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Summary

The thesis focuses on the electrochemical characterisation of redox processes in two classes
of semiconducting polymer films, namely the m-conjugated poly(3-hexylthiophene) (P3HT)
and the redox copolymer polyvinyltriphenylamine-co-polystyrene (PVTPA-co-PS). The fo-
cus has been set especially on the influence of the inner structure of the polymer films, which
is defined by the semi-crystalline nature of the m-conjugated P3HT or generated by the elec-
trochemically induced cross-coupling of the polymer chains in case of the redox copolymer

PVTPA-co-PS respectively.

In the first part of the thesis the influence of the

thin film morphology of the semicrystalline poly(3-
hexylthiophene) (P3HT) on its electrochemical be-

haviour is studied. Since P3HT is one of the most com-
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monly used donor materials in organic photovoltaics,

the influence of film preparation and morphology on

spin coating
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the optical and electronic properties had been studied o 04 02 00 02 o4 06 s

intensively in literature. [1, 2] It had been shown by E (vs. FelFe) V]

the organic electronics community that the absorption

properties, the optical band gap as well as the charge carrier mobilities in field effect tran-
sistors and the power conversion efficiency in organic solar cells are strongly depending on
the semicrystalline nature of P3HT. [3, 4] In contrast to this, the electrochemistry com-
munity has mostly focused on influences of molecular weight or regioregularity rather than
on controlled thin film morphologies. [5] Therefore the aim of this work is to establish a
direct correlation of film morphology to the electrochemical properties. To do so, P3HT
thin films of various controlled morphologies were prepared by crystallisation from solution
and by post-annealing methods like solvent vapour annealing, thermal annealing and high
temperature rubbing. For the structure resolution methods like atomic force microscopy
(AFM), transmission electron microscopy (TEM) and polarised optical microscopy (POM)
are combined with spectroelectrochemical methods like in-situ absorption spectroscopy with
cyclic voltammetry (CV). The characterisation reveals a strong dependency of the anodic

redox wave in the CV to the film morphology with a characteristic subsignal that can be
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attributed to the crystalline domains in the polymer film. As the influence of the morphol-
ogy is strongest on the oxidative redox wave at low potential, the HOMO energy level of
the studied P3HT samples, which is crucial for its application in organic solar cells, is also
significantly altered by the morphology of the polymer film.

In addition to P3HT homopolymer films, binary donor acceptor blend films have been stud-
ied. For application in organic solar cells typically PSHT:PCg; BM (phenyl-C61-butyric acid
methyl ester) blends are used. It had been shown in literature that the power conversion
efficiency of such PSHT:PCg BM solar cells can be significantly improved by thermal post-
annealing. [6] This is usually explained by the increased phase separation in the blend which
leads to continuous pathways for the charges to be dissipated to the electrodes. The elec-
trochemical characterisation of as-cast and annealed P3HT:PCgBM films reveals that the
oxidative wave at low potential in the cyclic voltammogram of P3HT becomes suppressed
by the intermixing with the fullerene acceptor material which results in a decrease of the
HOMO level of several hundreds of meV. By thermal annealing the oxidative wave at low
potential in the voltammogram is regained and the resulting HOMO level in the blend be-
comes comparable to the undisturbed P3HT. Since the LUMO level of the PCgsBM acceptor
material is not influenced by the annealing procedure, the electrochemical band gap of the

thermally annealed blend is decreased with respect to the non-annealed blend.

In the second part of the thesis the influ-

ence of the cross-linking density of a series of

polyvinyltriphenylamine-co-polystyrene (PVTPA- 222: : n°°%
co-PS) copolymers with varying triphenylamine = 4] %
. = 300 N
(TPA) content on the electrochemical and chem- jg . ©/ \©
ical doping behaviour is studied. Redox polymers ® joo | PVIPA-cO-PS
containing triarylamine groups are promising en- 102“,__1;%@
ergy storage materials due to their high charge den- - _(_,A__Z‘ZCYCIZTO 02 04 06 o8

E (vs. FclFc®
sity, solution processability and high film stability (ve. FelFeI

in common electrolytes. [7] The electrochemical behaviour of PVTPA and its copolymers is
interesting since it undergoes an irreversible oxidative coupling reaction of the TPA-groups

to tetraphenylbenzidine groups (TPB) which can be induced either chemically or electro-
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chemically, leading to cross-linking of the polymer chains. [8] The cross-linked TPB units
are redox active themselves.

