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Abstract 
Eriksson, T. 2021. Cation Conduction and Coordination in Carbonyl-Containing Compounds. 
Li+ Transport in Alternative Polymer Electrolyte Host Materials. Digital Comprehensive 
Summaries of Uppsala Dissertations from the Faculty of Science and Technology 2071. 64 pp. 
Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1288-0. 

The field of solid polymer electrolytes (SPEs) used to create safer lithium-ion batteries has been 
dominated by polyethylene oxide (PEO) since the discovery of its ion-conducting properties in 
the 1970s. In this thesis, as an alternative, the ion coordination and conduction properties of SPEs 
based on polyketones, polyesters and polycarbonates are investigated. Instead of having only 
an ether oxygen on the backbone (like PEO) the functional group in all three of these polymer 
classes contains a carbonyl oxygen, which is the main coordinating motif on the polymer 
backbone. The polyesters and polycarbonates do, however, have one or two more oxygens in the 
functional group compared to the polyketones. This was shown to have a great effect on the SPE 
properties. The key properties that have been studied in this work are the ionic conductivity, 
glass transition temperature, degree of crystallinity, coordination strength, and the transport 
number. The polymers are both studied individually and comparatively. 

The polyketone electrolytes studied in this thesis are novel to the solid polymer electrolyte 
field, and not as established as the polyesters and polycarbonates. The polyketone-based 
electrolytes have a high degree of crystallinity and the lithium coordination strength is quite 
high, therefore the ion transport is significantly reduced. Results with a higher salt concentration, 
however, suggest that with a more amorphous polyketone electrolyte, the transport properties 
could be significantly improved. The challenge with the polycarbonates is not the degree of 
crystallinity, as most of the ones studied herein are amorphous, but instead the high glass 
transition temperature. They are thereby restricted by the low degree of segmental motion 
present. This problem could not be solved by lowering the glass transition temperature by the 
addition of side-chains, as the side-chains instead block the pathway of the lithium ions. A 
positive aspect seen in the polycarbonate-based electrolytes was the high lithium transference 
number, which is significantly higher than both the polyketones’ and the polyester’s. The 
polyester is also semi-crystalline; the degree of crystallinity can be reduced by the addition 
of salt or nanoparticles though. Synthesising a polyester-polycarbonate copolymer is also an 
option to create an amorphous polymer. The polyester is somewhat of a midway between the 
polyketone and polycarbonate, both in its molecular structure as well as in its physical and ion 
transport properties. It does, however, show the highest ionic conductivity out of the three as it 
has a rather low glass transition temperature and not too strong ion coordination. 

This work highlights the physical, coordination and conduction properties found in carbonyl-
containing polymer host materials. Even though the polyketones, polyesters and polycarbonates 
are structurally quite similar, their properties can vary significantly. They are, however, all likely 
candidates for tomorrow’s solid-state lithium-ion batteries. 
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1. Introduction 

1.1 Lithium-ion and Lithium Metal Batteries 

The world we live in today would look a lot different if it were not for the 

invention of batteries. The first steps towards modern batteries were taken by 

Luigi Galvani and Alessandro Volta in the late 1700s and ever since, scientists 

have been working on improving their chemistry and performance [1]. The 

search for more powerful, longer lasting, smaller, and lighter batteries has 

given the world lead-acid, nickel-cadmium, and nickel-metal hydride batter-

ies, amongst others [2,3]. Some of the most important discoveries came in the 

1970‒1980s, leading to the commercialisation of the lithium-ion battery by 

Sony in 1991 [1,3–10]. Without lithium-ion batteries, we would not have mo-

bile phones and laptops as small and light as they are today, and electric vehi-

cles would not be able to have the same driving range. We have not reached 

all our goals yet, though. Our future batteries still need better performance, 

meaning battery researchers still have a lot to achieve.  
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1.1.1 Working Principle 

To understand the issues and challenges of batteries, it is important to under-

stand what materials they contain of and how they function. A battery consists 

of one or more electrochemical cells. These cells can convert chemical energy 

to electrical energy, and they are said to be rechargeable if they can also do 

the opposite. The main components of a battery are the two electrodes, the 

electrolyte and (most often) a separator that keeps the two electrodes from 

short-circuiting. Electrochemical reactions will take place at the two elec-

trodes: oxidation at the anode and reduction at the cathode [11,12]. The ions 

created in the redox reactions will be transported via the electrolyte to the op-

posite electrode, while the electrons generate the electrical current through an 

external circuit [11,12]. How fast the electrolyte can transport the ions, equiv-

alent to the ionic conductivity, is therefore often a limiting factor for these 

reactions.  

In lithium-ion batteries specifically, energy is converted by shuttling lith-

ium ions back and forth between the two electrodes [13,14]. The reactions 

taking place at the electrodes are often intercalation processes [13,14], and the 

difference between the electrochemical potential of the reactions at the two 

electrodes will decide the operational voltage of the battery [11]. This poten-

tial is also the driving force for the spontaneous discharge of the battery to 

occur. So, by choosing the electrode materials wisely, the voltage of the bat-

tery can be tuned to fit specific applications.  

The negative electrode (also commonly, but somewhat incorrectly, called 

anode as it acts as anode only during discharge [12,15]) would in the ideal 

case consist of lithium metal (and the battery would then be called a lithium 

metal battery, not lithium-ion). Using lithium metal would yield a significant 

increase in capacity as compared to today’s conventional materials, but is con-

nected to several difficulties, like formation of dendrites and severe solid elec-

trolyte interphase formation (as will be discussed in section 1.1.2) [16–18]. 

With nearly as low potential as lithium metal, graphite is a reasonably good 

alternative, despite having much lower capacity than metallic lithium. The low 

potential is, however, an issue since lithium plating can occur. Graphite is 

nonetheless the most widely used material for the negative lithium-ion battery 

electrode [12,19,20].  

If the negative electrode operates at a low potential, the positive electrode 

should work at at a high potential vs. Li/Li+. Here we find layered oxides like 

lithium cobalt oxide (LCO) or nickel manganese cobalt oxide (NMC) [20–

22]. To avoid the ethical and economic issues related to cobalt [23,24], re-

search and industry have been trying to move away from these materials 

lately. An alternative is lithium iron phosphate (LFP), a material with decent 

capacity but with a lower working potential, low electronic conductivity and 

lower lithium diffusion rate than the layered oxides [21,25–27].  
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To avoid short-circuiting, an electrolyte-soaked separator is placed be-

tween the two electrodes. This separator often consists of a porous and inert 

polymer [28–30]. The separator has a crucial role for the safety of the battery, 

and a faulty separator may be the cause of a battery malfunctioning [31,32]. 

In addition to the electrodes, electrolyte, and separator, a casing is needed. On 

lab scale, coin cells, pouch cells, or Swagelok cells are often used. Depending 

on application and preference, one of the types may be favoured. In Figure 1, 

a typical appearance of the three types can be seen.  

Figure 1. Some types of cell casing that can be used for battery cycling and electro-
chemical measurements where a) is a Swagelok cell, b) is a coin cell and c) is a pouch 
cell.  

1.1.2 Electrolytes 

As mentioned, one application of lithium-ion batteries is in electric vehicles 

[11]. The volume of batteries needed in this application is considerably larger 

than in a mobile phone. This means that a higher amount of energy is stored 

and thereby a greater risk if something goes wrong. Safety is therefore crucial 

to address [33].  

A major risk with, primarily, lithium metal batteries is dendrite formation 

in combination with a flammable electrolyte. Dendrites are formed through 

uneven deposition of lithium metal on the electrode. Lithium metal plating 

will occur on metallic electrodes and, in non-ideal cases, on composite elec-

trodes such as graphite [34]. If this would happen as a nice and smooth lithium 

film, it would not be much of an issue. However, because of uneven current 

distribution this will most often not happen, and the lithium will instead grow 

in needle-like shapes [18]. These so-called dendrites can penetrate the separa-

tor and cause short-circuits. When this happens the battery can become very 

hot locally, and since lithium metal and lithium-ion batteries most often oper-

ate with an organic liquid electrolyte, this constitutes a fire hazard [24,35]. 
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Because of the narrow electrochemical stability window of water, H2O is 

generally not compatible with lithium-ion battery electrodes [36]. Therefore, 

flammable organic solvents are used together with a lithium salt [20,37]. A 

few examples of salts and solvents can be seen in Table 1. These electrolytes 

have a much wider electrochemical stability window, but often not wide 

enough. At low potentials, the electrolyte components will be reduced on the 

anode surface. The products will create a so-called solid electrolyte interphase 

(SEI) [37,38]. A stable and fully covering SEI is a crucial component in lith-

ium-ion batteries. If new SEI constantly is formed, the electrolyte will be con-

sumed and the battery will run dry and lose in capacity [38]. 

Table 1. Some examples of commonly used lithium salts, organic solvents and poly-
mer hosts used in electrolytes for lithium metal and lithium-ion batteries. 

