the
monomers.'>® Zolotukhin et al. showed that only a 15-20% excess dramatically
increase the reaction rate and these polymerizations were completed within minutes.
However, a too large molar excess of the carbonyl compound led to side reactions

and crosslinking.'>°

Another type of carbonyl compound that has been used in superacid mediated
polyhydroxyalkylation reactions, in addition to trifluoroketones, is piperidones.'# 3!
Piperidone was first indicated as a candidate for superelectrophilic activation in an
electrostatic field effect study related to different oxocarbenium ions.!*? In a later
study by Klumpp et al., different piperidones were diarylated in good to excellent
yields (80 — 99%) in TFSA/DCM mixtures.'3! The highest yields were obtained with
N-substituted 4-piperidones. By reacting mono- or diphenylated piperidone with
chlorobenzene it was also shown that at least one of the electrophilic aromatic
substitutions was reversible, as can be seen in Scheme 3. Both reactions gave a
mixture of three products, consisting of piperidones functionalized with either
diphenyl, diphenylchloride or monophenyl and monophenylchloride.'s!
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3.1. Synthesis

Scheme 3. Reactions of mono- and diarylated piperidones with chlorobenzene undertaken by Klumpp et
al. showing that hydroxyalkylation reactions with piperidone are equilibrium reactions. '’

Piperidones have also been used to prepare both linear and hyperbranched polymers
of high molar mass by condensation with e.g. biphenyl and terphenyl.!*> This is
especially interesting for HEM research, since it enables a quick route to rigid aryl
ether-free and membrane forming polymers carrying secondary or tertiary piperidine
moieties. A typical polymerization of N-methyl piperidone (mPip) and p-terphenyl
in TESA, trifluoroacetic acid (TFA) and DCM is shown in Scheme 4a. In this thesis
work, different arene and piperidone monomers have been used to prepare a variety
of poly(arylene piperidine)s in polyhydroxyalkylation reactions (Paper II-IV), which
were developed based on the procedures presented by Cruz et al.'4

a) N TFsa
b) A N |

HO H* (
- — - 7
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Scheme 4. a) Polyhydroxyalkylation of p-terphenyl and mPip. b) E1 reaction during polyhydroxyalkylation
forming an irreversible chain end.

An unexpected challenge arose during our work with polyhydroxyalkylation
reactions involving piperidones. It was noticed that the viscosity of the reaction
solution reached a maximum during the reaction and suddenly started to decrease. 'H
NMR analysis of samples taken from the polymerization reaction after different times
indicated that a side reaction competed with the propagation reaction. An emerging
signal at 6.3 ppm seemed to be correlated to the decrease of the reaction solution
viscosity. No information about this side reaction was found in literature, but the
signal shift indicated that it originated from an alkene, which most probably was
formed in an irreversible E1 reaction, as shown in Scheme 4b.3° Since the
propagation in this type of polymerization is an equilibrium reaction, the
accumulation of these dead chain ends not only terminate further growth but also lead
to a decrease of the molar mass of already formed polymer strands. Hence, explaining
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3. Experimental methods

the observed decrease of the reaction solution viscosity over time. In order to mitigate
the elimination issue, polymerizations were conducted at 0 °C and the reactions were
stopped when viscosity reached its maximum.

3.1.2 Polymer modification and functionalization

Hydroxyalkylation of polystyrene

The hydroxyalkylation reaction can also be used to modify aromatic polymers with
various functional groups.'>* For example, polystyrene can be functionalized using
tertiary alcohol reagents in triflic acid.'> In this reaction, the aromatic ring of the
polystyrene (PS) couples to a tertiary carbocation formed after protonation of the
tertiary alcohol reagent.

OH

n N n-m m
H
T, QO Q
TFSA
DCM
0°C

TFSA®

IZ+

2

Scheme 5. Functionalization of PS with a tertiary alcohol reagent in a triflic acid mediated hydroxyalkylation
reaction.

In Paper V, PS was tethered with 2-(piperidine-4-yl)propane-2-ol (PiptOH) as shown
in Scheme 5. This reaction proceeded as a two-phase suspension, because of low
solubility of PS in the reaction solution. With time, the suspension became more
homogeneous, probably due to the gradual dissolution of functionalized polymer.
Using this method, PS could be functionalized up to 30% and attempts to reach higher
degrees of functionalization rendered insoluble products. The secondary amines in
the functionalized PS were readily available for subsequent quaternization.

Quaternization

Charges, in the form of QA cations, were introduced by quaternization of amines
already present in precursor polymers. The amines were quaternized in Sx2 reactions
with alkyl halides undertaken in aprotic polar solvents, typically DMSO, NMP or a
mixture of both.!'® Tertiary amines were transformed to QA groups in Menshutkin
reactions without addition of any catalyst (Scheme 6a). Some quaternization
reactions of tertiary amines and all quaternizations of secondary amines were
conducted in the presence of a base (Scheme 6b). Depending on the alkyl halide,
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3.1. Synthesis

either N,N-diisopropylethylamine (DIPEA) or K,CO3/CaCOs; was used as a base.
Because iodomethane is small enough to react with DIPEA, despite the bulkiness of
the base, one of the carbonates had to be used for these reactions. The reactivity of
the alkyl halide also influenced the choice of reaction temperature. All
quaternizations with iodomethane were performed in the dark at ambient conditions,
while reactions involving alkyl bromides were heated to ~80 °C.

S e
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Scheme 6. Different quaternization reactions of piperidine moieties with alkyl halides. a) Tertiary N-methyl
piperidine, b) secondary piperidine, c) cycloquaternization of piperidine with 1,6-dibromohexane and d)
possible unwanted products from side-reactions in the cycloquaternization.

The term cycloquaternization has been frequently used during this thesis work and
refers to the preparation of N-spirocyclic QA cations from secondary mono-cyclic
amines by reaction with o, -dibromoalkanes as shown in Scheme 6c¢. The
functionalization reactions occur in two distinctly different steps. First, a tertiary
amine is formed in an intermolecular substitution reaction between a secondary
amine and a dibromoalkane. This is followed quickly by an intramolecular ring-
closing substitution reaction. Unwanted products, shown in Scheme 6d, formed in
side reactions were avoided by maintaining a low reactant and polymer concentration,
in addition to adding the electrophile and base dropwise to the reaction solution.
These precautions decreased the rate of all intermolecular reactions, while the rate of
the intramolecular reactions was left unaffected, thus, decreasing the risk of
crosslinking.

Another important aspect to avoid crosslinking was to maintain a homogeneous
solution throughout the reaction. Any inhomogeneity, e.g. precipitation, leads to a
locally increased polymer concentration and an increased risk of crosslinking.
Therefore, solvents or solvent mixtures were carefully chosen for each different
cycloquaternization reaction. In contrast, quaternization of poly(arylene piperidine)
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3. Experimental methods

with iodomethane always proceeded to full conversion without observable side
reactions even though the precursor polymer was insoluble in the chosen solvent.

Crosslinking and subsequent quaternization

A method utilized in this work to control the water uptake was crosslinking. By
introducing crosslinks, different polymer strands become covalently connected to
each other and their relative movement limited, thus decreasing the ability of the
HEM to swell and its water uptake. In Paper IV, crosslinks were introduced during a
reactive casting step, in which a precursor polymer with pendant tertiary amines was
cast in the presence of a small amount of 1,8-dibromooctane. During casting, the
piperidine moieties displace the bromine atoms of the crosslinking agent and
quaternized piperidinium units, connected by octyl chains, are formed. The length of
flexible alkyl chains was chosen so that the intermediate films would not be too brittle
and make them easier to handle. The degree of crosslinking was determined by Mohr
titration of the intermediate films. Finally, the IEC of the finished crosslinked HEMs
was varied by quaternizing part of the residual tertiary amines using a stoichiometric
shortage of iodomethane in water.

3.1.3 Monomer synthesis

Only one project involving monomer synthesis is included in this thesis and that is
the synthesis of N,N-diallylazacycloalkane quaternary ammonium bromide and
chloride salts used in Paper 1.

Starting with different heterocyclic amines, four different N,N-diallylammonium
salts were prepared in a two-step synthesis based on the procedures presented in a
paper by de Vynck et al.'>* In theory to monomers could be prepared in one step, but
in order to avoid a tedious purification process, including the separation of different
water soluble salts, a perhaps slower but simpler route was chosen. First, a secondary
amine was reacted with allyl bromide to form the intermediate N-allylamine. After
distillation, the monomer, N, N-diallylammonium bromide or chloride, was prepared
from N-allylamine in a reaction with allyl bromide or allyl chloride, respectively. Due
to the different reactivity of the allyl halide reagents, the second step was performed
either in diethyl ether at room temperature or in NMP at 75 °C. The precipitated
monomer salt was washed several times with diethyl ether and used in subsequent
cyclopolymerizations without further purification.

3.1.4 Membrane preparation

All films and HEMs included in this thesis work were prepared by solvent casting
from 5 wt% polymer solutions placed in Petri dishes (@ = 5 cm). The solutions,
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3.1. Synthesis

prepared with DMSO or NMP, were filtered using a Teflon syringe filter (Millex LS,
5 um) prior to casting in a well-ventilated oven at 70 — 85 °C during at least 48 h.
The obtained membranes were 50 — 100 pm thick and were stored in water at least
48 h before any measurements.

Blending

An efficient strategy to improve mechanical properties, mitigate swelling and
decrease water uptake of an HEM is by preparation of blend membranes. By blending
a cationic and an anionic polymer, strong interactions in the form of ionic complexes
arise between the polymers. These complexes lower water uptake by both decreasing
the effective IEC and working as crosslinks that limit the swelling.