The cross-linking process and the charging/ discharging of PVTPA and PVTPA-co-PS are
studied by means of spectroelectrochemistry to identify all coexisting redox steps and to
attribute characteristic absorption bands to the CV signals.

During the electrochemically induced cross-linking and charging/ discharging of the poly-
mer films, counter ion intercalation and expulsion occurs to maintain electroneutrality. The
characterisation of ion intercalation/ expulsion during the electrochemical redox processes
has been performed by electrochemical quartz crystal micro balance (EQCM) measurements
with varying cross-linking density and varying ion sizes.

To study the charge storage properties of PVTPA-co-PS supercapacitor devices were pre-
pared and studied by electrochemical impedance spectroscopy (EIS), cyclic voltammetry
(CV) and galvanostatic charging/ discharging (GCD) cycles. The PVTPA-co-PS copoly-
mers show capacitive and faradaic charge storage behaviour with specific energy densities
and specific power densities of 10 - 10 Jkg™! and 10' W kg~! respectively.

Chemically doped TPA-containing polymers may provide a possible replacement for poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) as the hole transport layer in
organic solar cells, which currently suffer from a decrease in lifetime for example due to the
acidity of the PEDOT:PSS layer. Therefore, in addition to the electrochemically induced
cross-linking and doping, the chemical cross-linking and doping was performed via dip doping
and vapour doping with iron(III) chloride and iron(III) tosylate as dopants. The doping pro-
cess was monitored by absorption spectroscopy and conductivities of up to 107*AV~—tem™!

were measured by 4-point probe (4pp) measurements.







Zusammenfassung in deutscher Sprache

Im Rahmen dieser Doktorarbeit wurden die elektrochemischen Redox-Prozesse in halblei-
tenden Polymerfilmen des m-konjugierten Poly(3-hexylthiophen) (P3HT) und des Redox-
Copolymers Polyvinyltriphenylamin- co-Polystyrol untersucht. Hierbei wurde der Fokus ins-
besondere auf den Einfluss der inneren Strukturierung der Polymerfilme gelegt. Im Falle des
P3HT wird die innere Strukturierung durch die teilkristalline Natur des m-konjugierten Poly-
mers definiert, wahrend im Fall des PVTPA-co-PS Redox-Copolymers die Strukturierung

durch eine elektrochemisch induzierte Quervernetzungs-Reaktion erzeugt wird.

Im ersten Teil der vorliegenden Arbeit wurde der Einfluss

der Diinnschicht-Morphologie des teilkristallinen Poly(3-

hexylthiophens) auf das elektrochemische Verhalten un-

current [pA]

tersucht. Da P3HT eines der am héufigsten unter-

suchten Donormaterialien fiir die Anwendung in organ-

spin coating
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Praparation und der Morphologie auf die optischen und E (vs. FelFe’) V]

ischen Solarzellen ist, wurden die Einfliisse der Proben-

elektronischen Eigenschaften intensiv in der Literatur un-

tersucht. [1, 2] Es konnte gezeigt werden, dass die Absorption, die optische Bandliicke und
die Ladungstrager-Mobilitaten in Feldeffekt-Transistoren sowie die Energieumwandlungs-
Effizienz in Solarzellen eine deutliche Abhéangigkeit von der Teilkristallinitat von P3HT
zeigen. [3, 4] Im Gegensatz hierzu liegt der Fokus der bisher literaturbekannten elektro-
chemischen Untersuchungen auf den Einfliissen des Molekulargewichts und der Regioregu-
laritdt. [5] Das Ziel dieser Arbeit ist es daher eine direkte Korrelation der Diinnschicht-
Morphologie von P3HT auf die elektrochemischen Eigenschaften zu untersuchen. Hier-
fiir werden P3HT Filme verschiedener, kontrollierter Morphologien mittels Kristallisation
aus Losung und Nachbehandlungs-Methoden wie Losungsmittel-Dampf Tempern, thermis-
cher Nachbehandlung und Hochtemperatur-Ausrichtung hergestellt. Zur Strukturaufk-
larung und elektrochemischen Untersuchung wurden Analysemethoden wie Rasterkraft-
mikroskopie (AFM), Transmissionselektronenmikroskopie (TEM), Polarisationsmikroskopie
(POM), Absorptions-Spektroskopie und Zyklovoltammetrie (CV) verwendet. Es wurde eine

starke Abhangigkeit der anodischen Redox-Halbwellen des Voltammograms von der Film-
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Morphologie beobachtet, wodurch ein charakteristisches CV-Signal den kristallinen Doménen
des Polymerfilmes zugeordnet werden kann. Da der Nieder-Oxidationsbereich des Voltam-
mograms am starksten durch die Film-Morphologie beeinflusst wird, zeigt sich ebenfalls ein
signifikanter Morphologie-Einfluss auf das HOMO Grenzorbital, welches fiir die Anwendung
von P3HT in organischen Solarzellen von essentieller Bedeutung ist.

