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Abstract
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Organic electrode materials, as sustainable and environmental benign alternatives to inorganic
electrode materials, show great promise for achieving cheap, light, versatile and disposable
devices for electrical energy storage applications. Conducting redox polymers (CRPs) are a
new class of organic electrode materials where the charge storage capacity is provided by
the redox chemistry of functional pendent groups and electronic conductivity is provided by
the doped conducting polymer backbone, enabling the production of energy storage devices
with high charge storage capacity and high power capability. This pendant-conducting polymer
backbone combination can solve two of the main problems associated with organic molecule-
based electrode materials, i.e. the dissolution of the active material and the sluggish charge
transport within the material. In this thesis, diethyl terephthalate and polythiophenes were
utilized as the pendant and the backbone, respectively. The choice of pendant-conducting
polymer backbone combination was based on potential match between the two moieties, i.e.
the redox reaction of terephthalate pendent groups and the n-doping of polythiophene backbone
occur in the same potential region. The resulting CRPs exhibited fast charge transport within the
polymer films and low activation energies involved charge propagation through these materials.
In the design of these CRPs an unconjugated link between the pendant and the backbone
was found to be advantageous in terms of the polymerizability of the monomers and for the
preservation of individual redox activity of the pendants and the polymer chain in CRPs.
The functionalized materials were specifically designed as anode materials for energy storage
applications and, although insufficient cycling stability was observed, the work presented in
this thesis demonstrates that the combination of redox active functional groups with conducting
polymers, forming CRPs, shows promise for the development of organic matter-based electrical
energy storage materials.
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1. General introduction 

Organic materials provide an alternative in energy storage systems (EES) 
due to their sustainability, environmental friendliness, light weight, pro-
cessability and tailored electrochemical properties compared to traditional 
inorganic electrode materials.1,2 Conducting polymers (CPs), as one of the 
most promising types of organic electrode materials, have been extensively 
utilized in EES since their discovery in 1976.3 CPs exhibit extraordinary 
electrical, optical and mechanical properties, making them not only attractive 
in energy storage applications, i.e. capacitors4,5 and batteries,6 but also in 
solar cells,7 biosensors,8 electrochromic devices,9 etc.  

The most notable property of CPs is their doping-induced electronic con-
ductivity which distinguishes them from other plastics. The high conductivi-
ty makes them suitable for high power applications.10,11 However, the low 
specific charge capacity of CPs resulting from low attainable doping levels, 
i.e. 0.3 ∼ 0.5,4 makes them insufficient as battery materials. This drawback 
could be overcome by attaching redox groups, i.e. carbonyls,12,13 radical 
compounds,14 organosulfur compounds,15 metal complexes,16 to name a few, 
onto the CP backbone, forming conducting redox polymers (CRPs). This 
strategy relies on the ability to preserve the redox properties of both pendent 
groups (introducing high charge capacity) and polymer backbone (offering 
conducting path for charge transport and solving dissolution problems of 
organic redox molecules (ORMs) in battery solvents thus improving the 
cycle life of the active materials in devices). To realize these characteristics 
of CRPs, a rational design is needed which includes 1) the proper selection 
of pendant and backbone types to maximize the charge capacity of the mate-
rial and to achieve a potential match between the pendent groups and the 
polymer backbone and 2) an appropriate choice of link between the pendant 
and the backbone to facilitate the organic synthesis and polymerization and 
to preserve the individual redox behavior of the two active moieties.   

In this work, the CPs with n- and/or p-doping properties have been stud-
ied and their potential match with several ORMs has been explored. As a 
first attempt, a series of diethyl terephthalate (DeT)-functionalized CRPs 
have been successfully synthesized and characterized in this thesis. The elec-
trochemistry, kinetics, conduction mechanism, cycling stability, mass effect 
and spectroelectrochemistry of these materials have been investigated. These 
conducting polymers with functional groups represent promising organic 
anode electrode materials for energy storage applications. 
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2. Aims of the thesis 

The aim of this work is to develop CRPs with CP backbone and DeT pen-
dants for electrical energy storage and to understand the fundamental charac-
teristics of these materials. As the first investigation of CRPs as potential 
organic anode materials, this work gives a general guideline to the rational 
design of new CRPs for EES.  

The specific aims of the included papers are as follows: 
 

• To explore suitable CP backbone and ORMs for developing CRPs, to 
understand the potential match between CPs and ORMs under different 
experimental conditions (Papers I & II).  
 

• To investigate the electrochemistry of DeT-functionalized thiophene 
monomers in order to understand the effect of the link on the electro-
chemical properties and polymerizability of theses monomers (Papers 
III & V).  

 
• To study the electrochemical and spectroscopic properties of CRPs, to 

uncover kinetics, conduction mechanism, cycling stability, mass effect 
and to disclose the doping-induced optical properties of CRPs (Papers 
IV, V & VI).   
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3. Experimental techniques 

3.1 Electrochemical techniques 
An electrochemical reaction is a process either caused or accompanied by 
the passage of an electric current and involves the transfer of electrons be-
tween an electrode and an analyte. The current, either supplied in an electro-
lytic cell or produced by a spontaneous chemical reaction in a galvanic cell 
(Figure 1), flows downhill through the external circuit to minimize the ener-
gy of the system. The electrochemical processes involving electron transfer 
to (reduction) or from (oxidation) the active species are referred as redox 
reactions. In electrochemistry, qualitative and quantitative analysis of the 
materials could be implemented by measuring the electrochemical response 
(e.g. current and potential) during their redox conversion. Electrochemistry 
provides excellent techniques (e.g. potentiometry, amperometry, voltamme-
try, etc.) to determine concentrations and redox potentials (E0), to elucidate 
reaction mechanisms via kinetic analysis and to disclose the impact of the 
environment on the redox reaction and the properties of electroactive elec-
trode surfaces. 

In this section, the two electrochemical methods mainly used in this thesis 
will be described. Before that, the electrolytic cell used for electrochemical 
measurements is introduced. Instead of a two-electrode cell (as shown in 
Figure 1), a three-electrode setup was used in this thesis for all electrochemi-
cal experiments due to the advantage of enabling control of both potential 
and current of the system that the three-electrode setup offers. The setup, 
typically, consists of a glassy carbon (GC) working electrode (WE), a plati-
num wire counter electrode (CE) and a Ag+(AgNO3)/Ag0 reference electrode 
(RE) for organic solvents (The reference electrode was treated as a pseudo-
reference and was calibrated against ferrocenium/ferrocene (Fc+/Fc0) redox 
couple). All electrochemical experiments were performed in an electrolyte 
solution with high concentration of supporting electrolyte to minimize the 
effects of migration of electroactive species.  
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Figure 1. Electrolytic cell vs. galvanic cell.  

Potential step is one of the electrochemical techniques widely used in this 
thesis. In a potential step experiment, the WE is typically stepped from a 
potential (Eequ) where the system is at equilibrium to a new potential (E) and 
the resulting current (I) produced as the system is adapting to the new poten-
tial is measured as a function of time (t). The excitation profile and the cur-
rent response for a potential step experiment are shown in Figure 2. Upon 
applying a suitable potential, the reactant of interest (solute) close to the 
electrode surface is oxidized (reduced). A maximum anodic (cathodic) cur-
rent is observed at t = 0 s when the concentration of the species is equal to 
the initial equilibrium concentration. In solution, the current gradually de-
creases with time due to the thickening of the diffusion layer resulting in a 
reduced concentration gradient towards the electrode surface. For a surface-
immobilized material, i.e. a CP film precipitated onto the WE, the measured 
current approaches zero when the material has equilibrated at the new ap-
plied potential. The development of several in situ techniques with electro-
chemistry makes it possible to reach information, not only of the initial and 
final state, but also of intermediate state during electrochemical redox con-
version. As discussed below, in situ electrochemical quartz crystal microbal-
ance (EQCM) measurements, conductance measurements, ultraviolet-visible 
(UV-vis) spectroscopy and attenuated total reflectance-fourier transform 
infrared (ATR-FTIR) spectroscopy have been performed for the investiga-
tion of the materials presented in this thesis.  
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Figure 2. (a) Excitation profile and (b) corresponding current response in a potential 
step experiment.  

Cyclic voltammetry (CV) is the most widely used electrochemical technique 
to investigate an unknown material qualitatively or quantitatively. In a CV 
experiment (Figure 3), the potential of WE is ramped linearly with time from 
the equilibrium potential (Eequ) at a scan rate ν (V s-1) and after reaching the 
set potential (E1), the potential of WE is ramped in the opposite direction to 
return to the cutoff potential (E2). In this process, a current is recorded as a 
function of the potential.  

As in a potential step experiment, different current responses are also ob-
served for a solute and a surface-immobilized material in a CV process (Fig-
ure 3b, c). Broad oxidation/reduction peaks and large peak separation (∆Ep = 
anodic peak potential (Ep,a) – cathodic peak potential (Ep,c)) are usually ob-
served when the redox reactions happen to the active species in solution due 
to the diffusion of the material to the electrode surface. A diffusion current 
tail can be seen at the cutoff potential in the waveform. For this diffusion-
controlled system, E0 can be calculated by equation 

                                                  = , ,                                               (1) 

and the peak current (anodic peak current (Ip,a) and cathodic peak current 
(Ip,c)) is proportional to ν1/2 from the Randles-Sevcik equation 

                                 = 2.69 × 10 / / /                                (2) 

where A (cm2) is active area of the WE, D (cm2 s-1) is diffusion coefficient of 
active species, and c (mol cm-3) is the concentration of the active material in 
solution.   

