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I 

Abstract 

We currently need to improve electrochemical technologies to store and 
convert energy for the electrification of our society. Lithium batteries and fuel 
cells are two candidates that can store and transform chemical energy into 
electrical energy. Devices based on these technologies require an ionically 
conducting and electronically insulating electrolyte. In addition to high ionic 
conductivity, the electrolyte must be stable towards any reaction that might 
occur in the battery or fuel cell, respectively. Furthermore, a high mechanical 
stability is required when the electrolyte should act as a separator. However, a 
high mechanical stability is often in conflict with a high ionic conductivity. 
Polymer electrolytes for lithium batteries require a soft polymer matrix, while 
polymer electrolyte membranes for fuel cells rely on water filled channels 
through which protons can be transported. A synthetic strategy towards a 
microphase separated polymer system may be employed to efficiently combine 
mechanical stability with high ionic conductivity. In this thesis, various 
polymers have been structurally designed and synthesized to achieve 
microphase separated morphologies through polymer self-assembly, 
ultimately resulting in five different studies numbered I to V. 

The polymers prepared in Paper I-III were characterized as polymer 
electrolytes for lithium battery application. In Paper I, hard and mesogenic 
naphthalene sulfonate units were incorporated at regular intervals along a soft, 
ion conducting poly(ethylene oxide) backbone. X-ray scattering measurements 
indicated that these copolymers were microphase separated into clusters of 
naphthalene sulfonate in a poly(ethylene oxide) matrix. The degree of 
ordering, reversibly, increased as the temperature increased. In Paper II and 
III, a bicontinuous microphase separation was achieved by preparing polymers 
with a rigid, load bearing poly(p-phenylene) backbone and short, flexible 
oligo(ethylene oxide) side chains. Here, the backbone formed stacked layers 
separated by the soft and ion-conducting side chain matrix. In Paper II, a 
lithium salt was added to non-ionic polymers, whereas in Paper III the anions 
were covalently tethered to the polymer backbone, thereby immobilizing them. 



 

II 

The concepts introduced and studied in Paper I-III might be useful for practical 
use after further optimization.  

In the work presented in Paper IV and V, proton exchange membranes were 
prepared by superacid-mediated polymerization, followed by  
post-polymerization modifications. The polymers contained a stiff  
poly(p-terphenyl alkylene) backbone functionalized with perfluorinated acid 
groups. In Paper IV, the polymers contained phosphonic acid groups evenly 
attached along the entire backbone, while in Paper V the non-ionic polymer 
backbones contained a low number of long grafts that each contained several 
sulfonic acid groups. The proton conductivity of these polymers was very high 
even though the water uptake was moderate. Consequently, these polymers 
showed potential as membranes for fuel cell applications. 

  



III

“All men are ignorant, Aes Sedai. The topics of our 
ignorance may change, but the nature of the world is that 
no man may know everything.”

Robert Jordan & Brandon Sanderson, A Memory of Light 



 

IV 

List of Appended Papers 

This thesis is based on the papers listed below: 

I. Single-ion conducting polymer electrolytes with alternating 
ionic mesogen-like moieties interconnected by poly(ethylene 
oxide) segments  

Hannes Nederstedt and Patric Jannasch 

Polymer, 2019, 177, 231–240 

II. Poly(p-phenylene)s tethered with oligo(ethylene oxide): 
synthesis by Yamamoto polymerization and properties as solid 
polymer electrolytes  

Hannes Nederstedt and Patric Jannasch 

Polymer Chemistry, 2020, 11, 2418-2429, [Open Access] 

III. Synthesis, Phase Structure, and Ion Conductivity of Poly(p-
phenylene) Functionalized with Lithium 
Trifluoromethanesulfonimide and Tetra(ethylene oxide) Side 
Chains 

Hannes Nederstedt and Patric Jannasch 

ACS Applied Energy Materials, 2020, 3, 9066-9075, 
[Open Access] 

IV. Durable and highly proton conducting poly(arylene 
perfluorophenylphosphonic acid) membranes  

Na Rae Kang, Thanh Huong Pham, Hannes Nederstedt, and 
Patric Jannasch 

Journal of Membrane Science, 2021, 623, 119074, [Open Access] 

  



 

V 

V. Poly(p-terphenyl alkylene)s Bearing Sulfonated 
Polypentafluorostyrene Grafts for Proton Exchange 
Membranes 

Hannes Nederstedt and Patric Jannasch 

In manuscript 

My contributions  

I. I took part in the conceptualization of the project, performed all 
experimental work and data analysis, and wrote the first draft of 
the manuscript. 

II. I contributed to conceptualization of the project. I performed all 
experimental work and data analysis and wrote the first draft of 
the manuscript. 

III. I, in large parts, contributed to the conceptualization of the project. 
I performed all the experimental work, except the inversion-
recovery experiments and mass spectroscopy measurement. I did 
all data analysis and wrote the first draft of the manuscript. 

IV. I did some of the synthesis work and data analysis. I actively 
participated in the process of writing the article. 

V. The project was my idea. I planned the project and performed all 
experimental work and data analysis. I wrote the draft of the 
manuscript. 

Papers not included in the thesis 

VI. Styrenic BAB Triblock Copolymers Functionalized with 
Lithium (N-Tetrafluorophenyl)trifluoromethanesulfonamide 
as Solid Single-Ion Conducting Electrolytes 
Zhecheng Shao, Hannes Nederstedt, and Patric Jannasch 
ACS Applied Energy Materials, 2021, 4, 231–240 

VII. Lignin-Inspired Polymers with High Tg and Solvent 
Resistance from 4-Hydroxybenzo-, Vanillo-, and 
Syringonitrile Methacrylates 
Olivier Bonjour, Hannes Nederstedt, Monica Arcos Hernandez, 
Siim Laanesoo, Lauri Vares, and Patric Jannasch 
In manuscript  



 

VI 

Abbreviations and Symbols 

Abbreviation / Symbol Meaning 

ATRP Atom transfer radical polymerization 

DMSO Dimethylsulfoxide 

DSC Differential scanning calorimetry 

EIS Electrochemical impedance 
spectroscopy 

EOx Ethylene oxide (x repeating units of) 

F Fluorine 

H Hydrogen 

Li Lithium 

LIB Lithium-ion battery 

MeCN Acetonitrile 

NMP N-Methyl-2-pyrrolidone 

NMR Nuclear magnetic resonance 

O Oxygen 

P(EOx-LiNS) Poly(ethylene oxide-co-lithium 6,7-
dihydroxynaphthalene-2-sulfonate)  

PFAp Perfluoroacetophenone 

PPh3 Triphenylphosphine 

pP para-Phenylene 

P(pP-EOx) PpP bearing EOx side chains 

SAXS Small-angle X-ray scattering 



 

VII 

Abbreviation / Symbol Meaning 

SEC Size exclusion chromatography 

SIC Single-ion conducting 

SPE Solid polymer electrolyte 

TFA-Br 3-Bromo-1,1,1-trifluoroacetone 

TFAp 2,2,2-Trifluoroacetophenone 

TFSA Trifluoromethanesulfonic acid 

TFSI Trifluoromethanesulfonimide 

TGA Thermal gravimetric analysis 

THF Tetrahydrofuran 

WAXS Wide-angle X-ray scattering 

Quantitative Symbols 
Symbol Meaning Typical unit 

c Concentration g dl-1 

d Characteristic distance nm 

ĐM Molar mass dispersity  

Ea (Apparent) Activation energy kJ mol-1 

IEC Ion-exchange capacity meq. g-1 or mmol g-1 

Mn Number-average molar mass kg mol-1 

Td, 95 Temperature at 5% weight loss °C 

Tg Glass transition temperature °C 

WU Water uptake % 

[η] Intrinsic viscosity dl g-1 

2θ Scattering angle ° 

σ (direct current) Conductivity S cm-1 



 

VIII 

Table of Contents 

Abstract I 
List of Appended Papers IV 
Abbreviations and Symbols VI 

1. Context and Scope 1 

2. Introduction 3 
2.1. Applications 3 

2.1.1. Lithium Batteries 3 
2.1.2. Proton Exchange Fuel Cells 6 

2.2. Electrolytes 8 

3. Experimental Methods 19 
3.1. Synthesis 19 

3.1.1. Step-growth Polymerization 19 
3.1.2. Nickel-mediated Polycondensation 20 
3.1.3. Super-acid Mediated Polyhydroxyalkylation 22 
3.1.4. Atom Transfer Radical Polymerization (ATRP) 25 

3.2. Characterization 27 
3.2.1. Nuclear Magnetic Resonance (NMR) Spectroscopy 27 
3.2.2. Thermal Gravimetric Analysis (TGA) 27 
3.2.3. Differential Scanning Calorimetry (DSC) 28 
3.2.4. Size Exclusion Chromatography (SEC) 28 
3.2.5. Viscometry 30 
3.2.6. Electrochemical Impedance Spectroscopy (EIS) 31 
3.2.7. X-ray Scattering Measurements 35 
3.2.8. Water Uptake 37 

4. Summary of Appended Papers 39 
4.1. Paper I: Mesogenic Naphthalene Sulfonate Spaced at Regular 
Distances Along a Poly(ethylene oxide) Backbone 39 

4.1.1. Polymer Design and Synthesis 40 



 

IX 

4.1.2. Phase Transitions and Morphology 43 
4.1.3. Ionic Conductivity 46 
4.1.4. Conclusion and Outlook 48 

4.2. Paper II: Molecular Composite Electrolytes 50 
4.2.1. Polymer Design and Synthesis 50 
4.2.2. Phase Transitions and Morphology 54 
4.2.3. Ionic Conductivity 57 
4.2.4. Conclusions 60 

4.3. Paper III: Single-ion Conducting Molecular Composite 
Electrolytes 60 

4.3.1. Monomer and Polymer Synthesis 61 
4.3.2. Phase Transitions and Morphology 63 
4.3.3. Ionic Conductivity 64 
4.3.4. Conclusion and Outlook 65 

4.4. Paper IV: Durable Poly(p-terphenyl alkylene)s Functionalized 
with Perfluorophenyl Phosphonic Acid Groups 67 

4.4.1. Polymer Design, Synthesis, and Modification 68 
4.4.2. Proton Conductivity 72 
4.4.3. Conclusion and Outlook 73 

4.5. Paper V: Poly(p-terphenyl alkylene)s Bearing 
Perfluorophenylsulfonic Acid Grafts 74 

4.5.1. Polymer Design and Synthesis 74 
4.5.2. Proton conductivity 78 
4.5.3. Conclusions and Outlook 82 

5. Comparison and Concluding Remarks 83 

6. Populärvetenskaplig Sammanfattning 87 

7. Acknowledgements 89 

8. References 91 
 





   

1 

1. Context and Scope 

This thesis may be seen as an end product of (slightly more than) four years of 
doctoral studies in Polymer Technology. This field is broad and can encompass 
various other fields including, but not limited to, Chemical Engineering, 
Chemistry, and Materials Technology. Depending on exactly what is studied 
other fields can also be included, such as the partial inclusion of 
Electrochemistry in this thesis. As a very engineering oriented field, the 
research focus is often applying known methods in the design of new materials 
and processes rather than trying to explain natural phenomena. Consequently, 
the research within Polymer Technology may often be more applied than 
fundamental. Nevertheless, a lot of research is neither purely applied nor 
purely fundamental, which is the case of this thesis. In the course of the thesis 
work, new polymers have been prepared using previously reported chemistry, 
and the structure-property relations have been studied. Generally, polymer 
structures which combine properties that could be valuable in battery or fuel 
cell applications have been prepared. However, the focus has been on polymer 
design, synthesis, and properties; no device testing has been performed during 
the thesis work. Primarily, polymers with molecular structures that microphase 
separate into different domains have been prepared and characterized with a 
focus on morphology and ionic conductivity. Each project has begun with the 
synthesis of the polymers to be studied followed by characterization of the 
properties that are relevant for the respective application. 



 

2 

  



3

2. Introduction

This chapter contains a brief background of the applications for cation ion 
conducting polymers as electrolytes in different electrochemical devices. This 
thesis will briefly discuss the applications in electrochemical energy storage 
and conversion. Only cationically conducting polymers transporting either 
lithium ions or protons will be discussed, where the former are interesting for 
applications in lithium batteries and the latter in fuel cells, redox flow batteries,
and electrolyzers. Subsequently, electrolytes currently used in these devices 
will be briefly described as well as key properties that cation conducting 
polymers will need to possess in the various applications.

2.1. Applications

2.1.1. Lithium Batteries
A battery consists of one or more electrochemical cells which each contain two 
electrodes (an anode and a cathode) that are kept separated. The two electrodes 
have different reduction potentials, either by consisting of different materials
or by containing different concentrations of the redox active material. When 
the cell is discharged (or charged), oxidation occurs at the anode which 
produces electrons that are transported through an external circuit towards the 
cathode where reduction occurs. During the discharge, this process is 
spontaneous (i.e., energy generating), and the electrode with the lowest 
reduction potential acts as the anode. Conversely, during the nonspontaneous 
charging of a cell, the electrode with the highest reduction potential is the 
anode since this is where oxidation occurs. In this thesis, anode and cathode 
will refer to the electrodes at which oxidation and reduction occur during the
spontaneous, discharge process. To be able to obtain electric work from the 
produced electrons, the anode and cathode need to be spatially separated, 
which is achieved by a separator. Furthermore, ions need to be transported 
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between the electrodes through an electrolyte, which in some cases also acts 
as the separator.  

Lithium is a commonly used element in, primarily, anode materials owning to 
its low reduction potential and molar mass. In this thesis, the term lithium 
battery refers to any battery using lithium in some form as a redox active 
material. Figure 1 illustrates the working principles of a lithium battery where 
oxidation occurs at the lithium based anode. Electrons and lithium ions are 
transported to the cathode through an external circuit and the electrolyte, 
respectively, where reduction occurs. Lithium batteries can be further divided 
into lithium metal batteries in which the anode consists of pure lithium metal 
and lithium-ion batteries where the anode consists of a lithium intercalation 
compound. The lithium-ion battery (LIB) has become the dominant battery 
type in high-end, portable, electric devices such as laptops and mobile phones.1 
The batteries possess large specific and volumetric capacity making them 
suitable as small, light-weight batteries, and they are hence a potential power 
source for electric vehicles.2-5 To meet future demands the safety, capacity, and 
lifetime of these batteries need to be improved; much research is focused on 
this task. 6 

 
Figure 1. Sketch showing one electrochemical cell in a lithium battery. 

e-

Anode
(oxidation)

Electrolyte + 
separator

Cathode
(reduction)

Li Li+

- +
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The commercially available cathode materials consist of transition metal 
oxides that lithium can intercalate into. Of these compounds, LiCoO2 was the 
first to be introduced and is still one of the most commercially successful 
cathode materials. 7 This success is due to its high capacity (specific and 
volumetric), high discharge voltage, and good cycling performance.8 This 
cathode material is fairly expensive, due to the high cost of cobalt, and the 
mining of cobalt is politically and environmentally problematic.9 
Consequently, it could be desirable to replace the LiCoO2 cathode material. 

New cathode materials include other types of metal oxide compounds, metal 
fluorides, metal chlorides, and so called polyanion compounds (such as 
LiFePO4).6, 10-13 Sulfur based cathodes for Li-sulfur batteries are being 
researched, and consist of for example sulfur dispersed in a carbon matrix14 or 
some sulfur compound such as selenium-sulfur (SexSy).15 Furthermore, there is 
currently research around cathodes using oxygen as the oxidizer in Li-air 
batteries.16, 17 These cathodes (especially the latter) put high requirements on 
the electrolyte.18 The electrolyte must not be able to dissolve the electrodes,19 
and its stability needs to be extremely high to withstand the highly nucleophilic 
superoxide anion.20-23 The requirements are not fulfilled by any electrolyte that 
is currently commercially available, and further research is required before a 
practically useful Li-sulfur or Li-air battery can be prepared.  

In the first lithium based batteries, lithium metal was used as anode material. 
However, these batteries were not rechargeable, due to the fact that lithium 
deposited unevenly at the anode during charging of the battery.6, 24, 25 This 
caused metallic dendrites of lithium to grow between the electrodes, which 
short circuited the battery and lead to catastrophic failure.26, 27 By replacing the 
lithium metal with lithium intercalated into graphite, the propensity to form 
these dendrites was greatly decreased (but not eliminated). With this 
intercalation compound as anode, safely rechargeable lithium-ion batteries, 
were invented. However, due to the dilution of lithium these batteries had 
lower capacity than the lithium metal batteries. The graphite anode is still one 
of the primary, commercially available anodes due to its low cost, moderate 
energy density, power density, and cycle life.6  

While there is currently much research into new anode materials based on 
elements such as silicon, tin, or germanium,6 an alternative could be to return 
to the lithium metal anode, which is often described as “the ultimate negative 
electrode” or even the “Holy Grail” of anode materials.28-34 For this to be 
possible, dendritic growth needs to be suppressed, which could be achieved by 
the proper design of the electrolyte. 
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2.1.2. Proton Exchange Fuel Cells 
A fuel cell is another type of electrochemical device for the conversion of 
chemical energy into electrical energy. The working principles are similar to 
that of the previously discussed electrochemical cells and are illustrated in 
Figure 2 with hydrogen gas (H2) acting as fuel. The fuel is injected at the anode 
where it is oxidized to protons and electrons; ideally, all the fuel should be 
oxidized, but some excess gas might need to be vented from the cell. The 
electrons are transported through an external circuit and used as electric work 
in, for example, an electric engine.  Concurrently, the protons are transported 
through a proton exchange membrane (PEM, more info in 2.2 Electrolytes) 
towards the cathode. At the cathode, the protons react with oxygen gas (O2), 
taken from ambient air, producing water vapor that is removed as exhaust gas. 
A fuel cell is typically only used for the spontaneous reaction, and new fuel is 
added as necessary instead of running the reaction in reverse in the fuel cell. 
Production of hydrogen gas can take place in a separate device called 
electrolyzer which uses the same principles but in reverse (water is converted 
to hydrogen and oxygen through the input of electric work).  
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Figure 2. Working principles of a fuel cell. H2 gas is oxidized at the anode, and protons are 
transported through the PEM to the cathode reacting with O2 forming water as a byproduct.