Salt Organic solvent Polymer host 

LiTFSI EC 

 

PEO 

LiPF6 

 

DMC PCL 

LiClO4 

 

DEC PTMC 

To avoid these safety concerns and obtain an even wider electrochemical sta-

bility window, one can employ solid state electrolytes [39–41]. This also 

means that we can remove the separator, as the solid electrolyte will act as a 

separator itself. The solid electrolytes, polymeric or ceramic, generally have a 

relatively high modulus and may therefore block the lithium dendrites me-

chanically [42]. Even in the unlikely event of dendrite penetration of the elec-

trolyte, its low flammability will also prevent further damage [43,44]. With 

safety being perhaps the main motivation for the use of solid electrolytes along 

with the possibility of using metallic lithium anodes [45], this has become a 

highly researched area in recent years, and also the topic of this thesis. More 

precisely: this thesis regards solid polymer electrolytes (SPEs).  
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1.2 Polymer Electrolytes for Batteries 

Solid polymer electrolytes have been researched since the 1970s when ionic 

conduction in salt-doped poly(ethylene oxide) (PEO) was discovered, and the 

idea of using them as electrolytes was created [46–50]. Solid polymer electro-

lytes consist of a polymer host in which a salt is dissolved, often the same type 

of salt used for liquid electrolytes. Unlike so-called gel or quasi-solid state 

electrolytes, true solid polymer electrolytes do not contain any solvent [37,50–

53]. Since they are solid, the fabrication method of batteries with an SPE dif-

fers from that of one with a liquid electrolyte – both at the lab scale and for 

commercial systems. To create an SPE, the salt has to be dissolved into the 

polymer matrix, which is then formed into a film. This is, on the lab scale, 

usually done through solvent casting or hot pressing. With the solvent casting 

method, the polymer and salt are dissolved in a suitable solvent, and the sol-

vent is subsequently evaporated. If the polymer has a not too high melting 

point, has a low modulus, or does not dissolve in an appropriate solvent, one 

can instead use hot pressing. The polymer and salt mixture is then pressed into 

a film under heating, using a specific temperature and pressure [52]. The film 

can also be formed directly on the electrode surface, with for example photo-

polymerisation [54–56], to avoid issues with poor dissolution. When the SPE 

film is ready, it can be used in a battery or for various measurements, such as 

investigating the ionic conductivity. 

1.2.1 Ion Conduction in Solid Polymer Electrolytes 

The total ionic conductivity is conventionally measured with electrochemical 

impedance spectroscopy (EIS). By measuring the impedance of a polymer 

sample, sandwiched between two blocking electrodes (often stainless steel), 

the bulk resistance can be determined [57,58]. The resistance is often deter-

mined by fitting a Debye equivalent circuit to the frequency response from the 

impedance measurement. The total ionic conductivity (σ) can then be calcu-

lated using Equation 1, where R is the bulk resistance, l is the thickness of the 

film and A is the area of the electrodes [58]: 

𝜎 =  
𝑙

𝑅𝐴
  (1) 

The total ionic conductivity is usually measured at several temperatures at an 

interval from room temperature up to around 100 °C. By plotting the conduc-

tivity values in an Arrhenius plot (log σ vs. 1000/T), the conductivity mecha-

nism can be investigated. Liquid electrolytes will in this type of plot display a 

straight line, since the logarithm of its conductivity is directly dependent of 

1/T [51]. This is usually not the case with polymers. The resulting curve is 
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instead typically bent as the conductivity mechanism in the polymer electro-

lyte follows a Vogel–Fulcher–Tammann (VFT) behaviour [51,59].  

In an amorphous and solvent-free polymer, the movement of ions is gener-

ally coupled to the segmental motion of the polymer backbone. With the mo-

tion of the polymer chain, the lithium ions will have access to new sites to 

which they can hop and progress towards the other electrode [58]. This move-

ment may both be through inter- and intra-chain hopping. The segmental mo-

tion is in turn coupled to the polymer’s glass transition temperature (Tg) and 

the free volume [51]. The free volume increases with temperature above Tg, 

allowing for greater mobility of the polymer segments. In other words, a lower 

Tg leads to a more flexible and mobile polymer at a specific temperature com-

pared to one with higher Tg.  

While this is true in amorphous polymers, all polymers are, however, not 

fully amorphous. Semi-crystalline polymers contain crystalline regions along 

with amorphous regions. In the crystalline regions, the polymer chains are 

locked in place without any segmental motion. These regions are therefore in 

general considered insulating, although ionic conduction decoupled from the 

segmental motion can still be possible in certain systems [60–62]. The con-

ductivity of semi-crystalline polymers will often show an Arrhenius-type de-

pendence below the melting point, while a VFT behaviour is seen above the 

melting point as a result of the disappearance of the crystallinity and thereby 

increased segmental motion. Figure 2 shows typical examples of conductivity 

behaviours when plotted in Arrhenius plots. 

 
Figure 2. Conductivity behaviour typically seen for liquid electrolytes and amorphous 
or semi-crystalline solid polymer electrolytes.  
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1.2.2 Causes for Poor Li+ Transport Properties and how to 

Overcome them 

1.2.2.1 Crystallinity 

The structure and size of a polymer determine its physical properties. Depend-

ing on how easily the chains stack, the polymer can form ordered crystalline 

regions or be amorphous and lack ordering. A crystalline polymer will typi-

cally have a higher modulus than fully amorphous ones, but may be more brit-

tle. Most polymers are not purely crystalline though, but are semi-crystalline. 

PEO will, for example, crystallise up to 80% at room temperature [51]. To fit 

in a battery application, the polymer electrolyte needs to have quite high me-

chanical properties to avoid short-circuiting and lithium dendrites. For that 

reason, it is reasonable to assume that a high degree of crystallinity is good for 

this application. The issue is, as previously mentioned, that the crystalline re-

gions in the polymer are considered to be ionic insulators (more or less) due 

to lack of segmental motion of the chains [60–62]. The chains are locked into 

place without the movement that can take place in amorphous regions. A 

highly or fully amorphous polymer is therefore preferred when trying to max-

imise the ionic conductivity, often at the expense of the mechanical properties. 

Figure 3 illustrates the configuration of an amorphous and semi-crystalline 

polymer, and the ion conduction through these. 

 
Figure 3. Organisation of polymer chains in amorphous and semi-crystalline poly-
mers, with ion conduction pathways.  

  



 

 18 

So, when dealing with a semi-crystalline polymer, it may be beneficial to re-

duce the degree of crystallinity if aiming for high ionic conductivity. This can 

be done through several approaches, like raising the operational temperature 

above the melting point or to somehow disturb the chain packing in order to 

prevent crystallisation. The degree of crystallinity is often reduced already 

during the formation of the polymer electrolyte, i.e. with the addition of salt 

[52,63]. The ions in the salt will coordinate to the polymer chains and prevent 

crystallisation during the solvent casting or hot pressing. However, novel crys-

talline polymer-salt phases might also form during this process. Other ways 

of reducing crystallinity may involve changing the architecture of the poly-

mer, creating a random copolymer, or adding nanoparticles – as will be dis-

cussed regarding Paper I.  

To measure the degree of crystallinity, differential scanning calorimetry 

(DSC) can be used. Approximately 5‒10 mg of the sample sealed in a pan is 

heated and compared to an empty reference pan, while the heat flow is rec-

orded. When a thermal transition is happening, it will be recorded as a peak 

or a step depending on the type of transition [64]. Glass transition tempera-

tures are seen as a step in the baseline, while melting and crystallisation are 

seen as endothermic or exothermic peaks/troughs. A schematic of this is seen 

in Figure 4. The measurement is usually done in two cycles, e.g. a cool-heat-

cool-heat program. The reason for this is to get rid of a polymer’s thermal 

history during the first cycle. Depending on how the polymer was produced 

and handled before the measurement, the degree of crystallinity may be de-

pressed, for example. By melting the polymer during the first cycle this is 

erased, and the second cycle may show more representative results. One must 

remember, however, that when working with SPEs for batteries, the thermal 

history will not be erased before assembling it into a cell, and the first thermal 

cycle may therefore show more accurate values of how the polymer will act 

in a battery, at least in the beginning.  

 

Figure 4: Schematic figure showing typical processes seen during heating in DSC 
measurements. 
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The integrated size of the melting peak (the melting enthalpy ΔHm) will cor-

respond to the amount of crystalline regions in the sample, since only the crys-

talline regions melt. To calculate the percentage of crystalline regions in the 

sample Equation 2 can be used in combination with a literature value for a 

100% crystalline sample of the specific polymer (ΔHm
0) [63,65]: 

𝛸c = (
Δ𝐻m

Δ𝐻m
0 ×(1−𝜙add)

 )  (2) 

where 𝜙add is the total weight fraction of additives (salt etc.). 

1.2.2.2 High Glass Transition Temperature 

If the polymer is fully amorphous, crystallinity is no longer an issue. Then the 

ions can move through the entire sample with the segmental motion of the 

polymer chains. The amount of segmental motion of the chains are not the 

same in all polymers, though. How flexible and mobile a polymeric material 

is depends on the glass transition temperature. Above the Tg, the polymer is 

soft and flexible, with more segmental motion, like rubber used for tires [66]. 

Below the Tg, the polymer is in a glassy state and is hard and brittle, like pol-

ystyrene cups at room temperature [66]. In this state, the ionic conductivity of 

any dissolved salt will be very low as a result of a low degree of segmental 

motion. Around 50 K below Tg the mobility goes to zero, and thereby also the 

conductivity. This temperature is known as the Vogel temperature [67]. 

When keeping this in mind, it is clear that in order to reach a high conduc-

tivity one should be using the battery at temperatures far above Tg where the 

mobility of the chains are high. In other words, for practical applications one 

would like to use a polymer with a low Tg − well below room temperature.  

Every type of polymer has a unique value of the glass transition tempera-

ture. This is one of the advantages of PEO: it has a low Tg of around −60 °C 

[68]. So, depending on which polymer one chooses as the SPE host material, 

one may have an advantage from the start. It is, however, also possible to 

modify the Tg of a specific polymer. Adding additional salt will change the Tg, 

but unfortunately often to a higher value [63,69]. Changing the structure 

somehow, and increasing the flexibility of the polymer, may decrease the Tg 

though. For example, one add can side-chains to the polymer backbone (as in 

Paper II). Changing the structure can, however, also alter the conductivity 

mechanisms in the polymer, and may not directly lead to an increased ionic 

conductivity. It is therefore important to consider how the Tg is lowered and 

not only focus on obtaining a lower value.  
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1.2.2.3 Ion Coordination and Polymer Structure    

As mentioned, changing the structure or type of polymer may be beneficial 

for the conductivity. It is therefore important to explore new types of poly-

mers, not only to modify the existing ones. It is not only the flexibility of the 

chain that will influence the ionic conductivity, but also the ion-coordinating 

group on the polymer chain. This coordination is important to have a high 

solubility of salt, as the amount of charge carriers affects the ionic conductiv-

ity [51]. Depending on the type of coordinating group the chain contains, the 

lithium ions will form a stronger or weaker complex with the chain, as the 

functional groups interact differently with lithium ions. Common functional 

groups are for example an ether, ester, carbonate or a single carbonyl group. 

