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Organic electrode materials represent an intriguing alternative to their inorganic counterparts
due to their sustainable and environmental-friendly properties. Their plastic character allows for
the realization of light-weight, versatile and disposable devices for energy storage. Conducting
redox polymers (CRPs) are one type of the organic electrode materials involved, which consist
of a π-conjugated polymer backbone and covalently attached redox units, the so-called pendant.
The polymer backbone can provide conductivity while it is oxidized or reduced (i. e., p- or
n-doped) and the concurrent redox chemistry of the pendant provides charge capacity. The
combination of these two components enables CRPs to provide both high charge capacity and
high power capability. This dyad polymeric framework provides a solution to the two main
problems associated with organic electrode materials based on small molecules: the dissolution
of the active material in the electrolyte, and the sluggish charge transport within the material.
This thesis introduces a general synthetic strategy to obtain the monomeric CRPs building
blocks, followed by electrochemical polymerization to afford the active CRPs material. The
choice of pendant and of polymer backbone depends on the potential match between these two
components, i.e. the redox reaction of the pendant and the doping of backbone occurring within
the same potential region. In the thesis, terephthalate and polythiophene were selected as the
pendant and polymer backbone respectively, to get access to low potential CRPs. It was found
that the presence of a non-conjugated linker between polymer backbone and pendant is essential
for the polymerizability of the monomers as well as for the preservation of individual redox
activities. The resulting CRPs exhibited fast charge transport within the polymer film and low
activation barriers for charge propagation. These low potential CRPs were designed as the anode
materials for energy storage applications. The combination of redox active pendant as charge
carrier and a conductive polymer backbone reveals new insights into the requirements of organic
matter based electrical energy storage materials.
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We could choose to live like a
candle, flame from the beginning
till the end, and bring the warmth
and light to our surroundings.
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1. General introduction

Conducting polymers (CPs) exhibit exclusive electrical, optical and mechanical properties, making them attractive for not only energy storage but also
solar cells,1 displays,2 biosensors,3 etc. The electronic conductivity together
with the possibility to tune ionic transport of CPs makes them appealing for
electrical energy storage (EES) applications.4 Apart from highly conductive
CPs,5 there is another type of electroactive polymers for EES, classified as
redox polymers (RPs).6-7 In this thesis we define RPs consisting of redox
active moieties immobilized on a non-conductive polymeric network. These
redox centers provide the high capacity in these polymers. By combining the
advantage offered by CPs and RPs, the redox pendant groups (PGs) can be
designed to attach to a conductive polymer. Such polymers are referred to as
conducting redox polymers (CRPs). Conventional organic redox active PGs
are for example carbonyls,8-9 radicals,10-11 and organic sulfur compounds.12
The combination of CPs and RPs into CRPs helps to solve the two major
problems of organic EES materials: dissolution of the active material and
low electronic conductivity.12 The CPs are not conducting at all potentials,
so in the design of CRPs it is important for the redox matching of PGs and
CPs, i.e. the PGs redox potential is in the range where the CPs conduct (doping potentials). It is also important that the individual redox properties from
the two moieties are preserved in the CRPs, i.e. the high conductivity of the
CP and the high charge storage capacity and well-defined, stable and facile
redox reaction of the pendant.13
The work presented in this thesis involves the synthesis and DFT calculation of thiophene-based CRPs building blocks using diethyl terephthalate
(DET) as the capacity carrier in the low potential region. The corresponding
CRPs have been investigated regarding their electrochemistry, kinetics, conduction mechanism, cycling stability, mass effect and spectroelectrochemistry. A thiophene derivative has been designed for fast synthetic access to
poly(3,4-ethylenedioxythiophene) (PEDOT) based CRPs, which then has
been employed for the synthesis of PEDOT related energy storage materials.
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2. Aims of the thesis

The aim of this work is to design synthetic routes for CRPs and to understand the fundamental characteristics of these materials. As the first attempt
on CRPs for organic anode materials, this work introduces a general guideline to the CRPs rationalization for EES materials.
The work is described in the included papers as follows:


Potential match between CPs and PGs under various experimental conditions. Design and synthesis of CP monomers attaching PGs via various linkers and DFT calculations on their redox properties. (Paper I, II
& V)



Investigate the electrochemistry of DET-functionalized thiophene monomers to understand the effect of linker on their electrochemical properties and polymerizabilities. (Paper II & IV)



Study the electrochemical and spectroscopic properties of CRPs, to
explore their kinetics, conduction mechanism, cycling stability, mass effect and doping-induced optical properties. (Paper III, IV, VI)
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3. Electrical Energy Storage

Electrical energy supports the modern life of mankind. Its power stretches
into nearly every single activity in the society. Thus it is important that this
power source is stored after electricity generation and supplied uninterruptedly. Electrochemical energy storage devices are a key component in numerous areas of technological relevance ranging from transportation to customer electronics. They can be divided into two main categories: Electrochemical capacitors (ECs) and batteries. ECs store energy directly as charge
between the electrode and electrolyte and they display significantly faster
charge-discharge rate than the batteries, which makes them suitable for high
power applications.14 However, ECs energy density is much less compared
to batteries which store energy in the form of chemical energy by faradaic
reactions. In the modern art of rechargeable battery technology commercially available examples include valve-regulated lead acid (Pb-Acid), nickelcadmium (Ni-Cd), nickel-metal-hydride (Ni-MH) and lithium-ion devices
(Figure 1). Lithium-ion batteries (LIBs) stand out from these masterpieces
due to their high energy densities (per unit volume or per unit mass). A battery consists of a negative electrode (anode), a positive electrode (cathode)
and an electrolyte. A rigid separator is often placed between the two electrodes to prevent a short circuit. Figure 2 shows a schematic overview of a
Li-ion battery. The two electrode materials decide the specific energy of the
batteries. The most extensively used commercial cathode materials are based
on metal oxides, e.g. LiCoO2 and LiFePO4. Capacities of these cathodes are,
however, limited by the number of Li ions that can be intercalated while
retaining structural stabilities. Thus the specific capacities are usually in the
range of 120-160 mAh g-1. Limited capacity together with limited electronic
conductivity require large-area electrodes to reach sufficient capacity. Commercially available anodes are made from carbonaceous materials such as
graphite, which is capable of intercalating one Li atom per six carbon atoms
(LiC6) with specific capacities of 372 mAh g-1.15
Organic materials have drawn attentions from researchers and they are
proposed as a feasible solution to decrease the cost and keep environmental
friendliness. These materials can also bring new properties, such as the flexibility, improved processability and they provide compatibility with other
cycling ions than Li, for instance Na or ammonium based ions. The main
building blocks for organic compounds (e.g. carbon, nitrogen, sulfur, oxygen)
are all abundant and inexpensive. Modern synthetic organic chemistry can
19

provide vast chemical tunability of these compounds by rational synthetic
design, which makes them even more attractive. These organic molecules
can be designed to optimize capacity, redox potential, or charge-discharge
cycle. Moreover, the amorphous organic materials preclude the problem of
structural changes during charge and discharge cycles. Thus it offers the
possibility to make green and plastic batteries.16-19

Figure 1. a) Batteries store more energy per unit weight than ECs. Thus batteries are
suitable for long-term energy supply, while ECs can provide high power in a short
time period. Other systems are included for comparison. b) Volumetric and gravimetric energy density for the major small-scale rechargeable battery systems.20 Lithium based batteries store the most energy.

Figure 2. A schematic representation of the process of a) charging and b) discharging of a Li-ion battery. It stores energy by lithium ion intercalation.
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3.1 Organic Energy Storage
Applying organic redox molecules (ORMs) to batteries is not a new concept
and can be traced back to the 1960s.21 These organic materials are normally
featured by light weight, easy preparation and various redox chemistries,
which make it possible to tailor batteries with high energy density, fast electron transfer and economical waste recycling.6,17 Elementary oxygen and
sulfur offer huge theoretical capacities of 3350 and 1672 mAh g-1 respectively, and they are fascinating building blocks for functional redox moieties that
provide energy storage by conversion reaction. These are divided into three
major classes: organic sulfur compounds, free radical compounds and carbonyl compounds.12 In organic sulfur compounds a disulfide bond is employed to provide charge storage through the S-S bond cleavage/dimerization redox reaction. However, this reaction experiences poor
kinetics with large anodic and cathodic peak separation.22 Moreover, the
dissolution of these organosulfur compounds into organic electrolyte limits
its use in batteries. As an improvement polymeric organosulfur compounds
have been developed with S-S bonds in the polymer backbone or as PG of
the backbone.23-24 Free radical compounds are mostly centered on oxygen,
providing nitroxyls (NO·) and phenyloxyls (PhO·) as examples of this redox
site. The reaction of such radical oxides shows fast charge transport through
charge propagation within the material. These molecules are also soluble in
common organic electrolyte, so a polymeric frame is normally applied on
these radical oxides to solve dissolution problems.25
The carbonyl group is a common organic chemical structural moiety
composed of a sp2 carbon and oxygen connected by a double bond. Besides
their structural simplicity carbonyl-containing compounds can reach theoretical capacities of 120 ~ 600 mAh g-1 depending on the molecular structure.26
The carbonyl moiety undergoes one electron reductive reversible reaction.
The reduced anionic carbonyl group can be stabilized by different functional
moieties. Depending on the stabilizing mechanism of this anion the state-ofthe-art materials can be grouped into three categories shown in Figure 3a.26
The molecules in category I employ vicinal carbonyls, for example 1,2dione, and the structure can be stabilized by forming enolate upon reduction.
Category II are aromatic compounds consisting of the carbonyl group directly connected to an aromatic core which allows the negative charge to disperse by delocalization, for example conjugated carboxylate and imide. In
the last category III the compounds are quinone derivatives. The reduction
product is stabilized by forming an aromatic ring. The different structures,
thus, result in their distinct electrochemical properties, especially in the redox potential. Figure 3b shows a systematic overview of the electrochemical
properties of these carbonyl compounds. Quinone derivatives normally work
in relatively high potential range as cathode materials27 and conjugated carboxylates in lower potential range as anode materials.28-32 Terephthalate is
21

composed of dicarboxylate bridged by a π-conjugated phenyl ring. Its lithium salt (di-lithium terephthalate) performs robust electrochemical reactivity
below 1V (vs. Li/Li+),28 therefore making it attractive as anode material in
LIBs. Beside its electroactive response to lithium ion, terephthalate has also
been observed to be active towards sodium ions33-35 and alkylammonium
ions as presented in our work.
However, there are disadvantages of these small organic molecules which
limits them for battery applications, for example the dissolution problem and
low electronic conductivity. The dissolution takes place due to their low
molecular weight that favors the solubility in the common organic solvents
used in batteries (e.g. acetonitrile, propylene carbonate). Dissolved active
materials can shuttle between the electrodes, which then lead to the selfdischarge of the battery and affects the cycling stability. This turns to be no
problem for flow batteries36-37 but for the traditional batteries with the active
materials in solid phase. There are several methods to solve the dissolution
problem, including immobilizing the molecules on the surface of an insoluble substrate,38 increasing the molecular weight to reduce solubility,39 using
charged structures to reduce solubility40 or using solid electrolyte/ionic liquid.41-42 Traditionally conductive additives (i.e. carbon black) can increase
the conductivity by blending with the electroactive materials.43 However,
they are just dead weight, contributing no capacity to the material, and several research groups reported less than 100% of the theoretical capacity indicating hidden regions, i.e. part of the active materials is hidden due to the
lack of conductivity.