In the spontaneous process, the anode is continuously fed with fuel (such as 
hydrogen) that is oxidized, while oxygen from ambient air is typically used as 
the oxidizer. Consequently, the fuel cell may be considered as a combination 
of a combustion engine and a battery. Like the combustion engine, fuel and air
are continuously added to the device, and the combustion reaction of the fuel 
generates energy. Unlike the combustion engine, the energy is generated as 
electrical energy instead of thermal. Therefore, the energy efficiency of a fuel 
cell engine is much higher compared to a combustion engine. The efficiency 
of the latter is severely limited by thermodynamics, and a large portion of the 
thermal energy is lost as heat instead of converted into work. At the same time, 
the energy density (amount of energy stored per gram device) of a fuel cell 
may be much larger than that of a lithium battery owing to the high combustion 
enthalpy per gram of hydrogen. 

e-

Anode PEM Cathode

H+

- +

H2 (g) Air

Air + 
H2O(g)H2 (g)

H+

2 H2(g) → 4 H+ + 4 e- O2(g) + 4 H+ + 4 e- →  2 H2O

E0 = 0 V E0 = 1.23 V 

2 H2(g) + O2(g) → 2 H2O E0 = 1.23 V 
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2.2. Electrolytes 
An ionically conducting and electronically insulating electrolyte is a necessary 
component in all batteries and fuel cells. In lithium batteries and fuel cells, the 
electrolyte needs to transport lithium ions and protons, respectively, that are 
necessary for the electrochemical processes. This is unlike some other types of 
electrochemical cells where ionic conductivity is only necessary to maintain 
the charge balance at the two electrodes. A few of the different types of 
electrolytes are (based on previous definitions by Hallinan and Balsara35):  

 Liquid electrolytes, which are mixtures of salts in low molar mass 
solvents. 

 Gel electrolytes, which consist of polymer networks swollen with 
liquid electrolytes. 

 Solid polymer electrolytes, which are mixtures of salts in high molar 
mass polymers. These electrolytes contain no additional solvents. 
Instead, the polymer matrix dissolves and transports the ions. 

 Single-ion conducting, solid polymer electrolytes, which, like the 
solid polymer electrolytes, contain no additional solvent and the 
polymer itself dissolves the salt. Additionally, one of the ions in the 
salt has been immobilized by, for example, covalently bonding it to a 
polymer structure. 

 Gelled, single-ion conducting polymer electrolytes, which are 
single-ion conducting polymer electrolytes that are swollen with a 
liquid. The liquid dissolves and transports the ions that are not bonded 
to the polymer.  

The liquid electrolytes are used in most commercially available LIBs. Ionic 
compounds may be dissolved in a solvent by dissociating the ionic species into 
cations and anions, thereby breaking the ionic bonds.36 The ionic species 
interact with the solvent host which forms a solvation shell around the ions. 
Aprotic solvents only interact with the cations, whereas protic solvents solvate 
both anions and cations. However, most protic solvents exhibit poor stability 
in lithium batteries. Typically, solutions of lithium salts of superacids, such as 
lithium hexafluorophosphate (LiPF6)37-40  dissolved in polar, aprotic, organic 
liquids such as carbonate mixtures2, 41, are used in LIBs. 

In liquid electrolytes, lithium ions are transported through vehicular diffusion. 
The solvent forms a coordination complex with the lithium ions, and the entire 
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complex is transported. Meanwhile, the anion is transported without any 
coordination with the solvent.  The organic liquids used in LIBs are flammable, 
which raises safety concerns since catastrophic failure often begins with the 
ignition of the electrolyte.42 Furthermore, an additional separator is necessary 
to keep the electrodes separated, which increases the overall weight of the 
battery. Research into improving the safety of liquid electrolytes includes 
studies into stable aqueous electrolytes43, 44, or using ionic liquid45-48 (salts that 
melt below 100 °C) based electrolytes.  

Research on improved polymer electrolytes is another pathway to achieve safer 
electrolytes. The requirements for polymer electrolyte include high ionic 
conductivity (around 10-3

 – 10-4 S cm-1)49-51, low electronic conductivity, high 
electrochemical and thermal stability, compatibility with the electrodes, and 
sufficient mechanical strength to keep the electrodes separated.35 In addition, 
an electrolyte with a shear modulus greater than that of lithium might be able 
to mechanically suppress the formation of lithium dendrites.52, 53 

Gel electrolytes consist of a polymer network that imparts mechanical stability 
to the electrolyte, swollen with a liquid electrolyte. The improved mechanical 
stability can remove the need for an additional separator and allow for use of 
thinner electrolyte, which would lower the overall resistance. Furthermore, the 
swelling of the polymer might decrease the risk of leakage of the flammable 
liquid.54 Since the network is swollen with a liquid electrolyte, the mechanism 
for ion conductivity remains the same but the conductivity is lower due to the 
hindrance by the polymer network. 

In solid polymer electrolytes (SPEs) a polymer matrix dissolves and transports 
the lithium ions with no low molar mass solvents present. In an SPE, vehicular 
diffusion would require the diffusion of the entire polymer. Consequently, this 
mechanism has at most minor contributions to the transport of lithium ions. 35 
Instead, lithium ions are transported through fluctuation-driven diffusion 
where ion-polymer complexes are constantly broken and reformed, while the 
lithium ions are transported along the potential gradient.35, 55-57 The difference 
in mechanisms results in that liquid electrolytes often reach much higher ionic 
conductivity values than SPEs. Furthermore, the temperature dependence of 
fluctuation-driven diffusion differs from that of the vehicular diffusion. While 
the latter typically follows an Arrhenius relationship (Equation 1), the former 
is better described by the Vogel-Tammann-Fulcher (VTF) equation (Equation 
2). 
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= ∙ exp − ∙    (1) 

= ∙ exp − ∙( )    (2) 

The VTF equation was primarily derived to explain the temperature 
dependence of the viscosity of glasses58, 59 but has also been extensively 
applied to explain the temperature dependence of the ionic conductivity in 
SPEs, since it is dependent on the mobility of the polymer matrix. The equation 
differs from the Arrhenius equation in that instead of the absolute temperature, 
T, the conductivity is dependent on the temperature relative to the reference 
temperature T0, often referred to as the Vogel temperature. The Vogel 
temperature represents the glass transition temperature (Tg) free from kinetic 
effects.60-62 At this temperature, the polymer may only adopt one conformation, 
and, as such, the conformational entropy is equal to zero. The parameter Ea is 
the apparent or pseudo-activation energy corresponding to the activation 
energy in the Arrhenius equation. This parameter represents the combined 
activation energy of ionic dissociation and transport. The pre-exponential 
factor, σ0, corresponds to the ionic conductivity at infinitely high temperatures 
and as such is related to the charge carrier concentration in the electrolyte. 

Fluctuation-driven diffusion infers that the ion-polymer complexes need to be 
weakly bonded, and that the polymer should have high segmental mobility to 
facilitate the constant breaking and reformation of complexes.  The polymer 
needs to be sufficiently polar to coordinate and dissolve the lithium ion. On the 
other hand, if the polymer is too polar the segmental mobility, and hence ionic 
conductivity, will decrease due to strong Li+ ion-polymer and polymer-
polymer interactions. Consequently, the ionic conductivity will reach an 
optimum with the respect to the polarity of the polymer host and the strength 
of the ion-polymer interactions, as illustrated in Figure 3.63  
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Figure 3. Sketch over how the ionic conductivity of an SPE is affected by the strength of the 
coordination between Li+-ion and polymer.63   

Poly(ethylene oxide) (PEO), which structure is shown in Figure 4, is the most 
common SPE matrix due to its high concentration of oxygen, that can 
coordinate with lithium ions, and low Tg.64 However, PEO tends to crystallize, 
which drastically reduces its mobility and hence the ionic conductivity.65 The 
crystallization needs to be suppressed, for example by using plasticizers or by 
copolymerization.66 Alternatively, the crystallization can be suppressed by 
using polymers with an amorphous backbone that contains short PEO side 
chains. This is best exemplified with poly[poly(ethylene oxide) methacrylate] 
(PPEOMA, Figure 4). The short PEO side chains are typically less prone to 
crystalize, as compared to a PEO backbone.65 Due to its softness, PEO does 
not hinder the growth of lithium dendrites.26, 67  
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Figure 4. Examples of polymer hosts for the use as SPEs. PEO : poly(ethylene oxide), 
PPEOMA : poly(poly[ethylene oxide] methacrylate), PAN: polyacrylonitrile, 
PEC : poly(ethylene carbonate) . 

Polycarbonates, such as poly(ethylene carbonates), are an alternative to the 
PEO based polymer electrolytes (Figure 4).68-71 Polycarbonates exhibit some 
advantages over polyether based electrolytes, such as a lower degree of 
crystallinity and weaker coordination with the lithium cations, potentially 
leading to higher conductivity of lithium.72-74 Furthermore, polycarbonates 
may exhibit higher electrochemical stability than polyethers.75 On the other 
hand, polycarbonate based electrolytes may also exhibit lower conductivity 
owing to the higher Tg of the polymer backbones.76 Consequently, copolymers 
containing a mixture of polyether groups and polycarbonates have been studied 
to prepare low Tg, fully amorphous polymer electrolytes with moderate 
interactions between the polymer matrix and the lithium ions, thereby 
preparing a host capable of dissolving the lithium ions without significantly 
impeding the transport of said ions.75, 77, 78 

Polyacrylonitrile (PAN) represents another potential polymer matrix for SPE, 
owing to its mechanical strength, as well as thermal and electrochemical 
stability.64 In particular, the high oxidation resistance of PAN-based 
electrolytes makes them suitable for use together with high reduction potential 
cathodes.64  However, in the solid state, without any plasticizer, the ionic 
conductivity is low. For example, PAN doped with lithium perchlorate may 
reach ionic conductivities of 2 · 10-4 S cm-1, at 80 °C.79  

The weak coordination between cation and polymer necessitates the use of 
lithium salt with weak ionic bonding, thereby requiring strongly delocalized 
anions made from superacids. Lithium bis(trifluoromethane)sulfonimide 
(LiTF2SI) is one of the most commonly used lithium salts in combination with 
a solid polymer host owing to its strong delocalization of the negative charge, 
as well as the plasticizing effect of the anion, and ability to decrease the 
crystallinity of PEO.64, 80  
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As the polymer electrolyte needs high segmental mobility to reach high 
conductivity, it will be soft and possesses low mechanical strength. The 
mechanical properties can be improved by crosslinking the polymer either 
chemically81-83 or physically. The latter can be achieved by using microphase 
separated structures with one soft ionically conducting phase and one hard 
mechanically reinforcing phase. In microphase separated systems it is 
important that at least the ionically conducting phase is continuous. If not, the 
ionic conductivity will be drastically reduced when the ions need to be 
transported through the hard, non-conducting phase.84 The microphase 
separation can be induced by using di- or triblock copolymer structures of, for 
example, poly(ethylene oxide) and polystyrene (SEO), which may self-
assemble into different morphologies, such as lamella, depending on the size 
of the blocks.85 Polymer electrolytes consisting of an SEO matrix doped with 
LiTF2SI salt can reach conductivities between 3 ·10-5 and  5 · 10-4 S cm-1 at 
100 °C,84, 86, 87 depending on block sizes and salt concentration. Other examples 
include block copolymers consisting of a hard polystyrene block and an ion 
conducting PPEOMA block.88 After doping with lithium perchlorate these 
electrolytes reached ion conductivities of 4 · 10-4 S cm-1

 at 80 °C.89 

In both the liquid electrolytes and the polymer electrolytes described above, 
the anion is not solvated while the lithium ion is coordinated by the solvent. 
This results in larger anion conduction than cation conduction. The cation 
transport number, t+, which is the fraction of the total ionic conductivity caused 
by cation conductivity is hence lower than 0.5. This is especially the case for 
the SPE in which the cation transport is dependent on the comparatively low 
segmental mobility of the polymer host, while the anions may diffuse more 
freely. Since only the lithium ions are necessary for the electrochemical 
processes, only a fraction of the total ionic conductivity is useful. Furthermore, 
the anionic conductivity may lead to accumulation of anions at the anode, 
resulting in concentration gradients. This issue is also more pronounced in SPE 
compared to the liquid electrolytes, since the diffusion that would counteract 
the gradients is lower in these systems.25 These gradients cause loss of cell 
voltage and promote the growth of lithium dendrites during the charging of the 
battery. This reduces the battery life time and may lead to short circuiting and 
catastrophic failure.51, 90 Concentration gradients and the related issues can be 
greatly reduced through the immobilization of the anions by covalently binding 
them to the polymer structure, which produces single-ion conducting (SIC) 
polymer electrolytes.90-92 

Single-ion conducting, solid polymer electrolytes (SIC-SPE) often consist of 
similar a polymer matrix as the SPE, for the dissolution and transport of lithium 
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ions.  Anionic groups are either incorporated into the same polymer,93, 94 or 
anionic polymers are blended95, 96 with a solvating polymer. Since the anion 
has been immobilized, almost all the ionic conductivity is due to the 
conduction of lithium ions; t+ is close to unity.35, 92 The immobilization 
typically leads to lower dissociation of the lithium ions and hence a lower 
lithium ion conductivity compared to dual ion conducting, solid polymer 
electrolytes. However, single-ion conducting electrolytes do not need as high 
conductivity; a tenfold decrease is acceptable.97, 98 Even so, increasing the 
lithium ion conductivity is one of the main challenges with solid single-ion 
conducting polymer electrolytes. One of the most important aspects of 
increasing the conductivity is to increase the dissociation of the polymeric 
lithium salt. By introducing microphase separation into the polymer system, 
with the polymer anions in one phase and the solvating polymer matrix in 
another phase the dissociation, may be improved.99 If the lithium ion can be 
dissolved in the solvating matrix the anion and cation may be spatially 
separated which would lessen the retarding effect the immobilized anion 
imparts on the cation and increase the ionic conductivity. 

Examples of SIC-SPE include block copolymers consisting of one polystyrene 
block and one block containing a statistical copolymer of PEOMA and 
methacrylic acid with ionic conductivities lower than 10-8 S cm-1 at room 
temperature.100 Blends of sulfonated polystyrene and PEO have been prepared 
and studied as SIC-SPE by Martinez-Ibañez et al. with conductivity values 
reaching 2.5 · 10-8 S cm-1, at 80 °C.101 Further examples include polymers 
containing a PEO backbone with lithium phenyl sulfonate groups distributed 
along the backbone with lithium ion conductivities reaching 10-5 S cm-1 at 80 
°C.102, 103 Lastly, Elmore et al., prepared electrolytes with various sulfonate 
anions tethered to a cross-linked PPEOMA conducting matrix that reached 
ionic conductivities between 10-7 and 10-6 S cm-1, at 80 °C.94 

As with the dual ion conducting electrolytes, one of the main strategies to 
improve the ionic conductivity is by increasing the dissociation of the lithium 
salt. Polymeric derivatives of the previously mentioned well dissociated  
salts are typically used. Of these, one of the most studied  
SIC-SPE systems are block copolymers of PEO and the lithium salt of  
poly(styrene   trifluoromethanesulfonimide) (PSLiTFSI), since its introduction 
by Bouchet et al., with ionic conductivities between 7·10-5 and 2.5·10-4 S cm-1 
at 80 °C.31, 104-107 Other examples include the substitution of the PEO block 
with a corresponding PPEOMA block and/or the PSLiTFSI block(s) with a 
polymethacrylate block containing alkylic side chains with LiTFSI 
groups. 105, 108-110 The ionic conductivities of these electrolyte systems can 
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reach values of between 2 · 10-4 and 3 · 10-4 S cm-1 at 80 °C.105, 109 Electrolytes 
containing blocks of alkylic LiTFSI may reach higher ionic conductivities than 
the arylic counterparts, owing to the lower Tg of the former.111 

Gelled single-ion conducting polymer electrolytes contain immobilized anions 
similar to the SIC-SPE. Unlike SIC-SPE, these systems also contain low molar 
mass solvents either in addition to a solvating polymer matrix or as the sole 
ion-solvating component.112 Thus, flammability issues related to the liquid 
electrolytes are also present in these gelled electrolytes. As the anion is 
immobilized, t+ is close to unity, and concentration gradients and their related 
issues are suppressed.  

This concludes the brief overview of electrolytes for lithium battery 
applications. Similar electrolytes have been applied for other battery systems 
such as sodium or magnesium batteries.113-117 These batteries might be of 
interest owing to the greater accessibility of sodium and magnesium compared 
with lithium.118  As with the lithium batteries, ideally the anode should be based 
solely on the corresponding metal, which poses similar demands on the 
electrolyte. Since the capacity and oxidation potential of these metals is lower 
than that of lithium, these batteries might be primarily interesting for large 
scale energy storage and not for mobile batteries in applications such as 
consumer electronics and electric vehicles.119, 120 However, these batteries are 
beyond the scope of this thesis. 

Proton exchange membranes (PEMs) are proton conducting polymers that 
could most often be classified as gelled, single-ion conducting polymer 
electrolytes according to the previously stated definition. These polymers often 
contain immobilized anions with protons as the counter ion (i.e., the anions are 
in the corresponding acid form). The membranes are swollen with water, and 
under high humidity the acid readily dissociates into polymer anions and 
hydroxonium ions (H3O+). The latter are solvated by surrounding water 
molecules into larger complexes such as the Eigen121 and the Zundel ion 
(H9O4

+
 and H5O2

+, respectively), or even higher solvated structures.122 In 
addition to vehicular diffusion of these ions, the protons are transported 
through a Grotthuss mechanism. The exact mechanism remains unclear but 
involves some form of proton hopping from the hydroxonium ion to a 
surrounding water molecule. It could for example be that an Eigen ion 
transforms into a Zundel ion together with one of the coordinating water 
molecules; subsequently, a new Eigen ion is formed while one proton is 
transferred to another water molecule (Figure 5).123, 124  Regardless of the exact 
nature, the Grotthuss mechanism contributes to the much higher ionic molar 
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conductivity (at infinite dilution) of H+ in water compared to, for example, 
lithium ions (35.01 and 3.87 mS m2 mol-1, respectively at 25 °C).125 

 
Figure 5. Schematic figure illustrating the proton transport in water through a Grotthuss 
mechanism. An Eigen ion (H9O4+) transforms into a Zundel ion (i) which subsequently reforms 
into a new Eigen ion while one proton is transferred to another water molecule (ii).123, 124 Grey 
spheres symbolize hydrogen atoms, red spheres symbolize oxygen (the oxygen atom on the intial 
hydroxonium ion is blue for clarity), and dashed lines indicate hydrogen bonding. 