To have sufficient ion conduction, it is necessary to have a good coordination 

strength to the ion-coordinating motif (often an oxygen atom) of the chain. If 

the coordination is too strong though, the ions will be trapped and not move 

from site to site, thereby preventing fast ion conduction and leading to lower 

transference numbers (see section 1.2.2.4) [51,70]. In PEO, it is naturally the 

ether (alkoxy) oxygen that coordinates to the lithium ions. In a polyester or 

polycarbonate electrolyte, the cations can interact with both the carbonyl ox-

ygen and the alkoxy oxygens in the main chain. It has, however, previously 

been shown that the lithium ion preferably coordinates to the carbonyl oxygen 

in these systems [71], and it is therefore of interest to investigate a polymer 

that only contains carbonyl oxygens, i.e. polyketones. This was done in Paper 

III. The work on carbonyl-containing polymers then continued in Paper IV 

and V.  

To investigate the coordination properties, it is common to use Fourier-

transform infrared spectroscopy (FT-IR). In infrared spectroscopy the ob-

tained spectrum will show peaks corresponding to vibrational modes of dif-

ferent bonds in a molecule [72]. For the carbonyl-containing polymers used in 

this work, it is convenient to study the peak for the C=O stretching located at 

around 1700 cm−1 [73]. As the carbonyl oxygen coordinates to the lithium 

ions, the peak will shift as the coordination affects the vibration of the C=O 

bond. In polycarbonates and polyesters, this shift is usually to lower wave-

numbers [70,74,75]. When measuring on polymer electrolytes, two peaks are 

usually seen, one for the coordinated and one for the non-coordinated carbonyl 

oxygens. They usually overlap, but by using peak fitting software the area of 

the two peaks can be acquired. The exact spectrum for each polymer will dif-

fer, but a schematic spectrum is seen in Figure 5.  

The ratio between the areas of the two can be used to calculate the fraction 

of Li+-coordinating carbonyls (χ). By multiplying this with the carbonyl:Li+ 

molar ratio, the coordination number (CN) can be calculated (see Equation 3) 

[76]. 

CN =  χ ×  n (3) 
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Figure 5: Schematic example of how FT-IR spectra with fitted peaks may appear. 

As a nice complement to the experimental results, density functional theory 

(DFT) and molecular dynamics (MD) simulations can be used to study the 

coordination and transport properties. DFT can be used to study electronic 

interactions of small molecules and, for example, a lithium salt. In Paper III 

and IV, it was used to study the coordination between monomers and LiTFSI 

salt to calculate the binding energies and predict IR spectra. MD simulations 

can be used for bigger systems and where it is interesting to study the polymer 

properties as well as ion transport. It was used in Paper II and V to compare 

properties like Tg, CN, density, as well as Li+ binding energies and transport 

mechanisms. 

1.2.2.4 Low Lithium Transference Number    

The cation transport number (t+) is a measurement of the fraction of the elec-

trolytic current transferred by the cations as compared to anions, and is there-

fore a number between 0 and 1 [51]. For lithium and lithium-ion batteries, the 

cation of interest is of course the lithium ion. When a potential is applied to a 

battery, the lithium ions will move from the negative electrode where they are 

created towards the positive electrode where they are consumed. The electrical 

migration of lithium ions is, however, often not fast enough. Unless the lith-

ium transport number is unity, this leads to the creation of a concentration 

gradient between the two electrodes, which can ultimately limit the perfor-

mance in a battery [77,78]. It is therefore important to strive for as high 

transport number as possible. If t+ = 1, the anion transport number must be 0 

and no concentration gradient can be formed as the anions are immobile.  
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The difference between the transport number and the transference number 

should be clarified, as they are often used interchangeably. There is indeed a 

difference between the two concepts. The transport number is the fraction of 

a current that is carried by a specific species, for example Li+. The transference 

number on the other hand, is how many moles of e.g. lithium can be trans-

ferred through migration per Faraday of charge, and does therefore not only 

account for merely Li+ but also ion clusters containing Li+ [51]. Since real 

systems are not infinitely dilute and ion pairing will occur, the lithium trans-

ference number is the more relevant term to use, denoted by T+, and is the term 

that will be used from now on in this work. 

The transference number can be measured in several ways, for example 

with electrophoretic nuclear magnetic resonance (NMR) spectroscopy or us-

ing the Hittorf method [79,80]. The most common method is, however, the 

Bruce-Vincent method that was developed in the 1980s [81,82]. For this meas-

urement, the polymer electrolyte should be placed in a symmetrical cell be-

tween two non-blocking electrodes. If one wishes to obtain the lithium T+ then 

these electrodes are usually made of lithium metal. The process involves EIS 

measurements before and after a polarisation to obtain the initial and steady-

state interfacial resistances. The polarisation is usually done with an applied 

voltage (ΔV) of around 10 mV until the current reaches a steady-state plateau. 

The results should look something like in Figure 6. From this data, one needs 

to extract the steady-state current (Iss), initial current (I0), as well as the inter-

facial resistance at steady-state (Rss) and initially (R0). The resistances are of-

ten obtained by fitting an equivalent circuit to the impedance data, while the 

current values can be taken directly from the measurement data. The measured 

I0 value does, however, depend on what equipment and settings are used and 

may therefore not be accurate. If the sampling rate is too low, the first value 

may be lost and it might be more accurate to calculate the value using the 

applied potential and the total initial resistance in the cell. One also has to take 

into consideration the assumptions made when using this method. It assumes 

that there are no ion-ion interactions in the electrolyte, which is most likely 

far from true in most SPEs. Therefore, this method is mainly used compara-

tively within each work in this thesis, as the parameters during the measure-

ments could be kept constant.  

 

Figure 6: Typical appearance of a transference number measurement. Impedance 
measurements (left) are done before and after a polarisation (right). 
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When the values for the currents and resistances have been extracted, the T+ 

can be calculated using Equation 4. 

𝑇+ =
𝐼ss(∆𝑉−𝐼0𝑅0)

𝐼0(∆𝑉−𝐼ss𝑅ss)
 (4) 

In polymer electrolytes, the transference number is closely related to the 

coordination properties between lithium and the polymer host. If a lithium ion 

is coordinated very strongly to a polymer host, it is not free to move and will 

therefore lead to a low transference number as migration is hindered. As men-

tioned previously, the coordination properties are influenced by several prop-

erties of the polymer host and salt; for example, the functional group located 

on the polymer backbone. To investigate how the transference number, poly-

mer structure and coordination properties are related in a specific copolymer 

system, the work in Paper IV was conducted. There, the structure was sys-

tematically changed and the effect this had on the transference number was 

investigated. 

1.2.3 Polymer hosts used in Electrolytes 

As mentioned, the fact that polymers can conduct ions was first discovered in 

polyethers [46–48] and ever since then, this category of polymers has domi-

nated the research field. The most successful polyether is PEO, and variations 

of it [44,51,83,84]. In PEO, every third atom on the polymer backbone is an 

ether oxygen, as seen in Table 1. It has been proven that this structure is very 

effective as the polymer chain will wrap around the lithium ions in a helical 

structure, allowing access to many coordinating oxygens for the ion [85]. An-

other advantage of PEO is the low glass transition temperature of –60 °C and 

the relatively low melting point of 65 °C [68]. PEO does, however, have some 

shortcomings, not least the high crystallinity that makes it necessary to cycle 

it at elevated temperatures and the poor transference number for Li+.  

Another family of polymers with similar properties are polyesters, like for 

example poly(ε-caprolactone) (PCL) [17,86–90]. PCL is also semi-crystalline 

with a similar glass transition and melting temperature as PEO, namely a Tg 

of −65 °C and a Tm of 55 °C [89]. As expected when sharing so many physical 

properties with PEO, it also has a similar conductivity behaviour [87]. The 

issue is still the high degree of crystallinity, which the work in Paper I focuses 

on reducing.  

An example of a fully amorphous polymer host is poly(trimethylene car-

bonate) (PTMC) [70,91–95]. It is a polycarbonate with a functional group with 

a structure very similar to the one in PCL, but with an extra alkoxy oxygen. 

Since this is a fully amorphous polymer, but with a higher Tg (−15 °C), the 

mechanical properties and conductivity behaviour is quite different from PEO 

and PCL (especially when side-chains are added). This is discussed in Paper 

II. 
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Another type of polymer that can be used as a host material, but has yet to 

be better explored, is polyketones. As they have, again, a very similar structure 

to polyesters and polycarbonates, they should be able to conduct ions, as was 

shown to be true in Paper III. Here the issue is once more the excessive crys-

tallinity at lower salt contents. In Paper IV and V, host materials with differ-

ent structures are compared. Polyesters and polycarbonates are used as well 

as copolymers of the two with varied composition in Paper IV. In Paper V, 

the comparison was expanded to all three different carbonyl-containing poly-

mer categories, i.e. polyesters, polycarbonates and polyketones. A summary 

of the polymers used in Paper I-V can be seen in Table 2. 

The host materials studied in this thesis are all carbonyl-containing poly-

mers, which will be the main coordinating unit on the polymer backbone. The 

specific structure of the polymer backbone and the functional group will, how-

ever, influence the degree of crystallinity, glass transition temperature, coor-

dination number, coordination strength etc., which will in turn influence the 

conductivity and transport properties. It is therefore important to choose the 

polymer host material carefully, and understand its fundamental properties, in 

order to eventually build a successful solid-state battery. This is what this the-

sis sets out to explore. 
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Table 2: Name and structure of the polymers used in the papers of in this thesis work. 
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2. Scope of this Thesis 

A solid-state battery consists of two electrodes and a solid-state electrolyte. In 

this work, the solid electrolyte consists of a salt dissolved in a polymer host. 