If the material is attached directly onto the surface of the WE, the result-
ing redox peaks are sharper and negligible ∆Ep can be obtained. The current 
decreases to zero at the cutoff potential as in a potential step experiment. For 
surface-confined material where the entire material is equilibrated at all 
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times during the experiment, the obtained peak current is proportional to ν 
and is given by  

      (3)    = 9.39 × 10 Γ        

where Γ (mol cm-2) is the surface coverage of the active species. 
However, Equation 3 is valid only for monolayers where electron transfer 

is the rate limiting step. When the thickness of the film is increased, diffu-
sion sets in during the redox processes of the electroactive system and as a 
consequence the voltammetric response shifts from symmetrical waveform 
to the diffusion-controlled asymmetrical shape. This transition from a kinetic 
limitation in thin polymer films to a diffusion limitation in thicker polymer 
films has been observed in the CRPs studied in this thesis. This diffusion 
could be traced to the diffusion of charge compensating counterions through 
a doped CP film and of counterions involved in the redox processes of pen-
dent groups. Moreover, hopping of charge carriers (e.g. polarons/bipolarons) 
within thick CP films might be slow and could also shows a diffusion re-
sponse.  

An important advantage of cyclic voltammetry over other electrochemical 
techniques lies in the straightforward information about the electrochemical 
properties of the material. The reversibility and stability of the system under 
study can be evaluated by observing peak currents, peak separations and the 
full width at half maximum (FWHM) of the oxidation and reduction peaks. 
For instance, in the ideal case of a reversible 1e- couple, Ip,a/Ip,c = 1 and ∆Ep = 
59 mV should be obtained for a diffusion-limited process while the corre-
sponding Ip,a/Ip,c = 1 and ∆Ep = 0 mV is expected for a surface-confined, non-
diffusion-limited process. For an irreversible or quasi-reversible system, 
these numbers are deflected to various extents. However, in practice, the 
waveform is more complex even for reversible couples due to the combined 
effects of polarization and diffusion. Therefore, the obtained electrochemical 
data for a chemically reversible system might differ from the ideal case.  

Figure 3. (a) Excitation profile and corresponding current response of (b) a solute 
and (c) a surface-immobilized material in a CV experiment.  
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3.2 Electrochemical quartz crystal microbalance 
Doping of CPs is accompanied by insertion/repulsion of counterions (and 
solvent) to the polymer film to ensure charge neutrality in the doped state.17-

19 This process will cause a mass change of the material. Tracking the mass 
change of a CP film during electrochemical redox conversion could provide 
information about the charge, counterion and/or solvent uptake and removal 
as well as on the reversibility of the material during redox conversion. 
EQCM technique provides means to monitor mass variations of the material 
in conjunction with an electrochemical process (CV in this thesis). It 
measures the change in resonant frequency of a quartz crystal oscillator 
which can be converted to a mass change per unit area. The mass sensitivity 
of the quartz crystal microbalance (QCM) originates from the dependence of 
the oscillation frequency on the total mass of the material-coated crystal, 
given by the Sauerbrey equation 

                                    ∆ = ∆ × × ( × )( )                               (4) 

where ∆freq is the resonant frequency change in Hz. A is the area of active 
surface (0.198 cm2), μq is the AT-cut quartz constant (2.947 × 1011 g cm-1 s-

2), ρq is the quartz crystal density (2.65 g cm-2), Fq is the reference frequen-
cy for the crystal, i.e. 9 MHz for a gold-coated AT-cut quartz QCM crystal 
used in this thesis. To minimize the viscoelastic shear of CPs, a thin and 
uniform polymer film should be precipitated on the crystal surface.  

3.3 In situ conductance measurement 
The doping-induced electronic conductivity is the most important feature for 
conjugated polymeric materials. It can be determined by ex situ (e.g. four-
point probe) or in situ techniques.20-23 In situ conductivity measurements can 
be realized by using an interdigitated array (IDA) electrode, which is a mi-
croelectrode pattern with electrode pairs as shown in Figure 4a, connected to 
a bipotentiostat. The IDA used in this thesis consists of 90 screen-printed 
gold electrode pairs (these pairs are the two working electrodes, WE1 and 
WE2) with a microelectrode gap of 10 μm. The potential of WE1 is con-
trolled vs. the RE and a potential bias (Ebias) between WE1 and WE2 is ap-
plied. The voltage difference between WE1 and WE2 generates a current 
flow between these two electrodes. Typically, the current on each WE is 
recorded (I1 and I2) during CV. The total current (Itotal, the sum value from 
both working electrodes) measures the flows of current to the external CE, 
i.e. the conversion current (Ic1 and Ic2), while the difference in current re-
sponse at WE1 and WE2 measures the current passing through the material, 
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i.e. Ibias. According to Ohm’s law, Ibias is determined by the polymer re-
sistance (Rp) for a certain applied Ebias and given by 

                                                 =                                                   (5) 

                                                =                                                    (6) 

Equation 6 is valid under the assumption that the conversion currents at 
WE1 and WE2 are identical or negligible compared to the bias current. This 
condition has been ascertained throughout this thesis by using sufficiently 
small ν.  

To calculate the absolute value of conductivity, the geometry of the cross 
section of the polymer film between the two WEs must be known.24,25 For 
the setup described above, this cannot be obtained. Therefore, only calculat-
ed conductance (G) data of the polymers evaluated by Equation 7 are report-
ed. 

                                        = = =                                        (7) 

In Figure 4b, the in situ conductance measurements of poly(3,4-
ethylenedioxythiophene) (PEDOT) are shown as an example. When the pol-
ymer is oxidized from its neutral state to the doped state, current is recorded 
on both WEs. Due to the presence of Ebias between WE1 and WE2, the cur-
rent on each WE goes to opposite direction (red curve). From Equation 7, we 
can calculate G as a function of doping potential and this is shown as the 
black curve in Figure 4b. It can be seen that the obtained G value increases 
from 0 (at -1 V vs. Fc+/Fc0) to 44 mS for the heavily doped PEDOT (at 0 V 
vs. Fc+/Fc0) and reaches a plateau that extends to the cutoff potential.  
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Figure 4. (a) Schematic presentation of a three-electrode setup using an IDA as the 
WE. (b) The specific in situ conductance measurements of PEDOT with a CV ex-
periment on an IDA electrode. Red curves show the current on each WE and the 
black curve is the calculated conductance. Arrows indicate the scan direction during 
cycling. The polymer film was electrochemically polymerized onto the IDA elec-
trode.  

3.4 Spectroelectrochemical techniques 
Spectroelectrochemistry is a combination of optical and electrochemical 
techniques. Typically, the spectroscopic response is monitored in situ while 
the electrochemical reactions are carried out under controlled conditions. 
This methodology opens a new way to investigate and unequivocally identi-
fy electroactive species or products of redox reactions. It provides spectro-
scopic information about the in situ electrogenerated species i.e. electronic 
absorption, vibrational modes and frequencies, light emission and scattering, 
etc.26 Therefore, this method has been extensively utilized for the investiga-
tion of conjugated organic materials to understand their optical properties at 
different oxidation states.27-29 In this part, I will introduce two spectroelec-
trochemical techniques used in this thesis.  

In situ UV-vis spectroscopy is used to record absorption or reflectance of 
the material in the ultraviolet-visible region under an electrochemical pertur-
bation. This experiment can be performed for a material dissolved in solu-
tion or surface bound species with the beam either passing through the solu-
tion or through a transparent electrode.30,31 In this thesis, an optically trans-
parent and electrically conductive electrode, indium tin oxide (ITO)-coated 
quartz glass (50 mm × 8 mm × 1 mm), was used as the WE. The ITO sub-
strate coated with a thin polymer film was placed in a quartz cuvette together 
with a RE and a CE. The redox state of the material was controlled by poten-
tial step. To discriminate the relative small absorption changes of the materi-
al being studied from the spectroscopic response of the bulk electrolyte solu-
tion, a spectrum of the system without the polymer film was recorded as the 
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reference. The sample spectrum was acquired at steady state at each poten-
tial step. 

In situ ATR-FTIR spectroscopy is used to record the IR spectra of the ma-
terial on the WE subjected to an electrochemical process. A beam of infrared 
light is directed onto an ATR crystal with high refractive index and then 
undergoes internal reflections in the crystal, insulting an evanescent wave 
which extends into the film held in contact with the crystal (as presented in 
Figure 5a). In regions of the infrared spectrum where the sample absorbs 
energy, the evanescent wave will be attenuated or altered. The attenuated 
energy from each evanescent wave is passed back to the IR beam and then to 
the detector in the spectrometer. In this thesis, a gold (10 nm in thickness)-
coated ZnSe crystal was used as the WE and a thin polymer film (5 ∼ 10 μm 
thick) was precipitated onto the gold substrate. To maximize the signal 
changes of the material at different oxidation states, a potential perturbation 
like Figure 5b was applied. A reference spectrum was recorded at the refer-
ence potential (Eref, where the polymer is neutral). The polymer film was 
then oxidized to the first oxidation potential (E1) and a sample spectrum was 
recorded at steady state in this oxidation step. Another reference spectrum 
was recorded at the oxidation state for the reduction step to Eref. Likewise, 
the spectra of the polymer film at a higher potential (E2, E3……) were rec-
orded subsequently. Such experiment will give net infrared absorption 
changes from the sample at various doping potentials and opposite peak 
direction will be obtained for oxidation and reduction steps.  

 
Figure 5. (a) Schematic presentation of the spectroelectrochemical cell for in situ 
ATR-FTIR measurements. (b) The potential excitation profile for controlling oxida-
tion state of the polymer film.  
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4. Organic electrode materials 

Rechargeable batteries are essential in our modern life. They provide the 
power for our portable devices, household appliances and vehicles.2,32 These 
devices store or release charge through chemical reactions of the electrode 
materials during charging and discharging processes. Most rechargeable 
batteries are metal-based, i.e. the most used batteries for portable electronics 
are currently lithium-ion batteries (LIBs).33 The reason for the high market 
share of inorganic electrode materials is due to their capability in achieving 
high energy and long lifespan of the devices.34 However, the limited natural 
resources, the high energy consumption in preparing and recycling electrode 
materials and the environmental impact by inorganic materials have inspired 
researchers to search for renewable, cheap and more environmental friendly 
energy storage materials. Organic compounds offer new possibilities for the 
next generation of sustainable, environment-safe and large scale energy stor-
age devices based on their abundant resources, eco-efficient synthetic pro-
cesses, design flexibility and versatile functions.1,35 In this section, I summa-
rize recently reported organic electrode materials for batteries, which include 
organic redox molecules, redox polymers (RPs), conducting polymers and 
their functionalized materials.  