In addition to high proton and low electronic conductivity, PEMs need to 
possess low permeability of the reactant gasses, high water retention to avoid 
drying out the membrane, sufficient water transport to lessen issues regarding 
excessive water formation at the cathode and dehydration at the anode, and be 
mechanically and chemically stable.126-128 Proton exchange membranes have 
seen some commercial applications with the perfluorinated Nafion and similar 
polymer structures being some of the most used examples (Figure 6).129-131 
Nafion is a copolymer with a perfluorinated polyethylene backbone where 
some comonomer units contain a perfluorosulfonic acid side chain. The large 
difference in hydrophilicity between backbone and side chains causes the 
formation of distinct microphases with the hydrophobic backbone in one 
domain and the sulfonic acid groups in another.132-134 This separation combined 

i)

ii)

+

+

+
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with the superacidity of the perfluorosulfonic acid groups contributes to a high 
proton conductivity.135-137 The glass transition temperature (Tg) of the 
backbone is low (~100 °C)138 granting the polymer flexibility and a large 
extension at break (>400% at 80 °C and 60% relative humidity)139. The 
mechanical properties are improved through the physical crosslinks formed by 
the crystallization of the polymer backbone.140 However, due to the low Tg of 
the backbone, Nafion suffers from a high creep compliance.141 Nafion also 
possesses poor water retention at elevated temperatures leading to dry-out in 
fuel cell applications. To counteract the drying, the inlet gasses in the fuel cell 
may need to be humidified, which adds weight and cost to the fuel cell.140 At 
low humidity, Nafion has low conductivity owing to the poor proton 
dissociation in the lack of sufficient amount of water. Consequently, the use of 
Nafion membranes inhibits operating temperatures above 100 °C, thereby 
requiring platinum based catalyst for sufficient electrode kinetics.142 Below 
~120 °C, platinum may react with the carbon dioxide, poisoning the catalyst 
and reducing its effectiveness.142 In addition, Nafion is a poor barrier which 
gives rise to high crossover of the reactant gasses. Lastly, the perfluorinated 
structure contributes to a high cost and causes environmental concerns 
regarding the production and waste handling of the membranes.143 

 
Figure 6. Structure of Nafion and similar PEMs.144 
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Hydrocarbon based PEMs present alternatives to Nafion, owing to properties 
such as high Tg, low gas crossover, and low cost.145, 146 These PEMs typically 
consist of a stiff and hydrophobic aromatic polymer backbone with sulfonic 
acid or perfluorinated sulfonic acid groups.147-150 The lower amount of fluorine 
in the structure could potentially make these polymers cheaper and greener 
alternative to Nafion. In order to increase the proton conductivity, the ionic 
content in hydrocarbon based PEMs is often much higher than that of Nafion, 
which typically contributes to higher water uptake. However, the stiff, 
hydrophobic backbones limit excessive water uptake and contribute to a high 
mechanical strength (e.g., yield stresses between 6 and 40 MPa at 80 °C 60% 
relative humidity for phenylene based PEMs).139, 151, 152 On the other hand, 
hydrocarbon based PEMs may be more brittle with a lower extension at break 
(e.g., between 11% and 83%)151, 152 compared with Nafion, due to the stiffness 
of the former. Ideally, the polymer should be able to microphase separate into 
ionic, hydrophilic domains swollen with water and hydrophobic, mechanically 
reinforcing domains, similar to the phase separated lithium ion conducting 
SPEs. As with the SPEs, at least the ion conducting domains should be 
continuous through the entire membrane for improved transport 
properties.153, 154 

As with the lithium electrolytes, a more delocalized anion could be expected 
to lead to a higher proton conductivity. For example, sulfonated PEMs 
typically possess a lower ionic conductivity compared with their 
perfluorosulfonic acid counterparts.135, 149, 155 Nonetheless, the more 
delocalized perfluorinated sulfonimides may actually possess lower ionic 
conductivities than the slightly less acidic156 perfluorinated sulfonic acids at 
low humidity, as reported by Nguyen et al.157 This result was elucidated by an 
infrared spectroscopy study in which it was discovered that the sulfonic acid 
was more hydrated at low humidity values than the corresponding imide, 
which led to higher proton dissociation and conductivity in the former.157 
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3. Experimental Methods

This chapter will describe the methods used for synthesis and characterization 
included in the thesis. The synthetic procedures will be discussed in as much 
detail as deemed necessary to later discuss important aspects of the syntheses
employed in the appended papers. For the characterization, some theory 
regarding each method will be given, with the level of detail depending on how 
commonly the technique is used within the field of Polymer Technology. After 
this, a brief description of the instrument setup will be given.

3.1. Synthesis

3.1.1. Step-growth Polymerization
There are two main pathways in which polymers are formed, chain-growth and 
step-growth polymerization. In a step-growth polymerization, multifunctional 
monomers react with each other forming oligomers that subsequently react 
until eventually forming polymers. Often step-growth polymerization occurs 
through condensation reactions in which two small molecules react producing
a larger molecule and a small molecule by-product. This is commonly referred 
to as a polycondensation. The term is almost used synonymously, even though 
some step-growth polymerizations are not polycondensations, and in rare cases 
a polycondensation reaction does not result in a step-growth polymerization. 

In an ideal step-growth polymerization, an equal reactivity of the functional 
groups is assumed regardless of whether they are on a monomer, an oligomer, 
or a polymer. Furthermore, if no side-reactions occur during the 
polymerization, the number-average degree of polymerization (Xn, defined as 
the number of monomeric units in the polymer) can be expressed as a function 
of monomer conversion, p, by Carother’s equation. Adjusting for the average 
functionality of the monomers (fcav) yields:
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= ∙  (3) 

= ∙∑ , ∙ ,  ∑                                                          (4). 

Here Ni
 and fci indicate the mole and functionality of monomer i and the 

subscript def specifies the monomers with the functionality in deficit. Any 
stoichiometric imbalance when polymerizing two homodifunctional 
monomers will lead to a fcav less than 2 and, as such, a lower Xn. Furthermore, 
a conversion lower than 100% will also lead to a lower Xn. 

In Paper I, copolymers of naphthalene sulfonate and poly(ethylene oxide) were 
prepared by a bimolecular nucleophilic substitution (SN2) mechanism, and the 
polymerization can be classified as a polycondensation. In addition, the 
polymerization was presumably an ideal step-growth polymerization and 
followed Carother’s equation. 

3.1.2. Nickel-mediated Polycondensation 
In Paper II and III, polymers with a poly(p-phenylene) (PpP) backbone were 
prepared through a nickel-mediated polycondensation reaction. These 
reactions occurred through Yamamoto coupling in which zero-valent nickel 
[Ni(0)] couples two aryl halides (or pseudo-halides such as mesylates and 
tosylates) and forms a new carbon-carbon bond (Scheme 1).158-164 The first step 
in this reaction consists of the oxidative addition of an aryl halide to Ni(0), 
resulting in a Ni(II) complex.164-167 Two Ni(II) complexes then participate in a 
disproportionation reaction, forming one nickel dihalide and one Ni(II) 
complex with two aryl compounds. The latter then reforms the Ni(0) complex 
and couples the two aryl compounds through a reductive elimination.  In short, 
the overall reaction consists of two aryl halides that are coupled together by a 
Ni(0) compound, forming a new carbon-carbon bond and a Ni(II) halide.  
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Scheme 1. Polycondensation through Yamamoto coupling where L = ligand of multiplicity k, 
X = halogen or pseudo-halogen (e.g., tosylate or mesylate).  

The Ni(0) compound can be added in excess to ensure high conversion of the 
aryl halides; most often nickelbis(cyclooctadiene) is used in these reactions.168, 

169 Alternatively, the Ni(II) byproduct (formed during the disproportionation 
in Scheme 1) can be continuously reduced to Ni(0), either with a reductant 
(such as sodium hydride or zinc metal) or electrochemically.160, 170-172 
Polycondensation through Yamamoto coupling can yield high molar mass 
polymers even at relatively low monomer conversions (contrary to the ideal 
step-growth polymerization), due to the energetic advantage of producing 
extremely conjugated polyarylenes.163 Furthermore, the aryl dihalide 
monomer,  X-Ar-X, may coordinate with the propagating species prior to the 
reductive elimination,  which could result in chain-growth characteristics 
where a new monomer is continuously added to the product.163 As such, the 
Yamamoto coupling can be efficiently used for the preparation of high molar 
mass polyarylenes without concern of stoichiometric imbalance (since the 
reaction is a homocoupling) and with less strict requirements of monomer 
conversion close to 100%. However, Ni(0) is also an efficient reagent for the 
dehalogenation of aryl halides in the presence of hydrogen sources such as 
water. This necessitates working under stringent, anhydrous conditions, since 
the side reaction would result in a reduced monomer functionality and, 
consequently, a lower degree of polymerization.  
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3.1.3. Super-acid Mediated Polyhydroxyalkylation 
In Paper IV and V, polymers were prepared through a type of electrophilic 
aromatic substitution reaction referred to as polyhydroxyalkylation, mediated 
by the superacid trifluoromethanesulfonic acid (TFSA). Hydroxyalkylation is 
a condensation reaction between arenes and either ketones or aldehydes. The 
reaction was first reported in 1872173 and is, for example, used industrially to 
prepare bisphenol A from acetone and phenol by acidic ion exchange 
catalyst.174 Olah et al. showed that the reactivity of certain electrophiles could 
be greatly increased by using superacids, resulting in so-called 
superelectrophiles, which increased the variety of reactants that could 
participate in hydroxyalkylation reactions.175  

The hydroxyalkylation reaction between an aromatic and a carbonyl compound 
is shown in Scheme 2.176, 177 The latter is solvated by two acid molecules 
(molecule 1) through a strong hydrogen bonding,176, 177 although it has also 
been postulated as complete protonation of the carbonyl oxygen.178-180 An 
aromatic compound  attacks the carbonyl leading to a solvated intermediate, 
and this attack is generally considered the rate determining step in aromatic 
electrophilic substitutions.176, 177 Subsequently, a hydrogen is abstracted, and 
the intermediate is aromatized, resulting in an alcohol solvated by two or three 
acid molecules (3 and 4, respectively). Next, the C-O bond is cleaved 
heterolytically, producing a carbocation (5) and water as a byproduct. The 
carbocation reacts with an aromatic compound through another aromatic 
electrophilic substitution; after the abstraction of a hydrogen and 
aromatization, the end product (7) is obtained. In a superacidic medium, it may 
be presumed that the water byproduct is irreversibly protonated. 
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Scheme 2. Hydroxyalkylation between an aromatic and a carbonyl compound, where Ri 
signifies undefined substituents and HA is a Brønsted acid.  

The Gibbs free reaction energy profiles, as calculated by Castillo et al.,176 for 
the hydroxyalkylation between benzene and acetone, as well as fluorinated 
derivatives of the latter, are shown in Figure 7a. These profiles illustrate how 
the substituents of the carbonyl compound and as such its electrophilicity 
affects the reaction. The electrophilicity of the carbonyl compound affects both 
the thermodynamics of the reaction (i.e., the difference in energy level between 
reactants and end product), as well as the kinetics. By using a more 
electrophilic carbonyl compound (e.g., 1,1,1-trifluoroacetone, TFA), the 
activation energy of the first electrophilic aromatic substitution (i.e., 1 → 2) is 
significantly reduced, which increases the reaction rate. However, a carbonyl 
compound that is too electrophilic (e.g., hexafluoroacetone, HFA) will result 
in a drastic increase in the activation energy of the formation of the carbocation 
(i.e., 4 → 5). This will then become the rate limiting step and reduce the overall 
reaction rate. As such, the overall reactivity increases with the electrophilicity 
of the carbonyl compound to a maximum; further increase in electrophilicity 
results in a decrease in the overall reactivity, as can be seen in Figure 7b. 177 
Alternatively, the low reactivity of compounds with strongly electron 
withdrawing groups, such as perfluoroacetophenone (PFAp), has also been 
postulated to be due to the low basicity of the carbonyl compound, which 
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reduces the degree of protonation of molecule 1 and thereby the rate of the first 
step in the reaction. 181 

 
Figure 7. Gibbs free reaction energy profiles over the hydroxyalkylation between benzene and 
(derivatives of) acetone mediated by TFSA, with the energy of the end product (7) shifted to the 
same level (a).176  Relative reactivity as a function of the electrophilicity of the carbonyl 
compound  (b).177 Key: HFA = hexafluoroacetone, PFAp = perfluoroacetophenone, TFA = 
1,1,1-trifluoroacetone, TFAp = 2,2,2-trifluoroacetophenone, TS = transition state. 

Superacid-mediated hydroxyalkylation has been applied to the synthesis 
various poly(arylene alkylene)s.177, 182-185 Primarily carbonyl compounds of 
intermediate electrophilicity can form high molar mass polymers in 
hydroxyalkylation reactions with non-activated arenes; acetone and 
hexafluoroacetone are seldom sufficiently reactive under these 
conditions.176, 177 Furthermore, mixtures of TFSA and dichloromethane (DCM) 
are typically used as the reaction media, since pure TFSA might result in 
protonation the of arene compounds, which would drastically reduce their 
nucleophilicity and inhibit the aromatic substitution.180, 184 Since the carbonyl 
monomeric unit is often very electron withdrawing, a terminal arene 
monomeric unit on a polymer is likely less nucleophilic than a corresponding 
monomer. Consequently, the assumption of equal reactivity is not valid. 
Unequal reactivity is also likely for the carbonyl monomer since it has different 
reactivity in the carbonyl form (1) and as a terminal alcohol on a polymer (4) 
due to the different activation energies of the respective transition states. 
Therefore, polyhydroxyalkylation deviates from the ideal step-growth 
polymerization. Furthermore, polyhydroxyalkylations are often performed 
with a stoichiometric excess of the carbonyl compound in order to increase the 
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reaction rate of the first step.181, 186 Lastly, the polymerizations may proceed as 
precipitation polymerizations in which low molar mass oligomers formed 
during the beginning of the polymerization precipitates and forms a gel swollen 
with the reaction mixture. Then the polymerization proceeds in this reactive  
gel where new monomers are continuously added to the precipitated 
polymers.177, 181 

3.1.4. Atom Transfer Radical Polymerization (ATRP) 
The previously discussed polymerizations all follow the step-growth 
mechanism, in some cases with deviations from ideal behavior.  In the other 
main polymerization pathway, chain growth polymerization, monomer units 
are continuously added to a propagating chain through, for example, a radical 
mechanism as exemplified with styrene in Scheme 3b.187 In a radical 
polymerization, two propagating radicals will eventually meet and react with 
each other either through combination in which the two molecules combine 
into one large molecule or through disproportionation, resulting in one 
molecule with an unsaturated chain end (Scheme 3c and d, respectively).187 
This terminates the propagation of the two radicals, and the polymerization can 
only proceed if new radicals are being generated. In atom transfer radical 
polymerization (ATRP), the termination is suppressed by decreasing the 
momentary radical concentration through an equilibrium reaction between the 
propagating radical and its corresponding halide (exemplified with CuBr in 
Scheme 3a).188 Since the termination is a second order reaction with respect to 
the radical concentration while the propagation is a first order, the former is 
more suppressed than the latter. As a result, ATRP can be considered  
“quasi-living” polymerizations. The termination is suppressed, while 
propagation can still occur, albeit often at a slower rate than in free radical 
polymerization. Typically, the initiation rate of the ATRP is much higher than 
the propagation, and all propagating chain ends are considered to be in the 
reactive radical form an equal amount of the time. Consequently, all chains 
grow at an equal rate, and ATRP allows for a controlled polymerization with 
a more uniform molar mass distribution.  Furthermore, ATRP allows for 
synthesis of so-called macroinitiators, which are polymers containing 
functional groups, such as aryl bromides, that can be used as initiating species 
in the polymerization. These macroinitiators enable the preparation of complex 
polymer structures such as block and graft copolymers. 
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Scheme 3. Overall reactions in the ATRP of styrene where Ri● represents propagating radical or 
initiator radical and Ri-Br the corresponding bromide. Equilibrium between bromide and radical 
(a), propagation (b), termination by combination (c), termination by disproportionation leading 
to unknown cis-trans isomerism (d). L ligand to the copper catalyst with a multiplicity k. 
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3.2. Characterization 

3.2.1. Nuclear Magnetic Resonance (NMR) Spectroscopy 
Nuclear magnetic resonance (NMR) spectroscopy was extensively used for the 
characterization of the chemical structures of different compounds. These 
measurements rely on that atoms with an odd atomic number or mass have 
nuclear spin. If subjected to an electromagnetic field, the magnetic nuclei will 
align along the field. Subsequently, an additional magnetic field that is weaker 
than and perpendicular to the first is applied.189 This second field oscillates at 
a frequency that matches the magnetic resonance of the nuclei that is studied, 
which will then also oscillate. After a predetermined time, the second field is 
removed, and the oscillation of the nuclei will gradually decrease; the decrease 
in oscillation is measured as a function of the time.190 After Fourier 
transformation, a plot of signal intensity against frequency (i.e., a spectrum)  is 
obtained.191 Depending on the chemical environment, the frequencies of the 
signals are somewhat shifted with a so-called chemical shift (δ), which is 
typically on a parts per million (ppm) scale. This allows for the study of 
chemical structures. 

In this thesis, NMR spectroscopy was performed using a Bruker DR X400 
spectrometer. Samples were dissolved in the deuterated solvents chloroform-d 
and dimethylsulfoxide-d6. The chemical shifts were calibrated against the 
residual, incompletely deuterated solvent (δ 1H = 7.26 ppm and 2.50 ppm, 
respectively). 

3.2.2. Thermal Gravimetric Analysis (TGA) 
Thermal gravimetric analysis (TGA) was used to study the thermal 
decomposition of samples by employing a TA instruments Q500 
Thermogravimetric Analyzer. The remaining weight of the sample was 
monitored as a function of the temperature, while heating the sample at a 
constant heating rate to a predetermined temperature under a flow of nitrogen 
gas. 
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3.2.3. Differential Scanning Calorimetry (DSC) 
Differential scanning calorimetry was used to study the thermal transitions of 
the polymers. A differential scanning calorimeter heats/cools a sample and a 
reference pan, while ensuring that temperature in the two pans is the same. The 
difference in heat flow required between the two pans is recorded as a function 
of the temperature. A first order transition which possesses a transition 
enthalpy (such as order-to-disorder, melting, or crystallization) result in peaks 
in curves where the differential heat flow is plotted against temperature. 
Second order transitions (e.g., glass transitions) result in drastic changes in the 
slope of the curves due to the change in heat capacity (but not in enthalpy). 

In this thesis, all DSC measurements were performed on a TA instruments 
Q2000 calorimeter under nitrogen. Primarily the measurements consisted of 
heating to a predetermined temperature, followed by cooling, and lastly 
heating to the aforementioned temperature; most often, 10 °C min-1 heating 
and cooling rates were used in this thesis. The first heating was used to ensure 
that all samples studied had similar thermal histories, and only results from the 
cooling and the second heating cycle were typically presented. Glass transition 
temperatures (Tg) were taken as the inflection points at any second order 
transitions. The temperature of any first order transition was either reported as 
the temperature at any heat flow peak values or as the temperature interval of 
the entire peak, depending on the broadness of the peak and the nature of the 
transition. 

3.2.4. Size Exclusion Chromatography (SEC) 
Size exclusion chromatography (SEC) was employed to study the molar mass 
distributions, e.g., number- and weight-average molar masses (Mn and Mw, 
respectively) and molar mass dispersity (ĐM = MwMn

-1), of some of the 
polymers in this thesis. In this type of chromatography, the stationary phase 
consists of porous material of different pore sizes. When a polymer solution 
passes through the column, smaller molecules can enter more of the pores in 
the stationary phase than the larger molecules. As such, the apparent length a 
small molecule travels through the column is longer compared to a larger 
molecule, resulting in a higher elution volume for the small molecules. 

Conventional calibration is the simplest way to calculate the molar mass 
distribution from SEC data. Here, the SEC system is equipped with at least one 
concentration dependent detector such as a refractive index (RI) detector, and 
the detector signal is recorded as a function of the retention volume (rV). The 
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concentration is dependent on the RI signal defined as the height, h, above the 
baseline. When a polymer is eluted from the column a peak in a plot of rV 
against h (i.e., a chromatogram) is detected. Assuming that h is recorded at 
equally spaced rV, Mn and Mw can be calculated from the peak in the 
chromatogram by: = ∑ ℎ ∑ (  ) (5) 

= ∑ ℎ ∙ ( ) ∑ ℎ                                                   (6). 