Poly(ethylene oxide) is the material that dominates in literature today, but 

other types of polymer host materials are investigated here. In order to reach 

all the requirements needed to use a solid polymer electrolyte in a commercial 

application, we need to expand our search for the ‘perfect electrolyte’ beyond 

PEO. Therefore, three other polymer types are investigated. In Paper I, a pol-

yester is studied, in Paper II different polycarbonates and in Paper III a 

polyketone. Paper IV and Paper V are both comparative studies between dif-

ferent polymer types. 

All of these polymers come with challenges. The polyester and the 

polyketone (Paper I and III, respectively) for example have a high degree of 

crystallinity that lowers the overall ionic conductivity. In an attempt to reduce 

the degree of crystallinity, nanoparticles and/or salt is added. The effect that 

the reduced degree of crystallinity has on the ionic conductivity is investigated 

by electrochemical impedance spectroscopy and differential scanning calo-

rimetry.  

The polycarbonates in Paper II are fully amorphous, so instead of studying 

the effect of reduced crystallinity, the effect of adding side-chains is studied. 

Three different polymers are synthesised; all based on a poly(trimethylene 

carbonate) backbone, and the relation between glass transition temperature 

and ionic conductivity is investigated using both experimental and computa-

tional techniques.  

Paper IV and Paper V are both comparative studies. In Paper IV a poly-

ester and a polycarbonate, as well as random copolymers of the two, are in-

vestigated. The focus is mainly on how the transport properties are affected 

by the functional group and the ratio between the two in the copolymer. In 

Paper V, all three aforementioned polymer classes are investigated. 

Polyketones, polyesters and polycarbonates all coordinate the lithium ions 

with the carbonyl oxygen. The polyester and polycarbonate do, however, have 

extra oxygens compared to the ketone that affects the physical and thermal 

properties as well as the coordination and transport properties. 
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Thus, Paper I−V all investigate ‘alternative’ (i.e. non-PEO) electrolytes 

with an extra interest in which properties that limit the ion transport and how 

to overcome these obstacles. The studies range from being more applied to 

more fundamental; the studied properties are all related to each other though. 

For example, the electron density of the carbonyl oxygen in a specific func-

tional group will determine the coordination strength, which in turn affects the 

ion transport properties. Likewise, by changing the structure of the polymer 

backbone the glass transition temperature will be affected, which also affects 

the ion transport properties. The ion transport properties will in the end deter-

mine how well the electrolyte will perform in a battery, together with its me-

chanical properties and electrochemical stability. So even though cell cycling 

is an important part of SPE research, physical and chemical properties of the 

polymer host material as well as its interaction with a lithium salt, is the main 

focus of this work. 
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3. Summary of Key Results and Discussion 

This summary contains the key results from Paper I-V. They all focus on 

different aspects of ion conduction and coordination in solid polymer electro-

lytes, more specifically the ones based on carbonyl-containing polymers. The 

electrolytes contain LiTFSI salt in a host material based on polyketones, pol-

yesters or polycarbonates, or copolymers thereof. In Paper I, the SPE contains 

nanoparticles as well. The main properties investigated are the ionic conduc-

tivity, thermal properties, crystallinity, transference number, conduction 

mechanisms and Li+ coordination properties. The summary is divided into 

these sections: 

3.1 Polyester Based Electrolytes (Paper I) 

3.2 Polycarbonate Based Electrolytes (Paper II) 

3.3 Polyketone Based Electrolytes (Paper III) 

3.4 Polyester-co-polycarbonate Based Electrolytes (Paper IV) 

3.5 Polyesters vs. Polycarbonates vs. Polyketones (Paper V) 
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3.1 Polyester-Based Electrolytes 

       − Influence of nanoparticle additives 

Poly(ε-caprolactone) is a polymeric material with the structure seen in Figure 

7. It shares many properties with PEO and has already been proven to be a 

decent ion conductor [89,90]. It also, however, suffers from similar difficulties 

as PEO. Both PEO and PCL are semi-crystalline polymers, which will restrict 

the total ionic conductivity below the melting point. To reach a high ionic 

conductivity, it is therefore important to decrease the degree of crystallinity in 

one way or another.  

 
Figure 7. Schematic figure of electrolyte components in Paper I, with the structures 
of poly(ε-caprolactone) and LiTFSI, and the nanoparticle additives used.  

By preventing the polymer chains from stacking, no crystallites will form and 

the polymer will become amorphous. This can be done by changing the poly-

mer architecture, making it less symmetric with side-chains as steric hin-

drances. The chains will thereby be less prone to stack in an efficient manner. 

It can also be done by physically or electrostatically keeping the chains apart. 

The salt added to a semi-crystalline SPE will generally decrease the degree of 

crystallinity. Sometimes a very high salt concentration is needed to form an 

amorphous sample, which may not be favourable as it can lead to ion pairing 

etc. that lowers the total ionic conductivity or severely influence the mechan-

ical properties. Another approach is therefore to add nanoparticles. The added 

nanoparticles can either be active or passive, i.e. ion-conducting or not. Suc-

cessful studies have previously been done for both types in many PEO-based 

electrolytes [65,96–98]. One question here was therefore if the same principle 

could be applied on PCL electrolytes. In Paper I, four types of passive nano-

particles where used; Al2O3 (5 nm), TiO2 (25 and 100 nm) and h-BN (few-

layer sheets).  
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After assuring homogeneous distribution by scanning electron microscopy 

(SEM), DSC confirmed a high degree of crystallinity of the LiTFSI-contain-

ing PCL electrolyte. As seen in Figure 8, the degree of crystallinity is as high 

as 55% at the lowest salt concentration. With increasing salt content, the crys-

tallinity decreases but is still at a rather high percentage of 27% at a salt con-

centration of 30 wt%.  

With the addition of Al2O3 or TiO2 a quite significant drop in degree of 

crystallinity is seen, especially at higher salt concentrations. With 15 wt% na-

noparticles and 30 wt% salt, the samples are almost fully amorphous with only 

6‒7% crystallinity remaining. h-BN nanoparticles did not have the same ef-

fect, and only a slight decrease was seen with the addition of these nanoparti-

cles. This is believed to be a result of the different shape, lower dielectric con-

stant and/or more basic surface chemistry of BN [99–101].  

The Tg was also affected by salt addition and increased somewhat with salt 

concentration, in agreement with previous studies [63,69]. The addition of na-

noparticles did however not contribute to any substantial increase or decrease 

in Tg.  

With the decrease in crystallinity, an increase of ionic conductivity is ex-

pected. For PEO systems it has been seen that the addition of nanoparticles 

will increase the conductivity over the whole temperature interval, i.e. the 

curve will retain its shape but be shifted upwards [96,102]. This is, however, 

not what is seen for the PCL-based electrolytes (Figure 9).  

Figure 8. DSC-derived results for the LiTFSI-containing PCL samples, with or with-
out nanoparticles. In a) the calculated degree of crystallinity is seen and in b) the glass 
transition temperatures depending on salt concentration. Reprinted from [103], Cop-
yright (2019), with permission from Elsevier. 
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Figure 9. The total ionic conductivity plotted in an Arrhenius plot for PCL samples 
with or without nanoparticles, containing a) 9 wt%, b) 17 wt%, c) 23 wt% and d) 30 
wt% LiTFSI. Only at 30 wt% can a significant increase in conductivity be seen. Re-
printed from [103], Copyright (2019), with permission from Elsevier. 

At 9‒23 wt% salt, barely any increase is seen with the addition of nanoparti-

cles. At 30 wt% salt, a clear difference is seen, but only below the melting 

point. At this salt concentration, DSC measurements showed a large decrease 

in the degree of crystallinity (around 20 percentage points) to an almost fully 

amorphous polymer electrolyte. As the nanoparticle-containing sample is ba-

sically amorphous at this salt concentration, no restrictions from crystalline 

regions exist. The electrolyte therefore exhibit a VFT-type behaviour as seen 

in Figure 9. Through this effect, the ionic conductivity at room temperature is 

increased significantly. It is believed that, unlike in PEO, the nanoparticle’s 

only contribution to increased ionic conductivity in PCL is by decreasing the 

degree of crystallinity. No other conductivity mechanisms seem to come with 

the addition of the particles, which may be the case in PEO [96,97,99,104]. 

This may, however, be different if active nanoparticles would be utilised 

[105–107]. 
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So, after a higher ionic conductivity had been achieved, the next question 

was if the battery cycling behaviour would improve. PCL had for example 

previously showed an unstable cycling behaviour when cycled with a lithium 

metal anode [86]. In addition to the increased conductivity, the nanoparticles 

may improve the mechanical stability both in bulk and at the interface. This 

also appeared to be the case. The electrolyte containing 30 wt% LiTFSI and 

Al2O3 particles was assembled in LFP half-cells and cycled galvanostatically 

with a current density of 5 μA cm−2. As seen in Figure 10, the cycling behav-

iour stabilised drastically with the addition of Al2O3. Major side-reactions are 

taking place in the cell without nanoparticles as evidenced by the high (above 

100%) columbic efficiency.  

To investigate if it indeed was a stabilisation of the interface that was taking 

place, EIS measurements were performed on symmetrical Li/Li cells over the 

course of five days. The interfacial resistance (derived from the low-frequency 

semicircle in Figure 10) increased dramatically without the presence of nano-

particles. It is therefore believed that the Al2O3 nanoparticles stabilise the in-

terface either through mechanical strengthening, decreasing of chemical deg-

radation or simply by acting as a physical barrier between the lithium metal 

and the PCL. The goal of creating a more stable PCL electrolyte with de-

creased crystallinity and increased conductivity was therefore achieved.  