4.1 Organic molecules  
Organic molecules constitute a class of materials readily accessible or even-
tually synthesized from natural products and biomass.36-38 Their application 
in batteries is not a new concept and can be traced back to 1960s.39 These 
materials are featured by low molecular weights, easy preparation and multi-
ple redox reactions, making it possible to produce batteries with high ener-
gy/power density, fast electron transfer and low CO2 footprint.1,40,41 Accord-
ing to their functional moieties, ORMs can be categorized into three main 
classes: organosulfur compounds, free radical compounds and carbonyl 
compounds.15 Organosulfur compounds contain disulfide bonds and provide 
the charge capacity through a S-S electrodimerization/scission redox reac-
tion. This process usually results in poor kinetics.42 With the dissolution 
problems of organosulfur molecules in organic solvents, use of these materi-
als in batteries is limited.15 As an alternative to them, organosulfur polymers 
have been developed with disulfide bonds in the main chain or bearing disul-
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fide as the pendants.43,44  Free radical compounds, i.e. nitroxyls, phenoxyls 
and hydrazyls,45 show fast charge transport through charge propagation with-
in the material. These materials are also highly soluble in organic solvents 
and hence a polymeric backbone is usually introduced which are referred as 
radical polymers as discussed in next section.  

Carbonyl-containing compounds are attractive for EES due to their easily 
tailored redox properties with a theoretical capacity of 120 ∼ 900 mAh g-1 
depending on the structure.35,46 The majority of carbonyl-based electrodes 
explored so far are based on the electroactivity on quinones,47,48 aromatic 
dicarboxylic acid derivatives or imides as shown in Figure 6a.35 These mate-
rials show very distinct redox properties over a wide range of potentials and 
therefore play different roles in batteries, i.e. quinones can work as cathode 
electrodes48 and dicarboxylates can be used as anode electrode materials.38,49 
A representative structure of a dicarboxylate (DeT) and its cyclic voltammo-
grams are shown in Figure 6b. This compound undergoes two redox reac-
tions with one reversible reduction (giving a redox potential of -2.2 V vs. 
Fc+/Fc0) followed by one partially reversible reduction under the conditions 
used. This type of carbonyl compounds was first reported by M. Armand and 
co-authors as anodes for LIBs.38 High charge capacity and enhanced thermal 
stability have been obtained from the batteries using lithiated terephthalate 
as the anode electrode materials. After that, conjugated carboxylates have 
been widely used as anode materials in LIBs.50,51   

 
Figure 6. (a) Overview over the discharge cell potential and the theoretical capacity 
of quinones, imides and carboxylates.35 (b) Schematic representation of the redox 
reactions and the voltammograms of DeT in acetonitrile (MeCN) with 0.1 M tetrae-
thylammonium hexafluorophosphate (TEAPF6) as the supporting electrolyte. Red 
curve shows the electrochemistry of the first redox reaction of DeT.  

Generally, excellent battery performance, i.e. high charge capacity, has been 
observed using organic molecules as electrodes in EES.46,51,52 Moreover, 
ORMs are electroactive not only towards lithium but also other metal ions 
(e.g. Na+52-54) and organic ions (e.g. alkylammonium ions used in our work) 
as well. This leads to a diversification of battery types and the possibility to 
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produce metal-free batteries. However, some notable disadvantages of 
ORMs are limiting their applications in EES, i.e. dissolution and low elec-
tronic conductivity. ORMs are often highly soluble in commonly used or-
ganic solvents used in batteries. This property is beneficial for i.e. redox 
flow batteries55,56 but not for traditional batteries with active materials in 
solid phase. Several methods have been proposed to improve the cycling 
stability of ORMs in batteries, including anchoring of soluble electroactive 
organic molecules onto the surface of an insoluble substrate,57 increasing the 
molecular weight of the compounds,58 increasing the negative charge59 or by 
using solid electrolytes and/or ionic liquids.60,61   

4.2 Redox polymers 
RPs consist of redox centers in a polymeric matrix with the redox moieties 
as the pendent groups62-64 or incorporated into the main chain.65 The most 
extensively investigated system of RPs for battery applications is radical 
polymers and the most efforts for the development of this field are from 
Nishide and co-workers.45,66-68 Radical polymers are composed of an aliphat-
ic or nonconjugated backbone and robust organic radical pendants, i.e. ni-
troxyls, phenoxyls and hydrazyls. In these materials, redox sites are densely 
populated as pendants on the polymer chain with one radical on each repeat 
unit. This makes a hopping mechanism favored between different redox 
sites.45 The polymer chain, usually polyethylene, serves as a rigid substrate 
for pendent groups, offering good mechanic properties and also providing 
high flexibility of the framework.69    

RPs are characterized by high rate capability and good cycling stability in 
EES.62,70,71 The fast charge transport in RPs is realized through an electron 
self-exchange process along the formed redox gradient on the closely popu-
lated radical units and the slight structural changes of the material during 
charging/discharging processes compared to the organic materials with con-
jugated π-systems. This charge gradient-driven electron transfer is fast in 
thin polymer films, but might become insufficient in thicker films and car-
bon additives are thus needed in preparing electrode materials to provide 
conductive path for electron transfer.71 These “dead” materials, generally, do 
not contribute to the charge capacity and therefore reduce the energy density 
of actual devices.  

4.3 Conducting polymers 
Polymers (plastics) are well-known as electrical insulators due to the low 
mobility of σ-bonding electrons in the sp3 hybridized covalent bonds. Con-
ducting polymers are, however, formed from sp2pz hybridized carbons with 
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three in-plane σ-orbitals bound to two neighboring carbons and a hydrogen 
atom and one pz-orbital (π-orbital) orthogonal to the plane defined by the 
three σ-bonds. These π-orbitals could delocalize over many repeat units due 
to the nuclei attraction from neighboring carbon atoms.72 The doping in-
duced charges can then move freely on these delocalized orbitals resulting in 
electronic conductivity. Undoped CPs are insulators or semiconductors and 
have a conductivity around 10−10 to 10−8 S cm-1. This value could be in-
creased by several orders of magnitude by tuning the doping level of CPs.17 
The highest electronic conductivity reported so far is for trans-polyacetylene 
doped by iodines, which showed a conductivity of 105 S cm-1,73 similar to 
that of copper. Other high conducting CPs include polypyrrole,74,75 polyani-
line76 and polythiophene (PT).77,78 This remarkably improved electronic con-
ductivity of doped CPs opens a new insight into polymeric materials, pro-
motes considerable research about the chemistries, electronics and optics of 
these materials and brings about new potential applications of polymers.  

CPs can be prepared by chemical or electrochemical polymerization. 
These methods have been well-reviewed by Heinze and Yamamoto.79,80 
Electropolymerization is commonly used in preparing CPs for electrochemi-
cal studies due to its convenience and, in this thesis, all polymer materials 
were prepared electrochemically unless otherwise stated. This methodology 
includes anodic and cathodic polymerization. Anodic polymerization (e.g. 
electrochemical polymerization of PTs,81,82 polypyrroles83 and polyani-
lines84) includes several steps: radical formation, dimerization, deprotona-
tion, oligomerization, nucleation, deposition, growth and solid-state 
process.79 As the first step, oxidation of a monomer produces a radical cati-
on, which then couples with a second radical cation to form a charged dica-
tion dimer, followed by release of two protons (as shown in Figure 7). Pro-
longation of the oligomers gives a precipitation of a CP film on the electrode 
surface. Cathodic polymerization (e.g. electrochemical polymerization of 
poly(p-phenylenevinylenes)85 and polypyridine in Paper I) is an organome-
tallic process assisted by using reducing reagents i.e. nickel(0) and palladi-
um(0) complexes.86 In this method, organic halides are usually used as the 
starting materials and the polymers are produced through a metal-catalyzed 
dehalogenation polycondensation process.  

 
Figure 7. Anodic polymerization of thiophene monomers. 

Doping of CPs can be divided into two general types: p-doping (oxidation) 
and n-doping (reduction) where electrons are removed or added, respective-
ly, to the polymer chain. These processes could be realized by either chemi-
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cal or electrochemical doping.17 The different doping types of CPs determine 
their different roles in EES, i.e. p-dopable CPs can be used as cathode mate-
rials while n-dopable CPs can serve as anode materials in batteries.  

Band evolution is one of the main features involved in the doping of CPs. 
Here, I take p-doping of PT as an example (Figure 8). In the neutral state, PT 
has a band gap Eg of about 2 eV87 between the valence band (VB) and the 
conduction band (CB). Only one electronic transition is seen between VB 
and CB that corresponds to the band gap transition. Once p-doping starts, i.e. 
removal of an electron from VB (addition of an electron to CB for n-
doping), one charge is injected into the polymer chain. This charge will lo-
calize on the polymer chain and a local lattice distortion around the charge 
occurs. Charge neutrality is maintained by introducing dopant ions (anions 
for p-doping and cations for n-doping)3,88 and these counterions stabilize the 
charge on the polymer chain.17 This will lead to the appearance of localized 
electronic states in the band gap (in-gap states). The doping-induced charge 
carrier is called a polaron (for slightly doped PT) with a spin ½.72,89 The en-
ergy needed for the transition from VB to the in-gap states is much de-
creased compared to the transition from VB to CB in the neutral state and 
additional optical transitions related to transitions involving the polaron 
states are observed.31,82,90 When taking one more electron out of the chain, 
another polaron is generated and two polarons may recombine to form a 
thermodynamically stable spinless bipolaron.89,90 New energy levels, namely 
bipolarons states, are developing on the chain and in heavily doped PT, bipo-
larons bands are formed due to the overlap between bipolarons states.79 The 
energy gap between VB and CB is widened in doped PT since the in-gap 
states originate from the VB and CB edges.89 Hence the band gap transition 
is usually suppressed in heavily doped CPs.91,92  

During the doping process the structure of the repeat unit of CPs simulta-
neously changes from an aromatic to quinoid-like geometry.89 This makes it 
possible to use IR spectroscopy to track the bond changes of these materials 
at their different doping levels. As discussed above, doping of CPs is ac-
companied by the uptake or removal of counterions and/or solvent for charge 
neutrality. Therefore the mass of the CP film also changes with doping and 
undoping of the material. This process can be readily studied by EQCM as 
described in Section 3.2. The insertion/repulsion of counterions and/or asso-
ciated solvent molecules causes swelling/contraction of the polymer film 
which could influence the stability of the material as will be discussed in this 
thesis (Section 5.2.2).  
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Figure 8. Energy diagrams of PT with polaron and bipolarons states and the elec-
tronic transitions between VB and CB or in-gap states at different doping levels. 