Zusétzlich zu PSHT Filmen wurden auch bindre Donor-Akzeptor Blend Filme untersucht.
Fir die Anwendung in organischen Solarzellen wird P3HT iiblicherweise als bindre Mis-
chung mit Phenyl-Cg;-Buttersduremethylester (PCg;BM) verwendet. In der Literatur kon-
nte gezeigt werden, dass die Energieumwandlungs-Effizienz von P3HT:PCg BM Solarzellen
durch einen thermischen Nachbehandlungsschritt signifikant erhoht werden kann. [6] Dieser
Effekt wird iiblicherweise durch eine verbesserte Phasen-Separation in dem bindaren Blend
erklart, wodurch durchgehende Donor- bzw. Akzeptor-Kanéle zu den jeweiligen Elektro-
den ausgebildet werden und die Ladungsableitung verbessert wird. Die elektrochemische
Untersuchung von unbehandelten und thermisch nachbehandelten P3HT:PCg BM Filmen
zeigt, dass die oxidativen Redox-Halbwellen von P3HT bei niedrigen Oxidationspotentialen
im Voltammogram durch die Beimischung des Fullerens unterdriickt werden, wodurch das
HOMO Grenzorbital um einige hundert meV verschoben wird. Durch die thermische Nachbe-
handlung von P3HT:PCg BM kénnen die oxidativen Halbwellen bei niedrigen Oxidationspo-
tentialen wieder gewonnen werden und das daraus resultierende HOMO Grenzorbital liegt
im Bereich von ungestortem P3HT. Da die LUMO Grenzorbitale des PCg BM nicht durch
die thermische Nachbehandlung beeinflusst werden, wird die elektrochemische Bandliicke

durch die thermische Nachbehandlung insgesamt verkleinert.

Im zweiten Teil dieser Arbeit wird der Einfluss der

Quervernetzungs-Dichte einer Reihe von Polyvinyltri-

600 o .
phenylamin-co-Polystyrol (PVTPA-co-PS) Copolymeren 500 % %

400
w0
200

mit variierenden Wiederholungseinheits-Verhaltnissen

auf das elektrochemische und chemische Dotierungs-

current [pA]

100 PVTPA-co-PS
Verhalten untersucht. Redox-Polymere, welche Triarylamin- o=
cycle
. . . -100 2" cycle
Gruppen enthalten, sind vielversprechende Ladungsspeicher- T

P . . . . E (vs. FclFc") [V]
Materialien, da sie eine hohe Ladungsdichte aufweisen,
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aus Losung prozessiert werden konnen und eine hohe Film-Stabilitdt im vernetzten Zus-
tand besitzen. [7] Das elektrochemische Verhalten von PVTPA und seinen Copolymeren ist
insbesondere aufgrund einer irreversiblen oxidativen Kupplungs-Reaktion, in der die TPA-
Gruppen zu TPB-Gruppen (Tetraphenylbenzidin) dimerisieren, interessant. [8] Die oxida-
tive Kupplung kann sowohl elektrochemisch als auch chemisch induziert werden und fiithrt
zu einer Quervernetzung der Polymerketten, wobei die gebildeten TPB-Gruppen wiederum
elektrochemisch redox-aktiv sind.

Die Quervernetzungs-Reaktion und Ladungs-/ Entladungs-Prozesse von PVTPA und
PVTPA-co-PS wurden mit Hilfe von in-situ Spektroelektrochemie untersucht, um
die nebeneinander vorliegenden Redox-Prozesse zu identifizieren und charakteristische
Absorptions-Banden den Redox-Halbwellen im Voltammogram zuordnen zu kénnen.
Wihrend der elektrochemisch induzierten Quervernetzungs-Reaktion und der Ladungs-/
Entladungs-Prozesse der Polymerfilme, findet eine Ionen-Einlagerung bzw. -Auslagerung
statt um die Elektroneutralitat zu bewahren. Die Untersuchung dieser lonen-Bewegungen
wahrend der elektrochemischen Redox-Reaktionen in Abhéngigkeit der Quervernetzungs-
Dichte und Ionengrofie wurde mittels elektrochemischer Quartzkristall Mikrowaage (EQCM)
durchgefiihrt.