Figure 3. a) Representative molecular structures for the three categories of electrode
active materials based on carbonyl compounds. b) Overview of the cell discharge
potential and the theoretical capacities of the three different carbonyl categories.
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3.2 Polymers as active electrode materials
The conventional inorganic Li-ion batteries reach their limits when used in
mobile applications such as mobile sensor systems, smart clothes, or smart
packaging. The demand for such thin-film applications clearly differs from
the conventional batteries. The essential requirements for such applications
are for batteries to be flexible, free of toxic and harmful metals, and being
produced from abundant and, ideally, renewable resources. Organic materials are probably a good option to circumvent the shortcomings of inorganic
material (e.g. lithium cobalt oxide, lithium nickel cobalt manganese oxide).
As previously mentioned, the solubility in electrolyte represents the challenge in the course of developing organic electrode materials. The incorporation of redox-active units to a polymeric backbone turns out to be a feasible
synthetic approach to overcome this issue. Organic polymers are known to
be flexible and can be produced and processed on an industrial scale. While
most redox active organic polymers are synthesized from fossil carbon
sources there have already been several attempts and achievements in using
renewable resources.44 In contrast to the inorganic electrodes whose redox
reactions are based on complex intercalation mechanisms, organic polymers
perform redox reactions which results in high rate performance and long
cycling life.7 In contrast to metal based electrodes, usually, the uncharged
form of organic polymers is processed, which means the cathode is oxidized
initially by applying an external current while the anode is reduced. The
electrode charges are then compensated by the counter ions from electrolyte
solution, as shown in Figure 4.

Figure 4. A schematic representation of the process of a) charging and b) discharging of an all-organic battery. It stores energy by simple redox reactions of the electrode materials.
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3.2.1 Organic Conducting Polymers
The organic battery story starts with the discovery of the electronic conductivity of doped conjugated polymers, polyacetylene, in 1977 by Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa.45 An early attempt was
then made to use conducting polymers as active material in an organic battery.46-47 After that the main focus shifted to cyclic conjugated polymers such
as poly(aniline), poly(pyrrole), poly(thiophene), poly(p-phenylene), and
poly(carbazole).6 In the late 1980s, commercial batteries were then launched
by Bridgestone/Seiko and VARTA/BASF, based on poly(aniline) and
poly(pyrrole). However, they were discontinued after a short period of time
mainly due to their inferior charge/discharge cycling behavior.48
CPs store charge upon doping either by oxidation (p-doping) or reduction
(n-doping). Charge carriers are delocalized within the extended π-system.
The band structure in CPs is analogous to inorganic semiconductors, providing CPs their intrinsic property – conductivity.49 To understand the conduction mechanism it is useful to consider their electronic band structure. The
electrons in an atom can be described by the atomic orbitals, which have
discrete sets of energies. When atoms are combined into a molecule, the
atomic orbitals interact with each other and form the molecular orbitals
(MOs) that have different energies compared to atomic orbitals. The combination of more and more atoms into the molecule will eventually cause these
discrete energy levels to merge into a continuum, a so-called band. The valence band is made up of electron-occupied orbitals and the conduction band
is made up of unoccupied orbitals. The gap between the valence band and
the conduction band, i.e the range of energies not covered by any available
states, are referred to as the band-gap. Polyacetylene is the classic model
polymer to illustrate the band structure of organic semiconducting materials
(Figure 5). Polyacetylene with equal bond lengths would have no band gap
(Figure 5a).50 The absence of a band gap would lead to a metallic conduction
in the neutral (undoped) material, but this has not been observed experimentally.45 The reason why its neutral form behaves like an insulator is the occurrence of Peierls distortion that shortens every second bond into a double
bond in the chain (Figure 5b).51 This results in a decreased energy of occupied π orbitals and simultaneously increased energy of occupied σ orbitals.
The overall energy changes from these bonding orbitals destabilize the corresponding anti-bonding orbitals. It determines this distortion and thus the
band gap. Since the width of the gap energy is larger than the thermal energy
available at room temperature, polyacetylene in its neutral state is an insulator. Upon oxidation or reduction of the chain, new thermally accessible
states are formed within the gap, which allows conductivity at room temperature (Figure 5c).50
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Figure 5. Polyacetylene as the model to understand the band structure in a conducting polymer: Conducting band (CB), valence band (VB), band gap, mid-gap states).

CP can be prepared by either chemical polymerization52 or electrochemical
polymerization.5 In this thesis the monomeric substrates are polymerized
electrochemically due to the convenience for electrochemical studies. The
afforded polymeric materials are prepared via anodic (oxidative) polymerization, which includes several steps: radical formation, dimerization, deprotonation, oligomerization, nucleation, deposition, growth and solid state process. This method is commonly seen in the polymerization of PTs,53
polypyrroles54 and polyanilines.55 As illustrated by the thiophene electrochemical polymerization, the initial step involves oxidation of a thiophene
monomer which produces a radical cation. The radical can then couple with
a second radical cation to form a dicationic dimer, or with another monomer
to produce a radical cation dimer. After elimination of two protons a twounit coupling is complete. Prolongation of these oligomers by dimerization
yields a precipitation of CP film on the electrode surface. (Scheme 1)

Scheme 1. Anodic polymerization of thiophene.

Doping processes typically lead to the charging of CPs. The doping can be
induced chemically or electrochemically by either oxidation (p-doping) or
reduction (n-doping). The chemical doping reagents are either electron acceptors, such as iodine and FeCl3, or electron donors, such as potassium
naphthalide. The polymers can also be doped in an electrochemical cell.
Similar to the redox reaction in solution, the polymeric film on an electrode
can be oxidized (p-doped) or reduced (n-doped) by applying potentials. To
25

maintain the electroneutrality, counter-ions flow in and out during the process of charging and discharging. Figure 6 illustrates the process of p-doping
in PT. The doping and dedoping process causes the local geometrical distortion shuttling between a quinoid-like and a benzenoid-like structure. The
neutral state of PT has a band gap Eg of about 2 eV56 and only one transition
is seen between VB and CB corresponding to the band gap transition. Oneelectron oxidation (or lightly doped) generates one single electron filled and
one unfilled in-gap state. These localized electronic states form the charge
carriers in the polymer chain, referred to as polaron with a spin ½.57 The
transitions from VB to in-gap states are much lower in energy compared to
the Eg, which contribute the optical absorptions related to transitions involving in polaron states.58 When the doping increases, i.e. more polarons are
generated within the polymer, there are chances that the polarons are recombining to form the spinless bipolaron.57-58 When comparing the creation energy of a bipolaron relative to that of two polarons, the calculation results
from polyacetylene, polyparaphenylene and polypyrrole indicate that the
distortion energy to form one bipolaron is roughly equal to that to form two
polarons. However, the energy gain by pairing to the counter ions is greater
in the bipolaron case, which makes it thermodynamically more stable than
two polarons in these systems despite the Coulomb repulsion between two
same charges.57 Theoretical calculations also suggest three absorption bands
for the polaron and two for the bipolaron state.59

Figure 6. Schematic view of the PT p-doping. Band structure in the conjugated
polymer upon doping from polaron to bipolaron.

On the other hand n-doping of CPs usually occurs at extreme conditions, i.e.
at quite negative potentials and an oxygen- and water-free environment is
required. This difficulty results in n-doping being less explored. The most
studied CPs with n-type capacity doping are PT and its derivatives.60-63 These materials show capacitive doping of both p- and n-type as illustrated in
Figure 7. N-doping of PT becomes more reversible when using smaller al26

kylammonium cations and it shows different cycling stabilities when varying
the size of cations (details in Paper I). Thus the choice of electrolyte and
solvent results in various n-doping levels of CPs at different experimental
conditions.64-67
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electrolytes (0.1 M). TB/TE/TMAPF6 are tetrabutyl/ tetraethyl/ tetramethylammonium hexafluorophosphate. Red curves show the individual scans at only negative
potential region. Adapted from Paper I with permission from the publisher. Copyright 2015 American Chemical Society.

Even though the conductivity represents one of the major advantages, their
inherent connectivity of the redox centers to the current collector yields a
drawback as well. Since the charged centers are not separated electronically
and instead strongly affecting each other, it gives rise to the redox potentials
of conjugated polymers depending on the doping levels and they gradually
change during the charging/discharging cycles (Figure 8). The resulting
sloppy cell voltage limits the range of applications. Another issue is the limited achievable degree of doping. Ideally, one charge could be stored per one
repeat unit in the polymer chain, but conjugated polymers typically give
reversible doping levels of at most 0.3 to 0.5, which results in significant
decrease in capacity.4-5 A much higher level of doping would destabilize the
polymer matrix through undesirable inter-chain interactions or cause a destruction of the polymer chains.68-69

Figure 8. Representation of the comparison of the cell discharge curves between
CPs and RPs (e.g. radical polymers).7
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3.2.2 Organic Redox Polymers
Compared to CPs, RPs have flatter plateau voltages for the charging/discharging curve and accommodate more charges. RPs are based on a
nonconductive backbone which either bears electroactive PGs70-72 or incorporates the redox active groups into the backbone.39,73-74 These electroactive
groups contribute to the distinct redox potential due to the localized redox
site and are also dedicated to accept one or more electrons per repeating unit,
such as carbonyls, organosulfur, etc. (discussed in section 3.1). Organic radical polymers represent a prominent subclass of RPs for EES due to their
superior redox chemistry, in particular the favorable kinetics.75-77 The pendant organic radicals attached to the polymeric matrix possess an unpaired
electron in the uncharged state. Because the redox process of radicals does
not involve any bond-forming and -breaking, it enables fast electron transfer,
i.e. high rate performance.78 The stability problem of unpaired electrons (i.e.
high reactivity, tendency to dimerize) can be overcome through rational design by introducing a combination of resonance effect and steric hindrance.
For example, 2,2,6,6-tetramethylpiperidinyl-N-oxyl (TEMPO) as the classical representative of p-type nitroxyl radical species bears four methyl groups
surrounding the active site as hindrance and nitrogen is serving as the resonance counterpart during redox reaction.75 Phenoxyls, such as galvinoxyl,
have two tert-butyl groups as hindrance and phenyl as resonance stabilizer,
serving as n-type radical material.79 More detail on the radical polymer active materials can be found in the Schubert review.7
Because the charges of RPs reside on the localized redox sites on the nonconjugated polymer chain, its conductivity involves a hopping mechanism.25
The charge transport in such materials is through an electron self-exchange
process along the redox gradient formed among these close radical units and
also minor structure changes, different from the materials with conjugated πsystems (Figure 9). This charge gradient-driven electron transfer is sufficiently fast in thin layer polymer films, but it becomes inadequate when the
film gets thicker and carbon conductive additives are thus needed to provide
enough electron transfer pathways.7 These carbon additives are non-active
electrode components. Therefore the energy density of such actual radical
devices is reduced.