In doped CPs, charges are stored and delocalized in the π-conjugated system 
through several repeat units, giving fast intra-chain mobility of charge carri-
ers along the polymer chain. A thermally activated hopping mechanism has 
proved to occur between different polymer chains (inter-chain) and is the 
rate determining step in most disordered CPs.79 However, semi-metallic or 
metallic conduction has also been reported for some CPs.93-95 Charge 
transport in a CP film is susceptible to several factors, i.e. chain length, ori-
entation of polymer chains, packing state, crystallinity, electrolyte, solvent, 
temperature, etc.19,96-99 Hence, the property of charge transfer differs in dif-
ferent polymer types and with different experimental conditions.  

In ambient atmosphere, most of CPs can only be p-doped. N-doping of 
CPs usually occurs at extreme conditions, i.e. at very negative potentials, 
requiring completely water and oxygen-free environment. Therefore, n-
doping of CPs is much less explored than p-doping. The most studied CPs 
with capability of n-doping are PT and its derivatives.88,100-102 These materi-
als show excellent n- and p-doping behavior as shown in Figure 9. Compa-
rable electronic and optical properties have been obtained for both n- and p-
doped PTs under carefully controlled conditions.91,98,103 This bipolar nature 
of PTs makes them attractive for EES applications. Another CP with n-
dopability is polypyridine.104 This polymer shows n-doping activity in a po-
tential region slightly higher than PTs. Compared to p-doping, n-doping of 
CPs is more susceptible to the electrochemical conditions. For instance, the 
n-doping behavior of CPs is highly dependent on the type and size of cations 
and the nature of solvent.105-108 As shown in Figure 9, n-doping of PT is 
more reversible when using small alkylammonium cations and this polymer 
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shows different cycling stability when varying the size of cations (more de-
tails in Paper II). The variety of doping behavior of CPs with different exper-
iment conditions makes the choice of suitable electrolyte and solvent for 
different CPs complex. 

 
Figure 9. Cyclic voltammograms of PT and polypyridine in MeCN containing dif-
ferent electrolytes (0.1 M). TBAPF6 is tetrabutylammonium hexafluorophosphate; 
TMAPF6 is tetramethylammonium hexafluorophosphate. Adapted from Paper II 
with permission from the publisher. Copyright 2015 American Chemical Society. 

Doping of CPs is reversible thus enabling the storage and release of charge 
in the doping and undoping step respectively. This characteristic makes them 
applicable in EES and significant effort has been devoted to this field.109-111 
However, low charge capacity has been obtained when using CPs as elec-
trode materials.110,112 This is caused by their restricted doping levels6 as 
higher doping levels lead to irreversible degradation of conducting poly-
mers.113,114 Moreover, as battery materials, they should preferably have a 
fixed charging/discharging potential. This requires a fixed redox potential of 
the material. CPs, however, usually exhibit redox activity in a broad poten-
tial interval (Figure 9). This broadening arises from the potential-dependent 
doping behavior of CPs. Once the doping of CPs starts at the onset doping 
potential (Eonset), it becomes increasingly difficult to inject charges into the 
polymer chain in further oxidation or reduction steps due to the charge re-
pulsion and  higher potentials are required for subsequent charges to be in-
jected. Therefore, CPs display sloping (capacitive) charging/discharging 
curves and are often used as capacitors rather than batteries.4,5,15  
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4.4 Conducting redox polymers 
CRPs consist of a conducting polymer backbone and redox pendants which 
could be carbonyls,115,116 dithiols,15 radicals,14,117 metal complexes16,118 and 
other types of redox compounds.119-121 These materials, ideally, combine the 
functionality of both the polymer backbone and the pendent groups, namely 
the polymeric nature and intrinsic electronic conductivity of the CP back-
bone and the redox properties of the pendants. This strategy, in principal, 
would give a functionalized material with high charge capacity and fast 
charge transport.  

CRPs are not conceptually new. In 1990s, polypyrrole with a functional 
group at the N position was made.122,123 The first CRP used in LIBs was pre-
pared by Park, et al. in 2007, using a polypyrrole as the host chain and a 
ferrocene redox couple as the pendants.16 Increased charge capacity com-
pared to the pristine polypyrrole was shown for this material. In recent years, 
more and more functionalized conducting polymers have been synthesized 
and applied in EES.12,14 However, most of the efforts have been devoted to 
the development of cathode materials due to the readily accessible p-doping 
of CPs. The anode materials based on the n-doping of CPs are much less 
explored and none of the reported CRPs119 aimed for anode materials realiz-
es synergetic redox and electronic properties of the pendent groups and the 
CP backbone due to the potential mismatch between the two active moieties. 
The realization of CRPs with potential match between polymer backbone 
and redox molecules hence becomes the first step for CRP design in this 
thesis.  
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5. Conducting redox polymers as anode 
electrode materials  

5.1 Design principles  
A rational design of CRPs includes several things: potential match between 
the pendent groups and the polymer chain, a link that affords the individual 
properties of the CP and pendants to be preserved as well as a low mass of 
the repeat unit of the target polymer. For CRPs, potential match refers to that 
the redox reactions of pendent groups occur within the potential region de-
fined by the constraints imposed by the polymer backbone, i.e. beyond the 
Eonset of the CP backbone24 from where the polymer chain becomes electron-
ically conducting, and at sufficiently low doping level to ensure that the pol-
ymer chain is electrochemically stable. This is the prerequisite to achieve 
fast charge transfer, stable redox cycling and simultaneously avoid charge 
capacity losses due to inactive (resistive) regions in the final material. 
Hence, exploration of suitable CPs and redox molecules is one of the objec-
tives in this thesis. The link is another important part that needs to be chosen 
carefully. The bridge connects the pendants and the polymer chain and its 
nature have a great impact on the electrochemical properties of substituted 
materials by affecting the polymerizability of the monomers and by modulat-
ing the interaction between polymer backbone and redox pendants in CRPs. 
For sake of high charge capacity the repeat unit in CRPs should be of small 
molecular weight while simultaneously preventing steric hindrance from the 
pendants. In this part, I will mainly discuss the potential match between CPs 
and ORMs and the effect of the link on the electrochemical properties of 
synthesized monomers.  

5.1.1 Potential match 
Figure 10 shows a collection of some of the most studied CPs in literature 
together with a compilation of redox potentials and capacities of organic 
redox molecules that have been used as battery materials in recent years. The 
upper figure shows the conductance of PT, PEDOT, polyphenylthiophene 
(PPT), polypyridine and polypyrrole in the n- and p-doping potential re-
gions. As discussed above, polythiophenes (PT, PEDOT and PPT) can be 
either n- and p-doped which is shown as a conductance increase in both dop-
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ing regions. Polypyridine can only be n-doped and the polymer becomes 
slightly conducting in the n-doping region while polypyrrole can only be p-
doped and shows comparable conductance as PTs in the p-doping region. In 
general, a lower G value is obtained from n-doping than that from p-doping 
of these CPs which is consistent with the literature.23,25,98 This is probably 
due to the lower n-doping level as compared to that of attainable p-doping 
level of the polymers and/or unstable n-doped states under the experiment 
conditions. The lower figure shows the theoretical charge capacity and redox 
potential of several types of ORMs. These molecules show high charge ca-
pacity and a E0 covering the whole potential region from -2.5 to 0.6 V vs. 
Fc+/Fc0, making them potentially match with the n- or p-doping of suitable 
CPs as shown in the upper figure. Dicarboxylates are redox active in the n-
doping region of PTs and polypyridine. Quinones and dithiols show redox 
activity in an intermediate potential region where both n- and p-doping of 
CPs are involved. Redox reactions of radical compounds occur around a 
potential region covered by the p-doping of several CPs. The various match-
ing potentials of ORMs determine their different roles in CRPs. For instance, 
to make a positive electrode material based on conducting redox polymers, 
quinones have been used as the pendants attached to a polypyrrole back-
bone.13,124 To design an anode electrode material, a carboxylate compound 
(DeT) has been chosen as the pendent groups in conjunction with polythio-
phene backbones in this thesis.  

 
Figure 10. Potential match of CPs and ORMs in different potential regions, the 
upper figure shows the conductance of CPs, the lower figure shows the theoretical 
charge capacity and redox potential of ORMs suggested as electrode materials in 
literatures.15,35 G was evaluated from the in situ conductance measurements of CPs 
with a CV process on an IDA electrode.  
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5.1.2 Effect of the link 
In this thesis, two sets of DeT-functionalized monomers have been synthe-
sized as shown in Figure 11 (To easily describe these materials, these mon-
omers are named as M1, M2, etc. and their corresponding polymer as P1, 
P2, etc., respectively). Different links have been utilized to connect the pen-
dant and the polymerizable unit. DeT is directly connected to the thiophene 
ring in M1. For M4 and M5, the DeT is conjugated with the thiophene unit 
by a trans-vinyl or ethynyl link. In the remaining monomers (M2, M3 and 
M6-M9) a nonconjugated link was used to connect DeT and thiophene or 
3,4-ethylenedioxythiophene (EDOT) units.  