Um die Ladungsspeicher-Eigenschaften von PVTPA und PVTPA-co-PS zu untersuchen,
wurden so-genannte supercapacitor Zellen gebaut und mittels Zyklovoltammetrie (CV), elek-
trochemischer Impedanzspektroskopie (EIS) und galvanostatischen Ladungs-/ Entladungs-
Zyklen (GCD) charakterisiert. Die untersuchten Polymere zeigen sowohl kapazitive als auch
faradaysche Ladungsspeicherung mit spezifischen Energiedichten und Leistungsdichten von
10 - 102 Jkg™! bzw. 10* Wkg .

Chemisch dotiertes PVTPA bzw. PVTPA-co-PS ist ein interessantes Elektrodenmate-
rial um PEDOT:PSS als Lochtransport-Schicht in organischen Solarzellen zu ersetzen, da
die Lebenszeit momentan verwendeter organischer Solarzellen durch die Aziditat der PE-
DOT:PSS Schicht leidet. Im Rahmen dieser Doktorarbeit wurden die chemisch induzierte
Quervernetzung und Dotierung von PVTPA und PVTPA-co-PS mit Eisen(I11)-Chlorid und
Eisen(III)-Tosylat als Dotierungsmittel untersucht. Der Dotierungs-Prozess wurde mit-
tels Absorptions-Spektroskopie verfolgt und mit Hilfe von 4-point probe Messungen Leit-

fahigkeiten der dotierten Polymerfilme von bis zu 107* AV~ ecm~! erhalten.
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1. Introduction

1. Introduction

One of the most challenging tasks of humankind in the 215 century is the compatibility of an
increasing energy consumption of the growing global population and ongoing technological
and industrial progress on the one hand and the environment and climate protection on the
other hand. According to the U.S. Energy Information Administration the global energy
consumption is expected to increase by approximately 28 % in the period from 2015 to 2040.
The main contribution to this increase is caused by the economical growth of emerging
countries like China and India. The main sources to cover this energy demand are expected
to be renewable energy sources like solar energy, wind power, hydro power and geothermal
energy, and nuclear power with approximate annual growth of 2.3 % and 1.5 % respectively.
[9] This increasing energy demand is met by the growing awareness of environment and
climate protection. In 2014 the European Union agreed on the so-called 2030 climate and
energy framework whose main objective is a reduction of green house gasses to 80 - 95 %
below the level of 1990. As secondary objectives, the utilization of fossil fuels is supposed
to be reduced to avoid high energy costs on oil and gas imports which would hamper the
european economy and to reduce the dependency of the EU on imports from politically
unstable regions. [10] On the international stage the Paris Climate Treaty, which aims to
prevent a global warming of more than 2°C, was signed in 2015 from the United Nations
Framework Convention on Climate Change. [11]

One of the key industrial sectors in the 215 century is the semiconductor industry. According
to the U.S. Department of Commerce and the International Trade Administration the USA,
Japan and the Netherlands are the global market leaders with combined about 90 % of the
global semiconductor production. Due to increased sales volume of electronic devices like
smartphones, computers and multimedia devices, the expected annual growth of the global
semiconductor production is approximately 3.5%. In addition a steady long term growth
of the semiconductor industry is expected in the future to provide the infra structure for
the so-called Internet of Things which describes internet connected devices like smart grids,
smart cities and automatic manufacturing. [12] A main challenge to satisfy the increasing
demand for semiconductors are the high costs for the purification and high temperature

production of commonly used silicon based products. In the last two decades the field of
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organic semiconductors gained huge interest in the scientific community due to its potential
to replace silicon. Since the charge transport in organic semiconductors is caused by the
molecular structure rather than a crystal lattice, the properties of organic semiconductors
can be tuned by the molecular design during synthesis. In addition, organic semiconductors
are flexible and soluble which enables cheap and simple processing techniques like printing
or roll-to-roll coating. [13, 14] The main field of application of organic semiconductors are
organic photovoltaics (OPV) [15-18], organic field effect transistors (OFET) [19-21], organic
light emitting diodes (OLED) [22, 23], thermoelectrics [24, 25], elecrochromic windows [26,
27], actuators [28-30] and charge storage devices [31-33].