Figure 9. Graphical illustration of the structure characteristics of CPs vs. RPs. The
charge transfer in CPs involves intra-and inter-chain electron transfers, whereas in
RPs it involves electron hopping between the redox sites.
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3.2.3 Conducting Redox Polymers
CRPs combine features from CPs and RPs. A CP backbone is decorated with
redox pendants such as carbonyls,80-81 dithiols,12 radicals,10-11 metal complexes66,82 and viologens.83-84 Ideally this design would bring CRPs high
charge capacity and fast charge transport. This concept is not new. Polypyrrole with several functional groups (quinone derivatives, phenothiazine, anthracene) attached at the N position was published in the 90s.85-86 Later, in a
synthetically similar fashion, polypyrrol was hosting a ferrocene redox couple and this CRP was firstly used as electrode material in LIBs.82 The charge
capacity was increased compared to the pristine polymer because of the
combination of redox sites with the polypyrrol backbone. Most of the efforts
have been devoted to the research on cathode materials resulting from the
readily accessible p-doping of most CPs. In the low potential region, anode
materials based on n-doping CPs are much less explored and none of the
studies83 on such materials realizes synergetic effects between the redox
properties of pendant unit and the CP polymeric frame due to potential mismatch between the two active components.13 Thus, potential matching between the pendant redox site and polymer doping becomes the first step to
explore CRP based electrode material. Beside the fundamental realizations
of CRPs, the synthetic effort to make such polymers is constantly the bottle
neck for new materials production. This thesis will introduce the synthetic
methodologies to implement the polymer design and explore CRP based
anode materials.
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4. Monomer Design and Synthetic Strategies
for Low Potential Conducting Redox Polymers

The rational design of CRPs requires: potential match between the pendant
groups and the polymer backbone, a linker in between these two moieties that
allows the individual properties of them to be preserved, and a low mass of the
repeating units. Potential match means that the redox reaction of the redox
pendant group lies in the potential region imposed by the CP backbone, where
the CP becomes electronically conducting but at sufficiently low doping level
to ensure that the polymeric frame is stable.87 This is the prerequisite to
achieve fast charge transfer, stable redox cycling and to avoid the charge capacity losses resulting from the inactive region in the final material. The present work shows that the linker is another important factor that would give a
great impact on the electrochemical properties of the dyad product by affecting
the polymerizability of the monomers and modulating the interaction between
polymer backbone and redox pendants. In this part I will discuss the potential
match between CPs and ORMs, how to achieve the molecular fragments integration via organic synthetic tools and the impact of the linker on the electrochemical and optical properties of the dyad monomers.

4.1 Potential match
Figure 10 illustrates a collection of polythiophene derivatives under both nand p-doping together with a series of ORMs of redox potentials and theoretical capacities that have been reviewed in the recent literature.12,26 The examples of PT, PEDOT and polyphenylthiophene (PPT) show conductance
increase in both doping regions. However, this is not significant in the ndoping region compared to p-doping. This is presumably due to the unstable
n-doped state resulting from its electron rich feature which is sensitive to
oxidative and proton sources. The ORMs shown at the bottom of the figure
cover a wide range of potentials, -2.4 ~ 0.4 V vs Fc+/Fc0, and capacities. A
clear trend can be seen with the carboxylates fitting into the low potential
region matching well with the n-doping of PT derivatives. Quinones and
dithiols cover an interzone across both n- and p-doping regions. The redox
reactions of radicals occur at higher potential regions covered by the pdoping of PT derivatives. The various matching between ORMs and CPs
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provides a better insight for designing further CRPs. For instance, quinone
derivatives have been combined to PEDOT and produce CRPs based electrode materials.19,88 For anode materials, terephthalates have attracted interest.28,34 Upon reduction, such terephthalates are believed to be transformed
into species with reduced aromaticity as a result of delocalization of the additional electron into the aromatic ring, resulting in low reduction potentials
for this transformation.28 To design a low potential CRP, the carboxylate
derivative DET has been chosen as the pendant in conjunction with PT
backbone in this thesis (Figure 10).

Figure 10. Potential match of thiophene-based CPs and ORMs in different potential
regions. The upper part shows the conductance of CPs at both p- and n-doping regions (the blue inset shows the DET redox potential matching PT n-doping); the
lower part shows a collection of the theoretical charge capacity and redox potential
of ORMs suggested in the literature reviews. Conductance G was evaluated from the
in situ conductance measurements with a CV process on an IDA electrode.
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4.2 Synthetic Tools
In all energy storage applications of organic materials it is essential to be
able to synthesize the intricate molecular structures that are required for the
optimal functionality. Organic chemistry has a long history and countless
research efforts have been made to explore new methods to produce different
chemical compounds. In this section, I will discuss the main organic synthetic strategies that are applied in this thesis work targeting the molecules in
Scheme 2, to depict the synthetic routes to CRP monomers.

Scheme 2. Selected molecules from this PhD thesis discussed to illustrate synthetic
strategies for CRP monomers. Blue color indicates PG and Red color monomer unit
for the polymer backbone.

M1-14 consist of two molecular fragments, which are connected by different
linkers. The two fragments serve as polymer building block (thiophene or
pyridine) and redox charge carrier, respectively. They may be connected by
all-carbon or carbon/heteroatom linkers. Usually, different reactions are required to create carbon-carbon or carbon-heteroatom bonds.
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4.2.1 Formation of carbon-heteroatom bonds
Nucleophilic substitution
Nucleophilic substitution is a type of polar reactions occurring between species with increased or diminished electron density at certain atoms, so-called
nucleophiles or electrophiles, respectively.
A nucleophile is a chemical compound that has a relatively high energy
pair of electrons capable of making a new chemical bond. A nucleophilic
atom may be neutral or negatively charged. For example, alcohols (ROH),
thiols (RSH), sulfides (R2S), amines (R3N), phosphines (R3P), and alkoxides
(RO-) have atoms oxygen, sulfur, nitrogen, and phosphorus (III) with electron lone pairs serving as nucleophilic site. In Paper V, we encountered several situations where the compounds contain an electrophile-halogen (E-X)
bond. The electrophilic atom E has an octet, but it is attached to one or more
groups of X atoms by a σ bond, constituting leaving groups. It means that
when the nucleophile attacks the E atom to form a new bond, the E-X bond
would undergo heterolytic cleavage, with the leaving group including the
electron pair dissociating to form an independent anionic species. The synthesis of viologen M10 from the bipyridine precursor applied the nitrogen
with its lone pair as nucleophile which was able to attack the electrophilic
carbon in methyl iodide, resulting in dissociation of iodide as anionic leaving
group (Scheme 3).

Scheme 3. The nucleophilic substitution to synthesize viologen M10.

The electrophilicity of carbon in methyl iodide stems from the electronegativity of the iodine atom. When the nitrogen lone pair is localized in an sp2
orbital on an aromatic ring, such as pyridine or imidazole (N-3), it is highly
reactive towards silyl chloride, forming a very reactive silylation reagent for
the purpose of protecting alcohols (Scheme 4, step 1).
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Scheme 4. The synthesis of pyEDOT.

The first step of synthesizing pyEDOT involves the alcohol protection of
glycidol by silylation using imidazole as the catalyst, so as to conduct the
following nucleophilic reaction on an epoxide group. In step 2, the lithium
trimethylsilylacetylene contains a bond between a nonmetal and a metal,
constituting a sigma-bond nucleophile. The electrons in this bond are used to
form a new bond between the nonmetal part and the electrophile part. It attacks on the less hindered carbon of the epoxide and the reaction is accelerated by the electrophilic Lewis acid BF3 coordinating with the oxygen atom
(Scheme 4, step 2). The boron atom lacks an octet and has a low energy nonbonding orbital, usually a p-orbital. The electrons from the oxygen lone pair
are used to form a new bond with boron, giving it its octet. The formal
charge of oxygen increases by 1. Then the electrons in the C-O bond become
likely to reduce the O+ which makes the adjacent carbon more electrophilic.
After addition of the nucleophile the oxygen formal charge decreases back.
Dissolving of K2CO3 in methanol provides methoxide,89 which can attack the
silicon centre to cause desilylation. The nucleophilic attack by Lewis base
(LB) leads to a pentavalent silicon centre which is permitted due to hybridization with the vacant 3d-orbital of silicon. The entropy gain by forming a
bond with methoxide is the driving force for a fast cleavage of the substrate.
In a similar fashion the desilylation can also be induced by fluoride anion F-.
The transetherification in step 4 is catalyzed by acid. The protonation of a
methoxyl group makes the thiophene β-carbon amenable to nucleophilic
attack and it leaves as a methanol after substitution. Finally the deprotonation by a Lewis base (methanol) gives pyEDOT.
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The carbonyl group is a π bond electrophile. In this type of electrophile,
the electrophilic atom E is attached by a π bond to an atom that can accept a
pair of electrons. Examples are C=O, C=N or C≡N groups, in which the less
electronegative atom C is the electrophilic one. The attack from a nucleophile would break the π bond and decrease the formal charge of electronaccepting atom by 1. The nitrogen from amine attacks the electrophilic carbonyl carbon in acyl chloride to form a hemiaminal intermediate. Chloride,
as a leaving group, causes the hemiaminal to reconvert to the carbonyl group,
producing HCl as the byproduct (Scheme 5). This reaction forms an amide
bond as the linker to afford the M13 dyad.

Scheme 5. The synthesis of M13.

Under acidic conditions, the protonation of the carbonyl oxygen turns carboxylic acid into a stronger electrophile. After addition of ethanol the tetrahedral structure quickly collapses back to ester by eliminating one molecule
of water. The terephthalic acid can be protected by ethanol under acidic condition (Scheme 6). This protection removes the acidic proton from molecule
which allows the further functionalization on terephthalate in basic environment.

Scheme 6. The synthesis of DET.

The deprotonation of alcohol or carboxylic acid from base gives alkoxide.
The same fashion is also applicable for thiols. This type of ionic nucleophile
is quite useful for making a linker between two chemical units, such as ester,
ether or thioether. Depending on the basicity of different alkoxides, it would
influence the synthetic strategy for certain target molecules. In paper IV the
monomers were designed with different linkers bridging terephthalate moiety and EDOT backbone. M6 was made from the nucleophilic substitution of
EDOT-CH2-Br by phenoxide (Scheme 7a). However, benzyloxide, as another nucleophile, would not substitute the bromide on the same molecule, in35

stead it removed a proton from EDOT-CH2-Br and left EDOT-alkene and
benzyl alcohol as products (Scheme 7b). Due to the resonance from the benzene ring phenoxide gets less electron-density on the oxygen atom, reducing
the basicity on this position but still retaining certain nucleophilicity. The
same effect is observed for the carboxylate anion. In benzyloxide a methylene group isolates the oxygen from the aromatic ring, thus retaining the
original features of alkoxide, i. e. being both a good nucleophile and a good
base. The basicity of alkoxide promoted the β-elimination on EDOT-CH2-Br
and produced alkene as the product. Thus the route towards M7 required
adjustment to switch the roles of nucleophile and electrophile. EDOT-CH2alkoxide was used as the nucleophile to substitute benzyl bromide (Scheme
7c). Because there is no available proton at the β-position to allow elimination of HBr or, seen from another perspective, phenyl on the α-position is a
very poor leaving group, the β-elimination would not happen to benzyl
bromide.
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Scheme 7. a) Aryl- and b,c) alk-oxides carry out substitution reactions. As the basicity increases, the alkoxide nucleophile could trigger β-elimination reaction for
EDOT-CH2Br.