Electrochemistry of these monomers was investigated by cyclic voltam-
metry and the resulting voltammograms are shown in Figure 12. As ex-
pected, both the reduction of DeT pendants and the oxidation of thiophene or 
EDOT can be observed in all materials. The redox reactions of DeT pendent 
groups give two subsequent reduction processes similar to that of the DeT 
molecule (Figure 6b), showing a reversible reduction followed by an irre-
versible reduction. Comparable redox potentials (Em

0) have been obtained 
for all monomers and are also similar to that of DeT molecule except for 
M4, M5 and M8 which show a higher Em

0 (Table 1). This is probably due to 
the conjugation between the DeT moiety and the electron deficient link. Ox-
idation of thiophene or EDOT takes place in a much more positive potential 
and the oxidation potential (Eox) also slightly varies with different links. All 
monomers, except for M4, show a similar Eox as their pristine thiophene or 
EDOT compounds while M4 shows a slightly lower Eox than the unsubstitut-
ed analogue.  

Success of electrochemical polymerization relies on a sufficiently low ox-
idation potential of the monomers, a high radical density on the active sites 
in the oxidation state where the dimerization occurs and limited steric hin-
drance of the radical site. The obtained Eox of all synthesized monomers can 
be reached under the conditions used (e.g. a MeCN solution with TEAPF6 as 
the supporting electrolyte). However, not all monomers can be polymerized 
electrochemically. Oxidation of the monomer generates a radical on the thi-
ophene ring. From density functional theory calculations (Paper III), this 
radical is stabilized on the α-carbon of thiophene where the dimerization 
occurs if there is no extended conjugation in the material. This property will 
facilitate the polymerization. For highly conjugated systems, the generated 
radicals are delocalized over the entire molecule and the spin densities on the 
α sites significantly decrease, leading to unsuccessful electrochemical 
polymerization. Hence, we were able to polymerize M2, M3 and all EDOT-
based monomers. M1, M4 and M5 cannot be electrochemically polymerized 
under the conditions used in this thesis.  
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Figure 11. Structure of DeT-functionalized monomers with different links.  

 
Figure 12. Cyclic voltammograms of DeT-functionalized monomers in MeCN con-
taining 0.1 M TEAPF6, showing two subsequent reductions of DeT pendant and 
oxidation of thiophene or EDOT. Red curves show the first reduction of DeT. 
Adapted from Paper III with permission from the publisher. Copyright 2015 Ameri-
can Chemical Society. 
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Table 1. Redox potential (Em
0) of the first reduction of DeT pendant and oxidation 

potential (Eox) of thiophene or EDOT in monomers. 

Monomer M1 M2 M3 M4 M5 M6 M7 M8 M9 

Em
0 

(V vs. Fc+/Fc0) -2.15 -2.22 -2.20 -2.11 -2.00 -2.24 -2.18 -2.05 -2.23 

Eox 

(V vs. Fc+/Fc0) 

1.31 1.16 1.14 0.93 1.24 0.81 0.80 0.81 0.86 

5.2 Polythiophene-based conducting redox polymers 
In this thesis, all CRPs were prepared through a CV experiment (unless oth-
erwise stated) in a potential region covering only the oxidation of thiophene 
or EDOT moiety. The polymerization of all monomers shows typical 
polymerization behaviors as their unsubstituted materials,81,82 indicating 
insignificant influence from the presence of DeT pendant. The electrochemi-
cal properties of these polymers will be discussed in Sections 5.2.1 and 
5.2.2, followed by a discussion of mass effects (Section 5.2.3), kinetics (Sec-
tion 5.2.4), conductance (Section 5.2.5) and spectroelectrochemistry (Section 
5.2.6) of the CRPs by using P3 as the model compound.  

5.2.1 Electrochemistry 
As discussed above the redox reactions of DeT pendant occur in two subse-
quent steps in the potential region from -2 to -3 V vs. Fc+/Fc0 which are 
demonstrated as a reversible reduction followed by a partially reversible 
reduction (Figure 12). Therefore, the resulting CRPs were only cycled in a 
potential region covering the first reversible reaction of DeT pendent groups 
and the p-doping of CP backbone as shown in Figure 13.  

Electrochemical activity of both pendent groups and polymer backbone is 
obtained for all CRPs. In the potential region from -2.5 to -2 V vs. Fc+/Fc0 
sharp reduction and oxidation peaks are shown with a redox potential com-
parable to that of monomers (Ep

0 ≈ Em
0, Table 2). N-doping of the polymer 

backbone also takes place in this potential region, but it cannot be observed 
as a result of the overlap between the redox reactions of pendent groups and 
the n-doping process of CP backbone (potential match as discussed above) 
and the much lower current response from the n-doping of PT and PEDOT 
as compared to the current response from p-doping (see the electrochemistry 
of PTs in Paper II). The potential overlap between the redox process of DeT 
groups and the n-doping region of the unsubstituted CP chain makes it rea-
sonable to assume that the reduction/oxidation of the pendants occurs in a 
potential region where the CP backbone is indeed conducting. P-doping of 
polymer backbone starts at a more positive potential (Ep,onset in Table 2). The 
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significantly lowered oxidation potential (Ep,onset < Eox) for the polymer, as 
compared to the corresponding monomer, signifies the increased conjugation 
length in the polymer. In the p-doping region, some foreign oxida-
tion/reduction peaks can be observed which distort the p-doping behavior of 
the polymer chain and the extent of distortion varies with different materials. 
These foreign peaks associated with the n-doping process are so-called 
charge trapping peaks in the field of conducting polymers.108,125  

 
Figure 13. Cyclic voltammograms of CRPs. All polymers were deposited as a thin 
film on a GC working electrode and cycled in a fresh MeCN solution containing 0.1 
M TEAPF6. 

Table 2. Redox potential (Ep
0) and p-doping onset potential (Ep,onset) of CRPs.   

Polymer P2 P3 P6 P7 P8 P9 

Ep
0 

(V vs. Fc+/Fc0) 
-2.19 -2.19 -2.21 -2.18 -2.08 -2.23 

Ep,onset 

(V vs. Fc+/Fc0) 
0.05 0.12 -0.72 -0.91 -0.91 -0.83 

5.2.2 Cycling stability 
Doping of CPs is accompanied by the insertion/repulsion of counterions 
and/or solvent.126 This makes the polymer film swell during doping process 
and shrink during undoping process, resulting in the instability of CPs during 
electrochemical cycling. For CRPs studied in this thesis, we also found that 
the polymers are not stable when they were cycled to the n-doping potentials 
(The polymers are however stable when cycled in p-doping region only). As 
shown in Figure 13, an obvious current decay is observed for all CRPs and 
different polymers show different cycling stability. To visually see the decay 
of the materials, the retained charge (Table 3) was evaluated from both redox 
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processes of the pendants and the CP backbone by integrating the reduction 
peaks of DeT groups and p-undoping peak of the polymer backbone. It 
shows that the charge of both pendants and polymer backbone in P2 and P3 
decreases in approximately the same magnitude during electrochemical cy-
cling. When cycling the polymer to n-doping potentials, the electrolyte solu-
tion turned red after several cycles and some polymer segments precipitated 
in the electrolyte solution. The characterization of the isolated fragments 
indicates similar electrochemical and optical properties as that of the intact 
material (more details in Paper IV). Cycling of unsubstituted PT in the n-
doping region also shows charge decay under the same experiment condi-
tions (Paper II). Therefore, we attribute the charge loss of P2 and P3 to the 
dissolution of polymer segments into the electrolyte when the material is 
cycled in the n-doping region. Furthermore, in situ IR spectroscopy shows 
that large amount of solvent enters the electrode surface upon reduction of 
P3 indicating detachment of the complete polymer film from the electrode 
surface (Paper VI). When PEDOT is used as the polymer chain the stability 
of pendent groups and polymer backbone varies in different CRPs. P6 and 
P7 show stable electrochemical response from the polymer chain but degra-
dation of the pendants during cycling. Unsubstituted PEDOT is known to be 
stable during electrochemical cycling under the same experiment conditions. 
Therefore, the loss of pendent groups in P6 and P7 is probably caused by the 
break of the ester link during cycling. Both pendent groups and polymer 
backbone is stable in P8, giving the highest charge retention among all pol-
ymers (Table 3). P9 shows the worst cycling stability in all PEDOT-based 
CRPs. It seems that the nature of link accounts for the various cycling stabil-
ity of PEDOT-based CRPs. However, the mechanisms involved are not well-
understood and more experiments are needed to fully understand the decay 
mechanisms. Some CRPs (e.g. P3 and P7) become more stable after several 
electrochemical cycles. Hence, to continue the kinetic studies of P3 (Section 
5.2.4), the polymer film was stabilized by pre-cycling.    
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Table 3. Charge of pendent groups (QPG) and polymer backbone (QPB) at the first, 
second and fifth scan during electrochemical cycling of CRPs. Percent values given 
in parentheses indicate the charge retention at the first, second and fifth scan. 
Charge is obtained by integrating reduction peak of the pendants and p-undoping 
peak of CP backbone from cyclic voltammograms of CRPs as shown in Figure 13.  