The molar mass as a function of the retention volume can be calculated by 
running SEC measurements on standard samples with a known (and uniform) 
molar mass distribution, most often by assuming some form of polynomial 
relation between log(M) and rV.192 However, this may cause inaccuracies if the 
structure of the standards used differs from the samples measured. To remedy 
this, universal calibration in which [η]·M is calibrated against rV may be used, 
if the intrinsic viscosity ([η]) of both the standards and the samples under the 
measurement conditions can be determined, for example, by using a viscosity 
detector in conjunction with the refractive index detector in the SEC 
measurements.192 Alternatively, if the SEC system is equipped with a light 
scattering detector, in addition to a concentration detector, the absolute molar 
mass of the polymer may be used by calibrating against the product of the 
concentration and molar mass of a known standard.193 

In Paper II and V, SEC measurements were performed at 35 °C on a Viscotec 
TDAmax system equipped with OmniSEC Triple Detectors (refractive index, 
viscosity, and light scattering). The system was fitted with a 2×PL-Gel Mix-B 
LS column set (2×30 cm), and chloroform (CHCl3) was used as eluent. 
Multidetector, universal calibration was used by calibrating against 
polystyrene standards. In Paper IV, SEC measurements were performed under 
ambient conditions (not at 35 °C, as previously stated)194 with chloroform as 
eluent using a Viscotec GPCmax equipped with three columns (KF-805, KF-
805, KF-802.5) and a refractive index detector (Viscotec TDA). Conventional 
calibration was performed using a polystyrene standard solution (Mn = 30 kg 
mol-1 Polyscience Inc., 96 kg mol-1 Polymer Laboratories, 650 kg mol-1 Water 
Associates). 
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3.2.5. Viscometry 
When the polymers were not soluble in chloroform, an alternative method was 
used to estimate the molar mass. In those cases, the intrinsic viscosity, [η], was 
measured and used as an indication of the molar mass. Polymers were 
dissolved in 0.1 M LiBr in DMSO solutions to prevent the polyelectrolyte 
effect (i.e., increased solution viscosity at low polymer concentrations due to 
repulsion between the ionic moieties in the polymer) and the viscosity of the 
solutions were measured using an Ubbelohde viscometer. From the flow time 
(t) of the polymer solutions at different polymer concentrations (c) and the flow 
time of a blank 0.1 M LiBr solution (t0), the inherent (ηinh) and the reduced 
(ηred) viscosities were calculated as a function of c: 

=  (7) 

=                                                                          (8). 

These viscosities were plotted against c and from linear extrapolations 
(Equation 9 and 10, i.e., the Huggins and the Kraemer equation, 
respectively)192, 195-197 down to c = 0, two intercepts with the y-axis were 
obtained. The intrinsic viscosity was calculated as the average of these two 
intercepts.198 = [ ] + ∙ [ ] ∙  (9) = [ ] − ∙ [ ] ∙  (10) 

In Paper I, [η] was determined for PEO samples with known molar masses  
(M) using the method just described. From these measurements a calibration 
curve according to the Mark-Houwink-Sakurada199-201 equation was 
constructed: [η] = ∙                                                                       (11). 

The [η] values measured for the polymers prepared in Paper I were then used 
to estimate the respective molar mass of each polymer.  
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3.2.6. Electrochemical Impedance Spectroscopy (EIS) 
Potentiostatic electrochemical impedance spectroscopy (EIS) was used to 
determine the ionic conductivities of the electrolyte samples. In these 
measurements, a sinusoidal potential (U), with an amplitude U0 and a 
frequency υ, is applied to a sample during a certain time (t). This results in an 
oscillating current (I) with an amplitude I0 that is somewhat shifted (with a 
phase angle φ) in time (Figure 8).  

 
Figure 8. The time dependence of the applied AC potential (with an amplitude U0 and a fixed 
frequency υ) and the resulting current (with an amplitude I0 and shifted with a phase angle φ). 

The impedance, Z, is defined as the ratio between the potential and current202 
and may be seen as the alternating current (AC) equivalent to the direct current 
(DC) resistance. Often the impedance (as a function of frequency) is expressed 
in the complex form, Z*, as the sum of a real and an imaginary part (where = −1): ∗( ) = | ∗| ∙ exp( ) = ( ) + ∙ ( ) (12) | ∗| = = +  (13) = | ∗| ∙ cos( ) (14) 
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Z = | ∗| ∙ sin( )                                                                (15).203 

From the complex impedance the AC conductivity (σ’) can be calculated as:  ( )  = ∙ ( )∙| ∗( )|                                                                  (16).204, 205 

Where dis is the distance between the electrodes that measure the current, and 
A is the cross-sectional area through which the ions are transported. From the 
frequency dependency on the properties Z’, Z’’, and σ’ the DC ionic 
conductivity (σDC) can be estimated through various methods;202  in this thesis, 
two different methods were used. In Paper I, σDC was evaluated from  
a plot of –Z’’ against Z’ (Figure 9a),206 that is commonly referred to as a 
Nyquist plot207-209 albeit with some objections210. The Z’ value at the 
intersection between the high-to-medium frequency semicircle (blue) and the 
low frequency part (red) was taken as the bulk (DC) resistance (Rb) of the 
electrolyte, and σDC was calculated by: = ∙                                                                             (17). 

In later papers, σDC was instead obtained from extrapolating the value of σ’ at 
the medium frequency plateau (Figure 9b).205, 211, 212 At low frequencies, σ’ is 
lower than σDC  due to polarization effects from the accumulation of ions at the 
electrodes.212 At high frequencies, contributions from the AC conductivity 
cause σ’ to be higher than σDC. However, at intermediate frequencies both the 
accumulation effects and contributions from the AC conductivity are minor. 
Consequently, σ’ is frequency independent and equal to σDC.212 The two 
methods yield the same value of σDC, which can be understood by studying the 
frequency dependence of Z’ and Z’’ (Figure 9c). The value of Z’ is largely 
frequency independent when –Z’’ approaches its (local) minimum value (at ~1 
kHz in Figure 9c), which is exactly what can be seen in Figure 9a when the 
semicircle intersects with the linear part. For the rest of the thesis the word 
conductivity (and the symbol σ) will refer to σDC of the electrolyte unless stated 
otherwise.  
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Figure 9. Example data from a typical EIS measurement showing: A plot of –Z’’ against Z’ 
where σDC is calculated from the intersection between the semicircle (blue) and the linear part 
(red) (a), σ’ as a function of the AC frequency and the plateau value which σDC is extrapolated 
as (b), and the frequency dependence of Z’ and Z’’ (c).  

In this thesis, EIS measurements were performed using a Novocontrol BDC40 
high resolution dielectric analyzer in a two-probe setup (the electrodes that 
apply the potential were also used to measure the current). The samples were 
analyzed in the frequency range 10-1-107 Hz at a 10-50 mV (depending on the 
paper) amplitude during heating-cooling-heating cycles between 
predetermined temperatures controlled by a Novocool cryostat unit.  
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In Paper I-III, coin cell electrodes for the EIS measurements were prepared in 
an argon filled glove box, to avoid moisture contamination. Polymer sample 
was placed between two gold-plated brass coin electrodes separated by a 
Teflon ring spacer (Figure 10a), after which the cell was heated and pressed 
shut. The through-plane conductivity of the electrolyte was measured using the 
method just described. 

Figure 10. Sketch of the coin cell used for the EIS measurements of the lithium conductivity in 
Paper I-III (a), sketch of cell for measurement of proton conductivity under immersed conditions 
(not to scale) (b) and photographic image of a sealed measurement cell (c)

In contrast, in Paper IV and V the in-plane proton conductivity of the PEMs 
was measured in order to obtain measurable impedance values and decrease 
the surface effects that might have arisen if measuring through-plane. A fully 
humidified PEM (14 mm × 14 mm) was placed between two stainless steel 
electrodes, as illustrated in Figure 10b, together with an excess of water. Two 
Teflon spacers were placed next to each steel electrode, and two additional 
steel electrodes were placed above and below. The cell was assembled in a 
sample container that was screwed shut (Figure 10c). The protons were 
technically transported diagonally through the membrane, as shown in Figure 
10b. However, the thickness of the membrane was much lower (~0.1 mm) than 
the horizontal distance between the electrodes (8 mm). Consequently, the 
measured conductivity was essentially only the in-plane conductivity of the 
membrane. 

In Paper IV and V, the in-plane proton conductivity was also measured under 
reduced humidity using a Gamry Potentiostat/Galvanostat/ZRA employing a 
four-probe setup (two electrodes apply the potential and the current is 
measured between two other electrodes). The temperature and humidity were 

~0.1 m
m

b) c)

a)
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controlled by a Fumatech MK3 conductivity cell. Samples were analyzed in 
the frequency range 10-1 to 106 Hz at a 50 mV amplitude at relative humidity 
values between 30% and 90% and temperatures between 80 and 120 °C. 

3.2.7. X-ray Scattering Measurements 
X-ray scattering measurements were used to investigate the morphology of 
some of the materials. In these types of measurements, a sample is irradiated 
with collimated, monochromatic X-rays with a wavelength wL (Figure 11). All 
atoms in the material (elastically) scatters the radiation in all direction. During 
a typical measurement, the intensity of the scattered X-rays as a function of the 
scattering angle (here defined as the angle between the scattered and the 
transmitted X-rays, 2θ) is recorded, yielding a diffractogram. Any (local) 
maxima are caused by the constructive interference between the scattered X-
rays, indicating an ordered and repeating structure. The size of this repeating 
structure (i.e., the characteristic distance, d) can be calculated by using Bragg’s 
law213 (Equation 18), where n is an integer that indicates the order of peak in 
the diffractogram. ∙ = 2 ∙ ∙ sin  (18) 

As can be seen in Equation 18, structures that repeat at a large distance d give 
rise to small scattering angles and vice versa. In this thesis, Small-Angle X-ray 
Scattering (SAXS) was used to study the morphology of material when the 
value of d was expected to be large. For the study of smaller structures, the 
scattering intensity at higher angles was measured. This was done by 
employing Wide-Angle X-ray Scattering (WAXS), which has the same 
working principles as SAXS but measures at higher angles and hence lower 
values of d (Figure 11). 
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Figure 11. Schematic over the setup of an X-ray scattering measurement illustrating X-rays 
scattered at an angle 2θ by a sample, detected at either high (WAXS) or low (SAXS) values of 
2θ. 

In Paper I, SAXS measurements were performed under vacuum between 20 
and 100 °C employing a SAXSess camera (Kratky, Anton Paar) equipped with 
a charge-coupled device detector. In Paper IV, SAXS measurements were 
performed under vacuum at room temperature with a SAXSLAB instrument 
(JJ X-ray Systems Aps, Denmark) equipped with a Pilatus detector. In Paper 
II and III, WAXS measurements were performed at ambient conditions 
employing a STOE STADI MP X-ray powder diffractometer. All scattering 
measurements were performed in transmission mode employing copper Kα 
radiation (wL = 0.154 nm) as the source of the X-rays.  

  

Incident X-rays

Sample Beam 
stopper

SAXS
2θ
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3.2.8. Water Uptake 
In Paper IV and V, the water uptake of the prepared PEMs was measured under 
immersed conditions. Membranes were dried under vacuum at ~50 °C during 
at least 1 day, and the weights and thicknesses (mdry, tdry) of the dry membranes 
were measured. Afterward, the membranes were immersed in water at 20, 40, 
60, and 80 °C, respectively. After one day at each temperature, the membranes 
were removed from the water, gently wiped with tissue paper, before 
measuring the weights and thicknesses (mwet, twet) of the membranes. The water 
uptake (WU) was defined as the mass increase per g dry membrane and was 
calculated with Equation 19. The λ values, defined as molar amount of water 
per proton in the PEM, were calculated by dividing the water uptake with the 
molar mass of water [M(H2O)] and the IEC of the PEM (Equation 20). The 
through-plane swelling ratios (SW) were calculated by dividing the increase in 
membrane thickness by the thickness of the dry membrane (Equation 21). =   (19) 

     =  ( )∙  (20) 

=   (21) 
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4. Summary of Appended Papers

In this chapter, the appended papers will be discussed. Each paper is discussed 
individually and in chronological order. Paper I-III all relate to lithium 
conducting polymer electrolytes, whereas Paper IV and V are focused on
proton conducting membranes. Concepts introduced in one section might be 
discussed again later. The discussion will begin with a short description 
explaining the chosen design of the polymer structure, followed by any 
important aspects of the synthetic procedure and noteworthy polymer 
properties. At the end of the discussion of each project, a short outlook of 
potential improvements and ways that the polymer design could be further 
developed will be mentioned.  

4.1. Paper I: Mesogenic Naphthalene Sulfonate 
Spaced at Regular Distances Along a 
Poly(ethylene oxide) Backbone

In Paper I, mesogenic naphthalene sulfonate (NS) was incorporated into a PEO 
backbone at regular intervals.  The purpose of this polymer design was to 
induce microphase separated polymer structures with the NS assembled into 
ionic clusters that were dispersed in an EO phase. Ideally the Li+ should be 
coordinated and dissolved in the EO rich phase while the sulfonate anions 
should be in the NS clusters. This would keep the anions and cations spatially 
separated which could improve the ionic dissociation and conductivity. Some 
form of microphase separated morphology was achieved which proved to be 
temperature dependent with increasing degree of ordering at higher 
temperatures. The electrolytes exhibited similar ionic conductivity to other 
non-fluorinated electrolytes but much lower compared to the fluorinated 
counterparts.
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4.1.1. Polymer Design and Synthesis 
The synthesis of the polymers began with end group modifications of 
commercial PEO samples with a molar mass between 0.4 and 2 kg mol-1, 
followed by polycondensation through an SN2 mechanism with a sulfonated 
dihydroxynaphthalene monomer (Scheme 4). The molar mass range of the 
oligomers was chosen to obtain values of [EO] / [Li] of the final polymers 
between 9 and 45, since these salt concentrations typically yield the highest 
ionic conductivity in PEO systems.105, 214, 215 

 
Scheme 4. Synthetic procedure of the P(EOx-LiNS) copolymers through end group modification 
of PEO (with x repeating units), followed by polycondensation together with 
sodium 6,7-dihydroxynaphthalene-2-sulfonate and ion-exchange to lithium form. 
Abbreviations: SOCl2 = thionyl chloride, DCM = dichloromethane, NMP = N-Methyl-2-
pyrrolidone. 

End group modification was necessary as the hydroxyl (–OH) in the PEO were 
poor leaving groups during the reaction. Complete conversion of the end 
groups was necessary as any remaining –OH would have reduced or altered 
the functionality of the PEO based monomer, where the latter could have led 
to chain extension of the PEO during the polymerization. This would have 
resulted in to a lower molar mass of the final polymer and possibly a less 
regular distribution of the NS along the polymer backbone. The latter 
consequence might have given a lower degree of self-assembly in the final 
product. PEO samples with different end groups (i.e., mesylate, tosylate, 
chloride, and iodide) were prepared. Of these, only chloride terminated PEO 
(designated PEOx-Cl2) could be prepared with a quantitative (~100%) 
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conversion of the –OH groups, which was likely due to the too high reactivity 
(and low stability) of the other end groups. 

The PEOx-Cl2 oligomers were polymerized together with sodium 6,7-
dihydroxynaphtalene-2-sulfonate (NaDHNS-6,7,2). Naphthalene has 
previously been incorporated into polymer structures to induce liquid 
crystallinity.216-219 Hence, it could be expected that the incorporation of 
naphthalene into a PEO backbone would induce some form of microphase 
separation with one PEO rich phase and one naphthalene rich phase. This could 
be further promoted by separating the naphthalene at regular distances by short 
chains of PEO with a fairly uniform molar mass distribution. There are a few 
different mono- or disulfonated naphthalene diols that are readily 
commercially available; four examples are shown in Figure 12. In this project, 
NaDHNS-6,7,2 was specifically chosen to promote the microphase separation 
for several reasons. Firstly, a monosulfonated naphthalene moiety was chosen 
since that would require shorter PEO chains to reach desirable [EO] : [Li] 
ratios, compared to a disulfonated naphthalene. As such, the naphthalene 
content would be higher and the distance between each moiety would be lower, 
for the monosulfonated naphthalenes at a specific [EO] : [Li] ratio compared 
to disulfonated derivatives. Secondly, the specific configuration of the 
naphthalene derivative was chosen to keep the naphthalene moiety and the 
sulfonate anion separated from the PEO backbone of the polymer.  

 
Figure 12. Commercially available sulfonated naphthalene diols. D = di, H = hydroxy, N = 
naphthalene, S = sulfonate. Numbers indicate position of the two hydroxyl groups followed by 
the position of the sulfonate group(s). 
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The polymerizations were performed in N-methyl-2-pyrrolidone (NMP) at  
110 °C with a weak base (potassium carbonate, K2CO3), to deprotonate the 
phenolic –OH, and potassium iodide (KI) as a catalyst (Scheme 4). A major 
challenge with the polymerizations was that the molar mass of the PEOx-Cl2 
was neither precisely known nor of uniform distribution. This made it difficult 
to add the two monomers in stoichiometric equal amount, which likely reduced 
the average degree of functionality of the monomers and the molar mass of the 
final product (as discussed previously in Section 3.1.1). Because of this, each 
polymerization had to be optimized individually with different (apparent) 
molar ratios of the naphthalene diol and PEOx-Cl2. Sometimes when using too 
low ratios of NaDHNS-6,7,2 : PEOx-Cl2, elimination of the –Cl in the 
PEOx-Cl2 samples, leading to unsaturated chain ends, could be observed in the 
1H NMR spectra. The polymerizations were performed during 7 days, after 
which the products were purified and ion-exchanged to  
lithium form. The final products were designated as P(EOx-LiNS) 
[poly(ethylene oxide – co – lithium 6,7-dihydroxynaphthalene-2 -sulfonate)], 
where the subscript x designated the number of repeating units in the PEO 
chain segments and was varied between 9 and 45 (Table 1 and Scheme 1). 
Since each repeating unit contained one Li+ ion the values of [EO] / [Li] were 
equal to x. The exact distribution of the configuration (i.e., “head-to-head” and 
“head-to-tail”) of the –SO3Li groups in the polymer could not be determined. 