Cycloaddition
The azide-alkyne cycloaddition provides another way of making a carbonheteroatom bond. It is given the name “click” chemistry, where “click” indicates its synthetic easiness and the use of readily available starting materials.
This makes it attractive to materials chemistry. The reaction between azide
and alkyne belongs to the Huisgen 1,3-dipolar cycloaddition. However, it is
not a “click” reaction because this thermal cycloaddition requires much elevated temperature and it often produces mixtures of two regioisomers when
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using asymmetric alkynes. A copper-catalyzed variant that follows a different mechanism can be conducted under aqueous condition and even at room
temperature.90 It gives 1,4-disubstituted triazole regioisomers selectively and
can thus be considered being a “click” reaction. As an alternative, a ruthenium-catalyzed option gives the opposite regioselectivity with the formation of
1,5-disubstitution products.91 In Paper V, the Cu-catalyzed azide-alkyne
cycloaddition was tested on bridging the EDOT unit with a phthalimide
functional unit (Scheme 8). DFT calculation indicates that a σ-bound copper
acetylide bearing a π-bound copper coordinates the azide, resulting in decreased energy of the transition state. It forms an unusual six-membered
copper metallacycle. The second Cu acts as both a stabilizing electron donor
and as an acceptor ligand, forming bonds with N and C. The reductive elimination of the second Cu induces the ring contraction and gives a triazolylcopper derivative. Then protonation produces the triazole ring and completes
the catalytic cycle.92

Scheme 8. The proposed mechanism of Cu-catalyzed azide-alkyne cycloaddition.

4.2.2 Carbon-carbon bond formation
The carbon-heteroatom bond involving N, O, S, P and halogens is polarized
due to the different electronegativities of the bound atoms. Thus, these bonds
intrinsically have limited tolerance to acidic or basic conditions, therefore
promoting hydrolysis. When incorporated into the linkers between redox PG
and polymer backbone, they reduce the stability of the compounds, some of
them even being electrochemically redox active. The stability of the linker
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would thus constitute an additional parameter to consider when designing
functional polymers. In contrast, the C-C bond is chemically inert and therefore more suitable for durable linkers.
Nucleophilic substitution
The use of metal-carbon sigma-bond nucleophiles can provide access to
carbon-carbon bond formation, as being exemplified by organolithium reagent RLi in Scheme 4, step 2. Similarly, Grignard reagent RMgBr, and Gilman reagent R2CuLi are also useful synthons in making C-C bonds. In Paper
II, the methylterephthalic acid was formed from the starting material paradibromotoluene. The activation of the sp2-carbon-bromine bond by magnesium metal leads to a Grignard reagent which is reactive towards the electrophilic CO2, producing a terephthalate di-anion after nucleophilic attack
(Scheme 9a). The acid form is simply produced by protonation. In the early
stage of this PhD work the project was aimed at a pyridine derivative M14.
One synthesis was applying Gilman reagent for the nucleophilic substitution
selectively with the sp3 C-Br bond (Scheme 9b), producing a methylene
bridge between the two pyridine units. The pyridine Gilman reagent was
obtained by lithium halogen exchange, followed by adding CuI to the metal
complex.

Scheme 9. a) Grignard reagent and b) Gilman reagent are used for molecular functionalization via C-C bond formation.

Cross-coupling reaction
The C-C bond forming coupling synthesis has an important part in making
polymer building blocks described in this thesis. The well-known syntheses
include Suzuki-Miyaura coupling,93 Stille coupling,94 Negishi coupling,95
Kumada coupling,96 Sonogashira coupling,97 and Heck coupling (Scheme
10).98 In these reactions, an aryl halide or pseudohalide undergoes a Pdcatalyzed substitution reaction with a “nucleophilic” alkyl-metal compound
such as R-B(OR’)2 (Suzuki coupling), R-≡-Cu (Sonogashira coupling), or
others. The Heck reaction is different in that an electrophilic alkene reacts
directly with the aryl halide to give a more substituted alkene.
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Scheme 10. The common Pd-catalyzed cross-coupling name reactions applied in CC bond-forming synthesis.

The catalytic cycle consists of three important steps: Oxidative addition,
transmetallation, and reductive elimination (Scheme 11). The oxidative addition on C(sp2)-X bonds (i.e. aryl and vinyl halide) occurs by coordinating the
Pd to the π bond to form a metallacyclopropane complex resonance structure.
Then an electrocyclic ring opening takes place, followed by eliminating the
anionic halide to give a new cationic Pd-vinyl complex. When I‾ associates
with the Pd+, the oxidative addition is finished. The transmetallation is driven by the metal electronegativity. Fragment X, i. e. halogen or pseudohalogen, prefers to combine with the highly electropositive metals. If M is
more electropositive than Pd, it is thermodynamically favorable for the exchange of R (i.e. aryl, vinyl or alkyl) and X to occur. The steric ligands coordinated on Pd push the two fragments close to allow a thermodynamically
more stable σ bond formed in between by a reductive elimination on Pd.

Scheme 11. The mechanism illustration for each step in the cross-coupling catalytic
cycle. a) oxidative addition; b) transmetallation; c) reductive elimination.
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In the Suzuki coupling an aqueous base is needed to activate the boronic acid
or ester. This activation of boron atom enhances the polarisation of the organic ligand to facilitate the transmetallation process. In the Sonogashira
coupling, however, a base and a Cu(I) salt (e.g. CuI) are combined to facilitate the transmetallation. The alkyne is more acidic than most hydrocarbons
(pKa ≈ 25), but it is not sufficiently acidic to be deprotonated by amines (pKb
≈ 10). To solve this problem CuI is found to be able to co-catalyze the reaction. CuI lowers the thermal energy required for the Sonogashira coupling by
converting the alkyne (R-≡-H) to a Cu(I) acetylide (R-≡-Cu), which undergoes the transmetallation with Pd(II). The answer to this conversion might
be that the alkyne forms a π complex with Cu, and this complex could be
deprotonated (similar to E2 elimination) to give the Cu acetylide.

Scheme 12. The reaction mechanism of the Suzuki and the Sonogashira couplings.

In paper II the molecules M1 and M4 were synthesized by the Suzuki coupling method. The acidic carboxylic acid needs to be protected prior to the
coupling reaction occurring under basic condition. The benzylic position is
also capable of performing oxidative addition. The coupling between 2bromoterephthalate and thiophenyl boronic acid gives the corresponding
directly linked monomer M1 and the methylene-linked monomer M4
(Scheme 13a). The mechanism involving benzyl bromide is slightly different
from the one involving aryl or vinyl bromide in that the ring opening gives
elimination on the methylene carbon. The double-bond is then shifted to the
thermodynamically more stable position in the ring, driven by the [1,3] sigmatropic rearrangement (Scheme 13b).
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Scheme 13. a) The Suzuki coupling reaction to afford the terephthalate-thiophene
dyad linked in different fashion. b) The proposed mechanism for the Pd oxidative
addition on benzylic halide.

In paper II and IV the Sonogashira coupling was applied to bridge the thiophene unit and terephthalate pendants with acetylene. The obvious advantage of the Sonogashira coupling is that the organometallic starting materials are avoided. The organometallic structure makes such types of compounds unstable to the ambient environment. Normally a pre-preparation and
careful preservation are needed. Compared to the organometallic compound,
the acetylene-attached organic molecule is much more stable. This feature
becomes much more important when it comes to the production of functional
materials in larger quantities. It is one of the reasons for designing the compounds discussed in Paper V, where the multi-functional synthetic precursor
pyEDOT bears an acetylene tail.
In practice, one advantage of cross coupling reactions is the readily available starting materials. This shortens the synthetic route to the targeted molecules. Another advantage is the provided “less-aggressive” environment,
being free from acid, harsh base and nucleophiles, especially pronounced in
the Sonogashira coupling condition. It helps to preserve the sensitive redoxactive functional groups (e.g. carbonyl, esters). Thus the cross coupling reactions provide attractive options of forming C-C bonds, which may be used to
build up a heteroatom-free linker for the dyad monomers.
Reduction reactions
One of the first metal-catalyzed reactions learned in the organic chemistry
course is the Pd-catalyzed hydrogenation of alkenes and alkynes. This reaction may convert the alkene or alkyne linker formed in the cross coupling
product to a saturated hydrocarbon chain. It was applied for the synthesis of
monomers M5 and M9 in Paper IV (Scheme 14a). The two valence electrons
from the d orbital of Pd can back-bond to the hydrogen σ* orbital, lengthen41

ing and weaking the H-H bond until the complex is better described as a
dihydride complex H-Pd-H. Then the complex proceeds to the insertion by
coordinating the π bond to the metal. In the insertion, a new σ bond is
formed at the expense of a π bond. The nature of the reaction requires that
the new C-Pd and C-H bond form to the same face of the π bond. Finally, the
reductive elimination reduces Pd(II) back to Pd(0) and forms a new C-H σ
bond.

Scheme 14. a) The orbital illustration of Pd oxidative addition to H2, and the hydrogenation of an alkyne to produce M5 and M9. b) The proposed Pd-catalyzed hydrogenation mechanism on alkene and alkyne.

Cycloaddition
From the names we can see the cycloadditions seem to make the molecules
bigger and form rings. The cycloadditions are further classified as [m + n]
according to the number of atoms or π-electrons in each component. The six
electron [4+2] cycloaddition, namely the Diels-Alder reaction, is one of the
useful synthetic methods to combine two different molecular structures. In
the Diels-Alder reaction a 1,3-diene reacts with the π bond of a dienophile to
give a six membered ring with one π bond. Two new σ bonds are formed at
the expense of two π bonds. Because of this the Diels-Alder reaction is normally exothermic. The retro-Diels-Alder reaction can happen when one of
the products is N2, CO2, or an aromatic ring. Most Diels-Alder reactions
occur with the normal electron demand, which means an electron-rich (nucleophilic) diene reacts with an electron-poor (electrophilic) dienophile.
Thus, the dienes substituted with electron donating groups such as RO or
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R2N and the dienophile substituted with electron withdrawing groups such as
C=O, CN or NO2, make the reaction become easier. I will pick up one molecule M12 in my “failed-functioning library” as an example to demonstrate
this type of synthesis (Scheme 15). The transetherification of 3,4dimethoxylthiophene with 1,4-dibromo-2,3-hydroxylbutane gives the molecule EDOT-(CH2Br)2, which can then be transformed to the diene biexomethylene-EDOT by β-elimination under basic conditions. The biexomethylene-EDOT bears two ether groups which behave as electron donating to
the diene; benzoquinone has two keto groups serving as the electronwithdrawing group for the double bond dienophile. The electron donation
from the ether raises the HOMO energy of the diene and the electron withdrawing from the keto groups lowers the LUMO energy of the dienophile.
The smaller the difference in energy between the two MOs, the stronger is
their interaction, the lower is the energy of the transition state, and the faster
is the reaction. The Diels-Alder reaction is allowed due to the symmetry
match in the frontier MOs interaction according to Woodward-Hoffmann
rules. During the reaction it conserves one symmetry mirror plane through
the two reactants. If for both reactants the HOMO of the diene and the LUMO of the dienophile are antisymmetric to the mirror plane, then they are
matching for further interaction under thermal conditions. The reaction of
these two molecules generates two σ bonds to form the two methylene
bridges and one π bond connecting the two ether fragments. This cyclohexenedione can exhibit keto-enol tautomerism under acidic or basic conditions
to afford hydroquinone product M12. Why this molecule is not functioning
to polymerize even though it bears a thiophene ring, will be discussed in the
computational section.
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Scheme 15. Synthesis of M12 by Diels-Alder reaction.