Polymer P2 P3 P6 P7 P8 P9 

QPG-#1/C 1.02E-3 2.98E-4 4.35E-4 7.00E-4 1.08E-3 5.29E-4 

QPG-#2/C 2.60E-4 
(26%) 

2.25E-4 
(75%) 

2.28E-4 
(52%) 

6.14E-4 
(88%) 

1.14E-3 
(105%) 

4.19E-4 
(79%) 

QPG-#5/C 
8.45E-5 

(8%) 
1.83E-4 
(61%) 

2.17E-4 
(50%) 

5.09E-4 
(73%) 

1.33E-3 
(123%) 

1.26E-4 
(24%) 

QPB-#1/C 1.90E-4 3.52E-5 1.73E-4 4.50E-4 1.02E-3 8.76E-5 

QPB-#2/C / 
2.95E-5 
(84%) 

1.73E-4 
(100%) 

4.41E-4 
(98%) 

9.64E-4 
(95%) 

5.96E-5 
(68%) 

QPB-#5/C / 
2.46E-5 
(70%) 

1.72E-4 
(99%) 

4.40E-4 
(98%) 

8.14E-4 
(80%) 

5.33E-5 
(61%) 

5.2.3 Mass effect 
The uptake and removal of counterions and/or solvent leads to changes in 
the polymer mass. This phenomenon can be followed by EQCM measure-
ments. Figure 14 shows the mass change and corresponding electrochemistry 
of P3 cycled in different potential intervals. When the polymer was cycled in 
the p-doping region only, the polymer mass increases during oxidation with 
a mass change per mole charge (∆M) of 259.8 g mol-1. This is interpreted as 
the uptake of 1 unit of anions (PF6

-) for charge neutrality and 3 units of 
MeCN molecules. In the reduction scan, the mass of P3 decreases quantita-
tively, resulting in reversible mass and electrochemical response of the mate-
rial. When the polymer was cycled in the potential region covering p- and 
subsequent n-doping, an initial increase in mass of P3 is observed during 
reduction in the n-doping region. This corresponds to the uptake of cations 
(TEA+) and solvent in this process. However, when the polymer was further 
reduced to a potential of ∼ 2.2 V vs. Fc+/Fc0, the polymer mass suddenly 
drops almost to zero and is only partially regained in the reverse scan. In 
subsequent scans the mass decreases further and the mass curves are heavily 
distorted. In clear contrast to the mass response the electrochemistry of P3 
shows insignificant current decay beyond -2.2 V vs. Fc+/Fc0. This result im-
plies that the polymer film detaches from the electrode surface. Further sup-
port for polymer detachment was found by in situ IR measurements (Paper 
VI). In the reoxidation scan, the partial recovery of polymer mass indicates 
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that the detachment is to some extent irreversible. The polymer film cannot 
fully reattach back to the electrode surface.  

 
Figure 14. (a) Mass and (b) corresponding cyclic voltammograms of P3 during 
electrochemical cycling in the p-doping region. (c) Mass and (d) corresponding 
cyclic voltammograms of P3 during electrochemical cycling in the potential region 
covering p- and subsequent n-doping of P3. The arrows indicate the initial scan 
direction. P3 was electrochemically deposited on a QCM electrode and cycled in a 
fresh MeCN solution containing 0.1 M TEAPF6. 

5.2.4 Kinetics 
Efficient charge transport through the active materials is one of the aims for 
the development of battery materials for high power applications. CPs have 
showed fast electron transfer properties in EES.10,127 In this thesis, the kinet-
ics of CPs with DeT functional groups have been investigated through thick-
ness dependence and scan rate dependence studies.   

As the model compound, the polymer film of P3 with different thickness 
has been electrochemically deposited on a GC electrode. All polymer sam-
ples were cycled in a potential region where the redox reactions of the pen-
dants occur at different scan rates. Figure 15 shows the plots of lg(Ip)(Ip is 
the absolute reduction peak current) as a function of lg(ν) for the polymer 
films with  thicknesses of 2, 4.5 and 26 μm. For a thin polymer film, Ip in-
creases almost linearly with increasing scan rate, giving a slop of ∼ 1. As the 
amount of polymer deposited on the electrode increases, the lg(Ip) vs. lg(ν) 
slope decreases slightly and is ∼ 0.8 for the thickest polymer film. This sur-
face-confined behavior of the material indicates that even for a 10 μm thick 
film, no limitation of counterions or electron diffusion within the active ma-
terial is observed on the time scale of the experiment. Fast ion diffusion is 
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probably related to the porous structure of the material observed by scanning 
electron microscope (SEM) analysis (Figure 15b) while sufficient electron 
transport through the material is likely facilitated by the conducting CP 
backbone.    

 
Figure 15. (a) Logarithm of reduction peak current of P3 with different thicknesses 
as a function of logarithm of scan rate. (b) SEM images of P3 and PT, the polymer 
was precipitated on an ITO glass by electrochemical polymerization under the same 
experiment conditions. Adapted from Paper IV with permission from the publisher. 
Copyright 2016 Elsevier. 

Cyclic voltammograms of P3 (with a thickness of 4.5 μm) at different scan 
rates are shown in Figure 16. From the voltammograms the peak potential 
(Ep,a and Ep,c), peak separations (∆Ep) and the FWHM (FWHMre and 
FWHMox is for the reduction and oxidation peak, respectively) were extract-
ed. Rate constant (kox

0 and kre
0 is for the oxidation and reduction of P3, re-

spectively) and transfer coefficient (α) were estimated by 

Reduction:                    = +

ln	(


	 )                                         (8) 

Oxidation:                     = − ( ) ln	[( ) 	 ]                            (9) 

where R is molar gas constant, T is temperature (295 K), F is Faraday con-
stant. The obtained kinetic parameters are shown in Table 4.  

From Figure 16a, symmetric peaks are observed for the reduction and ox-
idation of P3 at the scan rate lower than 320 mV s-1 with a ∆Ep of 1 mV for 
the lowest scan rate utilized (10 mV s-1). The FWHM for both reduction and 
oxidation of P3 is about 100 mV which is close to an ideal FWHM for a 
surface-confined reversible Nernstian redox reaction with non-interacting 
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and identical redox groups, i.e. 90 mV. Since the peaks are not significantly 
broadened it may be concluded that the DeT groups do not significantly af-
fect each other and that the distribution of redox potentials within the mate-
rials is quite narrow. Moreover, the adherence to an electrochemical re-
sponse for a surface-confined reversible Nernstian redox reaction suggests 
that the number of converted species in a specified potential interval during 
redox conversion is given solely by the Boltzmann distribution manifested in 
the Nernst equation. It can thus be concluded that the entire volume is sub-
jected to a uniform potential, given by the potential applied to the current 
collector.  

As higher scan rates are applied, the reduction and oxidation peaks are 
broadened, giving lower Ip and higher ∆Ep. From Figure 16b, a broadening 
of redox peaks with increased scan rate is evident. Above 1.5 V s-1 the peak 
separation increases linearly with lg(ν) and a linear fit according to the Lavi-
ron treatment128 for surface-confined electron transfer of the peak potentials 
yields α = 0.25, kre

0 = 8.28 s-1 for the reduction and 1-α = 0.24, and kox
0 = 

8.64 s-1 for the oxidation at E0 (-2.2 vs. Fc+/Fc0). The high apparent rate con-
stants of reduction and oxidation of P3 imply fast electron transfer through 
the polymer film (the same studies have also been performed on P2 and fast 
charge transport is again obtained in this material, more details in Paper IV).  

 
Figure 16. (a) Cyclic voltammograms of P3 at different scan rates. Note: the current 
is normalized. (b) The plot of peak potential as a function of lg(ν), dashed line shows 
the redox potential of P3, -2.2 V vs. Fc+/Fc0; solid line is the linear fit of the reduc-
tion or oxidation peak potentials at varying scan rates. Adapted from Paper IV with 
permission from the publisher. Copyright 2016 Elsevier. 

Table 4. Kinetic parameters of P3.  

polymer ∆Ep(mV) FWHMre(mV) FWHMox(mV) kre
0 (s-1) kox

0(s-1) 

P3 1 109 104 8.28 8.64 
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5.2.5 Conductance 
The main characteristic of CPs, i.e. the intrinsic electronic conductivity of 
doped CPs, attracts enormous attentions from scientists. Research in this 
area includes the investigation on the effect of doping level,129,130 chain 
length,99,131 polymer structure,102 chain ordering,96,132 nature of dopants and 
solvent,25,98,133 etc. on the conductivity of the materials. In particular, temper-
ature dependent conductivity measurements of CPs,20,93,95 which reveal the 
conduction mechanism in these conjugated materials and enable the under-
standing of charge transfer properties in CPs, has been instrumental for the 
understanding of the conductivity in CPs. 

To disclose the conduction mechanism of redox functionalized conduct-
ing polymers the conductance of P3 was investigated in this thesis. The pol-
ymer film was prepared on an IDA electrode that allows for conductance 
measurements to be performed in situ during electrochemical redox conver-
sion. The obtained current response and conductance during polymerization 
are shown in Figure 17. Similar voltammograms were obtained for the 
polymerization of P3 on the IDA electrode when compared to the polymeri-
zation on a GC electrode (Paper IV), showing a build-up of polymer capaci-
tance during polymerization cycling. The obtained G also increases with the 
cycle number until a constant G was reached after several polymerization 
cycles. This condition ensures that the entire volume between the working 
electrodes are filled with polymer and hence that a constant geometry for the 
conductance measurements was reached. 

 
Figure 17. (a) Cyclic voltammograms and (b) corresponding conductance during the 
polymerization of P3 on an IDA electrode by using an Ebias of 1 mV. The electrolyte 
solution was a MeCN solution containing 0.1 M TEAPF6 as supporting electrolyte. 
Arrows indicate the direction of current/conductance increases during polymeriza-
tion cycling.  
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Conductance measurements of the as-prepared P3 were performed in dif-
ferent potential regions as shown in Figure 18. When the polymer was cy-
cled in p-doping region only, reversible electrochemistry and conductance 
were observed and the evaluated G values are of the same order of magni-
tude as the corresponding conductance for pristine PT (Figure 10). This indi-
cates that the presence of DeT groups on the polythiophene chain does not 
significantly affect the electronic conductivity of the backbone. The current 
and conductance of P3 cycled in the region covering both p- and n-doping 
processes, however, decrease dramatically after the first scan to n-doping 
potentials and the voltammograms are heavily suppressed in the n-doping 
region compared to the electrochemistry of the polymer on a disc electrode 
(Figure 13). From the EQCM studies presented above we know that the n-
doping causes detachment of the polymer film from gold surfaces and it is 
likely that the conductance drop upon n-doping is due to detachment of the 
polymer from the IDA electrode when the polymer is cycled to negative 
potentials.  

 
Figure 18. Cyclic voltammograms (a and c) and the corresponding conductance (b 
and d) of P3 on an IDA electrode in different potential intervals by using an Ebias of 
10 mV. The electrolyte solution was a MeCN solution containing 0.1 M TEAPF6 as 
supporting electrolyte. 