The molar masses of P(EOx-LiNS) were estimated from the corresponding 
intrinsic viscosities, through calibration against PEO homopolymers with 
known molar masses, and all values are presented in Table 1. The polymers 
P(EO9-LiNS) and P(EO14-LiNS) had low molar masses (3 and 5 kg mol-1, 
respectively), whereas the other three polymers had moderate molar masses 
between 20 and 35 kg mol-1. These values corresponded to between 5 and 17 
repeating units in the prepared polymers. The higher degree of polymerization 
in the latter polymers could have been due to a lower viscosity of the reaction 
mixture, owing to the longer and more flexible EOx segments. 
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Table 1. Key properties of the P(EOx-LiNS) samples.220 

Name Mn a / 
kg mol-1  

n b  Td, 95 
c / 

°C 
Tg 

d / 
°C 

σ · 107 e /  
S cm-1 

P(EO9-LiNS) 3 5 256 42 0.09 

P(EO14-LiNS) 5 6 257 -4 4.5  

P(EO23-LiNS) 21 17 297 -38 12  

P(EO34-LiNS) 20 12 320 -48 9.6 

P(EO45-LiNS) 35 16 294 -46 14 
a Number-average molar mass estimated from intrinsic viscosity, b Number-average of repeating 
units calculated from Mn, c Temperature at 5% weight loss (TGA, N2, 10 °C min-1), d Glass 
transition temperature DSC (2nd heating 10 °C min-1 N2), e Ionic conductivity at 80 °C. 

4.1.2. Phase Transitions and Morphology 
Differential scanning calorimetry (DSC) was used to study the thermal 
transitions of the P(EOx-LiNS) samples between -80 and 200 °C. The results 
from the cooling and the 2nd heating cycle during the DSC measurements are 
shown in Figure 13a and b, respectively. No transitions were detected at 
temperatures above 50 °C, and only data measured between -80 and 100 °C 
are shown in Figure 13 for clarity (see Fig. 3 in Paper I for traces up to  
200 °C)220.  Only the two polymers with the lowest ionic content (i.e., P[EO45-
LiNS] and P[EO34-LiNS]) exhibited any endotherm during the heating cycle 
(Figure 13b) due to the melting of the crystalline EOx phase. Of these two 
polymers, only P(EO45-LiNS) showed a corresponding exotherm in the cooling 
trace (Figure 13a), whereas the melting of P(EO34-LiNS) was exclusively of 
crystals formed during a preceding cold crystallization. As such, it could be 
assumed that P(EO34-LINS) was entirely amorphous during the DSC 
measurement except in the temperature interval 10 - 40 °C. The polymers with 
higher ionic content did not exhibit any crystallization or melting during the 
DSC measurements. The lack of crystallinity in the other samples was 
attributed to the high concentration of Li+-EO coordination as well as the NS 
inhibiting the close packing of the EOx chain segments. 
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Figure 13. DSC cooling trace from (a) and subsequent heating trace (b) of the P(EOx-LiNS) 
series. Exothermic transition defined as up, Tgs taken as inflection points and marked with ●, 
melting and crystallization temperatures taken as the temperature at the corresponding peak and 
marked with ×. 

The glass transition temperature (Tg) of the P(EOx-LiNS) series, with x between 
9 and 34, continuously increased as the ionic content increased (i.e., decreasing 
value of x) from -48 °C for P(EO34-LiNS) to 44 °C for P(EO9-LiNS). This 
increase was due to an increase in the concentration of Li+-EO coordination, 
decrease in length of each EO chain segment separated by NS, and decreasing 
amount of the EO phase. The latter also caused a less pronounced change in 
the heat capacity of the polymer at its Tg which made the transition more 
diffuse, as can be seen in Figure 13. Due to the semicrystalline nature of 
P(EO45-LiNS) this polymer deviated from this trend and had a similar Tg value 
as P(EO34-LiNS). 

The morphology of selected polymer samples was studied using small angle 
X-ray scattering (SAXS) between 20 and 100 °C. The  obtained data for 
polymer P(EO14-LiNS) (with the second highest ionic content) and P(EO45-
LiNS) (with the lowest ionic content) are shown in Figure 14a and b, 
respectively (for SAXS data of P[EO23-LiNS] see Fig.5 in Paper I)220. As 
previously discussed, P(EO14-LiNS) was fully amorphous. This polymer 
exhibited a scattering maximum at 2θ = 2.3° (d = 3.8 nm), which was in the 
region often associated with the formation of ionic domains and, as such, was 
likely caused by the formation of ionic clusters.221 The location of this 
maximum remained constant as the temperature increased from 20 up to 100 
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°C, indicating that the distance between each cluster remained constant as well. 
On the other hand, the scattering intensity increased with the temperature 
indicating a higher degree of ordering at higher temperatures. This could have 
been due to the decrease in the dielectric constant of the PEO phase, which 
would promote ionic clustering.221 The intensity increase was reversible, and 
P(EO14-LiNS) exhibited almost identical scattering pattern at 20 °C before and 
after heating to 100 °C (Fig. 6a in Paper I).220 Sample P(EO23-LiNS) exhibited 
a similar scattering pattern as P(EO14-LiNS) over the entire temperature 
interval, whereas sample P(EO45-LiNS) exhibited a similar scattering pattern 
as the two other samples only at temperatures above 40 °C; at 20 and 40 °C,  
P(EO45-LiNS) exhibited scattering patterns caused by the crystalline EO phase. 
The d-spacing of the maximum associated with the ionic clusters increased 
from 3.8 nm for P(EO14-LiNS) to 3.9 and 4.5 nm for P(EO23-LiNS) and 
P(EO45-LiNS), respectively. These values are somewhere between the distance 
between two naphthalene units in the polymer backbone assuming either fully 
extended EO chains or freely rotating EO chains with a fixed bond angle (Fig. 
S4 in the Supplementary Information for Paper I).  

 
Figure 14. Small-angle X-ray scattering of P(EO14-LiNS) (a) and P(EO45-LiNS) (b) at 
temperatures between 20 and 100 °C. SAXS data is taken from Paper I,220 and scattering arising 
from the crystalline EO phase in P(EO45-LiNS), at 20 and 40 °C, are indicated by ●. 

  

T T



4.1. Paper I 

46 

4.1.3. Ionic Conductivity 
The ionic conductivity was measured by EIS, as described in Section 3.2.6, 
and is shown as a function of temperature and ionic content in Figure 15a and 
b, respectively. The conductivity increased with the temperature, and the 
polymers with higher ionic content exhibited higher increase with the 
temperature. Due to the melting of the semicrystalline P(EO45-LiNS) at ~40 °C 
(Figure 13), this polymer exhibited a marked increase in conductivity from 
1.7 · 10-10 S cm-1 at 20 °C to 3.7 · 10-7 S cm-1 at 50 °C. In a similar way, 
P(EO34-LiNS) exhibited a small deviation from the rest of its curve due to the 
cold crystallization followed by the melting of the EO phase. 

 
Figure 15. Arrhenius conductivity plot of P(EOx-LiNS) series (a) and conductivity as a function 
of ionic content at selected temperatures (b). Lines to guide the eye. 

The conductivity as a function of ionic content (i.e., value of [EO]/[Li]) was 
rather complex (Figure 15b). For example, above the melting point of P(EO45-
LiNS) this polymer exhibited the highest conductivity at 50 - 80 °C (e.g., 1.4 · 
10-6 S cm-1 at 80 °C), while the two polymers with intermediate ionic content 
(i.e., x = 34 and 23) exhibited similar but slightly lower conductivity. The 
highest conductivity at 80 °C is similar to other single ion conducting 
electrolytes bearing sulfonate anions (e.g., 10-7 – 10-5 S cm-1 at 80 °C, as stated 
in Section 2.2) but much lower than electrolytes bearing more strongly 
dissociated, fluorinated anions that may reach conductivities up to 
approximately 10-4 S cm-1 at 80 °C. 
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Above 80 °C, P(EO23-LiNS) exhibited the highest ionic conductivity with 
values reaching 2.8 · 10-6 and 5.5 · 10-6 S cm-1 at 100 and 120 °C, respectively. 
The ionic conductivity per lithium ion likely decreased as the ionic content 
increased, due to the decreased mobility of the EOx chains as indicated by the 
increase in Tg. However, the total conductivity could still increase since 
increased ionic content led to higher charge carrier concentration. Furthermore, 
the increase with ionic content was achieved by decreasing the length of the 
EO chain segments that separated two NS units. As discussed in Section 4.1.2, 
a shorter EO chain segment led to a decrease in the distance between each ionic 
cluster (lower d-spacing). A shorter distance between each cluster may have 
improved the conductivity, especially if the Li+ ions were mainly located in the 
NS phase and were transported between each ionic cluster through the EO 
phase.  

The result was elucidated by fitting the temperature dependence of the ionic 
conductivity, between 50 and 120 °C, to the Vogel-Tammann-Fulcher 
equation (VTF equation, Equation 2). This temperature interval was used to 
ensure the EOx phase in all samples was fully amorphous. Since the 
conductivity values spanned several orders of magnitude in the measured 
temperature range, a direct non-linear fit would have only focused on 
minimizing the residuals at high conductivity values (and hence high 
temperatures), which would have resulted in a comparatively bad fit at lower 
temperatures. As such, the parameters in the VTF equation were calculated 
through a non-linear fit of the logarithmic form of the equation. The obtained 
values of the apparent activation energy (Ea) and pre-exponential factor (σ0) 
are shown in Figure 16a and b, respectively. The values of all parameters 
decreased with the value of [EO] / [Li] (i.e., decreasing ionic content). 
However, P(EO34-LiNS) and P(EO23-LiNS) exhibited similar values of Ea 
(10.6 and 10.7 kJ mol-1, respectively), while the latter sample had a higher 
value of σ0 (1.8 mS cm-1 for P[EO34-LiNS] compared with 3 mS cm-1 for 
P[EO23-LiNS]). The higher value of σ0 in P(EO23-LiNS) can be attributed to its 
higher ionic content, while the similar values of Ea could be a combination of 
lower mobility of the EO segments counteracted by the decreased distance 
between NS clusters. The higher σ0 combined with similar value of Ea resulted 
in that P(EO23-LiNS) exhibited slightly higher conductivity than P(EO34-LiNS) 
at most temperatures in the measured interval. A more detailed discussion 
about the VTF equation is given regarding Paper II in Section 4.2.3. 
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Figure 16. The apparent activation energy (a) and the pre-exponential factor (b) as obtained 
from fitting the VTF equation to data at temperatures above 50 °C. Bars represent 95% two-
sided confidence intervals and lines between data points to guide the eye. 

4.1.4. Conclusion and Outlook 
In Paper I, polymers with mesogenic naphthalene sulfonate separated at regular 
distances by short oligo(ethylene oxide) segments were prepared and 
characterized as single Li+-ion conducting polymer electrolytes. As intended, 
these polymers formed a microphase separated morphology which was studied 
by SAXS measurements. The degree of ordering increased with increasing 
temperature, indicated by the increase in the intensity of the scattered X-rays. 
The increase also proved to be thermally reversible, and a corresponding 
decrease in X-ray intensity with decreasing temperature was observed. 
Presumably, this morphology was stable up to at least 200 °C since the glass 
transition and melting of the EOx phase were the only phase changes detected 
during DSC measurements up to this temperature. The ionic conductivity of 
P(EOx-LiNS) was similar to other single-ion conducting polymer electrolytes 
bearing a sulfonate anion. Nevertheless, the values were too low for battery 
applications without further optimization.  

The most immediate improvement to the polymer electrolytes in Paper I would 
be the replacement of the sulfonate with a more delocalized anion such as a 
trifluoromethanesulfonimide (TFSI) derivative. As an example, Schaefer et al. 
prepared cross-linked copolymers of PPEOMA and units bearing anionic 
groups consisting of aryl or alkyl sulfonate, or a corresponding TFSI anion.94 
When replacing the aryl sulfonate with the corresponding TFSI the ionic 
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conductivity at 80 °C increased by two orders of magnitude (from ~10-7 to  
10-5 S cm-1). A similar increase might have been expected in the case of the 
P(EOx-LiNS) samples. However, the substitution with a more delocalized 
anion might have led to a decreased amount of microphase separation.94 

The synthesis of the TFSI derivative would first involve the conversion of the 
sulfonate into a sulfonyl chloride followed by a reaction with 
trifluoromethanesulfonamide (Scheme 5).222 Preferably this should have been 
done with the NaDHNS-6,7,2 monomer. However, this monomer was not 
soluble in any solvent compatible with the proper chlorinating agents; for 
example, the monomer was soluble in dimethylsulfoxide and NMP, which 
might react violently with activated chlorides. Alternatively, the already 
prepared sulfonated polymers could have been converted to the corresponding 
TFSI by adding small amount of N,N-dimethylformamide for solubilization as 
well as a catalyst, then converting the sulfonate to sulfonyl chloride in 
acetonitrile (MeCN), and lastly to the corresponding TFSI. This post-
polymerization modification would likely have resulted in a mixture of 
sulfonate and TFSI anions; multiple attempts might have been required for 
quantitative conversion.  

 
Scheme 5. Synthesis of a naphthalene diol monomer bearing a trifluoromethanesulfonimide 
anion, followed by polymerization. 
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Further studies using other sulfonated naphthalene diols (as presented in Figure 
12) could be of interest. For example, the effect of the configuration of the 
naphthalene unit (i.e., in or separated from the backbone) might have been 
interesting to study. However, it would likely be of minor interest since 
NaDHNS-6,7,2 was specifically chosen due to the optimal configuration and 
number of sulfonate groups. It might also have been scientifically interesting 
to prepare similar polymers between a non-sulfonated naphthalene diol and 
PEOx oligomers to investigate whether the microphase separation was due the 
naphthalene mesogen, or if it was driven primarily by ionic interactions. 

4.2. Paper II: Molecular Composite Electrolytes  
In Paper II, poly(p-phenylene)s (PpP) tethered with short ethylene oxide (EOx) 
side chains were prepared. This was done in order to prepare molecular 
composites consisting of rigid rod-like backbones that were dispersed in a soft 
EOx matrix. In this type of co-continuous morphology, the hard PpP phase was 
believed to be able to give the polymer mechanical strength, while the EOx 
phase could transport Li+ ions. The polymers were prepared through a nickel-
mediated polycondensation (Section 3.1.2), with varied lengths of the EOx side 
chains (2 – 4 EO units). Selected polymer samples were doped with lithium 
bis(trifluoromethane)sulfonimide (LiTF2SI) through solution casting, to 
prepare dual ion conducting polymer electrolytes. Measurements by WAXS 
and DSC indicated that both the neat polymers and electrolyte samples 
exhibited the desired molecular composite morphology. However, the 
morphology was partially disrupted by the addition of the lithium salt. The 
obtained electrolytes exhibited similar ionic conductivity (~10-4 S cm-1 at 100 
°C) to other mechanically reinforced, dual-ion conducting PEO based systems. 

4.2.1. Polymer Design and Synthesis 
The work in Paper II was inspired by previous works by Wegner et al. who 
prepared poly(p-phenylene)s (PpP) in which every second p-phenylene (pP) 
unit bore two short EO side chains.223, 224 These polymers were prepared 
through Suzuki coupling between an aryl dibromide bearing the two EO side 
chains and an arylic diboronic acid. 223-225 By studies using DSC and X-ray 
scattering measurements the authors concluded that these polymers formed a 
type of molecular composite morphology consisting of the backbone in one 
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phase organized as stacked layers that were dispersed in a soft phase consisting 
of the EOx side chains. Doping with lithium bis(trifluoromethane)sulfonimide 
(LiTF2SI) led to the dissolution of the salt in the latter phase. At 80 °C, these 
electrolytes exhibited ionic conductivities reaching approximately 10-4 S cm-1.  

In contrast, in Paper II, polymers with a PpP backbone in which each pP unit 
had one EOx side chain were prepared. Due to the drastic difference in chain 
flexibility between the backbone and the side chains the polymers were 
believed to be able to phase separate into one phase containing mainly the PpP 
backbone and one with the EOx sidechains. As the side chains were evenly 
distributed along the entire backbone this would likely result in some form of 
bicontinuous microphase separation. The PpP phase would then be load 
bearing while Li+ ions could be transported through the EOx phase. Polymers 
with side chain lengths of 2, 3, and 4 EO units were prepared to balance the 
phase ratio between the PpP phase and the EOx phase. Furthermore, pP units 
with only one side chain were used instead of two since the latter might have 
impeded an ordered phase separation. Adjacent pP units with two side chains 
might have promoted a conformation in which each unit would have a higher 
rotation angle along the pP-pP bond, due to steric hindrance between 
neighboring side chains, which is exemplified in Figure 17. 

 
Figure 17. Penta(p-phenylene) bearing one or two EO2 side chains on each repeating unit (a and 
b, respectively).226-228 Grey spheres symbolize carbon atoms and red oxygen; hydrogen atoms 
are omitted for clarity. 226,227, 228 

The monomer synthesis began with tosylation of oligo(ethylene oxide) methyl 
ether (Scheme 6). Here, the quantitative conversion of –OH groups was not as 
crucial as in Paper I and as such the produced tosylates proved to have 

a) b)
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sufficient stability (combined with high reactivity) in the monomer synthesis. 
Next, the tosylates were reacted with 2,5-dichlorophenol in a simple SN2 
reaction, producing the three different monomers, pPCl2-EOx (x = 2 – 4). A 
slight excess (~1%) of the 2,5-dichlorophenol was used to ensure full 
conversion of the tosylate. The excess of (deprotonated) 2,5-dichlorophenol 
could then be removed through washing with water.  

 
Scheme 6. Synthesis of poly(p-phenylene) tethered with oligo(ethylene oxide) side chains of 
different length (2, 3, or 4 EO units). The synthesis began with tosylation of oligo(ethylene 
oxide) monomethyl ether, followed by an SN2 reaction with 2,5-dichlorophenol, and finally 
Yamamoto polymerization yielding P(pP-EOx). Abbreviations: TsCl = tosyl chloride,  
THF = tetrahydrofuran, MeCN = acetonitrile, PPh3 = triphenylphosphine, NiCl2(PPh3)2 = 
dichlorobis(triphenylphosphine) nickel(II), bipy = 2,2’-bipyridine. 

The monomers were polymerized using nickel-mediated Yamamoto coupling 
(Section 3.1.2) with continuous reduction of the Ni(II) by-product using 
metallic zinc (Scheme 6). To avoid moisture contamination, all reagents were 
added to the reaction vessel in an argon filled glove box. A large excess of 
ligand was used in order to ensure that the active Ni(0) reagent was coordinated 
with four ligands. Furthermore, an equimolar amount of 2,2’-bipyridine (bipy) 
relative to NiCl2(PPh3)2 was added to suppress side reaction involving the 
transfer of one of the aryl groups of the PPh3 ligand to the Ni compound.229-231 
The monomers were polymerized at 80 °C during 5 days, after which they were 
purified by extraction in dichloromethane and precipitation in diethyl ether. 
The latter removed unreacted monomer and most likely low molar mass 
oligomers as well. Polymer P(pP-EO4) exhibited partial solubility in ether 
leading to much lower isolated yield (20%) compared to P(pP-EO2) and P(pP-
EO3) (79% and 74%, respectively). One attempt to synthesize P(pP-EO3) by 
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adding all reagents except zinc outside of a glovebox, drying the reaction 
mixture by azeotropic distillation and then adding the dry zinc was made. 
However, this attempt led to low isolated yield but similar molar mass to the 
previously obtained polymer.  