4.2.3 Synthetic route design
Assembling molecular fragments to a certain molecule might be achieved in
several ways. But choosing the most efficient and economical way is the
essence of synthetic organic chemistry. So when designing a synthetic route
there should be always a question in mind: “Is this making sense and is this
to be optimal?” Sometimes your best proposal will fail to the cold reality,
but this is the beauty of organic chemistry to keep organic chemists trying. I
will present a few stories that I encountered within the project development
and hopefully can illustrate for the audience.
In the beginning of the organic anode project we were looking for a conducting-redox derivative of polypyridine due to its low potential ndopability.99 The target molecule is a bipyridine dyad with two bromines in
2,5- positions in one of the rings, serving as the polymerization spots. The
added pyridine ring to the polymer backbone is expected to provide extra
capacity in the polypyridine n-doping region. There are two proposed routes
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to reach the target (Scheme 16). Route I involves a four step synthesis, and it
looks synthetically reasonable. But more steps mean more time expense, less
yield and higher risk of failure. Additionally, the practice told us the oxidation of picoline to nicotinic acid turned to be difficult, and of very low yield
by using the traditional methods. By contrast, route II having only two steps
and a nuleophilic substitution on benzylic bromide might be a solution. A
free radical bromination and Gilman-type nucleophilic substitution finally
produces the target molecule. However, efforts sometimes do not pay off.
The pyridine dyad did not polymerize by using the same method100 as producing polypyridine, due to some unclarified reasons. The project was then
shifted to the thiophene-based polymers.

Scheme 16. The retro-synthesis a) and the optimal route b) for the dibromo-pyridine
dyad M14.

The synthesis of functionalized EDOT derivatives could be achieved by two
routes as shown in Scheme 17. Both have two steps, but the question is
which one is more efficient. As we have learnt previously EDOT is synthesized by the transetherification of 3,4-dimethoxylthiophene from ethylene
diol. Route I shows the way of functionalizing ethylene diol prior to the
transetherification. Then this leaves two problems to tackle: the protection of
diol is needed if the synthesis of attaching PG allows for side reaction with
alcohol, which occurs quite often under acidic or basic conditions; the acidic
environment in transetherification gives a quite unstable factor to certain
PGs. Moreover, it was found out in Paper V that different ethylene diol de45

rivatives gave considerably different product yields, therefore the outcome
would be different for each ethylene diol. In route II the synthesis is conducted the another way around, thus, the transetherification is prior to the
attachment of PG, leading to a EDOT precursor bearing functional group Y.
Examples are the hydroxylmethyl derivative EDOT-CH2OH,101 aminomethyl
derivative EDOT-CH2NH2102 and the methylenethiol derivative EDOTCH2SH,103 as nucleophiles, as well as the halomethyl derivative EDOT-CH2Cl/Br104-105 and the exomethylene-EDOT as electrophiles.106 This EDOT
derivative precursor is then used to attach PGs. Obviously, this route allows
the pendant to avoid one more step in the synthesis and to perform faster
library synthesis. Thus an EDOT derivative precursor bearing an acetylene
tail, pyEDOT, was developed in Paper V, to facilitate the demanding library
synthesis of EDOT derivatives. The alkyne group is a versatile synthetic
building block which can be functionalized in a number of fashions.107-110
These include, e.g., well-developed cross-coupling reactions, cycloaddition
reactions, radical reactions and reductive addition reactions. So pyEDOT is
believed to be a useful precursor for the efficient synthesis of EDOT derivatives (Scheme 18).

Scheme 17. Retro-synthesis of EDOT-based dyad.

Scheme 18. Previous and present EDOT functionalization route.
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4.3 Effect of the linker and computational tools
By using the synthetic tool from previous section a series of thiophene-DET
dyad monomers M1-9 have been synthesized with variant linkers, as shown
in Scheme 2. M1-3 have linkers that bridge the dyad via π-conjugation. The
others have no -π-conjugation between the thiophene ring and DET.
The electrochemistry of these monomers was investigated by cyclic voltammetry and the resulting voltammograms are shown in Figure 11. They
indicate three notable redox reactions: two reductions that are DET-centered
(peaks below -2 V vs. Fc+/Fc0) and one thiophene-centered oxidation (peaks
above 1V vs. Fc+/Fc0). For all compounds except M7, the first reduction is a
chemically fully reversible reaction and then followed by a second irreversible reaction. Comparing all the first redox potentials (E01r), they are similar
to that of the DET molecule except for M2, M3 and M8 which show a higher E01r (Table 1). This is probably due to the extended conjugation from unsaturated linkers. Oxidation of the thiophene ring occurs in a much more
positive potential and the oxidation potential (Eox) varies slightly with different linkers. In M6-9, the ethylenedioxyl group in EDOT plays a role as electron donating group to the thiophene ring, so their oxidations take place at
slightly lower potential.
Understanding the intrinsic behavior of molecular electronics by simple
electrochemical tools is not easy. To illustrate the chemistry behind people
normally use molecular modeling to assist the in-depth study. Later we will
use computational chemistry as a tool to try to understand how the redox
potential can be predicted and the effect of linkers on the polymerizability
and electronic property of the monomers.
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Figure 11. Cyclic voltammograms of the DET molecule and thiophene-DET dyad
monomers in MeCN containing 0.1 M TEAPF6, showing two subsequent reductions
of the DET pendant and one oxidation of the thiophene ring. Blue curves show the
scanning of only the first reduction. Adapted from Paper IV with permission from
the publisher. Copyright 2016 Elsevier.
Table 1. Experimental redox potential (E01r) and calculated potential (M1-5) (Calc.
E01r) of the first reduction from DET pendant and oxidation potential (Eox) from
thiophene ring in M1-8.
Monomer
E01r
(V vs. Fc+/Fc0)
Calc. E01r
(V vs. Fc+/Fc0)
Eox
(V vs. Fc+/Fc0)
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M1

M2

M3

M4

M5

M6

M7

M8

M9

-2.15 -2.11 -2.00 -2.18 -2.20 -2.24 -2.18 -2.05 -2.23
-2.19 -2.10 -2.03 -2.22 -2.23
1.31

0.93

1.24

1.16

1.14

× × × ×
0.81

0.80

0.81

0.86

4.3.1 DFT calculation
Computational science is a rapidly growing area that uses advanced computing capabilities to understand and solve a complex system. Especially in the
recent decade the hardware and software are developing in a tremendous
speed. Chemistry is a complex system in the microcosm of molecules. Computational chemistry seeks to explain this microcosm using technological
simulations. The methods used can be based purely on quantum mechanics
and physical constants, called ab initio methods, in which molecular structures are calculated using nothing but Schrödinger equations. Other methods
are called empirical or semi-empirical that use experimental data to provide
the input to the mathematical model. Solving the full Schrödinger equation is
a calculation costly project, especially for the larger atoms or molecules with
many electrons. Thus the Born-Oppenheimer approximation is always applied to simplify the equation. Some important types of modern calculations
are Hartree-Fock (HF), Møller-Plesset perturbation theory (MP) and configuration interaction (CI), and density functional theory (DFT) calculations.111
When solving the Schrödinger equation, the main practical difficulty is the
proper treatment of electron-electron interactions in the atoms or molecules
that contain more than two electrons. HF, MP and CI rely on the computation of wave function, whereas DFT requires computation of the total electron density and technically no requirement of a wave function.112 The total
electron density and the normalized wave function can be interrelated because the total electron density is the absolute value of the square of the
normalized wave function divided by the number of electrons. HF is not
appropriate for describing electronic energies, so MP and CI built upon HF
provide the accurate values by using very large basis sets. However, they are
limited to small atoms or molecules due to the expensive computational load.
Modern implementation of DFT can provide much higher accuracy than HF
at a much lower computational cost. Thus the low cost has driven a steady
increase in the use of DFT for the study of electronic structure of larger
molecules.
The calculations in this thesis are based on DFT unless otherwise noted.
It is a useful tool to predict molecular structure, free energy at finite temperatures, and time-dependent phenomena and excited states, etc.
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4.3.2 The redox reaction described in aprotic organic solvent
To aid in the compound design, accurate prediction of the terephthalate redox potential was desired (Paper II). A thermodynamic cycle (Born-Haber
cycle) was used in this study where the standard Gibbs free energy of redox
half reaction, ∆G0solv (in solution), consists of the free energy change in the
gas phase ∆G0gas and the solvation free energy of the reactant (A) and reduced (An-) species. These values are then used to calculate the overall reaction of the standard Gibbs free energy, ∆G0solv (eq. 1, Scheme 19). The free
energy and solvation energy of electron will be cancelled when referenced
against e.g. ferrocene later and is therefore neglected when computing the
cell potential.

∆

= ∆

+ ∆ (

)− ∆ ( )

(1)

Scheme 19. Born-Haber cycle describing the thermodynamic process between gas
and solution phases, and the equation obtaining the standard Gibbs free energy in
solution.

From ∆G0solv the half-cell potential can be computed through eq 2.
∆

= −

(2)

The cell potential E0calc was then referenced to the experimentally known
reduction potential of Fc+/Fc0 in acetonitrile, which is 4.980 V,113 to afford
the reduction potential Ecalc by ferrocene as the reference.
Solvation Model
A continuum solvation model (CSM) called SMD114 was applied in the solvation energy calculation. It was based on the quantum mechanical charge
density of a solute molecule interacting with a continuum description of the
solvent. We let Rg and Rl denote the equilibrium geometries of the solute in
the gas phase and in the liquid phase. The standard-state free energies in
these two phases are represented by equations (3) and (4) in the quantum
calculation package.
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The G trans is the translational free energy, Gcon-rovib is the conformationalvibrational-rotational free energy, and the G0lib is the liberational115 free energy. The W(R) represents the quantity of the potential of mean force (PMF)
or free energy surface (FES) in the condensed phase. PMF is the solutionphase analogue of a gas-phase potential energy surface.116 The expression of
W(Rl) is given by equation (5):
( )= ( ⁄

)+

( )+

( ) (5)

The E(Rl/liq) is the liquid-phase expectation value of the gas-phase Hamiltonian. GP is the polarization free energy of the solute–solvent system when
the solute is inserted. GCDS is called the non-bulk-electrostatic effect. The
CDS subscript is nominally associated with the free energy change related to
the solvent cavitation (C), changes in dispersion energy (D), and possible
changes in local solvent structure (S).
If we choose a standard state (indicated by an asterisk) where the concentration of the solute is fixed in the gas phase (p0 = 1 bar) to be the same as in
solution (V0 = 1 L mol-1), the translational energy G*trans(S/gas) in the gas
phase equals to the liquid-phase liberational energy G*lib(S/liq).115 Then the
fixed-concentration free energy of solvation of solute ΔG*s is defined by
equation (6).
∆
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Combining equations (3), (4), (5) and (6) yields:
∆
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The ∆GEP is literally named bulk electrostatic component, which is usually
obtained from a self-consistent reaction field (SCRF) quantum-mechanical
calculation at a fixed geometry, in another way saying, choosing a constant
geometry for both gas-phase and liquid-phase electronic energies.114 Then
this bulk electrostatic component is refined to equation (8), where the solute
geometry optimized in solution is chosen for the solvation energy calculation
with regard to a recent refinement article by Truhlar:117
∆