The instability of conductance of P3 prevents further investigation of the 
mechanism of conduction in the n-doping region. However, according to 
Brédas et al. electron and hole motilities are often comparable and governed 
by the same factors in p- and n-doping regions.134 The results presented be-
low, on the conductance behavior in the p-doping region, are therefore likely 
to hold also for the n-type conductance. To explore the mechanism of con-
duction that allows for fast electron transfer in P3, as shown from kinetic 
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studies, temperature dependent conductance measurements were performed 
in the p-doping region.   

Figure 19 shows the results of temperature dependent conductance meas-
urements of P3. The polymer was cycled in the p-doping region while keep-
ing a potential bias of 10 mV between WE1 and WE2, thus enabling the 
simultaneous determination of the polymer conductance at different tem-
peratures. From Figure 19a, a clear decrease in conductance of P3 can be 
observed with increasing temperature. However, the corresponding electro-
chemical response does not change significantly when the temperature was 
elevated (inset in Figure 19a). At a certain potential the number of charge 
carriers is thus constant with temperature. The observed decrease in G with 
increasing temperature must hence be due to a decreased mobility of charge 
carriers within the polymer film.   

To more clearly visualize the effect of temperature on the conductance of 
P3, the logarithm of G was plotted as a function of temperature at selected 
potentials (Figure 19b). At potentials below 0.7 V vs. Fc+/Fc0, lgG increases 
slightly with temperature at the lowest temperatures used and thereafter de-
creases when the temperature was further elevated, giving a conductance 
peak at about ∼ 290 Κ. According to nonperturbative microscopic models,134 
at high temperatures, when the activation barrier for electron transfer is suf-
ficiently less than the thermal energy (κΒΤ) the thermal energy becomes 
large enough to dissociate the polarons and the residual electrons are scat-
tered by thermal phonons. As a result, the mobility of charge carriers de-
creases with temperature. The observed temperature dependence of conduct-
ance in P3 can thus be interpreted as the crossover from the temperature-
activated regime to the residual scattering regime. The observed conductance 
peak in the temperature region investigated hence implies that the activation 
energy involved in electron transfer is significantly less than κΒΤ (which is 
about 25 meV at room temperature) in this material. The low electron trans-
fer activation energies in P3 could thus explain the fast charge transport pre-
viously discussed for these conducting redox polymers.  
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Figure 19. (a) The potential dependence of conductance of P3 in the temperature 
interval between 0 to 70 ℃ (276 to 337 K). The corresponding current response of 
P3 is shown as inset. The polymer was cycled in MeCN with 0.1 M TEAPF6 by 
using an Ebias of 10 mV. (b) The plot of lg(G) vs. temperature at different doping 
potentials.    

5.2.6 Spectroelectrochemistry 
The evolution of the absorption spectra of CPs upon doping are dominated 
by the appearance of transitions between the VB and the generated in-gap 
states, which are usually observed in the visible and near infrared region. 
These in-gap states are formed with the production of charge carriers i.e. 
polarons and bipolarons89 in the material. Therefore, spectroscopic tech-
niques can be used to monitor the doping induced electronic transitions and 
charge carriers in conducting redox polymers.   

Figure 20a shows the in situ UV-vis spectra of P3 at different potentials 
during p-doping. In the neutral state (0.0 V vs. Fc+/Fc0), an absorption peak 
at ∼ 2.8 eV can be observed with an absorption edge at ∼ 2.2 eV, correspond-
ing to the optical band gap, which is very similar to the optical Eg (2.1 eV) of 
PT 91 and the estimated electrochemical Eg (2.2 eV) of P3 from Figure 13. At 
higher doping levels, the main absorption peak is suppressed and shows a 
blue shift and the polymer film turns from soft orange at neutral state to blue 
in the oxidation state. Simultaneously, two new absorption peaks, at about 
1.4 and 1.1 eV, appear and they increase in intensity with increased doping 
level, which probably correspond to the electronic transitions between the 
VB and the newly formed in-gap states (e.g. PT2 and PT3 transitions in Fig-
ure 20b). N-doping of P3, however, does not show any clear absorption evo-
lution by which the generation of in-gap states between VB and CB could be 
followed (more details in Paper VI). This is probably due to instability of the 
polymer upon n-doping as discussed previously.  

Given the optical band gap (2.2 eV) of P3, the DeT π-π* transition (3.94 
eV) of M3 (Paper III) and the electrochemistry of P3 (Figure 13), an energy 
diagram of P3 was constructed and is depicted in Figure 20b. The π orbital 
of DeT groups locates far below the VB of P3, making oxidation of DeT 
moieties difficult. The DeT π* orbital, on the other hand, is about 0.12 eV 
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above the CB edge of the material. This results in a similar potential for the 
onset of n-doping of polythiophene backbone and the reduction of DeT pen-
dants which again confirms the potential match between pendent groups and 
polymer backbone in this material. 

 
Figure 20. (a) In situ UV-vis spectra of P3 at different p-doping potentials. The 
arrows indicate the evolution of the absorption peaks with potential. The polymer 
was prepared by chemical polymerization and the polymer film was solution 
(CHCl3)-casted on an ITO glass (WE), forming a thin and homogeneous film. A 
potential step procedure was used to control the doping states of the material. (b) 
Energy diagram of P3. Black arrows indicate the electronic transitions between VB 
and CB or the in-gap states in the doped polymer. The red arrow shows the energy 
difference between π and π* orbital of DeT moieties.    

In addition to the evolution of the UV-vis absorption of CPs at different dop-
ing levels the vibrational spectra of these materials also changes with dop-
ing. These changes are dominated by so-called doping-induced infrared ac-
tive vibrations (IRAVs) due to the strong electron-phonon coupling and can 
be detected by IR spectroscopy.135,136 IR spectroscopy could thus provide 
information about the structure of the materials and, in addition, provide 
information of the evolution of the electronic transitions between the valence 
band and the polaron/bipolaron states that extend well into the IR-region. 
For this purpose, in situ ATR-FTIR spectroscopic measurements of P3 dur-
ing electrochemical conversion were performed.  

Figure 21 shows the IR difference-spectra obtained upon p-doping to dif-
ferent potentials. By using the potential step procedure as described in Sec-
tion 3.4 to control the oxidation state of the material, symmetric spectra are 
obtained for the p-doping and p-undoping of P3 which reveals a reversible 
p-doping process of the polymer. In the low energy region (0.2 ∼ 0.5 eV), a 
broad IR peak is observed which extends into the visible region (Figure 20a) 
and increases in intensity with increased doping level. This absorption peak 
is attributed to the electronic transition of charged polarons between the VB 
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and the in-gap states.137 From the low energy edge of this absorption an en-
ergy difference of 0.17 eV can be estimated corresponding to the energy gap 
between the polaron states and the VB. The energy barrier involved in pro-
moting electrons from the VB to the polaron state is thus 0.17 eV based on 
the IR measurements. This activation energy is however about one order of 
magnitude higher than the experimentally determined upper limit for the 
activation energy (< 0.025 eV) based on temperature dependent conductance 
measurements. The discrepancy between the spectroscopic activation energy 
and the activation barriers involved in the conduction through the material 
could be accounted for if the conduction predominantly occurs via intercon-
nected crystal domains in the polymer matrix. The spectroscopic band gap, 
on the other hand, is determined by amorphous domains that dominate the 
morphology of the material as confirmed by X-ray diffraction spectroscopy 
(Paper VI). In the region from 0.08 to 0.18 eV (Figure 21b), some intense 
IRAV peaks can be found at 1296, 1196, 1109, 1074, 1024, 879 and 761 cm-

1 upon p-doping of P3 and their intensity increases with increased doping 
level. These vibrations are assigned to the presence of charged 
polarons.137,138 Interestingly, a negative vibration peak (marked in black) can 
be observed at 1699 cm-1 which could be assigned to the carboxylate groups 
in P3.52 As evidenced by EQCM data, p-doping of the polymer leads to the 
uptake of large number of ions and solvent molecules, which could cause the 
displacement of the material on the ZnSe crystal. This process results in the 
broadening or shift of this absorption, giving a negative peak in the IR dif-
ference-spectra.  

 
Figure 21. (a) ATR-FTIR difference-spectra of P3 at different p-doping potentials 
and (b) the enlarged spectra in the low wavenumber region. Specific absorption 
peaks are marked in the spectra with the red and the black numbers assigned to the 
polymer backbone and the pendent groups, respectively. Arrows indicate the absorp-
tion increase of the polymer with increased doping level. The polymer was prepared 
by chemical polymerization and the polymer film was solution (CHCl3)-casted on a 
ZnSe crystal (WE), forming a thin and homogeneous film. A potential step proce-
dure was used to control the oxidation state of the material.  
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In the negative potential region (-1.8 ∼ -2.3 V vs. Fc+/Fc0), both reduction 
of pendent groups and n-doping of polythiophene backbone occur. This 
would lead to the IRAVs from both active moieties. However, only the re-
duction of DeT pendants causes obvious IRAVs in this region (Figure 22). 
These vibrational peaks are located at 1805, 1712 and 1257 cm-1 as negative 
peaks in the n-doping scan and positive peaks in the n-undoping scan indi-
cating that they originate from the neural state of DeT. Reduction of pendent 
groups corresponds to a structure change of DeT from benzenoid to quinoid 
form and the C=O character becomes suppressed, thus giving negative sig-
nals during the n-doping process. Examination of the IR peak at 1712 cm-1 
(the stretch of C=O bond) (Figure 22b) shows that the absolute absorption 
intensity of this peak increases when the material is reduced from -1.9 to -2.2 
V vs. Fc+/Fc0. Upon further reduction the peak decreases again indicating the 
loss of C=O bonds. This process is concomitant with the appearance of sol-
vent absorption and is most likely caused by the expulsion of material from 
the electrode surface as discussed above. 