All three polymers prepared had a number-average degree of polymerization 
of approximately 60 (which in this case was also equal to the number of 
repeating units in the polymer), as determined by size-exclusion 
chromatography (Table 2). The molar mass dispersity (ĐM) values measured 
with SEC were low, which could partially be due to the removal of low molar 
mass oligomers during the workup. However, the low ĐMs were likely also due 
to the deviations from ideal step-growth as discussed in Section 3.1.2 (i.e., long 
polymer chains being energetically favored and chain-growth characteristics 
of the polymerization). During the SEC measurements, the solution viscosity 
was simultaneously measured which enabled estimation of the parameters in 
the Mark-Houwink-Sakurada equation (Equation 11). In particular, the values 
for the exponent a were greater than 1 (Table 2), indicating that the polymers 
attained a rigid rod conformation in chloroform rather than a conventional 
random coil conformation,192, 232 which was attributed to the stiffness of the 
PpP backbone.  
Table 2. Key properties of P(pP-EOx).233 

Name Mn a, b / 
kg mol-1 

ĐM b, c  
 

n b, d  a b, e Td, 95 
f/ 

°C 
Tg 

g/ 
°C 

P(pP-EO2) 12 1.6 61 1.2 403 n.d. 

P(pP-EO3) 14 1.6 60 1.1 398 -48 

P(pP-EO4) 17 1.4 61 1.4 393 -54 
a Number-average molar mass, b SEC, c Molar mass dispersity, d Number of repeating units in 
the polymer, e Exponent in the Mark-Houwink-Sakurada equation (eq. 11), f Temperature at 5% 
weight loss (TGA, N2, 10 °C min-1), g Glass transition temperature (DSC, 2nd heating,  
10 °C min-1, N2), n.d. not detected. 

Films of the three polymers were prepared by casting from chloroform 
solutions. Of these only P(pP-EO2) formed mechanically stable films (Figure 
18), while the other two were too soft to handle without being deformed. In 
order to prepare electrolyte membranes, the P(pP-EOx) samples were cast from 
solutions containing lithium bis(trifluoromethane)sulfonimide (LiTF2SI). 
Since this salt was not soluble in chloroform, another solvent needed to be 
used. After some trials, tetrahydrofuran (THF) was chosen as solvent for the 
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preparation of electrolyte membranes. However, P(pP-EO2) was not soluble in 
this solvent and, as such, was not characterized further as a polymer electrolyte. 
Electrolyte membranes of the two other polymers were prepared and 
designated as P(pP-EOx)-y, where y is the value of [EO] / [Li] and was varied 
between 10 and 40. Membranes of P(pP-EO3) were self-standing and could be 
gently stretched and folded when the value of y was between 40 and 20; higher 
salt concentrations resulted in very brittle membranes. Only P(pP-EO4)-10 was 
self-standing of the membranes derived from P(pP-EO4), and lower salt 
concentrations resulted in membranes that were too soft to handle. 

 
Figure 18. Photographs of a film of P(pP-EO2) (a). The same film under ultraviolet radiation 
(b) illustrating its fluorescent properties due to the highly conjugated structure. 

4.2.2. Phase Transitions and Morphology 
The phase transitions of the neat P(pP-EOx) polymers and the electrolyte 
membranes were studied by DSC. The second heating trace from these 
measurements of neat P(pP-EO3) and P(pP-EO4) as well as electrolyte 
membranes from these two polymers are shown in Figure 19. None of the neat 
polymers nor any of the electrolyte membranes exhibited any enthalpic 
transition between 0 and 40 °C, indicating that the EOx phase was fully 
amorphous. A glass transition temperature, Tg, that likely originated from this 
phase was detected in neat P(pP-EO3) and P(pP-EO4) at -48 and -54 °C, 
respectively. As expected, the latter polymer with slightly longer and more 
flexible side chains had a lower Tg. Similar to P(EOx-LiNS), the Tg of the  
P(pP-EOx)-y electrolytes increased with the ionic content (i.e., decreasing 
values of y). In this case, the increase was primarily due to the increase in 
coordination between Li+ and EOx. The P(pP-EO3)-y electrolytes had higher 
Tgs compared to the P(pP-EO4)-y electrolytes with the same value of y, which 
was due to both the longer side chains and higher amount of the EOx phase in 
the latter. The neat polymers exhibited an order-to-disorder-transition (ODT) 
at temperatures between 40 and 167 °C, that were attributed to the disruption 
of the ordering of the PpP backbones in stacked layers. Upon addition of the 

a) b)
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LiTF2SI salt the transition temperature increased and the enthalpy increased 
initially as well. This was attributed to the interactions between Li+ ions and 
the EOx side chains increasing the degree of phase separation between side 
chains and backbone that in turn facilitated the ordering of the latter. Further 
addition of salt led to a decrease in ODT enthalpy which was attributed to a 
decrease in the rate of the corresponding disorder-to-order transition (DOT) 
due to an increase in melt viscosity.

Figure 19. DSC traces of electrolyte membranes P(pP-EO3)-y (a) and P(pP-EO4)-y (b), obtained 
from heating from -80 to 200 °C. Endothermic transition are defined as down, Tgs taken as the 
inflection point and marked with a ●, ODTs marked as shaded area.

Wide angle X-ray Scattering (WAXS) was used to study the morphology of 
neat polymers and electrolyte membranes. In the neat polymers three distinct 
peaks were detected (Figure 20a and b for P[pP-EO3] and P[pP-EO4], 
respectively). The scattering pattern was likely caused by an ordered 
morphology with stacked layers of the PpP backbones where each stack was 
separated by the EOx side chains, as illustrated in Figure 21.223, 224 At low angles 
(2θ = 5.2, 4.4, and 4.0° for P[pP-EOx] x = 2, 3, and 4, respectively), a peak 
relating to the distance, d1, between two stacks of PpP backbone layers (Figure 
21). The distance between two stacks increased as the length of the EOx side 
chains increased with a slightly higher increase from x = 2 (d1 = 1.7 nm) to 
x = 3 (d1 = 2.0 nm) compared with from x = 3 to x = 4 (d1 = 2.2 nm), which 
might have been a more efficient packing of the longer side chains. At higher 
angles (2θ = 21°) a broad peak was detected, which in Paper II was solely 
described as an amorphous halo. However, this peak might also have been 
related to the stacking distance between two layers of the PpP backbone
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(d2 = 0.4 nm).234, 235 In addition, polymer P(pP-EO2) exhibited a small shoulder 
at 18° that could be related to a slightly longer stacking distance (d4 = 0.5 nm). 
A small peak was detected at 2θ = 42°. This was related to the width of the 
PpP backbone (d3) and would further indicate an ordered arrangement of the 
backbone. 

 
Figure 20. WAXS data for P(pP-EO3) (a) and P(pP-EO4) (b), as well as the electrolyte 
membranes prepared from these polymers. 

Upon addition of salt there was a drastic decrease in the intensities of all peaks 
(Figure 20), indicating a lower degree of ordering. Furthermore, the low angle 
peak shifted towards slightly lower angles, due to the increased distance 
between two stacks of the PpP backbone.  The increased distance (d1 = 2.1 and 
2.3 nm for P[pP-EO3]-y and P[pP-EO4]-y, respectively) was in Paper II 
attributed to the plasticization by the large TFSI anion. However, it might also 
have been due to constrictions in the EOx side chains due to the EO – Li+ 
coordination, limiting the side chains to less compact conformations. At the 
highest ionic content (i.e., [EO] / [Li] = 10) the low angle peak was no longer 
detected, which indicated less ordering of the PpP backbone. Instead, these 
electrolytes exhibited a small, broad peak at 15.0° for P(pP-EO3)-10 and 13.9° 
P(pP-EO4)-10, which corresponded to d4 = 0.59 and 0.64 nm, respectively. 
This might have been related to the average distance between two PpP layers 
with TF2SI anions incorporated in-between.224, 233 This incorporation of anions 
between two PpP layers would introduce defects in the structure and reduce 
the ordering, which could have contributed to the decrease in the transition 
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enthalpies with increasing LiTF2SI concentration. Furthermore, the 
incorporation of TF2SI anions might have improved the dissociation of the 
lithium salt, producing more mobile Li+ species.224, 233

Figure 21. Schematic figure of the self-assembly of P(pP-EOx) as well as the corresponding 
electrolyte membranes. PpP backbone (blue) arranged in stacked layers separated by the EOx

side chains (red) with ions (green and purple) dissolved in the latter. 

4.2.3. Ionic Conductivity

The ionic conductivity of the P(pP-EOx)-y electrolytes as a function of the 
temperature is shown in Figure 22. As expected, electrolytes with higher ionic 
content exhibited stronger temperature dependence with a larger increase in 
the conductivity as the temperature increased. Increasing temperature led to an 
increase in the EOx side chain mobility, which increased the conductivity, in 
particular for the samples with higher charge carrier concentration. At a given 
value of y, the P(pP-EO4)-y electrolytes exhibited higher ionic conductivity 
compared with the P(pP-EO3)-y electrolytes, which was due to the slightly 
longer EO4 being more flexible and a larger fraction of the EOx phase 
compared with P(pP-EO3). Furthermore, the latter also led to a higher absolute 
ion concentration in the P(pP-EO4)-y at a specific value of [EO] / [Li]. This 
exemplifies the difficulty in designing mechanically strong SPE. While the 
mechanical properties and the ion transport may be somewhat decoupled by 
introducing microphase separated systems, the conflict remains. The ionic 
conductivity may be increased by increasing the amount of the conducting 
phase, but the mechanical strength would then likely decrease. Electrolyte 
sample P(pP-EO4)-20 reached the highest conductivity value of
2.4 · 10-4 S cm-1, at 100 °C. This value is comparable to that of other 
mechanically reinforced solid polymer electrolytes such as block copolymers 
of PEO and polystyrene doped with LiTF2SI that may reach conductivities 
between 3 ·10-5 and  5 · 10-4 S cm-1 at this temperature (Section 2.2).84, 86, 87

d2, d4

d1

d3
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Furthermore, the molecular composite prepared by Wegner and coworkers also 
reached conductivity values of approximately 2 · 10-4 S cm-1 at 100 °C.223 

 
Figure 22. Arrhenius conductivity plots of the P(pP-EO3)-y (a) and P(pP-EO4) -y (b) electrolyte 
membranes. Markers show values measured during 2nd heating cycle and lines are fits to the 
VTF equation. 

The temperature dependence of the ionic conductivity of the P(pP-EOx)-y 
electrolytes was fitted to the VTF equation. Conductivities calculated from the 
fitted parameters are shown as lines in Figure 22 and the values of the 
parameters Ea and σ0 are shown in Figure 23. In general, the values of all 
parameters decreased with decreasing ionic content (i.e., increasing value of 
y). In particular, the value of the apparent activation energy, Ea, seemed to 
continuously decrease with the ionic content but with no statistically 
significant difference. As previously discussed, this parameter is related to the 
energy required for the ionic dissociation and for the segmental motion of the 
polymer. Hence, it is reasonable that the value of Ea decreased with decreasing 
ionic content since this increased the EOx mobility. In general, the  
P(pP-EO4)-y electrolytes exhibited lower values of Ea compared with  
P(pP-EO3)-y, due to the longer EO4 side chains being more flexible. 
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Figure 23. Ea (a) and σ0 (b) obtained by fitting the temperature dependence of the ionic 
conductivity of the respective electrolytes to the VTF equation.  

The parameter σ0 also decreased continuously with decreasing ionic content in 
series P(pP-EO4)-y (Figure 23). However, while in the series P(pP-EO3)-y, σ0 

trended towards lower values as the ionic content decreased, P(pP-EO3)-30 had 
a slightly higher σ0 compared with P(pP-EO3)-40. Furthermore, series  
P(pP-EO3)-y had a higher value of σ0 compared with P(pP-EO4)-y at a given 
value of y (except y = 20). A positive correlation between Ea and σ0 is often 
observed in polymer electrolytes and is referred to as the Meyer-Nedel rule, 
isokinetic relationship, or compensation effect.236 Within the two sample series 
this correlation might have been due to physical reasons. The parameter σ0 is 
associated with the charge carrier concentration, while Ea is related to the 
mobility of the EOx side chains, which in turn is related to the concentration of 
Li+-EOx coordination and hence the ion concentration. Nevertheless, it should 
be noted that the compensation effect is also observed when fitting data (such 
as conductivity but also reaction rates and diffusion constants) to the Arrhenius 
equation, and could be the result of experimental error producing a statistical 
artifact.237, 238 Furthermore, as explained by Kirchheim and Huang,239 when 
comparing parameters from the Arrhenius equation (or VTF equation)236 
between samples with similar diffusion constants (or in this case ionic 
conductivities), an apparent relation between ln(σ0) and Ea may be observed. 
Consequently, the lower value of σ0 in the P(pP-EO4)-y series compared with 
the P(pP-EO3)-y series likely bore no physical meaning, especially when 
considering that the former contained a higher absolute concentration of the 
LiTF2SI salt, and as such higher charge carrier concentration, at a given value 
of y. 
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4.2.4. Conclusions 
In Paper II, polymers containing a p-phenylene (pP) backbone with short 
oligo(ethylene oxide) side chains (EOx) were prepared through Yamamoto 
polymerization. This was done to obtain a molecular composite morphology 
with a bicontinuous microphase separation into one PpP phase for mechanical 
stability and one EOx phase for ion conductivity. The presence of this 
morphology was indicated by DSC and WAXS studies. To prepare solid 
polymer electrolytes, selected polymer samples were doped with lithium 
bis(trifluoromethane)sulfonimide (LiTF2SI). The molecular composite 
morphology was affected by the addition of salt but was retained for all 
electrolyte samples except at the highest ionic content. Electrolyte sample 
P(pP-EO4)-20, with side chains containing 4 EO units and a value of [EO] / 
[Li] = 20, exhibited the highest ionic conductivity in the entire sample series 
at 80 °C reaching a value of 1.1 · 10-4 S cm-1. The primary result of Paper II 
was applying the Yamamoto polymerization to obtain an ordered microphase 
separated system, and to a lesser extent illustrating the application as polymer 
electrolyte.  

4.3. Paper III: Single-ion Conducting Molecular 
Composite Electrolytes 

The concept introduced in Paper II was further elaborated by tethering anionic 
groups to the PpP backbone thereby producing single-ion conducting polymer 
electrolytes. This was achieved through copolymerization of the previously 
prepared pPCl2-EO4 monomer and a monomer bearing a TFSI group, where 
both monomers were readily prepared from commercially available materials. 
Four different copolymers were prepared with [EO] / [Li] values ranging from 
7 to 53. From DSC and WAXS measurements it was concluded that the 
molecular composite morphology of the P(pP-EO4) homopolymer was 
retained in all copolymers except for the copolymer with the highest ionic 
content. Due to the tethering of the anions to the polymer backbone the total 
ionic conductivity drastically decreased from ~10-4 S cm-1 for P(pP-EO4) doped 
with LiTF2SI to ~10-6 S cm-1 at 80 °C for the single-ion conducting electrolytes. 
These values were too low for practical use in a battery, and further 
optimization would be required.  
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4.3.1. Monomer and Polymer Synthesis 
Single-ion conducting polymer electrolytes were prepared by Yamamoto 
polymerization, similar to Paper II (Scheme 7). The monomer pPCl2-EO4 was 
used as a non-ionic comonomer, since electrolytes prepared from the 
homopolymer P(pP-EO4) generally exhibited higher ionic conductivities 
compared with P(pP-EO3). Neither longer EOx side chains nor multiple side 
chains per monomeric unit were used in Paper III for the same reasons as Paper 
II (e.g., balance of phase ratios and decreased bond rotation angle along the 
PpP backbone). Furthermore, longer EO side chains would result in that less 
of the pP-EOx unit would be required to reach desirable [EO] : [Li]  ratios. This 
would have resulted in a less regular distribution of the EOx side chains along 
the polymer backbone, which could have led to a reduced degree of 
percolation.  

 
Scheme 7. Synthesis of the ionic comonomer K-pPCl2TFSI (a) followed by copolymerization 
with one of the monomers from Paper II (b). 
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Anionic groups were tethered to the polymer backbone by preparing an anionic 
monomer that was subsequently copolymerized with pPCl2-EO4. To achieve a 
high degree of ionic dissociation a monomer containing the delocalized 
trifluoromethanesulfonimide (TFSI) anion was prepared. This was  
achieved by a one-step reaction between commercially available  
2,5-dichlorobenzenesulfonyl chloride and trifluoromethanesulfonamide, 
yielding the monomer designated as potassium (2,5-dichlorophenyl)-
trifluoromethane-sulfonimide (K-pPCl2TFSI). The two monomers were 
polymerized with different feed ratios to obtain polymers PY with a range of 
values of Y = [EO] / [Li] between 7 and 53 (Table 3).   
Table 3. Key properties of the single-ion conducting electrolytes PY. 

Name [EO] / 

 [Li] a 

Td, 95 
b / 

°C 

Tg 
c/ 

°C 

TODT d/ 

°C 

ΔHODT e/ 

J g-1  

σ · 107 e/ 

S cm-1 

P7 7 324 66 n.d. n.d. 0.04 

P21  21 331 8 50 - 150 4 6.3 

P29 29 345 -24 52 – 164 7 8.0 

P53 53 340 -48 42 - 167 11 6.3 
a Molar ratio between EO and Li+ ions, b temperature at 5% weight loss (TGA, N2,  
10 °C min-1), c Glass transition temperature (DSC 2nd heating 10 °C min-1 N2), d Order-to-
disorder-transition temperature interval (DSC 2nd heating 10 °C min-1 N2), e Ionic conductivity 
at 80 °C, n.d. not detected. 
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4.3.2. Phase Transitions and Morphology
The copolymers prepared in Paper III exhibited similar DSC traces compared 
with the P(pP-EOx)-y electrolytes (Figure 24a and Figure 19b, respectively). 
As such, it was reasoned that these polymers also had a molecular composite 
morphology. As with P(pP-EOx)-y the Tg increased with ionic content due to 
increasing concentration of Li+-EO4 coordination. Furthermore, the ionic 
content was increased by copolymerizing thereby decreasing the fraction of the 
EO4 phase and raising the Tg. The single ion conducting electrolytes exhibited 
similar first order transitions as P(pP-EOx)-y, which again were attributed to 
the arrangement (or disruption) of the PpP backbone into ordered layers. The 
transition enthalpies decreased with increasing ionic content until no first order 
transition was detected for P7.

Figure 24. DSC 2nd heating trace of the electrolytes from Paper III (a). Exothermic transitions 
are defined as up, Tgs were taken as the inflection point and are marked with solid circles (●),
ODTs are indicated by the shaded area.  WAXS profiles of the electrolytes from Paper III and 
the neat homopolymer P(pP-EO4) from Paper II (b).