 
Figure 10. Cycling behaviour (discharge capacity and columbic efficiency) of 
Li|PCL-LiTFSI|LFP and Li|PCL-LiTFSI-Al2O3|LFP cells. Reprinted from [103], 
Copyright (2019), with permission from Elsevier. 
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Figure 11. Impedance spectra of symmetrical lithium metal SPE cells with or without 
Al2O3 held at 30 °C taken on day 1, 4 and 5. Note that the scales are different in the 
plots. Reprinted from [103], Copyright (2019), with permission from Elsevier. 

3.2 Polycarbonate-Based Electrolytes 

        − Influence of side-chains 

Unlike PCL, PTMC is a fully amorphous polymer and has therefore no re-

striction in ionic conductivity caused by crystallinity. It does, however, have 

a quite high glass transition temperature compared to PCL and PEO. Instead 

of −60 °C or −65 °C, the Tg of PTMC is around −15 °C. This is still below the 

operational temperature of most batteries, but as mentioned earlier, a lower Tg 

value is preferable for high conductivity. A common way of lowering the Tg 

is to add flexible side-chains to the polymer backbone [108]. This approach is 

used in Paper II. The question in this paper was, however, if the increased 

polymer flexibility automatically means a higher ionic conductivity. 

PTMC is a polymer synthesised through ring-opening polymerisation 

(ROP), a synthesis method that allows for synthesis of complex architectures 

with precise control of the degree of polymerisation (DP). It is therefore rela-

tively straightforward to add side-chains to the main backbone by altering the 

monomer. Three different monomers were synthesised before being polymer-

ised into relatively short (DP ≈ 100) polymer chains with the structures seen 

in Figure 12. A side-chain-free PTMC was compared to one with a short side-

chain without ion-coordinating properties (PBEC) as well as one with longer 

side-chains also comprising a potentially ion-coordinating ether oxygen 

(PHEC).  
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Figure 12. Structure of the polymers denoted PTMC, PHEC and PBEC used in Paper 
II.  

As expected, the addition of side-chains lowered the glass transition tempera-

ture. The electrolyte based on the relatively short PTMC has a Tg of −9.6 °C 

(see Table 3). With the addition of side-chains this value drops to −14.1 °C for 

short chains, and with longer side-chains to the significantly lower value of 

−45.0 °C. This would mean that the polymer backbone is more mobile in the 

PHEC compared to the PTMC, as the Tg is lower (and closer to that of PEO).  

Table 3. Glass transition temperatures from DSC measurements from the three poly-
mers with a carbonate:Li+ ratio of 12.5. 

 PTMC PBEC PHEC 

Glass transition 
 temperature 

− 9.6 °C −14.1 °C −45.0 °C 

The total ionic conductivity was measured by EIS and plotted in an Arrhenius 

plot vs. 1000/T (Figure 13). Contrary to what could be assumed, it is here clear 

that the linear and side-chain-free PTMC with high Tg has a much higher ionic 

conductivity compared to the PBEC and PHEC. The two side-chain-contain-

ing polymers have a more similar ionic conductivity, despite having very dif-

ferent glass transition temperatures. To be able to compare the ionic conduc-

tivity and see how much the reduced Tg influences the ionic conductivity, log 

σ was also plotted vs. 1000/(T – T0). T0 is 50 K below Tg, and is the point 

where the polymer no longer exhibits any segmental motion. When plotting 

the data this way, the structural contributions to the ion conduction are high-

lighted, and it is then even clearer that the side-chain-free PTMC displays bet-

ter transport properties. The difference between PBEC and PHEC on the other 

hand become much larger. PHEC, with the lowest Tg, now displays the lowest 

ionic conductivity – i.e. its polymer structure is not suitable for Li+ transport. 
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Figure 13. Logarithm of ionic conductivity of PTMC, PBEC and PHEC (n=12.5) 
plotted against (a) 1000/T and vs. (b) 1000/(T – T0). Reprinted from [109], Copyright 
(2020), with permission from American Chemical Society. 

From this, it can be concluded that the side-chains will lower the glass transi-

tion temperature, but not necessarily give an enhanced ion conduction. It is 

evident that higher flexibility in the polymer chains will not necessarily in-

crease the ionic conductivity, if this is provided by the addition of side-chains. 

To investigate the mechanism behind this in greater detail, MD simulations 

were also performed in Paper II. It then appeared as if the side-chains hinder 

the ion movement between and along polymer chains. Unlike in PTMC, where 

hopping between different coordinating groups in the polymer matrix is a fre-

quent event, the side-chains causes the ions to move mainly with the polymer 

chain. The ion conduction is therefore more dependent on the diffusion of the 

polymer chain, which is a considerably slower transport path. This is schemat-

ically illustrated in Figure 14. So, while the strategy of increasing the flexibil-

ity and segmental motion in an amorphous polymer by incorporating side-

chains in the structure will indeed render a polymer with a lower Tg, this will 

be at the cost of ion mobility in the sample as the side-chains block the ion 

transport. 
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Figure 14. Illustration of the blocking effects that side-chains have on the ion mobility 
as seen in Paper II.  

3.3 Polyketone-Based Electrolytes  

        − A new polymer host 

In Paper III, a new type of polymer is investigated for use as a host material 

in SPEs. The polyketone used in the study, poly(3,3-dimethylpentane-2,4-di-

one) (PDMPDO), share similarities to both polyesters and polycarbonates as 

seen in Figure 15. For both of those polymer hosts, it has been shown that the 

carbonyl oxygen will coordinate to the lithium ion [71], and it is therefore 

reasonable to think that the polyketone also possesses lithium-ion-conducting 

properties.  

 
Figure 15. Structure of the polyketone used in the study. 

The PDMPDO was first characterised thermogravimetrically to see if it was 

suitable for the use in SPEs. Thermogravimetric analysis (TGA) was used to 

see if the polymer was thermally stable at the temperatures where the rest of 

the experiments were performed. The results showed that the polymer was 

stable up to around 140 °C. Therefore, no experiments were performed above 

this temperature and the hot pressing was not done higher than 100 °C.  

DSC measurements (Figure 16) showed that the polymer has a high degree 

of crystallinity, much like PEO and PCL. With salt addition, the degree of 

crystallinity is reduced, and with a high salt concentration (40 wt%) the poly-

mer became completely amorphous. DSC measurements also showed that the 

polymer has a fairly high glass transition temperature for a polymer electrolyte 
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host. As mentioned in section 1.2.2, a polymer electrolyte host would prefer-

ably have a low Tg to have a high degree of the segmental motion. The 

polyketone has a Tg of about 43 °C in the original state, see Figure 16, which 

is very high compared to the Tg of PEO (−60 °C) and PCL (−65 °C). As salt 

is added, the Tg at 43 °C decreases to −9 °C. The salt seems to have a highly 

plasticising effect in this polymer host, and it does not show the typical in-

crease in Tg seen in many other electrolyte systems when the salt will have a 

crosslinking effect. The comparatively high Tg in the salt-free sample may be 

due to the high degree of crystallinity in the sample. The ‛amorphous’ chains 

may not be fully amorphous as they may be partly trapped in crystallites, re-

stricting the mobility and increasing the measured glass transition tempera-

ture. A Tg value of −9 °C is much more relevant, as it means that the polymer 

will be used significantly above its glass transition temperature and will 

clearly have segmental motion of the backbone in the operational temperature 

interval.  

 
Figure 16. DSC data from the first and second heating cycles. Crystallinity is seen in 
samples without salt and with 25 and 32 wt% salt. © IOP Publishing. Reproduced 
with permission. All rights reserved. 
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To investigate if the polymer has lithium-ion-coordinating capabilities, FT-IR 

was used. The shift of the carbonyl peak around 1700 cm−1 was studied in the 

polyketone samples with or without 40 wt% LiTFSI. A clear shift was seen 

that indicates coordination, but unlike what has previously been seen in poly-

carbonate-based electrolytes the shift was not towards lower wavenumbers. 

Instead, a shift towards higher wavenumbers was seen. To further investigate 

this phenomenon an equivalent spectrum was derived computationally, and 

confirmed the shift towards higher wavenumbers with lithium coordination. 

This is thought to be a result of chelating effects originating from the poly-

mer’s structure, with the carbonyl peaks situated closely and symmetrically 

on the polymer backbone. 

When ion coordination had been confirmed, the ionic conductivity was in-

vestigated by EIS. The ionic conductivity behaviour of the PDMPDO, con-

taining 25 wt%, 32 wt% or 40 wt% salt, can be compared to that of PCL in 

Paper I. With high salt content and nanoparticles, PCL became fully amor-

phous and showed a VFT-type dependence of the conductivity. The same is 

seen here for a 40 wt% salt content. The electrolyte is fully amorphous, and a 

VFT behaviour is seen over the entire investigated temperature interval, with 

the same values measured during both heating and cooling. Similarly to when 

the PCL is semi-crystalline, a change in conductivity can be seen around the 

melting/crystallisation temperature (~70 °C) of the sample containing 25 wt% 

salt (Figure 17). This is especially clear during the measurements performed 

when going from 105 °C down to 30 °C. During cooling, the degree of crys-

tallinity will be lower than in equivalent measurements performed under in-

creasing temperature, since the formation of crystallites is a relatively slow 

process.  

 
Figure 17. Total ionic conductivity measured by EIS on polyketone samples contain-
ing 25 wt%, 32 wt% or 40 wt% LiTFSI. © IOP Publishing. Reproduced with permis-
sion. All rights reserved. 
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For the sample containing 32 wt% salt, an increase in conductivity is seen 

when going from 105 °C and down, compared to when increasing the temper-

ature. No major decrease is seen around 70 °C, however, as can be seen for 

the sample containing 25 wt% salt. This is due to the salt content being suffi-

ciently high to keep the sample amorphous during the time period of the meas-

urement. It is clear here that the degree of crystallinity dictates the value of 

the ionic conductivity. More crystallinity gives lower ionic conductivity as 

there is less amount of ion-conducting amorphous regions.  