In this thesis work, blending was used to improve the properties of PS HEMs.
Cationic PS was co-cast with polybenzimidazole (PBI-O) from DMSO solutions to
form homogeneous blend HEMs. These were then treated with 1 M aq. NaOH to
deprotonate part of the -NH— groups of the PBI-O component and form piperidinium-
imidazolate complexes as shown in Figure 12. These complexes work as ionic
crosslinks between the two polymer components and are stable as long as the blend
HEMSs are kept under alkaline conditions. Hence, all blend HEMs were stored in
alkaline solution prior to and between all measurements. Since the blend HEMs had
to kept in alkaline solution, their IECs could not be determined using Mohr’s or acid-
base titration methods.
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Figure 12. A piperidinium-imidazolate complex acting as a crosslink in a blend between functionalized PS
and polybenzimidazole (PBI-O).
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3.2 Characterization methods

3.2.1 Polymer characterization

Differential scanning calorimetry (DSC)

The glass transition temperature (7) of different polymer samples was determined
by studying the heat flow to the sample at 10 °C min! using a Q2000 DSC (TA
Instruments). All samples were analyzed in two heating cycles to remove any thermal
history and the 7, was taken at the inflexion point in the thermogram during the
second cycle. Due to the quick absorption of water from the air into an HEM, the
glass transition region can often be broadened, which makes it difficult to distinguish.
Therefore, non-quaternized precursor polymers were typically studied instead.

Viscosity measurements

Solubility and instrument limitations made it impossible to study the molar mass of
the synthesized polymers by gel permeation chromatography (GPC). The precursor
polymers (PAA-type) prepared for papers 1I-IV were soluble in chloroform when
neutral and analysis with GPC was attempted several times. However, no elution time
could be determined because no signal was detected. This was most probably caused
by polymer adsorption to the columns. Therefore, to estimate or get an indication of
the molar mass, the intrinsic viscosity of dilute polymer solutions in water (Paper I)
or DMSO (Paper I1-IV) was measured using an Ubbelohde viscometer.'> To prevent
the polyelectrolyte effect, NaCl (1 M) was added to the water and LiBr (0.1 M) to the
DMSO solutions. A water bath was used to keep the temperature constant during the
measurements. The elution times for the sample solutions of different concentrations
(t5) was compared to the elution time of the solvent (blank, #,) and the reduced (77cq)
and inherent viscosity (7:.1,) was calculated using the following equations,

t
_ b (1)
Mrea = c
t
In (—5)
_ tp 2
Minp = c )

where ¢ is the polymer concentration. The intrinsic viscosity [77] was taken as the
average intersection of 7. and 7, With the y-axis.
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3.2. Characterization methods

Nuclear magnetic resonance (NMR) spectroscopy

NMR spectroscopy was used to study and verify the molecular structures of
synthesized monomers and polymers. On a Bruker DRX400 spectrometer, 'H and
13C NMR spectra were obtained at 400 and 100 MHz, respectively. Solvents used for
the analysis include DMSO-ds (6 = 2.50 ppm), D2O (6 = 4.79 ppm) and chloroform-
d (6="17.26 ppm).
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Figure 13. 'H NMR spectra before (a) and after (b) the addition of TFA to a sample solution. Protonation
caused both a shift of the water signal revealing previously hidden signals (blue oval) as well as tertiary
amines (red oval). Spectra (c, d) were both taken one month apart of the same sample solution, with added
TFA, to demonstrate that no proton-deuterium exchange occurs with time.

In many cases, when NMR analysis was conducted with DMSO-ds as the solvent,
1,1,1-trifluoroacetic acid (TFA) was added to the solution. It was discovered, by
chance, that residual acid left from the polymerization of PAAs could be very useful
for NMR analysis. It not only protonated tertiary amines, but also the water
molecules, shifting the water signal to above 10 ppm, as shown in Figure 13a-b.
Thereafter, TFA was systematically used to uncover otherwise hidden signals and to
reveal tertiary amines, which in the protonated form gave rise to their own signal (Rs-
N*-H, Figure 13b). The latter became especially important during the study of
polymer and HEM degradation in alkaline media. Since all (common) degradation
mechanisms involving N-alicyclic cations lead to the formation of tertiary amines
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covalently attached to the polymer, being able to quantify the amount of tertiary
amine formed is a very useful tool. However, to ensure the credibility of the data, it
is crucial to verify that no proton-deuterium exchange occurs over time. This would
change the signal intensity and integral, making the method useless. However, as can
be seen in Figure 13¢-d, which display two NMR spectra of the same sample solution
taken more than 1 month apart, no observable changes occurred with time.

3.2.2 Membrane characterization

Titration and water uptake

One of the fundamental properties of an HEM, which affects both the water uptake
and ion conductivity, is the number of charges per gram of polymer, the ion-exchange
capacity (IEC). It is usually expressed in mmol g! or milliequivalents (meq.) g"' and
represents the number of ions available for ion-exchange in the polymer. Because
OH ions form carbonates in contact with the CO; in air, the IEC in OH™ form (IECon)
of the HEMs was not determined directly via acid-base titrations. Instead, it was
calculated from IECg; obtained from Mohr titrations, which were carried out as
following. Approximately 0.05 g of an HEM sample in Br~ form was dried in a
vacuum oven (50 °C) and weighed, then ion-exchanged in 0.2 M aq. NaNOs for at
least 48 h. Subsequently, the exchanged Br~ions were titrated with 0.01 M aq. AgNO3
using KMnOy as colorimetric indicator. Each titration was conducted four times in
order to eliminate random errors.

The water uptake after storage at different temperatures (20 — 80 °C) was determined
by comparing the dry sample weight and the weight after immersion (W’on).
However, due to issues with drying the membrane in OH™ form (degradation), the dry
weight in OH™ form (Won) was calculated from Wg;, using the IEC. In order to avoid
formation of carbonates during the water uptake studies, all ion-exchange and
immersion procedures were undertaken in a CO»-free nitrogen environment
(desiccator).
w'
WU = W;: 3)

Thermogravimetric analysis (TGA)

The thermal stability of HEM samples and precursor polymers was studied at a
heating rate of 10 °C min"' under N, on a TGA Q500 (TA instruments). Samples were
pretreated at 110 - 120 °C for at least 10 min to remove residual water and solvents,
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before studying weight changes during heating from 50 to 600 °C. The decomposition
temperature (74,95) was defined as the temperature at 5% weight loss.

Alkaline stability studies

In order to assess the ex-sifu chemical resistance of an HEM under alkaline conditions
at elevated temperature (alkaline stability), changes of different membrane properties
such as ion conductivity, water uptake, IEC and/or molecular structure are typically
studied as a function of storage time.> 156159 In this work, '"H NMR spectroscopy
was the method of choice because it allowed for quantitative as well as qualitative
assessment of the degradation. As long as the membrane samples remained soluble
after alkaline treatment, NMR analysis can provide valuable information left out by
the other methods, i.e. about degradation mechanisms.

S—

Figure 14. Sample holders used to store samples in alkaline media for alkaline stability assessment at >80
°C. Left: pressure safe glass container with screw cap and a special made Teflon insert. Right: Assembled
holders in an oven.

The stability assessment was conducted by immersing membrane pieces (~15 mg) in
alkaline solution at elevated temperature (90 — 120 °C) for a certain time. In order to
avoid water evaporation, glass breakage due to high pressure and unnecessary
carbonate formation during the testing, samples were placed in heavy-wall pressure
glass tubes with screw caps equipped with custom-made Teflon inserts (Figure 14).
These were then placed in an oven set to the desired temperature, which was
monitored with a laboratory thermometer. After storage at a fixed temperature in
alkaline solution, the sample pieces were taken out at regular intervals to be ion-
exchanged to the Br~ form, thoroughly washed and dried (50 °C, vacuum) before
NMR analysis.

In Paper I, deuterated alkaline solutions (2 M KOD/D>O) of the different
polyelectrolytes (7 wt%) were studied by NMR spectroscopy after different storage
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times at 90 and 120 °C. Prior to analysis, the extracted samples were diluted to 1 M
KOD/D>0 in order to decrease shimming issues in the instrument. In one case, the
alkaline stability of a polyelectrolyte sample was studied under accelerated conditions
by using 2 M KOD in CD30D/D,0 at 90 °C. The solution was prepared by diluting
1 g of 40 wt% KOD in D,O to 3.5 ml using CD;0D.

Electrochemical impedance spectroscopy (EILS)

All ionic conductivity measurements were performed under fully hydrated
(immersed) conditions by EIS on a Novocontrol high resolution dielectric analyzer
V 1.018S. The in-plane resistance of sample pieces (14 X 14 mm, ~50-70 pm thick)
placed in a sealed two probe cell was determined at different temperatures using an
AC voltage with an amplitude of 50 mV at 107 - 10° Hz.

b)
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Figure 15. The two-probe cell used for in-plane impedance spectroscopy measurements of HEMs under
fully hydrated (immersed) conditions. a) An HEM sandwiched between two stainless steel electrodes and
two Teflon spacers, b) additional stainless steel plates for improved contacting and c) the assembled and
closed cell with top and bottom made of brass.

The cell configuration and assembly are shown in Figure 15a-c. First, the HEM is
sandwiched between two stainless steel electrodes and two insulating Teflon spacers
(a). Two additional stainless steel plates (b) are placed above and below, and the
whole stack is placed in a Teflon cell and closed with brass plates (c). To avoid
surface conductivity and because of instrument configuration, the electrodes are
positioned on opposite faces of the membrane and the cell is contacted on top and
bottom. The assembly was undertaken quickly (<30s) in order to limit contamination
by CO> and once the cell has been sealed, the hydration level is maintained. With this
method, as long as the thickness of the membrane is carefully determined, the
measured ionic conductivity should never be erroneously high. However, due to
possible CO» contamination during ion-exchange, washing and cell assembly, it
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might be too low. Thus, in general two measurements for each type of HEM was
conducted to ensure the accuracy of the obtained value.

From the measured bulk resistance (R) at different frequencies, the conductivity of
the membrane (c) was calculated by the instrument using the following equation:
L
T AxR “)

where L is the distance between the electrodes and A is right-angle cross-sectional
area of the membrane. Subsequently, the bulk ionic conductivity is taken as the
plateau value in a plot of ¢’ as a function of the frequency (Figure 16).
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Figure 16. Conductivity data as a function of frequency measured at 20, 40 and 60 °C, corresponding to
ionic conductivity of 56, 75 and 98 mS cm™', respectively, obtained from the plateau.