As can be seen in Figure 24b, the WAXS profiles of the copolymers resembled 
that of the P(pP-EO4) homopolymer, further indicating the similarities in 
morphology. However, two additional peaks at 33° and 59° were detected, 
corresponding to values of d equal to 0.27 and 0.16 nm, respectively. Both 
peaks increased in intensity with increasing ionic content to a maximum for 
P29, and neither was observed for P7 with the highest ionic content. The peak 
at 33° was postulated to be related to the assembly of the ionic monomeric
units, whereas no explanation could be found for the peak at 59°.
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4.3.3. Ionic Conductivity 
The ionic conductivity as a function of the temperature and the ionic content 
is shown in Figure 25a and b, respectively. As the anion was covalently 
tethered to the polymer backbone, presumably all the conductivity was due to 
the transport of Li+ ions. Compared with P(pP-EO4)-y (Figure 22b) the ionic 
conductivity at 80 °C decreased with two orders of magnitude (from 
approximately 10-4 to 10-6 S cm-1). A decreased conductivity is to be expected 
since both anions and cations were mobile in P(pP-EO4)-y. However, the 
decrease was likely not solely due to the lack of anion conductivity; the Li+ ion 
conductivity was reduced as well. The polymeric salt was probably less 
dissociated as compared to LiTF2SI, and the transport of Li+ ions was hindered 
by the immobilized anions in the former. As was the case for both Paper I and 
II, the ionic conductivity of samples with low ionic content tended to have the 
highest conductivity at low temperatures. As the temperature and hence EO4 
chain mobility increased, samples with higher ionic content exhibited a higher 
conductivity. Unlike the P(pP-EOx)-y electrolytes, the increase of the ionic 
content for PY was accompanied by a decrease in the amount of EO4 phase, 
which might have further decreased the conductivity per ion as the ionic 
content increased. Lastly, the single ion conducting electrolytes presented in 
Paper III exhibited lower conductivity than those prepared in Paper I. Further 
improvement would be necessary for practical use.  

 
Figure 25. Arrhenius conductivity plot (a) where symbols indicate the data points and lines are 
conductivities calculated using the VTF equation. Ionic conductivity as a function of ionic 
content over the measured temperature range (b). 
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4.3.4. Conclusion and Outlook 
In Paper III, the concept of Paper II was expanded upon by preparing  
single-ion conducting molecular composites. This was achieved by preparing 
one anionic monomer through a one-step reaction between two commercially 
available reactants, followed by copolymerization of this monomer and the 
pPCl2-EO4 monomer prepared in Paper II. The resulting copolymers had 
similar morphology as the P(pP-EO4) homopolymer at low to moderate ionic 
contents (i.e., [EO] / [Li] between 53 and 21), as indicated by DSC and WAXS. 
At higher ionic content, the ordered morphology was disrupted. The ionic 
conductivity of the single-ion conducting copolymers was drastically reduced 
compared with the dual-ion conducting P(pP-EO4)-y. Further optimization 
would be required, prior to practical battery application. Furthermore, the low 
conductivity impeded additional electrochemical characterization.  

As previously discussed, the length of the EOx side chains was limited to 4 EO 
units to balance the phase ratio between back bone. Longer side chains might 
be expected to lead to a higher ionic conductivity at a given value of [EO] / 
[Li] since the increase in length would result in a higher fraction of the EO 
phase. However, it would also lead to a lower fraction of the PpP phase and 
likely an increase in the distance between two PpP stacks (d1 in Figure 21). 
This would likely result in a lower degree of self-assembly and worsened 
mechanical properties. Instead, carbonate groups could be introduced into the 
polymer in the form of side chains, thereby potentially increasing the dielectric 
strength of the ion conducting matrix while weakening the coordination 
between the polymer and the lithium ions. This could potentially lead to an 
increase in the ionic conductivity.  

The anionic monomer K-pPCl2TFSI was prepared in a straightforward reaction 
with commercially available reactants. The simple synthesis of a monomer 
with a corresponding acid that was more acidic than the sulfonic acid derivative 
also made this monomer interesting for the preparation of proton exchange 
membranes (PEM), even if a sulfonimide is less hydrated than a perfluorinated 
sulfonic acid at low humidity. For the purpose of preparing PEMs, K-
pPCl2TFSI was copolymerized with a non-ionic monomer (Scheme 8), where 
the latter has previously been prepared by Choi et al.240 However, none the 
resulting polymers formed mechanically stable membranes. Because of this, 
the project was abandoned. Nevertheless, the remaining thesis work was 
shifted towards proton conducting polymers.  
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Scheme 8. Copolymerization of K-pPCl2TFSI for PEM applications. 
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4.4. Paper IV: Durable Poly(p-terphenyl alkylene)s 
Functionalized with Perfluorophenyl 
Phosphonic Acid Groups

In Paper IV, poly(para-terphenyl perfluoroacetophenone) polymers, as well as 
copolymers with 2,2,2-trifluoroacetophenone, were prepared by
superacid-mediated polycondensation. The para-fluorine of the 
pentafluorophenyl ring was subsequently substituted with phosphonic acid 
groups, yielding polymers illustrated in Figure 26. The polymers were 
characterized as proton exchange membranes (PEMs) with a focus on stability, 
morphology, and proton conductivity. The PEMs were thermally and 
chemically stable and exhibited efficient ionic clustering. Due to the efficient 
clustering and the strategically perfluorinated acid groups, the PEM exhibited 
high proton conductivity compared with other phosphonated PEMs.

Figure 26. Poly(p-terphenyl perfluoroacetophenone) (blue and red) functionalized with 
phosphonic acid groups (purple) with dissociated protons (green).
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4.4.1. Polymer Design, Synthesis, and Modification 
The work in Paper IV built upon previous work done by the other co-authors 
of  this paper.194 In the previous paper, they prepared poly(p-terphenyl 
alkylene)s containing perfluorophenylsulfonic acid groups through superacid-
mediated polyhydroxyalkylation, followed by a simple two step post-
polymerization modification. The rigid polymer backbone combined with the 
strongly acidic perfluorinated acid groups contributed to PEMs with moderate 
water uptake and high proton conductivity. Furthermore, the sulfonated 
polymers exhibited high thermal and chemical stability, likely owing to the 
lack of any heteroatom in the aromatic backbone of the polymers. In Paper IV, 
the same base polymers were instead functionalized with phosphonic acid 
groups. Phosphonated PEMs represent an alternative to the sulfonated 
counterpart due to several advantages. For example, the thermal and chemical 
stability, as well as water retention, is typically higher, while the swelling and 
fuel permeability is lower.241, 242 Furthermore, phosphonated polymers are 
often amphoteric (may act as both Brønsted acid and base) and thereby are 
capable to conduct protons even under anhydrous conditions.124, 243 

The synthesis of the phosphonated polymers began with the 
polyhydroxyalkylation of p-terphenyl in a mixture of perfluoroacetophenone 
(PFAp) and 2,2,2-trifluoroacetophenone (TFAp) (Scheme 9). By adjusting the 
ratio of PFAp : TFAp in this mixture, the IEC of the final polymers could be 
controlled. Due to the very high electrophilicity of PFAp, this ketone possessed 
a low reactivity. Thus, a large stoichiometric excess (40%) of the ketones were 
used in comparison to the amount of p-terphenyl. As a further consequence of 
the low reactivity of PFAp, all copolymerizations with TFAp contained a lower 
fraction of the PFAp unit in the copolymer than the fraction in the monomer 
feed. Three copolymers and one homopolymer were prepared and designated 
as Px where x is the molar percentage of PFAp monomeric unit in the polymer 
compared with total amount of ketone units. The number-average molar mass 
of the homopolymer was 88 kg mol-1, while the molar mass of the three 
copolymers reached significantly lower values between 18 and 29 kg mol-1 
(Table 4). For the copolymers the molar mass slightly increased as the content 
of PFAp decreased, further indicating the lower reactivity of this ketone. 
However, this is in contrary to the much higher molar mass of the 
homopolymer as compared with the copolymers, signifying a more complex 
behavior of the polymerization. The much higher molar mass could be due to 
low nucleophilicity of a p-terphenyl terminal unit bonded to a PFAp unit in a 
polymer, due to the strong electron withdrawing groups on the latter. This 
might have necessitated very electrophilic carbonyl compound (i.e., PFAp) for 
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the polymerization to proceed. The replacement of the p-terphenyl monomer 
with either biphenyl, m-terphenyl, or 9,9-dimethyl-9H-fluorene has been 
attempted during this thesis work. Of these, only biphenyl has been 
successfully polymerized with PFAp but with a lower molar mass than the 
corresponding p-terphenyl polymer. 

 
Scheme 9. Synthesis of poly(p-terphenyl perfluorophenylphosphonic acid)s through superacid-
mediated polyhydroxyalkylation, phosphonation via a Michaelis-Arbuzov reaction, and 
hydrolysis. 
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After polymerization, the para-fluorine in the PFAp monomeric units were 
substituted with phosphonate ester groups through a Michaelis-Arbuzov 
reaction with tris(trimethylsilyl)phosphite (TSP) at 170 °C. The polymers 
exhibited a low solubility in TSP, and as such a large excess of the latter, as 
well as a 12 h reaction time, was used to ensure the complete conversion of the 
reaction. Furthermore, the poor solubility presented a risk of crosslinking side 
reaction producing an insoluble product. After the successful functionalization, 
the phosphonate ester groups were hydrolyzed. Due to the high Tg and low 
water uptake, this was more difficult than what has previously been reported. 
In Paper IV, the hydrolysis was performed in refluxing water overnight 
followed by treatment in 1 M hydrochloric acid at 50 °C during one day. In 
contrast, Atanasov and Kerres phosphonated poly(pentafluorostyrene)  using 
TSP after which they performed the hydrolysis of the phosphonate ester in 
refluxing water during 5 min.243 After hydrolysis, the quantitative and selective 
phosphonation of the precursor polymers was confirmed by 1H, 19F, and 31P 
NMR spectroscopy. In particular, in the 19F NMR spectra no para-F could be 
detected while the ratio of -CF3, ortho-F, and meta-F remained unchanged. The 
phosphonated polymers, designated as PPx, were used to cast PEMs.  

Table 4. Key properties of the samples in the PPx series prepared in Paper IV.244 

PEM Mn a, b / 
kg mol-1 

ĐM
 b, c IEC d / 

meq. g-1 
Td, 95 e / 

°C 
d f / 

nm 

WU g / 

% 

σ h / 

mS cm-1 

PP55 29 1.7 1.18  439 2.4 9 5 

PP72 24 1.5 1.45  401 2.2 13 17 

PP83 18 1.5 1.62 403 2.1 15 40 

PP100 88 1.8 1.86  416 2.1 36 111 
a Number-average molar mass of the corresponding precursor polymer Px, b Determined by SEC, 
c Molar mass dispersity, d Ion-exchange capacity calculated from 1H NMR spectroscopy 
assuming one proton per phosphonic acid group was readily disassociated,  
e Temperature at 5% weight loss as determined by TGA (N2, 10 °C min-1), f d-Spacing as 
determined by SAXS under dry conditions, g Water uptake at 80 °C, h Proton conductivity at  
80 °C under immersed conditions. 
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The PEMs exhibited excellent thermal and radical stability. The former was 
characterized by TGA under a nitrogen atmosphere, and high Td, 95 values of 
400-440 °C were obtained (Table 4). No relation between polymer 
composition and thermal stability could be discerned. The radical stability was 
studied by immersing membrane samples into an aqueous solution of 3 wt.% 
hydrogen peroxide (H2O2) and 2 ppm iron(II) ions (i.e., Fenton’s reagent)245, 
at 80 °C. Neither any structural changes (as characterized by 1H NMR 
spectroscopy) nor any weight loss were detected after 5 h in this solution. After 
immersion during 1 day, the membranes were no longer soluble, indicating that 
some form of crosslinking reaction may have occurred. The membranes were 
kept in the Fenton’s reagent at 80 °C for an additional 10 days. After in total 
11 days, sample PP55 was most affected by the immersion, losing its 
transparency and becoming very brittle. In contrast, PP100 was least affected 
by immersion during 11 days; the membrane retained its transparency and 
flexibility. This might indicate that the perfluorophenylphosphonic acid groups 
were more stable than the TFAp monomeric unit, which is in contrast to the 
sulfonated counterparts where the polymers with higher content of 
perfluorophenylsulfonic acid groups exhibited lower stability in Fenton’s 
reagent.194 

The morphology of dry PEMs of PPx was studied by SAXS. All polymers 
exhibited a clear ionomer peak, which decreased in intensity as the IEC 
decreased (Fig. 4 in Paper IV).244 This illustrated that the phosphonic acid 
groups clustered efficiently, and that this clustering decreased as the ionic 
content decreased. The distance, d, between each cluster increased slightly as 
the IEC decreased, from 2.1 nm for PP100 to 2.4 nm for PP55, further 
indicating a lower degree of clustering for the samples with lower IEC  
(Table 4).  
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4.4.2. Proton Conductivity 
Proton conductivity (and not hydroxide as stated in the heading in Paper IV) 
was measured by EIS, at temperatures between 20 and 120 °C, under immersed 
conditions by placing PEM samples in a sealed cell together with water. As 
can be seen in Figure 27a, the homopolymer PP100 clearly exhibited the 
highest conductivity (e.g., 111 mS cm-1 at 80 °C) owing to its high IEC and, as 
such, highest concentration of charge carriers and water uptake. The proton 
conductivity of the polymers was lower than that of the sulfonated counterparts 
owing to the lower acidity of the phosphonic acids and thereby lower degree 
of dissociation. Conversely, PP100 exhibited slightly higher conductivity than 
other membranes containing perfluorophenylphosphonic acid groups. For 
example, Shao et al. who prepared polymers consisting of polysulfone center 
blocks and two flanking perfluorinated phosphonic acid blocks obtained values 
reaching 70 mS cm-1 at 80 °C under immersed conditions with a polymer with 
an IEC value of 2.3 meq. g-1.246 The conductivity was also higher than that of 
phosphonated polysulfones, as prepared by Tang et al., that reached 
conductivity values of 26 mS cm-1 at 80 °C.247 The higher conductivity of 
PP100 was attributed to efficient ionic clustering and the greater acidity of the 
perfluorinated acid groups.  

 
Figure 27. Arrhenius conductivity plot of the phosphonated polymers, as well as Nafion 212 
(NR212), where symbols indicate data points and lines are calculated values using the Arrhenius 
equation (a), proton conductivity of PP100 under reduced humidity at 80 - 120 °C (b). 
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The membrane in a fuel cell might not be fully humidified during operation. 
Consequently, the proton conductivity at reduced humidity is another 
important factor when designing PEM. This was measured at temperatures 
between 80 and 120 °C and relative humidity values between 30% and 90% 
for a membrane prepared from the homopolymer PP100, with the results 
shown in Figure 27b. Even a slight decrease in humidity drastically decreased 
the conductivity. For example, at 80 °C under immersed conditions the 
conductivity was 111 mS cm-1, which decreased to a value of 48 mS cm-1 at 
this temperature and a 90% relative humidity. In addition to the reduced 
humidity, this large decrease was likely partially due to lower water uptake  
from water vapor compared with liquid water, a phenomenum refered to as  
Schroeder’s paradox.248 Consequently, a measurement performed at 100% 
relative humidity using water vapor would still likely show a lower 
conductivity than the immersed measurements. Naturally, further decrease in 
humidity led to lower conductivity values. The proton conductivity at 120 °C 
and 50% relative humidity reached a value of 3.8 mS cm-1 which is one order 
of magnitude lower than that of phosphonated poly(pentafluorostyrene), as 
prepared by Atanasov and Kerres,243 and comparable to the conductivity of 
poly(meta-phenylene phosphonic acid)249. 

4.4.3. Conclusion and Outlook 
Rigid poly(p-terphenyl alkylene)s functionalized with 
perfluorophenylphosphonic acid groups were prepared through 
superacid-mediated polyhydroxyalkylation followed by straightforward 
polymer modifications. The polymers were characterized as PEMs with a focus 
on thermal and radical stability as well as water uptake, proton conductivity, 
and morphology. The PEMs exhibited excellent stability and high proton 
conductivity for phosphonated membranes, the latter was due to the high 
acidity of the perfluorinated phosphonic acid groups and efficient phase 
separation into ionic clusters.  

The PEMs prepared in Paper IV as well their sulfonated counterparts194 were 
designed for fuel cell applications. Consequently, future work includes scaling 
up the synthesis of primarily the two homopolymers and casting membranes 
for testing in fuel cells. In addition, the IEC of the polymers could be increased 
by the (partial) replacement of p-terphenyl with biphenyl thereby potentially 
increasing the proton conductivity. 
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4.5. Paper V: Poly(p-terphenyl alkylene)s Bearing 
Perfluorophenylsulfonic Acid Grafts 

The purpose of this work was to use similar chemistry as in Paper IV (and more 
particularly their sulfonated counterparts) to prepare poly(p-terphenyl 
alkylene)s bearing strongly acidic groups. Instead of having the acidic groups 
along the backbone of the polymer as in the previous papers, the polymers  
described in Paper V contained a low amount of grafts of sulfonated 
poly(pentafluorostyrene). Polymers containing side chains with high ionic 
content were prepared in order to improve the phase separation into 
hydrophilic and hydrophobic domains, thereby possibly improving the 
percolation. The polymers were much less stable compared with the 
phosphonated PEMs (PPx) in Paper IV; after approximately 5 h complete loss 
of the ionic groups was obtained under similar conditions as when testing the 
chemical stability of PPx. However, due to the more strongly acidic groups, 
the PEMs prepared in Paper V could reach higher proton conductivities than 
Nafion under immersed conditions and only slightly lower under reduced 
humidity. Future work should include morphological characterization and 
possibly in situ measurements in a fuel cell. 

4.5.1. Polymer Design and Synthesis 
In Paper V, polymers with a stiff aromatic backbone containing a few amount 
of long grafts of perfluorophenylsulfonic acid groups were prepared by 
superacid-mediated polyhydroxyalkylation, followed by ATRP and 
sulfonation. This was done to prepare polymers that could phase separate into 
distinct phases in which one phase contained the stiff hydrophobic backbone 
and one phase with the hydrophilic perfluorophenylsulfonic acid grafts swollen 
with water (Figure 28).  
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Figure 28. Schematic figure of polymers with a stiff hydrophobic backbone containing grafts of 
perfluorophenylsulfonic acid (red and purple) and freely dissociated protons (green).

Rigid poly(p-terphenyl alkylene)s were prepared by polyhydroxyalkylations of
p-terphenyl in a mixture of two ketones, 2,2,2-trifluroacetophenone (TFAp)
and 3-bromo-1,1,1-trifluoroacetone (TFA-Br) (Scheme 10). The latter has 
previously been polymerized with biphenyl forming polymers that were 
subsequently used as ATRP macroinitiators.250 In Paper V, p-terphenyl was 
used instead of biphenyl to increase the backbone stiffness which could 
improve the mechanical properties and limit excessive water uptake in the final 
polymers. Furthermore, only a small amount of TFA-Br was used as
comonomer together with TFAp in order to reduce the concentration of grafts 
in each polymer. Consequently, long grafts could be produced without 
obtaining too high IECs. 