In the following a short introduction into the basic theory of the charge transport mechanisms
in m-conjugated and redox polymers is given in chapter 1.1.1 and 1.1.2. The two organic
electronic devices which are relevant for this thesis, namely organic solar cells and energy

storage devices, are discussed afterwards in chapters 1.2.1 and 1.2.2.

1.1. Charge Transport in Conducting Polymers

In the last century, polymers became a fundamental material in all areas of everyday live.
Due to the tailor-made properties and cheap synthesis in large scale, polymers replace
conventional materials like wood, steel and glass. [34, 35] Some typical representatives
of such polymers are polystyrene (PS), polycarbonate (PC), poly(ethylene terephthalate)
(PET), polyacrylonitrile (PAN), polyurethane, poly(methyl methacrylate) (PMMA) and
polydimethylsiloxane (PDMS). A common feature of these polymers is that they are all
electrical insulators.

In 1977 Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa discovered metallic
behaviour in polyacetylene (PA) after exposure to halogen vapour. The conductivity of the
doped polyacetylene could be increased over seven orders of magnitude from 10~* Scem™!
to 10> Sem~!. [36, 37] Since then, the research in the field of conducting polymers gained
huge interest and led to the award of the Nobel Prize in chemistry to Heeger, McDiarmid
and Shirakawa in 2000 for their discovery of a novel material class. [38]

The advantages of conducting polymers compared to silicon are the light weight, the flexi-
bility and the possibility to tune the properties by changing the molecular design by means

of organic synthesis. [39-41] By up-scaling of the organic synthesis the material production
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Figure 1.1: Molecular structures of polyacetylene (1), poly(p-phenylenevinylene) (2), poly-
furan (3), polythiophene (4), polypyrrole (5), poly-3,4-ethylenedioxythiophene
(6) and poly[N,N’-bis(2-octyldodecyl)-1,4,5,8-naphthalindicarboximid-2,6-diyl]-
alt-5,5’-(2,2’-bithiophen) (7).

cost can be reduced and since the semi-conductors are soluble, the device production can be
performed by means of cheap solvent deposition techniques like inkjet printing or roll-to-roll
processing instead of expensive Czochralski process (high temperature process used for the
production of monocrystalline silicon of high purity) or high vacuum deposition respectively.
[42-44]

In general the field of semi-conducting polymers can be subdivided into two groups: the 7-
conjugated polymers and the redox polymers. [39, 45] In the following both material classes

with their unique charge transport mechanisms will be discussed in chapters 1.1.1 and 1.1.2.

1.1.1. m-conjugated Polymers

Traditional polymers used for various applications as packaging or engineering material are
insulating materials. They usually consist of chains or networks of mainly sp3-hybridised
carbon which results in o-bonds in the polymer backbone. C'=C" double bonds or aromatic
units are typically electronically isolated (e.g. poly(ethylene terephthalate)) or located in
side chains (e.g. polystyrene). In contrast, m-conjugated conducting polymers consist of
sp?-hybridised carbon atoms which results in alternating o- and 7-bonds in the polymer
backbone. [46] The simplest molecular structure of such a w-conjugated polymer backbone
is polyacetylene (1 in Fig. 1.1) which is also historically the first studied semi-conducting

polymer and is seen as the first generation of m-conjugated polymers. [38, 47] In the fol-
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lowing years the research focus shifted from polyacetylene towards systems with aromatic
heterocycles in the polymer backbones like poly(p-phenylenvinylene) (2 in Fig. 1.1), poly-
furan (3 in Fig. 1.1), polythiophene (4 in Fig. 1.1) and polypyrrole (5 in Fig. 1.1). [46]
These so-called second generation of m-conjugated polymers possess better thermal and ox-
idation stability, higher conductivity and higher absorbance which makes these materials
suitable for the production of organic optoelectronic devices like organic solar cells (OPV),
light-emitting diodes (OLED) and organic field-effect transistors (OFET). [48-50] Two of
the most important members of the second generation m-conjugated polymers regarding the
commercial availability and usage in organic optoelectronic devices on large scale are poly(3-
hexylthiophene) (P3HT) and poly(3,4-ethylenedioxythiophene) (PEDOT). Since P3HT is
discussed in detail in chapter 4, for now the focus is set on PEDOT.