( )= ( ⁄

)−

( ⁄

)+

( ) (8)

∆Gcon-rovib refers to the change in solvation free energy due to the shift of
nuclear coordinates when transferring from the gas phase to the liquid condensed phase, also named nuclear relaxation. In many cases, the ∆Gcon-rovib is
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comparatively small to the mean error intrinsic to the continuum solvation
model. This justifies neglecting it during parametrization in the implicit
solvation model. It will be considered only if it becomes significant for some
arbitrary applications.118 The fixed-concentration solvation free energy is
then refined to:
∆

∗(

)= ( ⁄

)−

( ⁄

) +

( )+

( ) (9)

The standard-state solvation free energy ∆G0s (eq. 10) is usually expressed
through the fixed-concentration solvation free energy plus an energy correction based on 1 mol of an idea gas upon compression from 1 bar pressure (p0
= 105 Pa) to 1M concentration (V0 = 10-3 m3 mol-1), which equals ~ 8 kJ
mol-1 at T = 298 K:
∆

( )= ∆

∗(

)+

(

) (10)

It is worth to note that calculation of the solute free energy in solution directly from equation (4) at high level of theory would involve intrinsic bias due
to the parametrization nature of the CSMs. It should be recognized that
CSMs have been parametrized at relatively low levels of theory (e.g. HF and
DFT with small basis sets) to reproduce experimental solvation energies, not
total free energies in solution. The SCF error is also expected to be canceled
from term E(Rl/liq) – E(Rl/gas) in equation (9), but this cancellation is not
possible in equation (4). The resulting solution phase free energies, calculated at such low level of theory, may not be accurate enough for quantitative
studies.119 Thus, the preferred approach for solution phase free energy would
be to use CSMs to calculate the quantity for which they are parametrized
(the solvation energy), and be then combined with the gas phase free energies that calculated at much higher levels of theory by equation (11):
( ⁄
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In Practice
The calculations was performed by the Gaussian 09 software120 and exemplified by M1-5 (Table 1). For the first reduction calculation (n = 1, in Scheme
19), all solutes (A and A-) geometries were initially optimized in the gas
phase (Rg) and the gas-phase free energies G0(S/gas) were obtained at the
theory level of DFT (B3LYP, 6311++Gdp). Then the solution phase optimized geometries (Rl) were obtained by loading the integral equation formalism model (IEFPCM) at the same theory level. The fixed-concentration
solvation energy ∆G*s was calculated at the theory level of DFT (B3LYP,
631Gd). The E(Rl/liq), Gp and GCDS terms in equation (9) were obtained as a
sum from the SCRF calculation by using the universal solvation model SMD
at the fixed geometries Rl. The gas phase term E(Rl/gas) was obtained from
SCRF calculation in vacuum. For the second reduction calculation (n = 2, in
Scheme 19), all the procedures were identical to the first reduction calculation, but the solutes (A and A2-) were optimized and free energy obtained at
the theory level of DFT (M062X, 6311++Gdp), since the highly electron rich
species A2- could be more correctly described by involving electron exchange-correlation terms such as M062X functional.121 The solvation energy
was calculated by SMD at the theory level of DFT (M062X, 631+Gdp).
The results showed quite great agreement with the experimental value,
yielding a predicted mean absolute error (MAE) of 30 mV for the first reduction and of 40 mV for the second reduction (Table 1 and Paper II). A comparison of the experimentally determined redox potentials with those predicted from computations was shown in Figure 12.

Figure 12. Comparison of calculated and experimental redox potentials
in nonaqueous solution (MeCN). The diagonal black line is a guide
for the eye representing equivalence (calculated = experimental). Blue
squares (■) represent the first electron reduction data, and red circles (●)
represent the second electron reduction data. Adapted with permission from Paper II.
Copyright (2015) American Chemical Society.
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The first reduction potentials followed the general trend M5 = M4 < M1 <
M2 < M3. This correlated well with the degree of thiophene based orbitals
in the composition of the total LUMO, which was obtained by the orbital
composition analysis module of Multiwfn122 by Becke method (Figure
13a).123 In the orbital composition analysis, the MOs were decomposed to
basis function, shell and atom compositions. Fragments could be defined by
the chosen basis functions, shells, atoms or even mixtures of them. In our
case the thiophene unit was defined as a fragment and the thiophene related
orbital contribution to the whole MO was defined. As the LUMO is generally a terephthalate-centered orbital (Figure 13b) in all monomers, the inclusion of thiophene assigned functions in the LUMO composition is a measure
of the extent of conjugation between the two ring systems and hence that the
observed increase in reduction potential is related to the extent of conjugation between the DET and thiophene unit. As expected the second reduction
potentials also followed the same trend.

Figure 13. a) Correlation between the orbital contribution from the thiophene unit to
the total LUMO (x, %) in the neutral state and the reduction potential (y, V) for the
first reduction process in M1-5. Open and filled circles correspond to experimentally
and computationally derived reduction potentials respectively. b) Representation of
LUMO orbitals of M1-5 at DFT level of B3LYP, 6-311++Gdp. Adapted with permission from Paper II. Copyright (2015) American Chemical Society.

From both experimental and computational results we can see that the redox
reaction of pendant is effected by the property of linker. The π conjugated
linker could disperse the electron density among the pendant and backbone,
rendering the redox chemistry of both units into a hybrid. In the next section
we will see how the linker would effect the polymerizability of the monomers.
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4.3.3 Electrochemical polymerizability
The success of electrochemical polymerization relies on a sufficiently low
oxidation potential of the monomers, a sufficient radical density on the
polymerization site at the oxidation state and inconspicuous steric hindrance
of the radical site. The Eox of all monomers M1-8 can be reached before the
electrolyte starts decomposing, i.e. within the electrolyte stability window.
(e.g. a MeCN solution with electrolyte TEAPF6). However, not all monomers can be polymerized electrochemically, i.e. M1-3 were not able to form
polymer films on the electrode surface. The radical spin density of M1-5 was
simulated by DFT calculation in Figure 14. The density was delocalized
through the π conjugation in M1-3, which caused the reduced radical activity
on the thiophene ring. By contrast, the radical density was much localized in
M4 and M5 due to the non-conjugated linker. This indicates that sufficient
radical density on the dimerization site (α position) would facilitate the
polymerization (Scheme 1).

Figure 14. Cationic radical spin density surface of M1-5 at the DFT level:
B3LYP/6-311Gd, IEFPCM (MeCN).

Figure 15. Cationic radical spin density surface of HQMeVDOT (M12) and
HQMeEDOT at the DFT level: B3LYP/6-311Gd, IEFPCM (MeCN).
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As discussed the synthesis of HQMeVDOT (M12) in section 4.2.2, this molecule failed to polymerize electrochemically. The reason was then uncovered
by the computational modeling of its cationic radical species. In Figure 15,
the results were showing that HQMeVDOT cationic radical had reduced spin
density on the thiophene ring spreading out to the middle unsaturated linker.
A similar calculation result was obtained in a previous article on molecule
3,4-vinylenedioxythiophene (VDOT).124 On the contrary, the density could
be more localized in the ring by saturating the linker as illustrated by
HQMeEDOT. Then, the synthesis of molecule HQMeEDOT was attempted
experimentally by hydrogen reduction on HQMeVDOT, but no success has
been achieved so far.
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5. Conducting Redox Polymers based on
Polythiophene

All the CRPs in this thesis were prepared by a CV experiment (unless otherwise noticed) under the potential where the oxidation of thiophene occurred.
The monomers M4-9 were polymerized smoothly as their pristine derivative,
suggesting the insignificant influence from the DET pendant. In this chapter
I will discuss the electrochemical properties of these polymers, followed by
a discourse on the mass effect, kinetics, conductance and spectroelectrochemistry of the polymer P5 as a model compound for CRP.

5.1 Electrochemistry
As demonstrated in Figure 11 the pendant DET has two subsequent reductions, one reversible reaction followed by a partially reversible reaction, in
the potential range from -2 to -3 V vs. Fc+/Fc0. Thus we chose to cycle the
CRPs cutting from the first reversible reaction to the polymer p-doping region as shown in Figure 16.
The electrochemical properties of both pendant and polymer backbone
are retained in all the CRPs. A pair of sharp redox peaks was observed at
low potential from -2.5 to -2 V vs. Fc+/Fc0, as comparable to that of the
monomers (i.e. E0p1r ≈ E01r, Table 2). The n-doping of the polymer backbone
was taking place at the same potential region, but it was hardly observable
because of the overlap from the pendant redox reaction. This potential overlapping projected that the redox reaction from pendant occurred while the
polymer was conducting in the n-doped state. The p-doping of the polymers
started at more positive potentials (E0p,onset in Table 2). Compared to the potential Eox of respective monomer, the lowered oxidation potential Ep,onset of
the polymer was due to the increased conjugation length from coupled thiophene rings. In the p-doping region, some foreign oxidation or reduction
peaks were observed and distort the p-doping behavior, such as the oxidation
peaks at around -0.74 V vs. Fc+/Fc0 in both P7 and P8. The extent of distortion varied between different materials. These foreign current responses resulting from n-doping processes are called charge trapping peaks in the conducting polymer literature.66,125
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Figure 16. Cyclic voltammograms of P4-P9. All polymers were deposited on a
glassy carbon working electrode and cycled in a freshly prepared MeCN solution
containing 0.1 M TEAPF6 as electrolyte. Adapted from Paper IV with permission
from the publisher. Copyright 2016 Elsevier.
Table 2. Pendant redox potentials (E0p1r) and p-doping onset potentials (E0p,onset) in
the prepared CRPs.
CRP

P4

P5

P6

P7

P8

P9

E0p1r

-2.19

-2.19

-2.21

-2.18

-2.08

-2.23

0.05

0.12

-0.72

-0.91

-0.91

-0.83

(V vs. Fc+/Fc0)
E0p,onset
(V vs. Fc+/Fc0)
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5.2 Cycling stability
The doping process of polymers is accompanied by uptake and expulsion of
the counter-ions and solvent molecules. The cycling in the p-doping region
retains great stability for these CRPs, but the polymers begin to show variant
degradations as indicated by the current decay when cycling to the n-doping
potential region (Figure 16). To represent the decay of the materials, the
retained charge was evaluated from the redox process of the pendant and the
CP backbone by integrating the reduction peak of the pendant and the pdedoping peak of the polymer backbone (Figure 17). The results showed that
the charge decays from P5 were on similar magnitudes on both pendant and
backbone. The cycling of the polymer in the n-doping region turned the solution into a red color and precipitated some particles onto the bottom after
several cycles. The characterization of these particles indicated similar electrochemical and optical properties as compared to the intact polymers (Paper
IV). The cycling of pristine PT showed similar charge decay under the same
experimental condition (Paper I). Thus, we concluded that the charge loss of
P5 was due to polymer dissolution when cycling in the n-doping region.
Moreover, in situ IR spectroscopy showed an increased amount of solvent
molecules entering the electrode surface upon reduction of P5, again suggesting the detachment of polymer film from the electrode surface (Paper
VI). P6 and P7 showed stable electrochemical response from the PEDOT
backbone but degradation from the side chains during cycling, while the
pristine PEDOT is known to be stable by cycling under the same experimental conditions. Therefore, we suggested that the degradation of P6 and
P7 was probably due to the break of ether linker under such reductive potential. Especially the instability was pronounced in P6, suggesting the phenol
was not favorable serving as part of the linker. P8 gave the best charge retention, while P9 showed significant decay just by switching the linker from an
acetylene to an alkyl chain. The reason behind this observation is still not
clear. P5 and P7 became more stable after several cycles. Hence, the polymer film was stabilized by pre-cycling prior to the studies of P5 in the following section.
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Figure 17. The charge retention of pendant group (PG) (black color) and polymer
backbone (PB) (red color) of P5, P6, P7, P8, P9 at the 1st, 2nd and 5th scans during
the electrochemical cycling. The data were extracted from the redox process of the
pendant and the polymer backbone by integrating the reduction peak of the pendant
and the p-dedoping peak of the polymer backbone.