The polyhydroxyalkylation reactions were performed in a mixture of DCM and 
trifluoromethanesulfonic acid (TFSA), first at 0 °C and then at room 
temperature (Scheme 10). In total, four different macroinitiators were prepared 
with varied molar mass and content of the TFA-Br monomeric unit. The 
highest molar mass was obtained by keeping the reaction time under one day
(Table 5). Furthermore, a lower amount of TFA-Br led to an increasing molar 
mass of the polymer, which indicated a lower reactivity of this ketone 
compared with TFAp. In addition, the fraction of TFA-Br monomeric unit in 
the polymer was lower than that in the monomer feed, further indicating a 
lower reactivity of TFA-Br. The molar mass dispersity (ĐM) reached values
greater than 2, indicating that branching may have occurred during the 
polymerization even if this was not detected by NMR spectroscopy. 
Furthermore, the dispersity trended towards higher values as Mn increased 
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possibly due to higher monomer conversion in the high molar mass samples. 
The macroinitiators were designated as PMn-X where Mn is the number-average 
molar mass and X is the molar percentage of TFA-Br monomeric unit in the 
polymer, compared with total content of ketone monomeric units. 
Table 5. Key synthesis properties of the prepared macroinitiators. 

Macroinitiator TFA-Br Content a / mol% Yieldb 

/ % 

Mn c,d 

/ kg mol-1 

ĐM
 d,e 

Monomer Copolymer 

P35-4 8 4 94 35 2.1 

P31-9 20 9 98 31 2.4 

P64-10 20 10 89 64 2.6 

P94-5 10 5 89 94 3.2 
a Molar content of TFA-Br compared with total ketone content, b Isolated yield,  
c Number-average molar mass, d Determined by SEC, e Molar mass dispersity. 

Atom transfer radical polymerization (ATRP) was used to prepare 
poly(pentafluorostyrene) grafts from the macroinitiators (Scheme 10). In this 
thesis, only graft copolymers prepared from P64-10 and P94-5 will be 
discussed, for brevity. These two macroinitiators contained different amount 
of TFA-Br (10% and 5%, respectively) and thus had different degrees of 
grafting. The length of each graft was adjusted so that sulfonated graft 
copolymers with different degrees of grafting, but similar IEC values were 
obtained. The choice of solvent was crucial for the ATRP. The macroinitiators 
exhibited poor solubility in solvents typically used for ATRP such as toluene 
and xylene. The macroinitiators were well soluble in NMP, but the resulting 
poly(pentafluorostyrene) grafts were poorly soluble in this solvent leading to 
gelation and crosslinking during the polymerization. Ultimately, 
chlorobenzene (PhCl) was chosen as a solvent that could sufficiently dissolve 
both the macroinitiators and the resulting graft copolymers. A high 
macroinitiator concentration (g polymer per ml PhCl) was required to reach a 
sufficiently high molar concentration of the initiating groups, due to the low 
amount of TFA-Br monomeric units in the macroinitiators. The high 
concentration combined with the high molar mass of the initiators resulted in 
a high viscosity of the reaction mixture even prior to the ATRP. Consequently, 
the polymerizations were somewhat difficult to control and had to be 
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monitored and adjusted to achieve a desirable degree of polymerization of 
pentafluorostyrene.  

 
Scheme 10. Synthesis of macroinitiators through superacid-mediated polyhydroxyalkylation 
followed by ATRP of pentafluorostyrene and finally sulfonation through nucleophilic aromatic 
substitution and oxidation of the formed thiol. 

Lastly, the graft copolymers were sulfonated using a similar procedure as 
previously reported.194, 251 The sulfonated polymers exhibited poor solubility 
in most solvents except for NMP, which made it difficult to perform NMR 
spectroscopy of polymer solutions with any reasonable resolution. 
Nevertheless, from analysis of the 19F NMR spectra of the sulfonated 
polymers, it was concluded that the conversion of the p-fluorine, in each 
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pentafluorophenyl ring, to sulfonate was selective and quantitative, within the 
error of the method. The sulfonated polymers were designated as SMn-X-IEC 
where S indicates sulfonated sample, X is the degree of grafting, and IEC is the 
ion-exchange capacity (in proton form) of the polymer. 

Table 6. Key properties of the sulfonated graft copolymers. 

Sample  IEC a / meq. g-1 Td, 95 b / °C WU c/ % σ d / mS cm-1 

S64-10-1.4 1.4 289 30 117 

S64-10-1.8 1.8 286 62 143 

S94-5-1.1 1.1 303 24 64 

S94-5-1.6 1.6 295 52 129 

S94-5-2.0 2.0 293 70 154 
a ion exchange capacity calculated from 1H and 19F NMR spectroscopy, b temperature at 5% 
weight loss (TGA, N2 10 °C min-1), c water uptake and d proton conductivity at 80 °C under 
immersed conditions. 

The sulfonated graft copolymers exhibited lower thermal (Table 6) and 
chemical stability compared with the phosphonated polymers presented in 
Paper IV. In Paper V, decomposition temperatures reached values between 286 
and 303 °C, depending on the IEC and degree of grafting of the polymer. The 
chemical stability of S64-10-1.8 was measured by immersing a membrane of 
this polymer in Fenton’s reagent at 80 °C. After 5 h, no 19F NMR signals from 
the sulfonated grafts could be detected in the corresponding spectrum, 
indicating complete loss of the ionic groups. The alkylic chain of the grafts 
likely contributed to the low chemical stability.  

4.5.2. Proton conductivity 
Proton conductivity was measured under immersed conditions by EIS (Figure 
29). The proton conductivity clearly increased with increasing value of the 
IEC, due to the increase in charge carrier concentration. At similar value of the 
IEC, the proton conductivity reached similar values for the PEMs prepared 
from the P64-10 and the P94-5 macroinitiators (Figure 29b). Consequently, the 
conductivity seemed to be independent on the degree of grafting. Under the 
current setup, the three PEMs with the highest IEC values (i.e., S94-5-2.0,  
S94-5-1.6, and S64-10-1.8) exhibited higher conductivity than Nafion 212 
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(NR212), while S64-10-1.4 exhibited similar values, and  S94-5-1.1 with a 
much lower IEC, exhibited lower conductivity than Nafion. 

 
Figure 29. Arrhenius conductivity plot of PEM membranes, where symbols indicate data points 
and lines are calculated values using the Arrhenius equation (a). Proton conductivity at 80 °C as 
a function of IEC, lines connecting polymers based on the same macroinitiator. 

It should be noted that the conductivity of the Nafion sample, as measured in 
Paper IV, was much higher than that measured in Paper V. For example, at 
80 °C under immersed conditions the conductivity reached a value of 207 and 
112 mS cm-1

 in Paper IV and V, respectively. The source for this discrepancy 
could not be found. In an overview Liu et al. concluded through statistical 
analysis of several reported values that the conductivity of Nafion was between 
50 and 180 mS cm-1 (lower and upper quartile, with  80 and 120 mS cm-1 as 
median and mean value, respectively), at immersed conditions and 
temperatures between 80 and 90 °C.252 In particular, conductivity values of 
Nafion 212 have been reported between 100 and 220 mS cm-1, at similar 
conditions. 253-257   
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Unlike the transport of lithium ions in solid polymer electrolytes (e.g. Paper I-
III), the temperature dependence of the proton conductivity in PEMs typically 
follows an Arrhenius relationship. Therefore, the proton conductivity of the 
PEMs prepared in Paper IV and V were fitted to an Arrhenius equation. Since 
the conductivity values of one sample varied within one order of magnitude, a 
direct non-linear regression of conductivity against the absolute temperature 
was possible; a linear regression of the logarithmized form would result in 
biased estimates.258 Through non-linear regression, the values of Ea were 
calculated to be between 7.0 and 8.3 kJ mol-1

 for the PPx series and 8.5 - 8.6 kJ 
mol-1 in the SMn-X-IEC series (Paper IV and V, respectively), as shown in 
Figure 30a. The value of Ea was fairly similar in the two sample series with 
slighlty lower values for PPx than SMn-X-IEC, but the difference was not 
statistically significant. The values were similar to other PEMs and indicated 
that the protons were transported through a combination of vehicular diffusion 
and the Grotthus mechanism, since the activation energy for the latter is 
typically between 14 and 40 kJ mol-1.252 Presumably the transport mechanism 
in both sample series is the same, and it is reasonable that they exhibit similar 
values of Ea. Furthermore, no trends of Ea as a function of IEC could be 
discerned. The relatively small increases in IEC should not affect the transport 
properties of the water, particularly under immersed conditions. In contrast, 
the value of σ0 continously increased with increasing IEC (Figure 30b) and 
series  
SMn-X-IEC clearly showed higher values of σ0 than series PPx. The increase in 
σ0 with the IEC is to be expected since σ0 is related to the charge carrier 
concentration. Furthermore, the much higher values of the sulfonated samples 
compared to the phosphonated is most likely due to the stronger acid groups in 
the former resulting in a higher degree of dissociated protons.  
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Figure 30. Activation energy (a) and pre-exponential factor σ0 (b) in the Arrhenius equation 
for the samples in the PPx and SX-IEC series from Paper IV and V, respectively. 

Under reduced humidity the proton conductivity decreased, and all prepared 
membranes exhibited lower conductivity than that of Nafion measured under 
the same conditions (Figure 31). The two PEMs with the highest values of IEC 
exhibited the highest proton conductivity under reduced humidity. Sample 
S64-10-1.8 exhibited slightly higher conductivity than S94-5-2.0, possibly due 
to better percolation in the sample with a higher degree of grafting, at reduced 
humidity. Sample S64-10-1.4 and S94-5-1.6 exhibited similar proton 
conductivity even though the former had slightly lower IEC, which as 
previously mentioned could have been due to the better percolation in the 
sample with a higher degree of grafting. At 100 °C, the conductivity of sample 
S94-5-1.6 was only measured at 90% relative humidity, due to instrument 
error.  
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Figure 31. Proton conductivity as a function of relative humidity at 80 and 100 °C (a and b, 
respectively).  

4.5.3. Conclusions and Outlook 
In the work described in Paper V, rigid poly(p-terphenyl alkylene)s containing 
a few amounts of long, alkyl grafts with perfluorophenylsulfonic acid groups 
were prepared by superacid-mediated polyhydroxyalkylation, followed by 
ATRP and sulfonation. These polymers were characterized as PEMs with a 
focus on stability and proton conductivity. The former proved to be quite low, 
after 5 h in Fenton’s reagent at 80 °C a selected PEM sample had lost all of the 
ionic groups. However, the proton conductivity was high, and under immersed 
conditions the conductivity of several samples reached conductivity values 
higher than those of Nafion 212. Under reduced humidity, the prepared PEM 
samples exhibited proton conductivities slightly lower than Nafion. Future 
work would include morphological characterization with SAXS and possibly 
in situ fuel cell characterizations. 
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5. Comparison and Concluding
Remarks

Five different cation conducting polymer systems have been prepared with a 
focus on the chemical synthesis, and polymer microphase separation into 
distinct phases containing a continuous ion conducting phase, as well as a hard 
reinforcing phase. In Paper I-III, these systems were characterized as solid 
polymer electrolytes for lithium batteries, while in Paper IV and V the prepared 
polymers were characterized as proton exchange membranes in, for example, 
fuel cell applications. 

In Paper I mesogenic naphthalene sulfonate was incorporated at regular 
intervals along a poly(ethylene oxide) (PEO) backbone. The tethering of 
sulfonate to these groups would inhibit the anion transport, thereby producing 
single-ion conducting polymers. Microphase separation into ionic clusters was 
detected by X-ray scattering measurements. The degree of ordering increased 
as the temperature increased to 100 °C, as indicated by the increasing X-ray 
scattering intensity. In Paper II and III, molecular composite structures were 
prepared through nickel-mediated polycondensation producing polymers with 
a rigid poly(p-phenylene) backbone that formed into stacked layers separated 
by a soft oligo(ethylene oxide) side chain matrix. This morphology was 
presumed to be bicontinuous where the layers of poly(p-phenylene) could be 
load bearing while the latter phase was ion conducting. In Paper II, lithium salt 
was added to the polymer and as such both anions and cations were mobile in 
those electrolytes. In contrast, anionic groups had been covalently tethered to 
the polymer backbone in Paper III, thereby producing single-ion conducting 
polymers. The single-ion conducting polymers from Paper I and III may be 
compared (Figure 32a). At temperatures between 20 and 100 °C, one of the 
best performing electrolytes (in terms of ionic conductivity) from Paper I 
exhibited higher conductivity than one of the best from Paper III, with a similar 
value of [EO] / [Li], likely due to the longer and more flexible EO chains in 
the former. However, this comparison is not entirely fair. The electrolytes from 
the latter paper would presumably have higher mechanical due to the 
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mechanically reinforcing poly(p-phenylene) backbone. Consequently, the 
latter electrolytes might be more resistant to growth of lithium dendrites. 
Furthermore, thinner electrolytes with a lower bulk resistance might have been 
prepared from the electrolytes from Paper III compared with those from Paper 
I, due to the potentially higher mechanical strength of the former. In Paper I-
III, fairly inexpensive chemicals were used. However, due to the less stringent 
reaction conditions in Paper I compared to the latter papers, it might be more 
feasible to prepare electrolytes from Paper I on an industrial scale. For the 
preparation of lithium conducting polymer electrolytes, the concept introduced 
in Paper I might be more interesting after further optimization, due to the 
slightly higher conductivity even with a less delocalized anion combined with 
less stringent reaction conditions during the synthesis. The synthetic 
procedures and morphological structures studied in Paper II and III might be 
more interesting for the preparation of polymer membranes for fuel cell 
applications; however, no successful projects regarding this are reported in this 
thesis. 

 
Figure 32. Lithium ion conductivity as a function of temperature of selected samples from Paper 
I and III (P[EO23-LiNS] and P21, respectively) (a). Proton conductivity at 100 °C under reduced 
humidity of selected samples from Paper IV and V (PP100 and S64-10-1.8, respectively) (b). 

In Paper IV and V, proton exchange membranes (PEMs) were prepared by 
superacid-mediated polymerization of p-terphenyl and different ketones as 
comonomers, followed by modifications of the produced polymers. In Paper 
IV, perfluorophenyl rings were evenly distributed along the entire backbone 
by choosing an appropriate monomer. These, groups were functionalized with 
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phosphonic acid groups through a two-step reaction. In Paper V, small amount 
of a brominated ketone was added as comonomer together with  
2,2,2-trifluoroacetophenone. The monomeric unit of the former could act as an 
initiator in the ATRP of pentafluorostyrene, producing graft copolymers with 
a stiff backbone containing low amounts of long grafts with perfluorophenyl 
rings. Subsequently, the rings were functionalized with sulfonic acid groups. 
Due to the higher water uptake and stronger acidity of the acid groups, the 
PEMs in Paper V exhibited higher conductivity than those reported in Paper 
IV (Figure 32b). However, the mechanical stability was slightly higher, and 
the chemical stability was much higher for the PEMs prepared in Paper IV 
compared with Paper V. Nevertheless, both the polymers prepared in Paper IV 
and Paper V showed potential as PEMs; further studies would include in situ 
characterizations in a fuel cell. 
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6. Populärvetenskaplig 
Sammanfattning 

I takt med elektrifieringen av samhället behövs nya och bättre metoder för att 
lagra och omvandla energi. Två attraktiva alternativ för att åstadkomma detta 
är litiumjonbatterier och bränsleceller. Dock kvarstår en del problem med 
dessa teknologier som t.ex. att mängden energi som kan lagras inte är tillräcklig 
för framtida behov. 

Både batterier och bränsleceller fungerar genom att reaktioner sker i två 
separata ”kammare” som vardagligt brukar kallas plus- och minuspol. De två 
polerna måste hållas separata för att reaktionerna ska kunna ske på ett 
kontrollerat sätt för att man ska kunna ta ut någon elektricitet. Utöver detta 
måste vissa kemiska föreningar kunna transporteras mellan de två polerna 
medan andra måste hållas isolerade. Detta utförs av en så kallad elektrolyt som 
kan bestå av olika kemiska föreningar. Mitt forskningsarbete har handlat om 
att utveckla elektrolyter beståendes av polymerer vilka är väldigt stora 
molekyler sammansatta av flera mindre molekyler som brukar kallas 
monomerer. 

Att använda polymerer som elektrolyter i litiumjonbatterier har många 
fördelar. Till exempel, är polymerer mycket mindre brandfarliga än de 
vätskebaserade elektrolyter som vanligtvis används i dessa batterier, vilket har 
varit en bidragande orsak till bränder i till exempel elbilar och mobiltelefoner. 
Polymerer kan också vara en mer stabil komponent vilket skulle kunna 
möjliggöra användandet av ännu mer reaktiva kemiska föreningar i plus- och 
minuspolen och därmed bidra till att mer energi kan lagras i ett batteri.  

I bränsleceller används redan polymerer som elektrolyter men det finns en del 
nackdelar med dessa. Den nödvändiga transporten av protoner är inte 
tillräckligt hög samtidigt som polymererna transportera kemiska föreningar 
som borde hållas isolerade.  Utöver detta är de nuvarande polymererna väldigt 
dyra. 
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I min forskning har jag försökt utveckla nya polymer som potentiellt skulle 
kunna användas som elektrolyter till antingen nya batterier eller bränsleceller. 
Forskningen har haft en väldigt grundläggande fokus. Istället för att studera 
mindre förbättringar av existerande system har fokus varit på att ta fram nya 
koncept.  

Varje forskningsprojekt har påbörjats med att ett visst koncept tänks fram som 
en möjlig polymerelektrolyt. Sedan har denna behövt tillverkas på kemisk väg 
genom att först tillverka monomer från kommersiellt tillgängliga kemikalier. 
När denna tillverkning väl blivit klar, och det har genom olika analysmetoder 
bekräftats att korrekt struktur har uppnåtts, har monomerna använts för att 
tillverka polymerer. Olika polymeregenskaper som exempelvis deras struktur 
och transportförmåga har sedan karakteriserats.  

Överlag har polymererna skräddarsytts så att de kan fasseparera i olika, ej 
blandbara, faser jämnt utspridda över hela materialet. Man kan jämföra att olja 
och (t.ex.) vinäger ej är blandbara, men en (bra) vinägrett innehåller båda 
komponenter jämnt utspridda genom hela såsen. De olika polymerfaserna 
tillverkades så att en fas skulle vara hård och bidra till mekanisk styrka medan 
en annan fas bidrog till polymerens transportegenskaper. För att se till att 
faserna var jämnt utspridda längs hela materialet så bands faserna ihop på 
molekylär nivå. Totalt fem olika polymersystem har i denna avhandling 
tillverkats och studerats, varav tre stycken var inriktade mot litiumbatterier och 
två mot bränsleceller. Olika sorters kemi har använts för att tillverka dessa 
system. Önskade strukturer har oftast uppnåtts men deras transportförmågor 
har ej varit tillräckligt bra för praktiska tillämpningar. Mer forskning och 
utveckling krävs innan liknande polymersystem kan användas i batterier och 
bränsleceller. 
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