Small Angle X-ray Scattering (SAXS)

SAXS is a technique in which the morphology (phase separation) of a material is
studied by illumination with collimated monochromatic X-rays of a well-defined
wave vector (k;). The incident electromagnetic waves cause the electrons in the
sample to oscillate and emit spherical waves of the same frequency and energy as the
incoming radiation (wave vector k). The scattered X-rays will interfere with each
other and their intensities are collected by a detector as a function of their scattering
angle (20) as shown in Figure 17. The measured intensity is typically plotted as a
function of the magnitude of the scattering vector, ¢, which is the difference between
the wave vectors k; and &, and is related to the scattering angle by:
_ 4 sin (6)
q=lk;—ks| = —w (5)

where w is the wavelength of the incident radiation.
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detector

Figure 17. Schematic of the beam path in a SAXS measurement with scattering angle, wave vectors and
scattering vector (q) displayed.

The presence of intensity maxima observed by the detector indicate that there are
ordered/periodic structures in the studied sample which cause constructive
interference at certain scattering angles. The scattering vector of an intensity
maximum (¢max) 1 related to a certain characteristic separation distance (d) of the
features in the sample responsible for the scattering. Using Eq. 5 and Bragg’s law this
distance is calculated as:

2n

d=
Amax (6).

A scattering profile of an HEM with an ordered morphology is shown in Figure 18.
The scattering maximum observed at 1.2 nm™! is a so called ionomer peak, which is
a typical feature of polymers carrying charges and was first studied by Longworth et
al.'® Their studies showed that the scattering profile of poly(ethylene-methacrylic
acid) did not change with temperature, but the intensity of the ionomer peak did
decrease if the sample was allowed to take up water. Thus, it was believed that the
scattering was caused by a phase separated but molecularly connected ionic phase
within the polymer matrix.'®® Since this discovery, the presence of a well-defined
morphology of ionic clusters, observed by SAXS, within PEM and HEMs have been
correlated to high ionic conductivities, as discussed in the part covering morphology
in the introduction section.'®' The characteristic separation distance (d) calculated
from SAXS data of HEMs is correlated to the average distance between these clusters
and is affected by the molecular structure and properties of the polymer chain.'®! This
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includes the hydrophilicity of the cation®, length of alkyl chains connected to the
cation®® %7 and rigidity of the backbone™.

A SAXSLAB SAXS Instrument from JJ X-ray A/S, Denmark was used to gather all
the SAXS data presented in this thesis. All SAXS measurements were conducted by
Peter Holmqvist and data were collected in a g-range of 0.12 — 8.0 nm™! using Cu K,
radiation (A = 0.1542 nm).
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Figure 18. Scattering profile of an HEM with a clear phase separation in the form of ionic clusters. The
jonomer peak (gmax at 1.2 nm") corresponds to features in the membrane with a characteristic separation
distance around 5.2 nm.
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4 Summary of appended papers

4.1 N-spirocyclic polyelectrolytes (Paper I)

In the first paper presented in this thesis work, the structure-property relationships of
four different water soluble N-spirocyclic polyelectrolytes prepared by
cyclopolymerizations of N,N-diallylammonium monomers (diallylazacycloalkanes)
were studied. The work was focused on studying how the ring size and presence of
additional heteroatoms affected the thermal and alkaline stability of these
polyelectrolytes. In addition, crosslinked HEMs consisting of PPO and poly(N,N-
diallylpiperidinium chloride) was prepared by reactive membrane casting to
demonstrate how to employ these water soluble polyelectrolytes as cationic moieties
for membrane use.

H B \F H N \—\/—/ APS w

N7 cr
N
O Et,0, rt O NMP, 75 °C O Hzo 50 °C
PDAPipCI
| PDADMAC |
| : PDAPyrCI
. reference | yr PDAMorCI PDAAzeCI

Scheme 7. Synthesis of poly(N,N-diallylpiperidinium), including the two-step monomer synthesis via N-
allylpiperidine to N,N-diallylpiperidinium chloride (top). The molecular structures of the other
polyelectrolytes presented in Paper | (bottom).

Monomer and polymer synthesis

The procedure for both monomer and polymer synthesis, shown in Scheme 7, was
strongly inspired by a paper by De Vynck'3*, and allowed for a direct and facile
preparation of N-spirocyclic polyelectrolytes from inexpensive and commercially
available starting materials and reagents. The structure of the cations was varied by
using different secondary amines as starting material in the monomer synthesis.
Starting from pyrrolidine, piperidine, azepane and morpholine, respectively, four
different N,N-diallylammonium monomers were synthesized in two subsequent
allylation reactions (Scheme 7). These were then employed at high concentrations
(60 — 70 wt% in water) in APS initiated cyclopolymerizations during ~20 h at 50 °C.
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4.1. N-spirocyclic polyelectrolytes (Paper I)

The obtained polyelectrolytes were named poly(N,N-diallylammonium counterion)
and denoted PDAXY, where the three letter abbreviation of the ammonium moiety
(X) and counterion (Y) vary between the samples. For example, the polymer made
from N,N-diallylpyrrolidinium bromide was called poly(N,N-diallylpyrrolidinium
bromide) and shortened PDAPyrBr.

To assess the effect of the N-spirocyclic structure, the prepared polyelectrolytes were
not only compared to each other but also to a commercially available monocyclic
polyDADMAC (PDADMAC) reference material (Scheme 7).

At first, all monomers were prepared in the bromide form, following the procedure
by De Vynck'34, but polymerization of these monomers only resulted in low molar
mass polymers (oligomers) with several small "H NMR signals from impurities of
unknown origin. After a brief literature study, a relevant patent was found'*” and the
problem was solved by preparing and polymerizing the monomers in the chloride
form instead. The molar mass (My) of the polyelectrolytes were calculated using
intrinsic viscosity data obtained with dilute solution viscometry and Mark Houwink
constants found in literature to be between 26 and 61 kg mol! (Table 1).

Table 1. Properties of the polyelectrolytes.

serple IECa [n]® My ¢ Ta95
/meq. g1 /dl g1 /kg mol-1 /°C

PDADMAC 6.98 0.16 17 263
PDAPyrCl 5.91 0.43 59 336
PDAPipCl 5.46 0.22 26 318
PDAAzeCl 5.07 0.37 49 263
PDAMorcCl 5.40 0.44 61 218

2 Theoretical IEC in OH~ form. » Measured in 1 M aq. NaCl solutions at 30 °C. ¢ Calculated using
the Mark-Houwink equation with literature constants obtained for PDADMAC solutions in 1 M aq.
NaCl at 30 °C.'®

Characterization

The thermal decomposition of the polyelectrolytes under a nitrogen environment was
studied by TGA. A clear trend with ring size was observed as the decomposition
temperature (7q9s5) decreased with increasing ring-size: PDAPyrCl > PDAPipCl >
PDAAzeCl (Table 1). However, comparison of the 7495 of the two 6-ring
polyelectrolytes, PDAMorCl (218 °C) and PDAPipCl (318 °C), indicated that the
inductive effect of the oxygen atom in PDAMorCl had a severe destabilizing effect,
which trumped the effect of the ring size. PDADMAC, the benchmark non-
spirocyclic polyelectrolyte, ranked in the middle with the same 74,95 as PDAAzeCl,
but was outperformed by PDAPyrCl and PDAPipCl. To put these results into context,
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the 74,95 of PPO functionalized with standard benzyl-TMA and alkyl-TMA cations
was observed at 199 and 213 °C, respectively.’’ Hence, the measured thermal
stability of both PDAPyrCl and PDAPipCl is very high.

In order to assess the alkaline stability and investigate the active degradation
mechanisms, structural changes of the polyelectrolytes dissolved in 2 M KOD/D,O
were monitored by "H NMR spectroscopy as a function of storage time at 90 or 120
°C. Before analysis, extracted sample solutions were diluted to 1 M KOD/D»O to
decrease shimming issues in the NMR instrument. After storage at 90 °C during 14
days, no significant changes in the spectra of PDADMAC, PDAPyrCl and PDAPipCl
could be observed, while both PDAMorCl and PDAAzeCl exhibited signs of
degradation. To increase the degradation rate and be able to rank the polyelectrolytes
based on their alkaline stability, the storage temperature was increased to 120 °C. The
resulting '"H NMR spectra can be found in Figure 19a-e. To better illustrate the
arising changes, the spectra were overlaid and normalized with respect to the
downfield b signal. Under these conditions all polyelectrolytes showed signs of
degradation and their relative alkaline stability was: PDAPipCl > PDAPyrCl >
PDADMAC >> PDAAzeCl > PDAMorCl. Notably, only minor changes were
observed for PDAPipCl, indicating a remarkable stability under these harsh
conditions. The two least stable samples, PDAAzeCl and PDAMorCl, degraded
quickly at 120 °C and both polyelectrolytes precipitated within a few days, most
probably due to the decreased water solubility from the loss of ions. PDADMAC, the
monocyclic reference, placed in the middle, indicating that employing N-spirocyclic
cations can be either advantageous or detrimental to the alkaline stability. This
depends on the design of the ring structure. An N-spirocyclic polyelectrolyte with
high alkaline stability should have a low ring strain (6-membered best) and lack
unnecessary electron withdrawing heteroatoms, agreeing with previous studies on the
degradation of heterocyclic QA salts.!'63-166

By studying and comparing the '"H NMR spectra before and after storage of the
polyelectrolytes at 120 °C, shown Figure 19a-e, some of the active degradation
mechanisms could be elucidated (expanded spectra can be found in the SI of Paper
I). For example, the distinctive signals emerging at 4.5 — 6.5 ppm corresponded well
with alkene protons. These signals were observed only for PDAAzeCl and
PDAMorCl (Figure 19d-e), at both 90 and 120 °C and strongly indicated ring-
opening of the pendant (red-colored) ring via elimination reactions (Figure 19f). The
lack of these signals for PDADMAC, PDAPyrCl and PDAPipCl indicated that
degradation most probably occurred solely via substitution reactions. As shown in
Figure 19f, this type of reaction causes ring-opening of any of the rings or leads to
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Figure 19. 'H NMR spectra of the polyelectrolytes after different storage times in 2 M KOD/D20 solutions
at 120 °C: a) PDAPyrCI, b) PDAPipCI, c) PDAMorCl, d) PDAAzeCl and e) PDAMorCl. The spectra are
normalized with respect to the downfield b signal and the arrows denote changes over time. f) Four plausible
degradation mechanisms of the polyelectrolytes.
loss of a methyl group, in the case of PDADMAC. Small emerging signals from
products, e.g. -CH>OH, formed in substitution reactions were expected to overlap
with the broad polymer signals and be difficult to distinguish. However, the emerging

signals at 3.5 ppm observed for the significantly degraded PDAAzeCl and
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PDAMorCl were most likely examples of such signals. Similar signals for
PDADMAC, PDAPyrCl and PDAPipCl could not, with certainty, be distinguished.
Yet, because of the observed difference in the NMR spectra of these three samples,
degradation presumably did not occur in the ring closest to the backbone (5-ring).