5.3 Mass effect
The uptake and removal of counter-ions and solvent can cause polymer mass
changes. This can be followed by the EQCM measurement. Figure 18
showed the mass changes while cycling the polymer P5 in different potential
intervals. When cycled in the p-doping region, the polymer increased mass
during oxidation of a weight change per mole charge (∆M) of 259.8 g mol-1.
It is interpreted as the uptake of one unit of anion (PF6-) and three units of
solvent molecules (MeCN). On the reverse reduction scan, the mass was
decreased and changed back to the origin, resulting in the electrochemical
reversible cycle of the material. When the polymer was scanned to the ndoping region, an initial mass increase was due to the uptake of cation
(TEA+), and then it was followed by a huge mass drop and partial regain
from the reverse scan. In the subsequent scans the mass decreased further
and led to a heavily distorted curve. By contrast the current response did not
show such a decay in the CV of P5 beyond -2.2 V vs. Fc+/Fc0. This result
implied that the polymer film was detached from the surface. Further support
forthis detachment explanation was also provided by in situ IR measurements (Paper VI). The partial recovery on the subsequent scans indicated
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that the detachment was to some extent reversible and that the polymer film
was able to re-attach onto the surface.

Figure 18. a) The changes of mass and the corresponding CVs of P5 in the p-doping
region. b) The changes of mass and the corresponding CVs of P5 in the region covering p- and subsequent n-doping. The arrows indicate the initial scan direction. P5
was electrochemically deposited on a QCM electrode and cycled in a fresh MeCN
solution containing 0.1 M TEAPF6. Adapted from Paper VI with permission from
the publisher. Copyright 2017 PCCP Owner Societies.

61

5.4 Kinetics
We investigated the kinetics of this type of CRP by using P5 as a model
compound. Its thickness dependence and scan rate dependence were studied.
The polymer film of P5 was electrochemically deposited on a GC electrode with different thickness. The samples were then cycled at different
scan rates within the potential region of the pendant redox reaction. The lg(Ip)
(Ip is the absolute reduction peak current) was plotted as a function of lg(v)
in Figure 19a, with different thickness of 2, 4.5 and 26 μm. The thinnest film
gave a linear relation while increasing the scan rate, with slope of ~ 1. As the
thickness increased, the slope decreased to ~ 0.8 while still keeping the linearity. This surface-confined behavior of the polymeric film showed that there
was no limitation of counter-ion movement or electron diffusion within the
active material on the applied time scale, even for a 10 μm film. The fast ion
diffusion was suggested due to the porous structure of the material, which
was observed by the scanning electron microscope (SEM) analysis in Figure
19b. The accompanied rapid electron transport was likely facilitated by the
conducting polymeric frame.

Figure 19. a) The logarithm of reduction peak current of P5 with different layer
thickness as a function of the logarithm of scan rate. b) SEM images of P5 and PT.
The polymer films were prepared electrochemically on an ITO glass under the same
experimental conditions. Adapted from Paper III with permission from the publisher.
Copyright 2016 Elsevier.

P5 with the thickness of 4.5 μm was chosen to study the rate constant (kox0
and kre0 are for the oxidation and reduction respectively) and transfer coefficient (α) for the redox reaction occurring at low potential by CV at different
scan rates. They were estimated by eq. 12 and 13, where R is the molar gas
constant, T is the temperature (295 K), F is the Faraday constant. From the
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voltammogram were extracted the peak potential (Ep,a and Ep,c), peak separation (ΔEp) and the full width at half maximum (FWHM). FWHMa and
FWHMc were for the anodic and cathodic peaks respectively. The obtained
parameters are listed in Table 3.
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Symmetric anodic and cathodic peaks were observed at scan rates lower than
320 mV s-1, with the smallest ΔEp of 1 mV for the lowest scan rate at 10 mV
s-1. The FWHM was about 100 mV for both anodic and cathodic peaks,
which was close to the value of 90 mV representing an ideal surfaceconfined reversible Nernstian redox reaction with non-interacting redox
groups. These non-broadened peaks suggested that the redox active DET
groups did not affect each other so that the distribution of the reaction potentials was quite narrow. Additionally, in a surface-confined reaction the number of converted species was following the Boltzmann distribution manifested in Nernst equation during the redox conversion. Thus the whole peak area
was subjected to a uniform potential given by the potential applied to the
current collector.
Table 3. Kinetic parameters of P5.

polymer
P5

ΔEp(mV) FWHMc(mV) FWHMa(mV)
1

109

104

kre0 (s-1)

kox0 (s-1)

8.28

8.46

The redox peaks got broadened as the scan rate was increased, giving lower
Ip and larger ΔEp. Above 1.5 V s-1 the peaks were separated even further and
the ΔEp increased linearly with lg(v). The linear fit by Laviron treatment126
for the diffusionless system yielded α = 0.25, kre0 = 8.28 s-1 for the reduction
and 1 – α = 0.24, kox0 = 8.64 s-1 for the oxidation at E0 (-2.2 vs. Fc+/Fc0).
Such a high rate constant of both oxidation and reduction of P5 implied a
fast electron transfer within the polymer film (details in Paper III).
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Figure 20. a) CVs of P5 at different scan rates. Note: the current is normalized. b)
the plots of peak potential against lg(v), dashed line shows the redox potential of P5,
-2.2 V vs. Fc+/Fc0; solid line is the linear fit of the reduction or oxidation peak potentials at varying scan rates. Adapted from Paper III with permission from the publisher. Copyright 2016 Elsevier.

5.5 Conductance
The research on the electronic conductivity of CPs covers the efforts on
studying the effects from doping levels,127-128 chain length and ordering,129-130
chemical structure,63 dopants and solvents,131-132 etc. Especially, the temperature dependent conductivity measurements provide insight to the activation
barriers and charge transport.133-135
We continued investigating P5 to disclose the conduction mechanism of
redox pendant-functionalized CPs. The polymer film was prepared instead
on an Inter Digitated Array (IDA) electrode. The current and conductance
response were recorded in Figure 21. The voltammograms were obtained
similarly as they were on GC electrodes (Paper III). The corresponding conductance G increased with the polymer film growth and a constant value was
reached after several polymerization cycles. It indicated that the volume
between two working electrodes was filled with sufficient thick polymer
film, which made the outer layer inactive with regard to the charge transport.
This ensured therefore a constant geometry for the conductance set-up and
made the results comparable between different samples.
The conductance of P5 in the region covering the p-doping processes was
quite stable but only one scan in the n-doping region caused dramatic decay
of the conductance and the CVs were distorted in the n-doping region compared with the polymer on a disc electrode (Paper VI). The instability of the
conductance response, which was found to be due to polymer detachment
(Paper III and VI), prevented further investigation of the conductivity in the
n-doping region. However, according to Coropceanu et al. the electron and
hole mobilities are often comparable and governed by the same factors.136
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The results presented herein on the conductance behavior in the p-doping
region are therefore likely to hold also for the n-type conductivity.

Figure 21. (a) CVs and (b) the corresponding conductance during the polymerization of P5 on an IDA electrode by using an Ebias of 1 mV. The supporting electrolyte
was a MeCN solution containing 0.1 M TEAPF6. Arrows indicate the direction of
current/conductance increased during polymerization cycling. Adapted from Paper
VI with permission from the publisher. Copyright 2017 PCCP Owner Societies.