The conductivity can be compared to polymer electrolytes based on more 

well-known hosts like PEO and PCL with the same O:Li+ ratio, as seen in 

Figure 18a. At the temperature range used, it is clear that both of these display 

a significantly higher ionic conductivity than the PDMPDO electrolyte. How-

ever, both the PEO and PCL have a much lower degree of crystallinity and a 

Tg approximately 30 K lower than the PDMPDO. To compensate for this dif-

ference in Tg, and perhaps make a more accurate comparison, the ionic con-

ductivity vas plotted against 1000/(T ‒ Tg + 50 K) (Figure 18b). By doing this 

the ionic conductivity is more similar to that of PCL, even if it does not quite 

reach the levels of PEO. One advantage it does have over PEO, however, is 

the transference number. It was measured to be around 0.7, which is a lot 

higher than the 0.1‒0.2 that is usually measured for PEO systems [110].  

 

Figure 18. Total ionic conductivity for the polyketone, PEO and PCL (with an O:Li+ 
ratio of 10) plotted against a) 1000/T or b) 1000/(T ‒ Tg + 50 K). The insert in b) 
shows the DSC data for PEO and PCL electrolytes. Data measured during heating is 
indicated by open markers and during cooling by filled markers.  
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This work shows that polyketones may be a viable option in the pursuit for 

more ideal polymer electrolyte host. The polyketone SPE shows a decent ionic 

conductivity, which is very much dependent on the degree of crystallinity of 

the sample. When fully amorphous, the ionic conductivity increases and a 

VFT-type behaviour is seen.  

3.4 Polyester-co-polycarbonate-Based Electrolytes 

        − T+ and coordination properties 

Paper IV compares the transport and coordination properties in a PCL-PTMC 

system, where both homopolymers as well as a range of copolymers synthe-

sised with different CL:TMC ratios were investigated. As has been seen in 

previous studies, a higher TMC content will lead to lower ionic conductivity 

[87,111]. This is most likely due to the lower glass transition temperature of 

PTMC compared to PCL [111]. An addition of up to maximum 20 % of TMC 

to CL is however beneficial at lower temperatures as it reduces the crystallin-

ity. As Figure 19 shows, this is seen in this work also.  

 

Figure 19: Total ionic conductivity for PCL, PTMC and copolymers with different 
CL:TMC ratios.  

To further analyse the conduction properties of the range of copolymers, the 

transference number was measured. A minimum of three cells were tested per 

polymer and the average and the standard error is shown in Figure 20. A clear 

trend is seen. For PCL the transference number is 0.49, while for PTMC it is 

0.83 at 55 °C for a salt content of 30 wt%. For the copolymers the value scales 

linearly to the CL content; the more CL the lower the transference number 

becomes.  
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Figure 20: Measured transference numbers for the PCL:PTMC polymers with a 
LiTFSI content of 30 wt%. Standard error of the mean is represented as error bars. 

The cation transference number is effectively a measurement of how mobile 

the lithium ions are in the polymer matrix. If they are coordinated too strongly 

to the polymer, or are sterically hindered in some way, the transference num-

ber will be low. This would then indicate that having more ester groups in the 

polymer leads to a more strongly bonded, and less mobile, lithium ion. To 

investigate if this was the case in this system, DFT calculations and FT-IR 

measurements were used. 

DFT calculations were employed to calculate the binding energy between 

CL or TMC monomers and lithium, and was done with a monomer:LiTFSI 

ratio between 1 and 4. This showed that the average binding strength per mon-

omer is stronger for the TMC system. This contradicts the trend seen in Figure 

20. A low transference number would indicate a stronger coordination and 

therefore a less mobile lithium ion, and the binding strength could therefore 

be assumed to instead be higher in the ester system. Since this is not what is 

seen in DFT calculations, there must be other causes for this effect. The poly-

mer samples with and without LiTFSI were therefore investigated with FT-

IR, see Figure 21. By using the ratio between the area of fitted peaks corre-

sponding to coordinated and non-coordinated carbonyl bonds, the coordina-

tion number could be calculated as described in section 1.2.2.3 It appears that 

the coordination number is significantly higher in the ester system, making it 

possible to have a higher overall coordination strength in the ester system.  
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Figure 21: FT-IR spectra of PCL (left) and PTMC (right) with and without 30 wt% 
LiTFSI and the calculated coordination number. 

It thus seems like, despite the individual bond between the lithium and the 

ester group being weaker than to the carbonate, it is compensated by having a 

higher coordination number, making the total coordination strength higher. 

The reason for the polycarbonate having a lower coordination number may be 

due to steric hindrances, which appears as obstacles when forming the coor-

dination environment around the cation. The distance between the functional 

groups is shorter in the PTMC compared to the PCL, as well as it having a 

functional group with one more oxygen that alters the electronic and structural 

properties around it. As seen in Figure 22, the TMC monomer is more polar 

and the darker red colour shows that the carbonyl oxygen has a slightly more 

negative electrostatic potential charge than in the CL, which explains the 

stronger electrostatic interaction between lithium and the polycarbonate. One 

has to remember, though, that entropic effects are not considered in the DFT 

calculations and when moving from a monomeric system to a polymeric one, 

additional steric effects will come into play.  

 

Figure 22: Electrostatic potential charge distribution in CL (left) and TMC (right). 
Red colour indicates more negative charge and blue more positive. 
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So, the transference number is very much affected by the CL content in this 

copolymer system, which seems to stem from an increasingly higher coordi-

nation number and subsequent overall higher binding strength. The transfer-

ence number increases as TMC is added, as the steric effects render a weaker 

coordination and thereby a higher lithium mobility. This work highlights the 

importance of considering not only the enthalpy and electrostatic effects, but 

also the entropic and steric effects when studying coordination properties, as 

well as the importance of fully understanding the interaction with lithium to 

be able to explain the transport mechanism in a polymer system.  

3.5 Polyesters vs. Polycarbonates vs. Polyketones 

        − A comparative study between carbonyl-containing SPE hosts 

Paper V is a comparative study between electrolytes based on a polyketone, 

a polyester and a polycarbonate, that is, they are based on the three different 

polymer categories studied in this thesis. Properties like salt content and mo-

lecular weight were kept the same, and structurally the only difference be-

tween them is the functional group. It is therefore possible to see what effect 

that only these additional oxygens have on the physical, ion-conducting and 

ion-coordinating properties.  

The three polymers (POHM, PCL and PTeMC, see Table 2) turned out to 

be semi-crystalline polymers, both with and without 25 wt% LiTFSI. The 

polyketone (POHM), has an especially high degree of crystallinity as con-

firmed by DSC measurements. It was therefore difficult to obtain a reliable Tg 

value for this compound. A similar phenomenon was seen in Paper III. By 

fabricating a sample with a higher salt content, and therefore lower degree of 

crystallinity, it could be concluded that the polyketone should in fact have the 

lowest glass transition temperature of these three, followed by the polyester 

and polycarbonate as can be seen in Table 4. This was also confirmed through 

MD simulations.  

Table 4: Experimentally obtained and simulated glass transition temperatures as well 
as melting point for the POHM, PCL and PTeMC with and without salt.  

  Tg Tm Sim. Tg 

POHM Pure polymer Undetectable 170 °C  

25 wt% LiTFSI 70 °C 159 °C 5 °C 

 40 wt% LiTFSI −37 °C 125 °C  

PCL Pure polymer −63 °C 69 °C  

25 wt% LiTFSI −30 °C 56 °C 20 °C 

PTeMC Pure polymer −21 °C 66 °C  

25 wt% LiTFSI −13 °C 49 °C 58 °C 
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From the Tg values, it could be expected that the polyketone should have 

the highest ionic conductivity, but as concluded in Paper I and III a high 

degree of crystallinity is usually detrimental for achieving a high ionic con-

ductivity. This is indeed the case in Paper V also, as seen in Figure 23. At 25 

wt% LiTFSI the polyketone shows the lowest total ionic conductivity, and as 

it has a melting point above the highest measured point, it shows an Arrhenius- 

type behaviour for the whole temperature range. With 40 wt% LiTFSI, it has 

a drastically higher conductivity as it is then more amorphous. This shows that 

the SPE has a possibility to display high conductivity if only the degree of 

crystallinity can be reduced. The ionic conductivity of the polyester and pol-

ycarbonate does, however, seem to be directly related to the Tg value, and the 

polyester shows about an order of magnitude higher ionic conductivity over 

the whole temperature range.  

To investigate the coordination properties, both FT-IR and MD simulations 

were used. Here, a clear trend is seen. The polyketone coordinates the strong-

est to the lithium ions, as indicated by the lithium binding energies and coor-

dination numbers displayed in Figure 24. This is followed by the polyester, 

while the polycarbonate shows the weakest coordination to the lithium ion. 

Here, the computational and experimental results are more in line with each 

other than in Paper IV, likely due to MD simulations not having the same 

restrictions as DFT calculations, and can therefore consider not only the elec-

trostatic interactions.  

 

Figure 23: Total ionic conductivity for the polyketone-, polyester- and polycarbonate-
based electrolytes. 
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Figure 24: a) Coordination numbers and b) binding energies for the polyketone, the 
polyester and the polycarbonate. 

To conclude the comparison on ion coordination and ion transport properties 

for the three carbonyl-containing polymers, the transference number was 

measured. The results naturally follow the same trend seen in coordination 

numbers and lithium binding energies, as the transference number effectively 

is a measurement of lithium ion mobility and a higher coordination strength 

leads to the ions being more trapped in the same coordination sphere. The 

polyketone has a T+ of 0.23, while it is 0.54 for the polyester and 0.87 for the 

polycarbonate.  