The molecular structure of PEDOT is shown in Fig. 1.1 6. The ethylenedioxy bridge
attached to the two [-positioned carbon atoms causes a planarised, all-trans configuration
of the monomer units due to non-covalent attractive interactions of the oxygen atoms in the
side groups and the sulphur atoms in the aromatic rings. [51] In addition the free electron
pairs of the oxygen atoms cause PEDOT to be electron rich compared to the non-substituted
polythiophene or the alkyl side-chain -substituted P3HT which significantly influences the
electronic properties of PEDOT. The oxidation potential is lower and therefore the HOMO
energy level is increased which results in an improved thermodynamic stability of the oxidised
state. In addition, PEDOT is almost transparent in the oxidised state which makes it a
suitable material to replace metallic semi-conductors as electrode materials. One significant
disadvantage for the use of PEDOT as an electrode material is the poor solubility in organic
solvents or water. By using the water-soluble polyelectrolyte polystyrenesulfonate (PSS) to
neutralise the positive charge of PEDOT, the generated PEDOT:PSS composite becomes
not only highly conductive through a self-doping effect but also water-soluble. [52, 53] By
treating PEDOT:PSS with solutions of organic salts like methylammonium halogenides, Yu
et al. observed conductivity values of up to 2100S cm™". [54]

A common feature of all semi-conducting polymers mentioned above is that they are p-
type conductors. [55] For sake of completeness Fig. 1.1 7 shows the molecular struc-
ture of poly[N,N’-bis(2-octyldodecyl)-1,4,5,8-naphthalindicarboximid-2,6-diyl]-alt-5,5"-(2,2’-

bithiophen) (PNDI20D-T2) which is a promising material for the application in organic
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electronics and especially in organic field effect transistors. PNDI20OD-T2 is a member of
the so-called third generation [46] m-conjugated polymers which are characterised by their
common feature of a copolymerisation of donor-units (here: bithiophene) and acceptor-
units (here: naphthalindicarboximid). In case of PNDI20D-T2 the acceptor-unit dominates
and therefore this polymer becomes a n-type conductor with charge carrier mobilities up
to 6.4cm?V~!s. However, the charge carrier mobility of PNDI20D-T2 is anisotropic and
highly depending on the aggregation texture of the polymer chains which makes the precise
morphological control crucial for the application in organic electronic devices. It should also
be mentioned that despite the molecular structure of a m-conjugated polymer, the charge
transport mechanism in PNDI20D-T2 complies more with the charge transport processes
observed in redox polymers instead. The general mechanism is discussed in chapter 1.1.2.
In brief, this unusually electronic behaviour can be explained by a localisation of the charges

followed by a hopping-process and has been studied in-depth in literature. [56-58]

Charge transport mechanism in 7m-conjugated polymers

To date, the charge transport mechanism in m-conjugated polymers is widely understood
and can be explained by a detailed analysis of the interaction of the molecular orbitals. [47,
59, 60]

The basic idea goes back all the way to the 1860s when Kekulé studied the nature of the
chemical bonds in benzene. Due to his discovery that all hydrogen atoms are equal and
all C-C bonds have the same length, Kekulé concluded that the m-electrons in the benzene
molecule are delocalised across the whole molecule. With this conclusion the concepts of 7-
electron conjugation and aromaticity were born. Continuing this line of thought, it has been
proposed that such free electron movement not only occurs in cyclic conjugated m-systems
but also along poly-conjugated chains. In accordance with this, it has been known that the
physico-chemical properties of unsaturated small hydrocarbon chains change with increas-
ing number of conjugated double bonds. A shift of the absorption maximum towards larger
wavelengths (bathochromic effect) and an increase in the extinction coefficient (hyperchromic
effect) have been observed. This lead to the interpretation that the difference between sin-
gle and double bonds diminishes with increasing prolongation of the conjugated m-system.

As a conclusion, it has been proposed that for an infinitely prolonged m-conjugated hydro-
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Figure 1.2: a) Schematic illustration of the energetic merging of the frontier orbitals of 7-
conjugated polymers with increasing conjugation length from left (isolated atomic
orbitals) to right (continuous valence and conducting bands in polymer chains);
adapted from [47] and [60]; b) molecular structures of polythiophene chain sec-
tions in the neutral, radical cation (polaron) and dication (bipolaron) form re-

spectively.

carbon chain the bond length alternation should vanish and the 7-electrons be completely
delocalised.