The conductance was measured in situ during redox cycling of P5 at various
temperatures (Figure 22a). The CVs response kept almost steady while
changing the temperature, which suggested that the number of injected
charge carriers was also constant with the temperature. The decrease of conductance with increasing temperature was therefore due to the decreased
mobility of these charge carriers in the material. To visualize the effect of
temperature on conductance, the G was plotted as a function of temperature
at various chosen potentials (Figure 22b). At potentials below 0.7 V vs.
Fc+/Fc0, G increased slightly with increasing temperature at the lowest temperatures under study and thereafter decreased when the temperature was
further elevated, giving a maximum G at about 290 K. At potentials above
0.7 V vs. Fc+/Fc0 the G decreased steadily with increasing temperature. According to the nonperturbative microscopic models,136 at high temperatures,
when the reorganization energy for electron transfer is sufficiently less than
the thermal energy, the thermal energy becomes large enough to dissociate
the charge carriers (polarons/bipolarons) and the residual electrons are scattered by thermal phonons. As a result, the charge mobility becomes decreased while temperature is increasing. The dependence of the conductance of
P5 on temperature can thus be interpreted as resulting from the change from
a temperature-activated mechanism to a residual scattering mechanism. Thus,
the conductance in the temperature region under investigation in this thesis
implied that the activation barrier for electron transfer in the material was
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significantly less than the thermal energy kBT (which is about 0.025 eV at
room temperature). This low electron transfer activation energy hence explains the fast charge transport discussed previously in Paper III.
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5.6 Spectroelectrochemistry
The absorption spectra of CPs upon doping are dominated by the band-gap
transitions and the pronounced transitions between the two in-gap states,
which are usually observed in the visible and near infared region. These ingap states are formed with the combination of appearing charge carriers i.e.
polarons and bipolarons57 in the material. The spin concentration can be
followed by Electron Paramagnetic Resonance (EPR) study at various potentials. Thus, the spectroscopic techniques are provided as the tools to monitor
the doping induced electronic transitions and charge carriers in the CRPs.
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Figure 23 shows the absorption changes in ATR-FTIR and UV-vis spectra
measured in situ during the redox conversion of P5. In the low energy region
(0.05 ~ 0.2 eV), the absorptions were derived from intense doping-induced
infrared-active vibrations enhanced by the strong electron-phonon couplings.137-138 These vibrations are associated with the p-doped polythiophene
backbone and its formed charge carriers (polarons). In the infrared high
energy region (0.2 ~ 0.5 eV), a broad peak showed increasing absorbance at
potentials above the onset of polymer doping. This is related to the electronic
transition of polarons between the VB and the in-gap state (transition 3 in
Figure 23c). From the low energy edge an energy difference of 0.17 eV is
estimated for the energy gap between the polaron state and the VB. Thus the
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energy barrier for promoting electrons from VB to the polaron in-gap state is
0.17 eV based on IR measurements. This spectroscopic band gap is reflected
by the dominated amorphous regions as confirmed by the X-ray diffraction
spectroscopy (more details in Paper VI). The low activation energy involved
in conduction may be accounted for by the predominant conduction occurring via interconnected crystal domains in the polymeric matrix. In other
words, the crystal domains promote electronic coupling between the orbitals
of adjacent polymeric chains. The high energy IR peak extended to the UVvis region, where specific absorption features of the polymer were observed
(Figure 23b). The possible electronic transitions involve VB, CB and the ingap states, which are related to polarons and bipolaron states (Figure 23c).
At neutral state (0 V vs. Fc+/Fc0) P5 showed a strong peak absorption at
around 2.9 eV, with the edge absorption at around 2.2 eV which was very
close to the optical band gap of PT56 (2.2 eV). This was assigned to the band
gap transition from the backbone (transition 1). When the potentials went
higher, transforming from modest (below 0.8 V vs. Fc+/Fc0) to high doping
level (above 0.8 V vs. Fc+/Fc0), the main peak was suppressed and showed a
blue shift absorption, the polymer film color changing from light orange to
blue. The new peaks are corresponding to the in-gap states transition 2 and
VB-occupied in-gap state transition 3 at the polaron state, and only transitions in the IR region (transition 4) remained at bipolaron state. A similar absorption evolution has been reported for PT.139-140 This similarity implies that
the PGs have negligable influence on the optical properties of the polymer
backbone. Moreover, it suggests that the nature of the charge carriers and
their dependence on the doping level follow the same general trend for the
CRP and the unsubstituted polymer analogue.
The transition from polaron to bipolaron state was further confirmed by
an EPR study (Figure 24). The spin concentration (peak intensity) of P5
increased with the potential increasing from the doping onset potential to 0.8
V vs. Fc+/Fc0, from which point the spin concentration started to decrease.
This implies that the concentration of free radicals (polarons, spin ½) increased at low to modest doping levels and decreased at higher doping levels.
The increase is accompanied by a linwidth narrowing, coinciding with the
increase of conductance. It supports a delocalized nature of the charge carriers in the polymer. With the formation of bipolarons at around 0.8 V vs
Fc+/Fc0, the linewidth became broadened, which could indicate that the remaining unpaired electrons became more localized. The transformation of
charge carriers from polaron at low doping level to bipolaron at high doping
level was also observed in PT, and the bipolaron formation was accompanied with a line broadening in the EPR signal (more detail in Paper VI). The
PT had bipolaron formation at lower potential 0.4 V vs. Fc+/Fc0, which suggested that the polarons in P5 were more stable. As polarons are less stable
in the amorphous phase than in ordered regions141 the delayed bipolaron
formation in P5 suggests that the DET, as PG, promotes polymer ordering in
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agreement with the XRD results. In addition to introducing additional properties to CPs the inclusion of the redox active PGs thus has the potential to
enhance electron transport, rather than preventing it, by promoting selforganization.
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6. Concluding Remarks

This thesis describes the study of n-type CRPs from molecular design, synthetic fabrication of monomers to the electrochemical and spectroscopical
investigation of the corresponding polymers. These polymers combine the
conducting properties from the main chain PT backbone with the redox properties from the DET pendant. They are designed for the anode materials for
secondary battery applications. This type of CRPs can solve the two major
problems for organic molecules in EES applications: the capacity decay
caused by dissolution of active material and the limited conductivity of small
molecules. Thus, the CRPs are provided as one possible solution to overcome these problems. Some specific remarks with regard to the study are as
follows:
To obtain the CRPs requires thoughtful design of the monomer synthesis.
Different redox PG might tolerate different synthetic environments in wet
chemistry labs. In Paper II the synthesis of DET-funtionalized thiophene
monomers had been adjusted to tolerate ester funtional groups. Due to the
interest in stability and easier n-doping or p-doping of the PEDOT CP backbone, an alkyne-functionalized EDOT monomer precursor was designed and
synthesized in Paper V. The advantage of such a thiophene synthetic precursor is that the synthesis allowes for generally mild conditions to tolerate a
variety of functional redox pendants. Additionally, the resulting all-carbon
linker between backbone and pendant is much more inert to the redox and
acid-base environment than a linker involving heteroatoms would be.
The redox process of DET overlaps well with n-doping of PT as it has
been investigated in Paper I. It was shown that the presence of DET pendant
molecules in the electrolyte solution did not significantly affect the polymerization of thiophene monomers or the conductivity and doping behavior
of the afforded polymers. However, the charge capacity was limited due to
the disproportional redox reaction of DET and the second electron reduction
ocurred at lower potential causing irreversible reaction.
The nature of the linker between polymer backbone and the DET pendant
affects the electrochemical properties of CRPs to a large extend as discussed
in Papers II and IV. It affects the polymerizability, the redox potential and
the electrochemical stability of the materials by controlling the interaction
between the thiophene unit and the DET pendant. This study finds that a
non-conjugated linker is prefered for the monomer design as it gives less
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adverse affects on the polymerization position on the thiophene ring and
preserves the individual electrochemical behavior of backbone and pendant.
Fast electron transfer was obtained from the CRPs in Paper III. No diffusion limitation of electrons or counterions was observed in polymer films of
thickness up to ~ 10 μm. This poperty makes the CRPs interesting for high
power application in EES. The study suggests that the fast charge transfer
can be derived from i) a low electron transfer activation barrier involved in
the charge propagation within the material as evidenced by the temperature
dependent conductance measurements; ii) the potential match between the
pendant redox reaction and the polymer conduction which allows for charge
propagation through the CP backbone; iii) the open porous morphology of
the material allowing for fast ion diffusion.
The electrochemical instability of such CRPs in the n-doping region is the
main challenge to overcome before facilitating their application in EES. The
study showed that the instability of P5 was due to the detachment of the
polymer film from the electrode surface as evidenced by the EQCM studies
in Paper VI. Further studies by ATR-FTIR spectroscopy indicated that the
influx of solvent molecules onto the electrode surface contributed to this
detachment during n-doping. Possible solutions to this problem could be
adding binders or modifying the electrode surface to improve the adhesion to
the surface, or using solid electrolyte. The study showed that the replacement
of the PT backbone with the PEDOT backbone resulted in better stability for
the CRPs. However, more design and synthetic work are still needed to be
done to adjust the CRPs for a longer cycle life.
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7. Svensk sammanfattning

En av den nuvarande tekniska utvecklingens mest utmanande frågorna är
samhällets energibehov kan tillhandahållas på ett hållbart och ändå tillförlitligt sätt. Vissa viktiga hållbara energikällor är endast tillgängliga med stora
temporära variationer som kräver intermediära energilagringsalternativ. Fossila energikällor ersätts av elektrisk energi som måste vara tillgänglig utan
att det krävs permanent anslutning till elnätet. Nya smarta enheter kräver
stora antal av mindre enheter för energilagring med låg kapacitet. Medan
nuvarande batteriteknik i princip kan uppfylla dessa behov finns det en
nackdel på hållbarhetssidan. Batteritekniken domineras för närvarande av
oorganiska material som litium, kobolt och andra metaller för vilka den
framtida tillgängligheten är osäker. Dessa material har också dåliga livscykelegenskaper, bland annat krävs stora mängder energi för både produktion
och återvinning.
Ett alternativ kan vara batterimaterial baserade endast på organiska föreningar. Sådana material skulle vara tillgängliga i stora mängder från biomassa och kunde vid slutet av deras livstid brytas ner i enkla molekyler,
såsom koldioxid, kväveoxider, svaveldioxid och vatten som kan vara källan
till ny biomassa. Men innan detta scenario kan realiseras måste flera hinder
övervinnas.
Organiska material är vanligen isolatorer, vilket hindrar flödet av elektrisk
ström som är nödvändigt för användningen av ett batteri. Laddning och urladdning kräver att elektroner absorberas eller släpps ut av det organiska
materialet, i combination med en lämplig kemisk redoxreaktion. Försök har
gjorts att blanda redoxaktiva organiska föreningar med låg molekylvikt med
ledande polymermaterial. Även om detta tillvägagångssätt enkelt ur ett kemiskt perspektiv försämras de resulterande materialen lätt genom att de
redoxaktiva föreningarna läcka ut ur blandningen, och kan även ha problem
med låg elektrisk ledningsförmåga. Detta kan förebyggas genom att binda de
redoxaktiva föreningarna till en matris av ledande polymerer via kovalenta
bindningar. I praktiken syntetiseras en polymer som inkorporerar de redoxaktiva föreningarna som en del av dess molekylstruktur. Ett sådant tillvägagångssätt är en större kemisk utmaning, vilket kräver noggrann utformning
av det molekylära materialet. I synnerhet måste de två komponenterna vara
väl matchade i deras elektrokemiska egenskaper, och monomererna måste
kunna polymeriseras för att ge de erforderliga materialen. I avhandlingen
beskrivs sätt att hantera dessa utmaningar.
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Figur 1: Uppbyggnad av elektriskt ledande redoxpolymerer (CRP).
Kort sagt behövs så kallade elektriskt ledande redoxpolymerer (CRP). Dessa
innehåller en elektriskt ledande polymerkedja till vilken redoxaktiva molekylenheter är fästa via en kovalent länk. Som polymerkedja har vi valt polytiofener, och mera specifikt en substituerad version där en dioxolanring är
bunden sida vid sida till tiofenringen, vilket resulterar i en styvare polymerryggrad. Tidigare studier har visa tatt en flexible polymerryggrad kan leda
till problem i samband med laddning och urladdning via de redoxaktiva
gruppernas reaktioner. De erhållna polymererna blir ledande vid avlägsnande
eller tillsats av elektroner, så kallad p- eller n-dopning. För de redoxaktiva
molekylenheterna har flera redoxaktiva grupper undersökts, såsom kinoner
och tereftalsyraestrar. En viktig del av projektet har varit att ta fram en modulär syntetisk metod baserat på alkynkemi, vilket gör det enkelt att fästa ett
stort urval av redoxaktiva grupper till samma tiofenderivat och därmed
kunna optimera redoxpolymererna. Det har också visat sig att synteserna lätt
kan skalas upp till tiotals gram. Dessa föreningar används i relaterade projekt
inom forskargruppen. Länken, som i huvudsak ger en koppling mellan polymeren och den redoxaktiva gruppen, måste också uppfylla vissa elektroniska och elektrokemiska egenskaper. Dessa har undersökts genom beräkningar, där relevansen av beräkningsresultaten har verifieras genom syntes
följd av elektrokemisk karakterisering.
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Figur 2: Funktion av ett batteri med elektriskt ledande redoxpolymerer
(CRP) som elektrodmaterial.
En serie CRP har sålunda designats och syntetiserats, och de har undersökts
med avseende på deras elektrokemi, kinetik, ledningsmekanism, stabilitet
vid upprepade laddning och urladdning, masseffekter och spektroelektrokemi.
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