It therefore seems that, even though the structural differences in these pol-

ymers are seemingly not very large, the extra alkoxy oxygen or oxygens make 

a significant difference to both the physical properties as well as the ion 

transport properties. The extra oxygens will change the electron density of the 

carbonyl oxygen as well as changing the structural rigidity of the polymer 

backbone (as indicated by the Tg values). This alters the properties quite dras-

tically, which is shown in Paper V. The polyketone has the lowest Tg value, 

but still displays the lowest ionic conductivity because of the high degree of 

crystallinity. It does also show the highest coordination strength and therefore 

also the lowest transference number. The polycarbonate also displays a low 

ionic conductivity due to its relatively high glass transition temperature, but 

most of the conduction is, on the other hand, coming from transport of lithium 

ions as indicated by the high transference number. The polyester has a func-

tional group with a structure containing a carbonyl and one extra oxygen, and 

is therefore somewhat of an intermediate between the structures of the other 

two. This is also seen in the results, as this mostly shows values in between 

the results of the other two electrolytes. That is, except for the total ionic con-

ductivity, which is also perhaps the most important property. As it is not re-

stricted by the high degree of crystallinity seen in the polyketone or the high 

glass transition temperature of the polycarbonate, the lithium ions are more 

free to move. 
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4. Conclusions and Outlook 

Even though PEO has been the dominating polymer host material in SPE lit-

erature until today, a large number of alternative polymers exist that may be-

come the key when constructing the optimal polymer-based solid-state bat-

tery. In this thesis, three different polymer classes have been studied, namely 

polyesters, polycarbonates and polyketones. All are carbonyl-containing pol-

ymers. As seen in Table 5, the ion-coordinating motifs are similar in these 

polymers, but not completely identical as the polyester and polycarbonate con-

tains additional oxygens besides the carbonyl oxygen. The ion coordination 

properties of these functional groups mean that the polymers can conduct lith-

ium ions, but how fast the ionic conduction is will depend on several proper-

ties of the polymer. One important factor is the degree of crystallinity, as seen 

in Paper I, III and V. With a reduced degree of crystallinity, the ionic con-

ductivity will increase as the amount of ion-conducting regions increases. The 

degree of conductivity does, in turn, depend on both salt content, additives and 

the polymer structure. With the addition of salt or nanoparticles, a semi-crys-

talline polymer electrolyte will become more amorphous and, thereby a higher 

ionic conductivity is achieved. The amorphicity does generally increase the 

mobility of the polymer backbone, since more free volume is created. If the 

polymer is fully amorphous, however, the flexibility of the polymer chain may 

be increased in other ways. The addition of side-chains may decrease the glass 

transition temperature significantly. This does not automatically give a faster 

ion conduction in the same way as decreasing the degree of crystallinity, 

though. The mobility of the lithium ion may in fact be hindered by the side-

chains, as seen in Paper II, which highlights the importance of having con-

nectivity between the ion-complexing sites in the polymer matrix.  

To fully understand the ion transport mechanism, one has to look beyond 

the ionic conductivity value, though. More fundamental studies to understand 

the coordination properties in the system may be beneficial, or perhaps vital, 

in order to create a plausible electrolyte for a solid-state lithium battery. Paper 

IV leaves us with a good example of this. A copolymer with a higher TMC:CL 

ratio will have a quite poor conductivity because of the restricted segmental 

motion that is seen in the carbonate due to its high glass transition temperature. 

It would therefore be reasonable to choose a polymer with a lower TMC con-

tent. It turns out, however, that the transference number will then be quite low, 

which might ultimately affect the battery’s performance.  
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Paper V is in itself a kind of summary to the work included in this thesis. 

It compares a polyketone, polyester and a polycarbonate − i.e. the three car-

bonyl-containing polymer classes. It showed quite clear trends. The polycar-

bonate possessed the highest glass transition temperature, giving it a low ionic 

conductivity. The binding strength was the lowest and it had a low coordina-

tion number, giving it a high transference number. With suppressed crystal-

linity, the opposite was true for the polyketone: lowest Tg, highest binding 

strength and lowest T+. The high degree of crystallinity is, however, clearly an 

issue. The same was seen in Paper III. The polyester was showing average 

properties but due to less restricting properties, it showed the highest ionic 

conductivity, and thereby appears as a golden mean.  

Polyketones in general seem to be able to reach high conductivities, but the 

degree of crystallinity must be lowered. The mechanical properties also need 

to be improved as they are brittle and the high melting point makes the pro-

cessing difficult. At the same time, polymer modifications can likely make 

this possible, and could mean a prosperous future for this macromolecular 

platform in solid-state batteries. PCL is also a semi-crystalline polymer, but 

to a much lower degree. It is, however, possible to decrease it further with 

additives or raising the temperature to 40‒60 °C. PCL’s advantage, over the 

polycarbonates at least, is the low glass transition temperature that can render 

a comparatively high ionic conductivity. Random copolymers of PCL and 

PTMC are interesting to study as they can have properties of both categories 

depending on the composition. Synthesising such copolymers can reduce the 

degree of crystallinity as compared to pure PCL, but will increase the Tg, the 

main disadvantage of the polycarbonates. Both PTMC and PTeMC have quite 

high glass transition temperatures, but have the advantage of having a high T+. 

PTMC is also completely amorphous and will therefore not be limited by crys-

tallinity at room temperature. For a complete overview of this, a comparison 

between the properties of the polymers used in this thesis is seen in Table 5.  

From a battery perspective, it is not possible to say which of these SPE 

hosts that is the best-performing one, as it depends on the specific application 

it will be used for. For example, polyketones may work well for applications 

at high temperatures, while polycarbonates could be better at room tempera-

ture due to their amorphicity. It of course also depends on what other materials 

are used in the battery and how the polymer electrolyte reacts and interacts 

with them, as well as the type of battery cycling that will be done. Such issues 

are, however, beyond the scope of this thesis. Even though the functional 

groups have a quite similar structure, the properties, as has been shown in this 

thesis, can vary significantly, thereby leaving plenty of opportunity for mate-

rials design. Both the mechanical properties, as well as the transport proper-

ties, can be tailored through synthetic chemistry. Moreover, there is still a lot 

more to explore in the SPE realm, both regarding the cation conduction and 

coordination in carbonyl-containing compounds, and beyond them. 
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5. Populärvetenskaplig sammanfattning 

Batterier är oumbärliga i dagens samhälle. Utan batterier skulle vi fortfarande 

vara begränsade av en elkabels längd från vägguttaget, och utan litiumjonbat-

terier skulle våra mobiler vara betydligt tyngre och osmidigare. Litiumjonbat-

terier har sedan kommersialiseringen år 1991 av Sony [1] exploderat i antal 

och lett till att vi kan tillverka mindre och lättare bärbar elektronik. Men en 

del litiumjonbatterier har också gjort just det: exploderat. I media har vi sett 

åtskilliga exempel på elektronik som börjat brinna i händerna eller fickorna på 

människor [31,112]. Det problemet blir dock många gånger värre när det är 

en elbil som börjar brinna. Eftersom det finns så mycket större volym av bat-

terier i en elbil så blir risken, och skadan om något händer, genast mycket 

större. Det är på grund av denna säkerhetsproblematik som polymerelektroly-

ter kommer in i bilden. 

För att förstå varför bör det förklaras hur ett litiumjonbatteri fungerar. Som 

alla batterier så består litiumjonbatterier av en positiv elektrod, en negativ 

elektrod och en elektrolyt. Vid urladdning omvandlar batterier kemisk energi 

till elektrisk energi genom att redoxreaktioner sker vid elektroderna. Vid ox-

idationen bildas elektroner och litiumjoner. Elektronerna färdas genom en 

yttre krets och skapar den elektriska strömmen. Litiumjonerna transporteras 

däremot genom batteriets elektrolyt till den andra elektroden där en reduktion 

sker. Vid uppladdning sker det motsatta. Litiumjonbatteriernas elektroder be-

står ofta av så kallade interkalationsmaterial, t.ex. grafit. Grafit består av skikt 

av kolatomer och mellan dessa skikt kan litiumjoner interkalera. Av flera or-

saker så händer det dock att litiumjonerna inte går in i materialet på rätt sätt, 

utan bildar metalliskt litium på ytan. Detta metalliska litium kan sedan bilda 

långa nålliknande strukturer som, om de når den andra elektroden, orsakar 

kortslutningar i batteriet. När det händer så blir det snabbt väldigt varmt i bat-

teriet, och eftersom elektrolyten består av organiska lösningsmedel så kan det 

leda till explosioner.  
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För att förhindra att explosioner kan ske så kan man byta ut den brandfar-

liga flytande elektrolyten mot en fast elektrolyt. Fasta elektrolyter är inte bara 

mindre brandfarliga, utan kan också mekaniskt hindra att dessa litiumnålar 

bildas. Den fasta elektrolyten kan bestå av ett keramiskt material eller, som i 

denna avhandling, av en polymer. Polymerer är långa kedjor av kolatomer, 

och ifall den ska användas som elektrolyt innehåller den oftast också syreato-

mer. Syreatomerna koordinerar till litiumjonerna och med hjälp av polyme-

rens naturliga rörelse kommer jonerna att kunna röra sig mellan elektroderna. 

Dock är inte den här transporten (jonledningen) snabb nog, och det är det pro-

blemet som försöks lösas och förstås i denna doktorsavhandling.  

I Artikel I undersöks en polyester (polykaprolakton) som är delkristallin. 