HEM preparation

In order to prepare HEMs, where the excellent thermal and alkaline stability of the
cationic moieties of PDAPipCl can be utilized, the water solubility of the
polyelectrolyte must be overcome. Herein, this was achieved by immobilization of
the ionic polymer strands in a reactive casting procedure, during which N,N-
diallylpiperidinium chloride was incorporated into PPO. As shown in Scheme 8,
diallylmethyl QA groups tethered to PPO were copolymerized with N,N-
diallylpiperidinium chloride to form water insoluble HEMs grafted and crosslinked
with PDAPipCl. A transparent and flexible HEM prepared in this way, with an [EC
of 2.34 meq. g"! and water uptake of 128%, reached an OH~ conductivity of 101 mS
cm ! at 80 °C. It should be noted that this procedure was developed only to
demonstrate that the N-spirocyclic polyelectrolytes can be employed for membrane
use and the materials were not optimized.

QoG <7
e

OH™ _N

W
+ -
o] 0%—
n m
Scheme 8. Preparation of PPO-based HEMs grafted and crosslinked with an N-spirocyclic QA
polyelectrolyte. key: i) NMP, 40 °C, ii) AIBN, NMP/methanol, 75 °C and ion-exchange in NaOH

To sum up Paper I, one of the main findings in this work was that, as long as an N-
spirocyclic QA cation is suitably designed, polyelectrolytes with very high thermal
and alkaline stability can be easily prepared in high yield from commercially
available and cheap chemicals. We also showed, on a conceptual level, a method to
prepare HEMs from these water-soluble N-spirocyclic polyelectrolytes. Continued
work included attempts to graft benzyl-brominated PPO with PDAPipCl using atom
transfer radical polymerization (ATRP), but these efforts were unsuccessful.
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Later work on HEMs based on DADMAC-type polymers included two especially
interesting publications, in which membrane-forming polymers were prepared from
telechelic precursor polymers. Balsara et al. reported on HEMs based on
poly(DADMAC-styrene) diblock copolymers prepared in subsequent reversible
addition-fragmentation chain-transfer (RAFT) polymerizations.'®” Knauss et al.
prepared multiblock polysulfone copolymers in nucleophilic aromatic substitution
reactions using fluorophenyl sulfone terminated PDAPipClL.'®® The materials
presented in the latter publication were promising enough to be protected by a patent
application.'®® However, the polysulfone block in these materials must most probably
be replaced with a more alkali-stable alternative in order to obtain HEMs with long-
term in-situ stability.

4.2 Poly(arylene piperidinium) HEMs (Paper II-IV)

After the work with diallylammonium monomers was concluded, the exploration of
other methods to prepare HEMs functionalized with piperidine-based cations was
resumed and the polyhydroxyalkylation reaction was brought into our attention. On
paper, this superacid mediated polycondensation, where highly rigid and ether-free
polymers carrying pendant piperidine units are produced, looked perfect. The
polymerization reaction was both quick and straightforward, and our desired structure
could be obtained using cheap and available chemicals. Besides, several factors such
as cation structure, IEC and water uptake could easily be tuned and the effect on the
ex-situ membrane properties assessed. The HEMs presented in Papers II, IIT and IV
were all prepared from different poly(arylene piperidinium)s (PAPipQ)s synthesized
in polyhydroxyalkylation reactions of biphenyl or p-terphenyl with piperidone. Paper
II-I1T will be presented together, while Paper IV is discussed on its own due to its
different focus.

4.2.1 The effect of an alkyl chain (Paper II)

Polymer design and synthesis

In Paper II a series of HEMs based on poly(p-terphenyl N,N-methylalkyl
piperidinium)s were synthesized and characterized. As shown in Scheme 9, the only
variation in the molecular structure between these polymers was the length of the N-
alkyl chain. All polymers and HEMs were prepared from the same precursor polymer,
a poly(p-terphenyl piperidine) (PTPip), which was synthesized by polymerization of
p-terphenyl and N-methyl piperidone in a TFSA mediated polyhydroxyalkylation
reaction. In this reaction, the ketone monomer was added in excess (1.3 eq.) in order
to increase the rate of polymerization. The obtained PTPip could not be analyzed

|40 ]



4. Summary of appended papers

using gel-permeation chromatography (GPC) due to issues with both solubility and
sample adsorption to the column. Instead, an indication of the molar mass was
obtained by measuring the intrinsic viscosity of the polymer in DMSO (0.1 M LiBr)
at 30 °C. The intrinsic viscosity [n] for PTPip was 0.39 dl g-' and corresponded to a
medium molar mass.

Optimization of the polymerization reaction conditions in order to achieve high molar
mass was difficult without the assistance of the GPC. However, to increase the molar
mass, and decrease the rate of the side reaction (described in detail in the experimental
methods section), all polymerizations were conducted at 0 °C and stopped before the

/\/\Br
||)

TFSA oc
PTP|pQ4
\ Br
3 l ")

reaction viscosity started to decrease.
PTP|pQ1 [ j
DCM
PTPipQ8 PTPipQ6
NSNS \Bf NN \Br

Scheme 9. Preparation and molecular structure of the different PTPipQx HEMs presented in Paper Il.
key: i) DMSO, room temperature, ii) DMSO/NMP, 80 °C

Next, PTPip was quaternized with methyl, butyl, hexyl and octyl halides,
respectively, to prepare four cationic polymers with alkyl chains of varying length
(Scheme 9). These polymers were designated PTPipQx, where x denotes the alkyl
chain length in number of carbon atoms. After purification, transparent and robust
HEMs were prepared by solvent casting and used for subsequent characterization.

Characterization

By introducing alkyl chains of varying length both the IEC and the phase separation
characteristics of the HEMs could be directly influenced, which in turn affected the
water uptake and ion conductivity. These properties, together with the decomposition
temperature (7q9s) of the prepared HEMs can be found in Table 2. Unsurprisingly,
the water uptake followed the IEC, and decreased with increasing alkyl chain length.
At 80 °C, the water uptake reached 404, 290, 171 and 79 wt% for PTPipQ1, -Q4, -
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Q6 and -Q8, respectively. The length of the alkyl chains also had a clear effect on the
scattering profile of the HEMs, which was studied using SAXS. While PTPipQ1 only
showed a diffuse scattering peak at 4.5 nm, there was a clear trend for the samples
with longer alkyl chain. Both the intensity of the ionomer peak and the separation
distance increased with the alkyl chain length, and PTPipQ4, -Q6 and -QS displayed
clear peaks at d = 1.2, 1.4 and 1.5 nm, respectively (Table 2). Hence, the attachment
of longer alkyl chains clearly promoted a phase separated morphology, as compared
to PTPipQl.

Table 2. Properties of the PTPipQx polymers and the corresponding HEMs.

IEC a o

HEM /meq. g1 L Wl{: ms &
theoreticala titrated /e /Wt cml /nm

PTPipQ1 2.38 (2.80) 242 264 404 89 4.5
PTPipQ4 2.16 (2.50) 2.21 250 290 84 1.2
PTPipQ6 2.04 (2.34) 2.08 241 171 111 1.4
PTPipQ8 1.93 (2.19) 1.98 232 79 61 1.5

2 Calculated from the molar mass of the repeating unit in Br~ form (OH™ form). ® Evaluated from
TGA data obtained under N2 at 10 °C min™'. ¢ Measured under immersed conditions in OH™ form
at 80 °C. ¢ In the dry Br~ form measured by SAXS.

The measured OH™ conductivity of the HEMs followed neither IEC nor water uptake.
Instead, PTPipQ6, with IEC and water uptake lower than PTPipQl1 and -Q4,
exhibited the highest OH™ ion conductivity as it reached 111 mS cm™ at 80 °C. This
observation can be explained by the extreme water uptake observed for both PTPipQ1
and -Q4, which most likely led to dilution of the charge carriers and, hence, a
decreased conductivity.** PTPipQ8, with the most developed phase separated
morphology, probably still had a too low water uptake to form a well-percolating
water phase and therefore exhibited the lowest ion conductivity. All in all, in regard
to water uptake and conductivity, PTPipQ6, with an N,N-methylhexylpiperidinium
cation, was the best performing HEM. To be clear, this observation was most
probably related to the IEC and water uptake of the HEMs, and was not a direct effect
of the structure of the cation.

The thermal stability of the HEMs was also clearly affected by the alkyl chain length
and the Tq9s values decreased with increasing chain length and ranged between 232
and 264 °C (Table 2).