 
Figure 22. (a) ATR-FTIR difference-spectra of P3 at different n-doping potentials. 
Specific absorption peaks are marked in the spectra. The polymer was prepared by 
chemical polymerization and the polymer film was solution (CHCl3)-casted on a 
ZnSe crystal (WE), forming a thin and homogeneous film. A potential step proce-
dure was used to control the reduction state of the material. (b) ATR-FTIR differ-
ence-spectra of P3 at the vicinity of 1712 cm-1 at different n-doping potentials.  
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6. Conclusions remarks 

In this thesis, DeT-functionalized polythiophenes were designed for energy 
storage applications. These CRPs combine the n-doping properties of the 
polymer backbone with the redox properties of DeT pendants and are de-
signed to serve as anode materials for secondary battery applications. This 
type of functional conducting polymers can solve the two major problems of 
organic molecules in EES, i.e. capacity decay caused by dissolution of active 
materials and limited conductivity of small molecules, and hence has the 
possibility to provide solutions to realize materials with high charge capacity 
and fast electron transport and devoid of dissolution problems. The materials 
in this thesis consist of terephthalate pendent groups linked to poythiophene 
backbone and they were chosen as a model for the investigation of CRPs in 
this thesis. Some specific remarks concerning DeT-functionalized CRPs are 
as follows: 

The n-doping process of polythiophene overlaps well with the redox pro-
cess of DeT molecules as investigated in Paper II. I have shown that the 
presence of DeT pendants does not significantly affect the polymerization of 
monomers or the conductivity performance and doping behavior of the 
backbone in the polymers. However, the unreachable full reductions of DeT 
limits the charge capacity of DeT-functionalized materials and further re-
search is needed to identify stable conditions for this particular type of 
CRPs, i.e. the use of ionic liquid or solid state electrolyte and exploration of 
new redox compounds as pendent groups in CRPs, i.e. compounds with re-
versible redox processes in the exact n-doping region of CP backbones.  

The nature of the link between DeT pendent groups and polymer back-
bone to a large extent affects the electrochemical properties of the material. 
It affects the polymeribility, the oxidation potential, the redox potential and 
the electrochemical stability of the materials by controlling the interaction 
between DeT pendant and thiophene unit. The work in this thesis shows that 
an unconjugated link is preferred in the monomer design as it improves the 
polymerizability of the monomers and preserves the individual behavior of 
the pendants and the polymer backbone.  

Fast electron transfer can be obtained in these conducting redox polymers. 
No diffusion limitation of electron and/or counterions is observed in polymer 
films with thicknesses up to ∼ 10 μm. This property makes these materials 
promising for high power in EES applications. The work presented herein 
suggests that the fast charge transport can be traced to i) low electron trans-
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fer activation energies involved in charge propagation of the system as evi-
denced by the temperature dependent conductance measurements; ii) poten-
tial match between the pendent groups and the polymer backbone that allows 
for charge propagation through the CP chain and iii) the open morphology of 
the material allowing for fast ion diffusion (SEM).   

The electrochemical stability of the conducting polymers with DeT func-
tional groups in the n-doping potential region is the main challenge that 
needs to be overcome in order to facilitate their application in EES. The in-
stability of P3 is due to the detachment of the polymer film from the elec-
trode surface as evidenced by EQCM studies and further supported by IR 
spectroscopy that indicates influx of solvent molecules to the electrode sur-
face during the n-doping process causing the removal of the polymer film 
from the electrode. This detachment problem could be solved by i.e. adding 
binders or modifying the electrode surface to enhance the adhesion of the 
polymer film to the substrate or by using solid electrolyte. In this thesis, the 
electrochemical stability of CRPs has also been improved by replacing the 
PT backbone with stable PEDOT polymer chain. However, for the sake of 
long cycle life of the devices, more rational design of the materials needs to 
be done, for instance, the replacement of the protective groups with lithium 
to improve the cycling stability of CRPs as well as the improvement of the 
link between polymer chain and the pendants.   

In conclusion, DeT-functionalized CRPs represent new type of organic 
electrode materials for EES. The fundamental studies presented in this thesis 
show undisturbed redox behavior of the pendants from the polymer back-
bone, fast charge transport within the polymer films and low activation ener-
gies involved in charge propagation in these materials. Though the utiliza-
tion of these materials as anodes in batteries is not reached at this stage, 
these materials demonstrate great potential applications in EES. The work in 
the group will continue on the selection of suitable pendent groups for CRPs 
to achieve high specific energy and appropriate electrolyte solutions to stabi-
lize the system.  
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7. Summary in Swedish 

Som en följd av den tekniska utvecklingen i det moderna samhället samt 
kraven på en omställning mot förnyelsebara energikällor finns ett ständigt 
ökande behov av att kunna lagra energi. I denna utveckling spelar elektrisk 
energilagring en central roll, i synnerhet när det gäller elektrifiering av 
transportsektorn, men även för implementering av förnyelsebara energikällor 
i elnätet samt för att möta det ökade behovet av energilagring för portabel 
elektronik. Den teknologi som prestandamässigt väntas kunna möta framtida 
utmaningar för elektrisk energilagring idag är baserad på litiumjonbatterier 
där grafit utnyttjas som anodmaterial och metalloxider som kan interkalera 
litiumjoner utnyttjas som katodmaterial. Dessa elektrodmaterial är dock ba-
serade på ändliga naturresurser och frågan om dagens litiumjonbatterier en-
samt kan möta framtida behov av elektrisk energilagring har lett till en inten-
sifiering av forskning kring alternativa elektrodmaterial som är baserade på 
organiska, förnyelsebara material.  

Den typ av organiska batterimaterial som innefattas i denna avhandling är 
baserade på ledande redoxpolymerer, specifikt framtagna som anodmaterial 
för uppladdningsbara batterier. Ledande redoxpolymerer består av en le-
dande polymer, en redoxaktiv förening och en länk som sammanbinder dessa 
två enheter. Ledande polymerer är elektriskt ledande vilket ger den en sär-
ställning bland organiska material, vilka vanligtvis är elektriskt isolerande. 
Denna egenskap gör dem attraktiva som komponent i batterimaterial men 
även för flera andra tillämpningar såsom solceller, biosensorer, tryckt elekt-
ronik, transistorer och lysdioder. Ledande polymerer är också redoxaktiva, 
dvs de kan ta upp (vid reduktion) eller avge (vid oxidation) elektroner vilket 
gör att de kan användas som batterimaterial i sig själva. I denna avhandling 
utnyttjas dock den ledande polymern endast som elektrontransportör och den 
elektriska ledningsförmågan för de material som innefattas i denna avhand-
ling har därför studerats i detalj. Lagring av laddning sker istället med hjälp 
av de redoxaktiva grupper som fästs, via en länk, till den ledande polymeren. 
Då ledande polymerer endast är elektriskt ledande i vissa potentialregioner 
måste redoxpotentialen för den vidhängande redoxgruppen överensstämma 
med den potentialregion där polymerbasen är ledande för att synergistisk 
effekt av polymerbasen och den vidhängande gruppen ska uppnås. Kravet på 
redoxmatchning mellan polymerbas och redoxgrupp avgör vilka kombinat-
ioner av ledande polymerer och redoxgrupper som är möjliga och för anod-
material, som företrädesvis är redoxaktiva vid låga potentialer, är urvalet av 
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polymerbaser mycket begränsat. För att utöka detta urval har polypyridin 
undersökts som ett möjligt alternativ till de mer vanligt förekommande tio-
fenbaserade polymerbaserna. Resultaten visar att polypyridin kraftigt utökar 
det tillgängliga potentialintervallet för ledande polymerer vid låga potentia-
ler vilket möjliggör ett utökat antal kombinationer av ledande polymerer och 
vidhängande redoxgrupper.  

Även om polypyridin i denna avhandling har identifierats som en lovande 
polymerbas har i huvudsak de mer väl undersökta tiofenbaserade polymerba-
serna används för att utveckla ledande redoxpolymerer för elektrisk energi-
lagring i denna avhandling. Med hjälp av konduktansmätningar genomförda 
in-situ med cyklisk voltammetri har de ledande regionerna för tre olika tio-
fenbaserade polymerer bestämts i ett antal elektrolyter. De ledande regioner-
na vid låga potentialer överensstämmer väl med redoxpotentialen för terefta-
later, vilket undersökts i denna avhandling. På grund av redoxmatchningen 
med polytiofen och en relativt hög teoretisk laddningskapacitet har terefta-
later identifierats som lämpliga komponenter i tiofenbaserade ledande 
redoxpolymerer för batteritillämpningar. En serie av tereftalatsubstituerade 
polytiofener har syntetiserats där länken mellan polymerbasen och den 
redoxaktiva tereftalatgruppen och även polymerbasen har varierats och 
elektrokemin för dessa föreningar har undersökts. Resultaten visar att länken 
dels påverkar föreningarnas polymeriserbarhet, där alifatiska länkmotiv har 
identifierats som fördelaktiga, men också att de har en avgörande betydelse 
för polymerernas cyklingsstabilitet. För cyklingsstabiliteten har dock valet 
av polytiofenbas en än större effekt och poly(3,4-ethylenedioxythiophene) 
har identifierats som den mest fördelaktiga polymerbasen.  

Samtliga undersökta tereftalatsubstituerade polytiofener uppvisar redox-
matchning mellan tereftalatgruppens reduktionspotential och polymerbasens 
ledande region. Detta möjliggör snabb elektrontransport genom materielen 
och kinetiska studier visar att relativt tjocka polymerlager (20 mikrometer) 
kan konverteras på ett fåtal sekunder. Konduktansmätningar genomförda in-
situ under elektrokemisk konvertering visar att konduktansen minskar med 
ökande temperatur vilket tyder på mycket låga aktiveringsbarriärer, (< 25 
meV), för elektrontransport genom materialet vilket tillskrivs den ledande 
polymerbasen.  

Arbetet som sammanfattas i denna avhandling visar att kombinationen av 
ledande polymerer och redoxaktiva grupper har möjlighet att generera 
material med mycket fördelaktiga laddningstranportegenskaper. Förutsätt-
ningarna för att framgångsrikt kombinera ledande polymerer med redoxak-
tiva grupper har utarbetats och material framtagna specifikt som anodmateri-
al för uppladdningsbara batterier baserade på organiska föreningar har synte-
tiserats och undersökts. Resultaten visar att kombinationen av redoxaktiva 
grupper och ledande polymerer utgör en lovande och framkomlig väg för att 
konstruera batterimaterial baserade på organiska material.   
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