Kristallinitet är ett problem eftersom det endast är de amorfa delarna i poly-

meren som leder joner, medan de kristallina delarna är inaktiva. Så för att 

minska andelen kristallina områden tillsattes nanopartiklar. Dessa partiklar 

går in mellan polymerkedjorna och förhindrar kristallisationen från att ske. I 

andra material, som till exempel polyetylenoxid, skapas även alternativa trans-

portmekanismer vid tillsats av nanopartiklar som leder till en ökad jonled-

ningsförmåga även ovanför smältpunkten. Detta syntes inte i resultaten för 

polykaprolakton. Här verkar det istället endast vara minskningen av kristalli-

nitet som ger upphov till ökad jonledningsförmåga. Förutom detta så ledde 

även additionen av nanopartiklar till mer stabil battericykling. Artikel III in-

volverar även det en delkristallin polymer, en polyketon. Intressant med denna 

är att det är en tidigare i princip ostuderad kategori av polymerer inom detta 

område, trots att den strukturellt sett är väldigt lik några mer välutforskade 

polymerelektrolyter. I denna artikel visades det att polyketoner kan transpor-

tera litiumjoner med en relativt bra jonledningsförmåga, speciellt när så 

mycket salt är tillsatt att polymeren är helt amorf.  

I Artikel II är den studerade polymeren en polykarbonat och i sig självt 

helt amorf – inga nanopartiklar eller extra salttillsatser är nödvändiga för att 

minska kristalliniteten. Detta betyder dock inte att man inte kan påverka po-

lymerens mobilitet. Man brukar sträva efter att ha en så flexibel och rörlig 

polymer som möjligt, vilket motsvaras av så låg glasövergångstemperatur som 

möjligt, eftersom det bör betyda att jonerna kan hoppa mellan koordinations-

platser snabbare. Här undersöktes om additionen av sidokedjor på en polykar-

bonat har denna effekt. Sidokedjorna visade sig förvisso sänka glasövergångs-

temperaturen betydligt, men jonledningsförmågan blev istället sämre. Med 

hjälp av datorsimuleringar så visade det sig att sidokedjorna blockar jonernas 

rörelse. De kan inte lika lätt röra sig längs och mellan olika polymerkedjor, 

utan transporteras främst tillsammans med samma polymerkedja när den rör 

sig, vilket är en mycket långsammare process. 
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Artikel IV jämför de polymerer som användes i Artikel I och Artikel II, 

det vill säga polykaprolakton och polytrimetylenkarbonat. Även sampolyme-

rer innehållande de monomerer som bygger upp dessa två polymerer under-

söktes. Det syntes att flera av egenskaperna, framförallt det så kallade överfö-

ringstalet som visar på skillnaden i transportegenskaper mellan positiva och 

negativa joner, berodde på andelen kaprolakton som fanns i polymeren jäm-

fört med trimetylenkarbonat. Resultaten indikerade att polykaprolakton binder 

hårdare till litiumjonen eftersom den har ett högre koordinationstal (hur många 

syreatomer på polymeren som binder till en litiumjon), och därför uppkommer 

ett lägre överföringstal (hur mycket av strömmen som utgjordes av litiumjoner 

jämfört med andra joner). Överföringstalet ökar sedan linjärt med tillsatsen av 

trimetylenkarbonat upp till det högst uppmätta värdet, som är för den polymer 

som innehåller bara trimetylenkarbonat, och som binder svagare till litiumjo-

nen.  

I Artikel I-IV så är alla polymerer som använts sådana som binder litium-

jonen med ett karbonylsyre. De är dock lite olika i den molekylära strukturen 

och har olika funktionella grupper; vi har polyketoner som bara har ett kar-

bonylsyre, samt polyestrar (karbonylsyre + ett extra syre) och polykarbonater 

(karbonylsyre + två extra syren). Se Figur 1. Även om dessa extra syren inte 

direkt binder till litiumjonen påverkas de fysiska och kemiska egenskaperna, 

och även bindningsstyrkan eftersom elektronfördelningen ändras. Detta är vad 

som undersöks i Artikel V. Alla tre polymerer som används i det fallet visar 

sig vara delkristallina, framförallt är polyketonen väldigt kristallin och kräver 

en högre salthalt än de andra två för att vara användbar. Både experiment och 

simuleringar visar att materialen följer en klar trend: ju färre syren som poly-

meren innehåller, desto lägre glasövergångstemperatur, lägre överföringstal, 

och svagare bindningsstyrka, men också högre koordinationstal mot litium. Så 

även om strukturerna är relativt lika hos de tre polymererna, så ändras egen-

skaperna relativt drastiskt när man ändrar den funktionella gruppen. Det ver-

kar därmed som att polykarbonater har för hög glasövergångstemperatur me-

dan polyketonen är för kristallin, men att polyestern istället är ett bra mellan-

ting och visar därför den högsta jonledningsförmågan. 

I denna avhandling så har jonledningsförmågan, koordinationsstyrkan och 

jontransportmekanismerna i olika karbonylinnehållande polymersystem un-

dersökts, och vilka av polymerens fysiska och kemiska egenskaper som på-

verkar detta positivt eller negativt. En del ledtrådar har vi därmed fått i jakten 

på den ultimata polymerelektrolyten, men vi har ännu en bit kvar på vägen 

innan vi funnit receptet för ett perfekt polymerbatteri.  
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Figur 1: Exempel på en polyketon (topp), en polyester (mitten) och en polykarbonat 
(botten).  

  



 

 55 

6. Acknowledgements 

I saved this part to last, as it is both the hardest and easiest part of this thesis 

to write. I have so many to thank, but the hard part is to put into words how 

much each one of you reading this has meant to me both personally and for 

the work you see in this thesis.  

I must, of course, start with my supervisors Daniel and Jonas, without you 

I would not be writing this text. Thank you for all the help, support and fast 

replies; it has been great to have you two as supervisors. You two complement 

each other well, and one of you always have the answer if the other one 

doesn’t. I don’t mind that half of the time in our meetings consist of looking 

at the map in Daniels office and discussing music from the 90s or other unre-

lated topics, or that you two often correct each other’s corrections in our man-

uscripts. It is things like that, which makes it more fun to be your PhD student.  

Second of all, I would like to thank the other people who have made this 

the work in this thesis possible. Thank you to all my co-authors, you know 

who you are (if you don’t, then look at the List of Papers). Especially Harish, 

Amber and Mahsa who did the computational part for the papers, your contri-

bution was great help to understand the system and you did something I 

couldn’t have done myself. Without a functioning lab, I couldn’t have gotten 

this work done so thank you to the lab technicians, past and present. And thank 

you to everyone who helped me in the lab, with big things or small, or let me 

use your equipment. Especially those who helped me with organic synthesis 

when I was completely lost. I would also like to thank my opponent and the 

committee for sparing me some of your time and making it possible for me to 

defend this thesis. 

I would also like to acknowledge the members of the PUB group. We are 

now too many to name (and to share Bodil), but I remember the time when we 

could still have real meetings and fit in the small conference room at polymer 

chemistry. It’s been great to have this group of people who know all aspects 

of polymer electrolytes and that are always willing to help, and to drink with 

during our PUB at the pub meetings. I also want to thank the maybe most 

important one for the PUB group, Bodil the glovebox. You were the glovebox 

with the best values when I started, but age, a lot of solvents and excessive use 

has corrupted you. You are, however, still the best box in my eyes.  

  



 

 56 

As I’m writing this I just got home from a weekend long crayfish party. It 

was the third one I’ve hosted, and was, however, a bit smaller this year since 

may of us are writing our thesis or licentiate. The ones of you who have al-

ready finished signed my copy saying how much you appreciated me hosting 

my extracurricular activities. I would just like to, instead, thank everyone who 

joins. If you wouldn’t come, there wouldn’t be anyone to organise these things 

for. I hope you will still join in the future, even if you would have to fly from 

the UK or somewhere else. Thank you Sarmad and Markus for all the lunches, 

chocolates, cups of tea and most of all discussions. You never know what will 

be the topic of discussion for the day (or even the next 5 minutes). Lunch will 

not be the same without you two. Are you ready for it Sarmad? WOLFGANG 

NEEEEEEEEEEEEEEEIIIIIIIIIIIIIIIIIIIIIIIIIIINNNNNNNNNNNNNNN!!!  

Yuchi, det är ingen ko på isen så länge stjärten är i land, you will do great 

during your defence I know it. The same goes for Victor and Dennis, and for 

those who already defended but I just don’t know it while writing this text 

(Andoria and Le Anh), I’m sure you did good. I can’t believe were all finish-

ing, feels like we just started. Ashok, Andoria and Yuchi, hate to see you leave 

you must come back to visit. And Christofer and Gustav, you’re already done! 

Christofer, thank you for being a great office mate, it has not been the same 

since you left. And to my  office neighbors Gustav and Victor, thank you for 

inviting us to sit on your sofa and Gustav for keeping the fridge stocked (and 

thank you Will for letting us use it, hope you like the googly eyes). And while 

were on the topic, thank you to all who made both the time at work and after-

work more fun (in alphabetical order); Andoria, Ashok, Babsi, Casimir, Chris-

tofer, Guiomar, Gustav, Isabell, Jonas H, Katalin, Le Anh, Markus, Rassmus, 

Robin, Ronnie, Sarmad, Sebastian, the Simons, Tatiana, Tim, Victor, Viktor, 

Ville, Yoni, Yuchi and Zack. Some of you have now been mentioned more 

than once, but you’re worth it.  

Zack, sorry that I have been grumpy and stressed the last few months, I will 

make it up to you when it’s your turn to do this. Thank you for putting up with 

it. May our new apartment be awesome and our fur babies (keeping me com-

pany while writing this) be forever cute. Thank you for being in my life.  

Sist, men inte minst, tack till mina vänner (speciellt Karo) och hela min 

familj. Tack för alla stunder och att det är självklart att ni alltid finns där.  

Mamma, du har alltid varit stolt över mig när jag berättat eller visat vad jag 

gjort även om du säger att du inte förstår vad det är jag jobbar med. Tack för 

allt stöd och allt uppskattning, och att du alltid ställer upp och hjälper till.  

I hope everyone who wanted a thanks got one, you should know that I’m 

grateful even if I didn’t name you by name. How did we get so many? We 

used to all fit in the Beurling room! 
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