Alkaline stability

The final, and perhaps most interesting, property left to discuss is the ex-situ alkaline
stability of the HEMs. Similar to in Paper I, this was assessed by studying '"H NMR
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spectra of the samples taken after different storage times in 2 M aq. NaOH at 90 °C.
The resulting spectra for PTPipQ1 and -Q8 before and after storage are shown in
Figure 20. Emerging signals at 5.0, 5.4 and 6.6 ppm (/-3, Figure 20c-d), which
originate from vinylic protons (-CH=CH-) formed in Hofmann elimination reactions,
were observed for all samples. Because these signals were also present in the spectra
of PTPipQ1, they cannot stem from products formed in elimination reactions of the
alkyl chain itself. Instead the signals must originate from elimination reactions in the
piperidinium ring leading to ring-opening as shown in Figure 20c-d. This was the
major degradation pathway of all four samples, and the rate of degradation was
strongly correlated to the length of the alkyl chain and followed the same trend as the
thermal stability.

a) b)
/F‘\Ea DMSO
[
[
PTPipQ1 PTPipQ8
initial b initial

c)
OO,
15 days /N"'\\ 2,3 Tomso
fq e )
ly / P/ ! | -
o

8 7 6 5 4 3 2 1 ppm

Figure 20. "H NMR spectra of PTPipQ1 and -Q8 before (a-b) and after (c-d) storage in 2M aq. NaOH at
90 °C. Characteristic signals emerging due to Hofmann elimination have been assigned (7-4). Other
emerging signals are denoted with red arrows. The signal denoted 5 implies the existence of an additional
degradation reaction.

Addition of TFA to the NMR solutions caused protonation of all tertiary amines
formed in degradation reactions and two distinct signals (4 and 5, Figure 20d)
appeared at ~9.5 ppm for all samples but PTPipQ1, where only one signal appeared
(4, Figure 20c¢). After integration and comparison of all the emerging signals, it was
concluded that the larger upfield signal (4) corresponded to the tertiary amine formed
in the Hofmann ring-opening elimination, while the other smaller signal (5) must
correspond to another type of degradation mechanism, most likely, Hofmann
elimination or nucleophilic substitution leading to the loss of the alkyl chain and
formation of an N-methylpiperidine moiety. The formation of N-methyl piperidine
was further supported by the position of 5, which overlapped fully with the
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corresponding signal of the non-quaternized, but protonated, precursor polymer
PTPip.

a) b)
80 Other pathways 80 O Total loss _
= — Eﬁ @ Ring-opening E; _ -0 PTPipQ8
60 B Ring-opening E; i ) PTPipQ6
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Figure 21. a) Total ionic loss for the PTPipQx-series after storage in 2 M ag. NaOH at 90 °C for 7 (green),
15 (blue) and 30 days (red). The solid and patterned part of the bars represents the degree of degradation
via Hofmann elimination (E2) causing ring-opening and other, unassigned, pathways, respectively. b) lonic
loss (same data as in a) as a function of immersion time.

The amount of degradation or degree of ionic loss was determined by integration of
relevant NMR signals and comparison with all signals from aromatic protons (7-8
ppm). Since only one degradation mechanism was confirmed, the ionic loss was
divided into two categories, shown in Figure 21a-b. Total ionic loss (open circles,
Figure 21b); calculated by the combined integrals of 4 and 5, and ionic loss via
Hofmann ring-opening elimination (solid bars and circles, Figure 21a-b); calculated
by the average integral of /, 2 and 3. The discrepancy between total ionic loss and
the degree of Hofmann ring-opening elimination is denoted other pathways
(patterned bars, Figure 21a). As can be seen, the introduction of longer alkyl chains
had a clear negative effect on the alkaline stability of the HEMs. Both types of
degradation seemed to increase with the alkyl chain length. PTPipQ1 exhibited a total
ionic loss of a mere ~5% during 15 days in 2 M aq. NaOH at 90 °C, while PTPipQ8
lost more than 60% of the original QA cations after only 7 days under the same
conditions. As can be seen in Figure 21b, the initial degradation rate (slope) was
approximately constant, but at 50-60% cationic loss, a plateau was reached. This
observation might be related to a decrease in water uptake and that the OH™ ions no
longer had access to some of the remaining cations. PTPipQ1 and PTPipQ8 were also
studied after 15 days at 60 °C in 2 M aq. NaOH. At this temperature, no degradation
was observed for PTPipQ1, while PTPipQ8 lost approximately 3% of the cations.

From the alkaline stability study in Paper II it was concluded that the N,N-
dimethylpiperidinium (DMP) cation was the most alkali-stable of the tested cations.
Even though it degraded in 2 M aq. NaOH at 90 °C, being stable at 60 °C is still quite

| 44 |



4. Summary of appended papers

difficult to achieve and a noteworthy result. However, we were not fully satisfied, so
in order to increase the stability further we revisited the study conducted by Marino
and Kreuer.'! In their study, the DMP cation only placed second (Figure 9). Its half-
life in 6 M aq. NaOH at 160 °C was surpassed by the bis-6-membered N-spirocyclic
ASU cation.!'! Thus, in order to further explore and, hopefully, improve the stability
of PAPipQ-type HEMs, continued work was focused on the incorporation of N-
spirocyclic cations and the alkaline stability of the resulting HEMs.

4.2.2 Introducing N-spirocyclic cations (Paper III)

Polymer design and synthesis

Although the process from monomer to N-spirocyclic functionalized HEM included
procedures similar to those used in Paper II, there were some differences, as shown
in Scheme 10. First, a secondary 4-piperidone was used in the polymerization
reaction to enable a subsequent quaternization reaction where spirocyclic cations
could be formed. Second, control over the IEC to limit the water uptake was
introduced by the addition of non-ionic comonomers to the polyhydroxyalkylation
reaction. 1,1,1-trifluoroacetone (TFAc) or 2,2,2-trifluoroacetophenone (TFAp) was
polymerized together with 4-piperidone and biphenyl to prepare two precursor
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Scheme 10. Preparation of P6Me-x and P6Ph-x via TFSA mediated copolymerization and subsequent
cyclo-quaternization. key: i) DIPEA, NMP/DMSO, 80 °C

polymers (Scheme 10). Finally, a dihalide, dibromopentane, was used in the ring-
closing cyclo-quaternization reaction. The obtained quaternized polymers were
designated P6Me-x and P6Ph-x, where x is the IEC in OH™ form as calculated from
Mohr titration data. In the published article (Paper III), several other HEMs were also
prepared and studied, but to keep this summary brief and to the point only two
polymers are included.
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Alkaline stability

To enable a direct comparison with the alkaline stability results for the PTPipQx-
series in Paper II, the HEMs carrying N-spirocyclic cations were studied using the
same procedure. A representative '"H NMR spectrum obtained after storage in 2 M
aq. NaOH at 90 °C after 30 days is shown in Figure 22. Changes in the spectrum
have been marked with red arrows. Significant emerging signals have been magnified
(red dashed boxes) and correspond to degradation vie Hofmann ring-opening
elimination. In contrast to the results for the PTPipQx-series, two different sets of
vinylic signals have appeared, indicating that degradation occurred in both rings.
Further analysis revealed that the backbone ring (red-colored, a-c¢) was more
susceptible to ring-opening than the pendant ring (blue-colored, d-f).

O~-OnHO “n
Initial M
@

DMSO

Figure 22. 'H NMR spectra of P6Ph-1.8 before (left) and after (right) storage in 2 M ag. NaOH at 90 °C.
The magnified signals have been assigned to protons of Hofmann degradation products.

Interestingly, our results showed that the N-spirocyclic ASU cation performed worse
than the monocyclic DMP one, when attached to a rigid polymer. The total ionic loss
exceeded 20% during 30 days for P6Ph-1.8, as compared to a loss of around 8% for
PTPipQ1 during the same time. This is the opposite relationship of that observed by
Marino and Kreuer in their study on small molecules.!! However, in that study neither
the DMP nor the ASU cation degraded via Hofmann ring-opening elimination. Since
this was the primary degradation mechanism observed by us, it must have been
enabled by other factors in our molecular design. The culprit was most likely the
substituents in the 4-position of the piperidinium ring and/or the placement of the
piperidinium ring within a stiff polymer backbone.

4.2.3 Hofmann ring-opening elimination of N-alicyclic QA cations

In order to get a better understanding of what enabled the Hofmann ring-opening
elimination observed for the PAPipQs, a model compound was synthesized and
studied. The compound, 4,4-diaryl-N,N-dimethylpiperidinium iodide, was prepared
in order to investigate the effect of bulky substituents in the 4-position of a

|46 |



4. Summary of appended papers

piperidinium ring. After exposure to 2 M aq. NaOH at 120 °C for 14 days, no sign of
degradation was observed by NMR analysis. This strongly indicated that bulky
substituents in the 4-position of the piperidinium could not, alone, be responsible for
the Hofmann elimination observed for the polymer samples studied at 90 °C.

Instead, we believe that the alkaline stability of the N-alicyclic cations was severely
reduced due to restrictions of the conformational freedom of the ring-system caused
mostly by the rigid backbone. These restrictions limited the possibility for ring
relaxation and forced the ring to stay in high energy conformations, which in turn led
to a lower activation energy for ring-opening reactions and enabled otherwise
unfavorable reaction mechanisms.

A similar observation had also been made in a study by our group on two different
N-spirocyclic ionenes with identical cations.!®® In that study, the polymer with a
flexible spacer unit between cations was much more stable than the other consisting
of more rigid structure. The rigid structure also exhibited degradation via Hofmann
ring-opening elimination, while the sample with the more flexible structure did not.'%

How the alkyl chain could have the large effect on the alkaline stability that was
observed in Paper II is perhaps not as straightforward to explain. An increased
degradation rate arising from the introduction of an alkyl chain with vulnerable [3-
hydrogens is normally explained by degradation reactions involving the alkyl chain
itself.!>* For example, in a citation of our work, Yan et al. ascribed the increased
degradation rate for PTPipQ4, -Q6 and —QS8 exclusively to elimination reactions
leading to loss of the alkyl chain.”® However, the data from Paper II strongly
suggested that degradation occurred predominantly in the ring for all samples, leaving
the alkyl chain attached to the polymer. We believe that the increased degradation
rate was due to further limitations of the ring relaxation process originating from the
placement of the alkyl chain (an additional bulky substituent) on the ring.

4.2.4 Introducing control over IEC and water uptake (Paper 1V)

While the polymers presented in Papers I - I1I were all prepared with focus on their
alkaline stability, the emphasis in Paper IV was to introduce control over the IEC and
the water uptake of PAPipQ-type polymers in order to prepare HEMs with more
balanced properties. The results of Paper II clearly showed that the high ionic content
of PTPipQ1 caused excessive water uptake, which compromised both mechanical
properties and OH conductivity. To overcome this, three different strategies were
developed and implemented: partial quaternization, copolymerization (similar to
Paper III) and crosslinking, as shown in Figure 23. The prepared HEMs were then
characterized with focus on IEC, water uptake and OH™ conductivity.
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Figure 23. The molecular structures obtained using different approaches to prepare HEMs with balanced
IEC, water uptake and OH~ conductivity. The samples have been separated into Series 1-5 depending on
molecular structure.

The polymer synthesis followed mainly previously developed (and described)
methods and proceeded via polyhydroxyalkylation followed by quaternization. All
reaction products were verified using '"H NMR spectroscopy and the degree of
quaternization was analyzed by Mohr titrations. As can be seen in Figure 23, all
polymers were based on a biphenyl backbone with piperidinium type cations. Several
HEMSs of varying IEC were prepared using each approach and some of their
properties can be found in Table 3. In order to be able to easily address HEMs of
different design, they were divided into 5 series depending on how they were made
and their molecular content (Figure 23). For example, two series (Series 2 and 3)
both consisted of samples prepared by the copolymerization approach, but with
different comonomers. Each series have also been assigned its own color and
designation, as shown in Table 3. For example, PBPipQXxY, where Xx is the
percentage of ionic repeating units. ¥ denotes the comonomer used, TFAc (Ac) or
TFAp (Ap). For the partially quaternized samples ¥ = %. The crosslinked samples
will be discussed later.

For all samples both water uptake and OH™ conductivity increased with increasing
IEC. Generally, samples in Series 1 showed a higher water uptake at a given IEC than
those in Series 2 and 3 (Table 3). An observation that might be related to the different
hydrophilicity of the non-ionic repeating units. The polar non-ionic repeating units in
Series 1 (tertiary amines) probably contributed to an overall more hydrophilic
polymer compared to the more hydrophobic non-ionic repeating units in Series 2 and
3, which were made up of TFAc and TFAp residues, respectively. At least one sample
in each series reached >100 mS cm! at 80 °C. However, in this kind of study it is
more interesting to study water uptake as a function of IEC and conductivity as a
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Table 3. Selected properties of the HEMs in Series 1 — 3.

IEC? wup y ob
HEM /meq. g! J/wt% /mScml  Series

PBPipQ35% 1.34 58 24 27
PBPipQ42% 1.59 117 39 65 1
PBPipQ52% 193 200 55 104
PBPipQ64% 2.37 278 64 168
PBPipQ44Ac 1.7 65 21 50
PBPipQ51Ac 1.92 85 25 88 2
PBPipQ60Ac 2.25 143 35 143
PBPipQ42Ap 1.39 34 13 49
PBPipQ56Ap 1.91 92 27 67 3
PBPipQ66Ap 2.26 141 35 118

aIn OH™ form, calculated from Mohr titration data. ® Measured under immersed conditions in OH~
form at 80 °C. ¢ A = [H20]/[QA*] at 80 °C.

function of water content (1), as shown in Figure 24a and b, respectively. As can be
seen, the samples in Series 2 and 3 performed comparably, with very similar water
uptake at a given IEC and comparable conductivity at similar water content. The
introduction of hydrophobic comonomers allowed for the preparation of HEMs with
moderate water uptake and high conductivity. In contrast, as can be seen for samples
in Series 1 (Figure 24b), the presence of polar, but non-ionic, tertiary amines only
seemed to boost the water uptake, without markedly contributing to the OH~
conductivity. In general, the HEMs in Series 1 exhibited a much larger water uptake
at a given IEC and were only able to reach >100 mS cm™! at very high A values.
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Figure 24. a) Water uptake of the HEMs, in Series 1 — 3, in OH~ form at 80 °C as function of IEC and b)
OH~ conductivity under fully hydrated conditions at 80 °C as a function of A.
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Crosslinking

Even though the IEC of the HEMs in Series 1 had been limited by partial
quaternization, the samples still exhibited large water uptakes at high ionic content.
With the aim of decreasing water uptake and improving the mechanical properties,
crosslinked HEMs were prepared from the same precursor polymer that was used for
Series 1. This non-quaternized poly(biphenyl piperidine) was first crosslinked by
solvent casting in the presence of a predetermined stoichiometric shortage of 1,8-
dibromooctane. During the casting, part of the N-methylpiperidine moieties were
quaternized and linked together. Next, the residual piperidine units were partially
quaternized to obtain HEMs with IECs ranging from 1.7 to 2.3 meq. g!. In total, five
crosslinked HEMs, divided into two sets of samples, Series 4 and 5 with ~18 and
~35% of the amines being part of crosslinks (degree of crosslinking), respectively,
were prepared. Their performance in comparison with samples in Series 1 can be seen
in Figure 25a-b, where water uptake vs. IEC (a) and OH~ conductivity vs. A (b) is
shown.

As can be seen in Figure 25a, water uptake decreased significantly with the degree
of crosslinking. For example, at a given IEC, the samples in Series 5 (35% degree of
crosslinking) exhibited approximately half the water uptake of the samples in Series
1. Figure 25b shows that the conductivity at a given A was highest for samples in
Series 5 and lowest for Series 1. Hence, the crosslinking was successful and each
water molecule in the crosslinked materials contributed more to conductivity, as
compared to the water in HEMs in Series 1. At 80 °C, the best performing crosslinked
HEM reached a conductivity of 102 mS cm™! at an IEC of 2.26 meq. g!' and 116%
water uptake.
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Figure 25. Comparison between the crosslinked HEMs in Series 4 and 5 and the HEMs in Series 1. a)
Water uptake in the OH™ form at 80 °C as function of IEC and b) OH~ conductivity under fully hydrated
conditions at 80 °C as a function of A.
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Alkaline stability

The alkaline stability of the prepared HEMs was analyzed by immersion in 2 M aq.
NaOH at 90 °C for 20 days and the results are shown in Table 4. Four samples, one
each from Series 1-3 and one from Series 5, with similar IEC (1.90-1.95 meq. g™!)
were tested. The ionic loss for the insoluble crosslinked sample was analyzed by
Mohr titration and the other’s using NMR spectroscopy. The discrepancy between
the ionic loss from Hofmann elimination and total elimination, observed for samples
in Series 1-3, originate from an unassigned emerging NMR signal at 8.5 ppm (Spectra
in Fig. 6, Paper 11I). This signal was only visible after addition of TFA and was too
large to be overlooked. Since this signal did not overlap with the tertiary N-
methylpiperidine moiety in the precursor polymer, it could not be the results of
methyl substitution reactions. Instead, the signal might have arisen due to tertiary
amines formed in ring-opening substitution reactions and the total ionic loss was
calculated with the assumption that this signal corresponded to 1 proton per lost
charge.

After 20 days, the ionic loss due to Hofmann ring-opening elimination reaction
amounted to 6, 12 and 13% for samples in Series 1, 2 and 3, respectively (Table 4).
Since these samples all carried the same type of cation (DMP), the variance in the
observed stability was ascribed to the quite large difference in water uptake (Table
3) between the samples. At a higher water uptake ring relaxation might occur to a
greater extent and the OH™ can be expected to be more hydrated and less aggressive.
The results in Paper IV can be compared to PTPipQ1 (Paper II), which lost
approximately 6% of the cations after 20 days in 2 M aq. NaOH at 90 °C.

Table 4. lonic loss after 20 days storage in 2 M aq. NaOH at 90 °C calculated from 'H NMR spectra (Series
1-3) and titration data (Series 5)

HEM Hof/rg/zmn T/O(Z l Series
PBPipQ52% 6 11 1
PBPipQ51Ac 12 14 2
PBPipQ56Ap 13 15 3
Crosslinked n.d. 51a 5

@ Calculated from Mohr titration data.

According to titration data, the crosslinked sample lost more than half of its cations
after 20 days (Table 4). Thus, the introduction of octyl crosslinkers dramatically
increased the rate of degradation. This was expected and the mechanism was assumed
to be the same as postulated for the PTPipQs with N-alkyl extender chains, discussed
previously.
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4.2. Poly(arylene piperidinium) HEMs (Paper II-1V)

Summary PAPipQ

Overall, the results of Papers II-IV show that PAPipQ polymers with very interesting
structures can be efficiently prepared from commercially available monomers.
Subsequent HEMs had a high alkaline stability and performance as long as the DMP
cation was employed. Introduction of N-alkyl extender chains severely destabilized
the cyclic cation and increased the rate of ionic loss, especially via Hofmann ring-
opening elimination. The overall performance of the HEMs suffered from high water
uptake and water swelling. Even though a comprehensive study where different
methods to solve the problem (Paper IV) produced significantly improved HEMs,
their performance was still hampered by this. These issues were probably a
consequence of not being able to synthesize polymers of high enough molar mass
due to the difficulties with the irreversible side reaction occurring during the
polymerizations. Over the course of the work, membranes were easily formed from
the prepared polymers and an increase of the molar mass was not expected to give
major improvements. Thus, efforts to further optimize the polymerization was
deprioritized due to the high pace and competitiveness of the field. In hindsight, that
assessment was perhaps not valid, which became clear after Yan et al. published a
paper on polymers and HEMs structurally similar to those presented in Paper I1.76
Yan’s polymers exhibited an intrinsic viscosity as high as 4.71 dl g!, which is 12
times higher than for PTPipQ1 (0.39 dl g"). One of their materials, with an IEC of
2.37 meq. g’', was able to reach very high conductivity (>150 mS cm') at moderate
water uptake <60% at 80 °C.7¢ Hence, their results led us to believe that most of the
water uptake related issues (dilution effects etc.) we had with our HEMs might have
been resolved or avoided if we had been able to prepare polymers of higher molar
mass.

Continued work

Since the project on poly(arylene piperidinium) polymers was initiated, the
polyhydroxyalkylation reaction has been diligently used in our group to prepare
various aromatic polymers'?* 7% 171 and even more that has not yet been published.

By investing in a better cooling system (better than ice bath) and using a mechanical
stirrer for the polyhydroxyalkylation reactions, we have managed to achieve AEMs
with lower water uptake at high ionic content. The result is promising, and more
improvements can be expected with further optimization.
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4.3 N-alicyclic QA functional polystyrene (Paper V)

The exploration of new polymers carrying N-alicyclic QA cations was continued after
the work with the poly(arylene piperidinium) polymers presented in Papers II-IV.
With basis in the observations made in previous stability studies, a new N-alicyclic
QA cation functional polymer was developed. The idea was focused on retaining the
inherently high alkaline stability of the N-alicyclic QA cation by maintaining a high
conformational freedom of the ring and keeping the constraints on the ring relaxation
to a minimum.'! One way of achieving this, is by using flexible components, e.g.
attaching the cation to a flexible backbone. A widely used flexible polymer backbone
is polystyrene (PS).4% 9597 172 PS based HEMSs are typically prepared by
quaternization of poly(vinylbenzyl chloride), but the resulting structure is not alkali-
stable, due to the benzylic placement of the cation (Figure 26a).'! To improve the
stability, the cation can be separated from the backbone and the benzylic position by
the use of a tether.’® ''* It is important that the tether itself does not introduce any
vulnerable functionalities, such as B-hydrogens available for elimination as shown in
Figure 26b.'>* Instead, a rationally designed tether is connected in the 4-position of
the piperidinium ring (Figure 26¢). All B-hydrogens in such a structure are located
within the ring and should be stabilized against Hofmann elimination. Additionally,
this type of tether allows for subsequent cyclo-quaternization and for the preparation
N-spirocyclic cations. A suitable synthetic procedure, with basis in literature'>3, was
developed in order to achieve a structure similar to the one shown in Figure 26c.

Thus, presented in the fifth and final Paper of this thesis, was a facile two-step
synthetic strategy through which polystyrene (PS) was functionalized with mono-and
spiro-cyclic piperidine-based cations. As can be seen in Scheme 11, the obtained
structure contained no additional heteroatoms (e.g. ether bonds) and all B-hydrogens
were located within the alicyclic rings. HEMs prepared from these polymers

1
a) T ) e c) peren
Benzylic Available Rationally
cation B-hydrogens designed
$ N,
N
+
9 +
N

VAR

Figure 26. Charged units on a polymer chain with cations attached via tethers of different design.
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exhibited high water uptake and high conductivity. However, due to the low 7, and
bad membrane-forming ability of PS, the mechanical properties of the HEMs were
poor. In order to overcome this, blend membranes of PS carrying N,N-
dimethylpiperidinium cations and polybenzimidazole (PBI-O) were prepared.

Polymer functionalization

Initially, PS (M, = 170 kg mol”!, PDI = 2.06) was functionalized in superacid
mediated Friedel-Crafts hydroxyalkylation reactions using 2-(piperidine-4-
yl)propane-2-ol) (PipfOH), shown in Scheme 11. In these reactions a consistent
amount of approximately 50% of the PipfOH added to the vessel reacted with the PS
and it was possible to reach a degree of functionalization (DF) of just below 30%.
Aiming for higher DF produced insoluble materials. In total, three precursor
polymers with DF of 19, 22 and 27% were prepared.

OH ; PS-PiQPy-y

PS-Pix U Br

\5‘)\ ') O O III) % ) PS-PiQdm-y

/\I

Key: . .

i)~ TFSA/DCM,0°C, TFSA® H2 PS-PiQPi-y
ii, iv) DMSO/NMP, DIPEA 80 °C,

iii)  DMSO, room temperature O Br-

Scheme 11. Two-step synthesis of N-alicyclic QA functional PS via hydroxyalkylation and (cyclo)-
quaternization.

Using DSC, the glass transition temperature (7,) of the prepared precursors was
obtained. As expected, the flexibility of the PS chain was decreased by the addition
of a bulky functional group and the 7, of all the precursor polymers increased to
~125°C from 105 °C, obtained for the neat PS.

In subsequent reactions (Scheme 11), the precursor polymers were quaternized using
1,4-dibromobutane or 1,5-dibromopentane, respectively, to prepare polymers
carrying N-spirocyclic cations denoted PS-PiQPy-y and PS-PiQPi-y, respectively. In
addition, iodomethane was used to prepare three polymers carrying DMP cations (PS-
PiQdm-y) of different IEC. Here, y is the IEC in the OH™ form, which was calculated
from Mohr titration data and ranged between 1.3 and 1.7 meq. g'!. HEMs were then
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prepared by casting at 70 °C from DMSO solutions in Petri dishes. Some selected
properties of the obtained HEMs are shown in Table 5.

Table 5. Properties of the HEMs based on N-alicyclic functional PS

Sample DFa  IECritrP  Tqos© WUgod ogod
/% /meq.gl /°C /wt% /mS cm-1

PS-PiQdm-1.4 19 1.37 305 85 64

PS-PiQdm-1.5 22 1.50 271 120 106

PS-PiQdm-1.7 27 1.73 245 268 79

PS-PiQPy-1.3 19 1.34 341 70 52

PS-PiQPi-1.3 19 1.32 331 53 37

2 Degree of functionalization (DF) of the precursor polymers calculated from '"H NMR data. ® In
OH™ form calculated from Mohr titration of samples in Br~ form. 9 Measured on fully hydrated
AEMs at 80 °C in both the Br™ and the OH™ form, respectively.

Characterization

Studying the thermal decomposition of the HEMs by TGA showed that PS-PiQPy-
1.3 and PS-PiQPi-1.3, with N-spirocyclic cations, showed a higher thermal stability
than the DMP functional ones, which agreed with our previous studies. PS-PiQPy-
1.3 displayed the highest 7495, while the 7495 of the PS-PiQdm series decreased with
increasing ionic content (Table 5).

The water uptake of the HEMs in the OH™ form followed the IEC and reached 53 —
268%. PS-PiQPy-1.3 and PS-PiQPi-1.3, with N-spirocyclic cations, took up less
water than PS-PiQdm-1.4 prepared from the same precursor polymer. The lower
water uptake was also coupled to an observed lower OH™ conductivity. These
observations can probably be explained by a combination of the lower IEC of PS-
PiQPy-1.3 and PS-PiQPi-1.3 and the more hydrophobic character of the N-
spirocyclic cations in comparison to DMP. The highest OH™ conductivity was
measured for PS-PiQdm-1.5 (106 mS c¢m!), which was substantially higher than
observed for the sample with the highest IEC, PS-PiQdm-1.7. Hence, the
conductivity of PS-PiQdm-1.7 likely suffered from dilution effect due to the high
water uptake. In general, the PS HEMs were mechanically weak and easily torn apart
despite their high molar mass. On top of this, the HEMs became opaque when
exposed to water (they were fully transparent after casting). This phenomenon was
connected to the water uptake, as it was more pronounced for samples with higher
IEC and in the OH™ form.

1551



4.3. N-alicyclic QA functional polystyrene (Paper V)
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Figure 27. "H NMR spectra of a-b) PS-PiQdm-1.4 and c-d) PS-PiQPi-1.3 before and after storage in 2 M
aq. NaOH at 120 °C for 10 days. The spectra were obtained with DMSO-ds solutions with added TFA.

The alkaline stability of PS-PiQdm-1.4, PS-PiQPy-1.3 and PS-PiQPi-1.3 was
assessed by studying structural changes by NMR spectroscopy after storage in 2 M
aq. NaOH at 90 and 120 °C. Since PS-PiQPy-1.3 became insoluble after the tests it
was not analyzed further. After 30 days at 90 °C, only minor signs of degradation
could be observed for both samples indicating a high alkaline stability of both cations.
However, after 10 days at 120 °C clear signs of degradation were observed, as can be
seen in Figure 27b and d. Vinylic signals from ring-opening Hofmann elimination
were observed at 4.9 and 5.4 ppm in both spectra (¢ and b). An additional set of
vinylic signals were observed for PS-PiQPi-1.3 (d and ¢), which indicated that
degradation occurred in both rings. By comparing the position of the emerged signals
with those observed for PS-PiQdm-1.4, it was concluded that the ring furthest from
the backbone degraded fastest (red-colored). In total PS-PiQdm-1.4 and PS-PiQPi-
1.3 degraded <1 and <5% at 90 °C, respectively, and approximately 13 and 25% at
120 °C. The N-spirocyclic cation only degraded via ring-opening Hofmann-
elimination, while the discrepancy between intensity of the vinylic signals and the
signals originating from protonated tertiary amines at 9.2 ppm indicated that another
degradation mechanism was active for the mono-cyclic cation. The most likely
candidates include methyl substitution or ring-opening substitution. As compared to
the results of the alkaline stability studies for PTPipQ1, the DMP cation in PS-
PiQdm-1.4 showed a significantly enhanced resistance towards ring-opening
Hofmann elimination. Thus, the introduction of a flexible backbone and tether to
increase the alkaline stability of the DMP cation was successful.

Further analysis of the NMR spectra on tested polymer samples, revealed that all
signals from protons on the functional group seemed to decreased with increased
storage time in the alkaline solution. This was also observed in a spectrum where no
other signs degradation could be distinguished, as can be seen in Figure 28a. Hence,
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the mechanism was assumed to be unrelated to the cation degradation discussed
above. After some consideration, we came up with two plausible hypotheses for this
observation. The most obvious one involves cleavage of the benzylic C-C bond,
leading to the loss of the entire functional group (Figure 28b). The other involves
loss of highly functionalized polymer strands (higher than average) by dissolution
and leeching during the alkaline testing (Figure 28c).

Potential cleavage
a) mlom b) of the benzylic bond

+
/N\
R
90 °C aq. NaOH
initial i >80 °C d&
50 days N NE
Model [
compound

9 8 7 6 5 4 3 2 1 ppm
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c) HEM and lost ?
N PS —_— + Residual
P Cation aq. NaOH ?_Té,;a
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Figure 28. a) 'H NMR spectra of PS-PiQdm-1.4 before (black) and after (blue) storage in 2 M ag. NaOH
at 90 °C for 50 days. lllustration of the two hypotheses: b) potential cleavage of the benzylic C-C bond,
here shown in a model compound, leading to loss of the functional group and c) possible dissolution and
loss of a highly functionalized PS strand.

Model compound and leeching hypothesis

To assess if the benzylic C-C bond was cleaved during storage at elevated
temperature in alkaline media, a model compound, 2-(dimethyl piperidinium-4-
yl)propan-2-tolyl (Figure 28b), was prepared and tested for 10 days at 120 °C in both
2 M and 5 M aq. NaOH. Storage in the former caused no observable changes at all,
while treatment in 5 M aq. NaOH only gave rise to small signals indicating ring-
opening via Hofmann elimination. Hence, no indications of cleavage of the benzylic
bond was observed. This was further strengthened by other studies on HEMs and
polymers carrying similar tethers, where no such cleavage was reported.?> 86
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The second hypothesis was tested by analyzing if any cationic PS could be found in
the alkaline solution after storage at 120 °C in 0.1 M aq. NaOH during 10 days. After
the treatment the HEM sample was washed, dried and weighed, while the alkaline
solution was carefully evaporated. The solid contents were then quantitatively
dissolved in DMSO-ds and analyzed by NMR. The resulting spectra clearly showed
the presence of cationic PS, which had a significantly higher average DF (73%) as
compared to the HEM (27%) and was, hence, more water soluble. Approximately 3
wt% of the HEM sample was lost through the leeching process, corresponding to
around 8% of the total number of cations.

To explain the presence of these highly functionalized PS strands, the nature of the
functionalization reaction in which they were prepared must be considered. This
reaction progressed as a two-phase system (suspension) due to the low solubility of
PS in the DCM/TFSA mixture. During the reaction, the suspension was homogenized
by gradual dissolution of functionalized PS. Thus, the functionalized PS became
more soluble and had better access to the electrophile (PipfOH) than the less soluble
non-functionalized PS. In such a reaction, where functionalization promotes more
functionalization, the product will most likely be inhomogeneously functionalized.
In this case, the distribution of the degree of functionalization was very broad and the
most functionalized polymer strands were soluble enough in water to leech out of the
HEM at elevated temperature.

The opacity observed for the hydrated PS HEMs might also be related to the to the
inhomogeneity of the material. It is possible that hydration of the HEMs caused
hydrophobic PS (low DF) to precipitate and scatter visible light, hence making the
HEM opaque. On top of this, the mechanical properties would also suffer if part of
the PS precipitated.

Blending

Blending was employed as an approach to prepare HEMs based on PS functionalized
with N-alicyclic piperidine based cations with improved mechanical properties. In
this special case, blending will most probably also prevent the dissolution and loss of
highly functionalized PS, which was observed for the PS HEMs. The blend
membranes were prepared by co-casting PS-PiQdm-1.7 and a commercially available
polybenzimidazole (PBI-O). By immersing the obtained blend HEMs in alkaline
solution, piperidinium-imidazole complexes were formed. These complexes function
as ionic crosslinks that limit swelling both physically and by decreasing the effective
IEC of the HEM. The crosslinks are stable as long as the membranes are kept under
alkaline conditions.
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In total, three blend membranes containing 2, 5 and 10 wt% PBI-O (denoted PS-
PBIO-x%) in addition to PS-PiQdm-1.7 were prepared. Handling the blend
membranes after storage in 1 M aq. NaOH during 48 h clearly indicated that the
mechanical properties of the blend membranes had improved, in comparison to PS-
PiQdm-1.7 in the OH™ form. The issue with membrane opacity was much less
pronounced for the blend HEMs as well.
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Figure 29. a) Water uptake and b) ion conductivity in the OH~ form of the blend HEMs (colored) and the
PS-PiQdm series (black).

In Figure 29a-b, the water uptake and OH™ conductivity of the blend HEMs as well
as the pure PS HEMs are shown as a function of temperature. The colored lines
correspond to the blend HEMs and the black ones to PS-PiQdm samples. At a given
temperature, the water uptake and OH™ conductivity of the blend HEMs increased,
as expected, with increasing theoretical IEC (decreasing amount of PBI-O). In
comparison with PS-PiQdm-1.7, the best performing blend HEM (PS-PBIO-2%)
showed a 28% reduction in water uptake accompanied by a 10% drop in conductivity.
Though, based exclusively on the data shown in Figure 29, PS-PBIO-2% was
outperformed by PS-PiQdm-1.5, which exhibited a higher OH™ conductivity at a
lower water uptake. However, this data does not take the improved mechanical
properties into account. With more optimization of the blending procedure, e.g. using
a PS with higher DF, further improvement of the blend HEMs can most likely be
accomplished.

Summary

In Paper V, a two-step synthetic procedure to prepare PS functionalized with N-
alicyclic cations was presented. Piperidine moieties, attached in 4-position, were first
introduced via a superacid mediated Friedel Crafts alkylation reaction. In subsequent
quaternizations both mono- and N-spirocyclic cations were formed in Menshutkin
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reactions with alkyl halides. An HEM based on PS functionalized with DMP cations
showed the highest alkaline stability, with no observed cation degradation after 50
days at 90 °C. The high stability against ring-opening degradation reactions was
ascribed to the flexible backbone as well as the presence of an isopropylidene spacer
in-between the PS backbone and the cationic rings. These features significantly
mitigated Hofmann degradation in comparison with PAPipQs carrying the same
cation. Despite a moderate IEC, the PS HEMs could reach high OH™ conductivity
(e.g. 106 mS cm™ at 80 °C, 1.5 meq. g!). However due to the inherently poor
membrane forming ability of PS, the mechanical properties of the prepared PS HEMs
was inadequate. By blending with PBI-O, it was possible to prepare blend HEMs
with improved mechanical properties accompanied by only a small reduction in
conductivity. In the bigger picture, the results of this study showed that by replacing
benchmark BTMA cations with N-alicyclic QA cations, the alkaline stability of
cationic PS can be significantly enhanced and the feasibility of employing these types
of polymers in HEMFCs improved.
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5 Conclusion and outlook

5.1 Conclusion

In this thesis a variety of cationic polymers have been designed, synthesized and
characterized in order to gain valuable knowledge in the ongoing development of
high-performance HEMs for fuel cell use. The main focus has been to prepare alkali-
stable N-alicyclic QA cation functional polymers from commercially available
materials in straightforward synthetic procedures. By rational polymer design, this
was successfully achieved in as little as two steps by modification of procedures
found in literature. In total, three distinctly different strategies to prepare N-alicyclic
QA cation functional polymers were developed and a total number of 36 HEMs was
prepared and characterized. The studied polymers included water soluble poly(N,N-
diallylazacycloalkane)s (Paper I), poly(arylene piperidinium) (PAPipQ) type
polymers (Paper II-1V) and N-alicyclic QA cation functionalized PS (Paper V).

Even though one of the polyelectrolytes (PDAPipCl) in Paper I exhibited a very high
alkaline stability, the water solubility of these polymers and the synthetic limitations
of the diallylammonium monomers made it difficult to employ this type of
polyelectrolyte as the cationic moieties for HEMs. In contrast, HEMs with good
mechanical properties were easily formed from the PAPipQs (Paper II-1V) prepared
in superacid mediated polycondensations. These polymers combined a very rigid and
stable arylene backbone with alkali-stable N-alicyclic QA cations. However, due to
conformational constraints of the cationic rings generated by the stiff polymer
backbone, ring-opening degradation reactions were facilitated and the inherently high
alkaline stability of the cation was to some extent reduced. In regard to alkaline
stability and ability to form membranes, the functionalized PS (Paper V) ranked in
the middle. HEMs were easily prepared, but due to the low 7, and high flexibility of
the PS backbone, they were mechanically poor and prone to excessive water swelling.
However, the extra flexibility did lessen the constraints on the N-alicyclic QA cation,
compared to the PAPipQs, and the alkaline stability was improved. In the studies on
PAPipQs and PS HEMs, the polymers carrying N,N-dimethylpiperidinium cations
(DMP) were more stable than corresponding polymer with N-spirocyclic cations or
N,N-methylalkylpiperidinium cations. Hence, attachment of additional large moieties
on the ring seemed to increase the degradation rate.

The work presented herein has, in particular, highlighted how the alkaline stability of
different cationic polymers is affected by the structure and placement of different V-
alicyclic cations. It was demonstrated that, in order to preserve the cation’s inherently
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high alkaline stability, shown in studies on small molecules, it is imperative that ring-
relaxation is enabled in the final polymer structure.

5.2 Outlook

The continued work with polymers carrying N-alicyclic QA cations is already
ongoing in the group. Much of the work is still focused on the development of
poly(arylene alkylene) type polymers prepared in superacid mediated
polyhydroxyalkylation reactions. In general, we are trying to improve the cation
stability by separating the cation from the backbone via a flexible tether using
different chemistry. Here the main goal is to design a procedure and prepare HEMs
with good mechanical properties carrying N-alicyclic QA cations with high
conformational freedom and alkaline stability.

With more time, it would have been interesting to try and develop a synthetic
procedure where the cationic repeating unit in the functionalized PS (Paper V) could
be incorporated into a hydrophobic membrane-forming polymer. An obstacle to
overcome in such a project would be to find either a pre- or post-polymerization
functionalization procedure that is compatible with superacid chemistry.

None of the HEMs presented in this thesis has yet been tested in an actual fuel cell.
In previous collaborations with electrochemists, we have received complaints on
membrane inhomogeneity and thickness variation. This has become especially
important since membrane thickness appeared to be one of the main parameters
determining the fuel cell output in our latest collaboration.!” In order to be able to
deliver better HEMs for testing we have invested in a mini tape casting coater and
method development is ongoing. In the future we will deliver PTPipQ type polymer
membranes to KTH for fuel cell testing and evaluation.
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