In the following the impact of the infinite prolongation of the m-conjugated chain on the
molecular orbitals is discussed on polyacetylene as a model molecule. The evolution of the
molecular orbitals with increasing chain length is shown in Fig. 1.2 a from left to right.
In the far left an isolated sp?-hybridised carbon atom, which is the basic building block of
polyacetylene, is shown. The p,-orbital of this carbon atom is occupied by one unpaired
electron illustrated by the upward harpoon arrow. As soon as two sp?-hybridised carbon
atoms interact to form an ethylene molecule, the two p,-orbitals are split into a binding
(m) and an anti-binding (7*) orbital and the two electrons fill in the energetically lower
lying orbital to form a shared m-bond. The 7*-orbital remains empty. Therefore the 7 and
m*-orbitals are the HOMO and LUMO orbitals respectively. In the next step two ethylene
molecules interact. Again, the degenerated m- and w*-orbitals of both molecules split and
form two respective m- and w*-orbitals with discrete energy levels. The m-orbitals are filled

completely and the 7*-orbitals remain empty. With increasing chain length the number
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of m- and 7m*-orbitals increase as well. Since every orbital has a discrete energy level, the
energetic distance between the orbitals decreases. In addition, the gap between HOMO and
LUMO levels decreases. For an infinite chain length the discrete molecular orbitals merge
and can be described analogous to the band model used for metallic conductors with the
electron occupied m-orbitals as valence band and the empty 7m*-orbitals as conducting band
respectively. The frontier orbitals (HOMO and LUMO) correspond to the upper and lower
edge of the valence and conducting band respectively. The energetic difference between
HOMO and LUMO is the band gap (£,). For organic semi-conductors £, is usually in the
range of 1 - 3eV. Since in the electronic ground state the valence band is filled completely
and the conducting band is empty, no mobile charge carriers are present. Therefore in
the neutral state, which corresponds to the electronic ground state, semi-conductors are
insulating. In metallic semi-conductors charge carriers can be elevated from the valence band
to the conducting band by energetic excitation (thermal or radiation) whereby the material
becomes conducting. In case of organic semi-conductors the conducting species is generated
by means of chemical or electrochemical doping. In contrast to the excitation process in
metallic semi-conductors, the doping process initiates a redox reaction in which an anionic
(n-type, reduction) or cationic (p-type, oxidation) species is generated respectively. In Fig.
1.2 b a section of a polythiophene chain is shown. In the neutral state the whole polymer
backbone consists of a benzene-like aromatic electron structure. During the oxidation to the
radical cation an unpaired electron and a positive charge are generated which are stabilized by
delocalisation over multiple thiophene rings. Hereby, the benzene-like structure is partially
changed to a quinoid-like structure. With increasing doping level the unpaired electron
is also removed to form the dication species. The partially quinoid-like structure in the
doped polymer chain can be described as a mobile pseudo-particle, the so-called polaron
(single charge) and bipolaron (two times charged). The quinoid-like structures generate an
additional 7- and 7w*-orbital in the band gap whereby the effective band gap shrinks and as a
result the material becomes conducting. Since the conductivity of organic semi-conductors is
generated by ionic pseudo-particles (polaron, bipolaron) the conductivity / number of mobile

charges is a function of the doping level. [47, 59, 60]
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1.1.2. Redox Polymers

The second class of conducting polymers are the so-called redox polymers. A classification
of these polymers into their subgroups is made by means of the position of the redox-
active group in the polymer backbone or the side chain and of the organic or inorganic
nature of the redox group. [61] Within the scope of this thesis the focus is set only on
semi-conducting, organic redox polymers with the redox group as a side-group attached to
a non-conducting polymer backbone. Some typical representatives of such polymers are
derivatives of poly(9-vinylcarbazole) (Fig. 1.3 1), poly(vinyltriphenylamine) (Fig. 1.3 2)
and poly(vinyl-p-benzoquinone) (Fig. 1.3 3). [62-64]

In contrast to the m-conjugated polymers, the polymer backbone is isolating with individual
redox-active groups attached to it. The redox-active groups are either electron-donating
(donor material) or electron-withdrawing (acceptor material). Since every individual redox
group can carry a charge, the charge density in redox polymers is significantly higher than
in m-conjugated polymers where the charges are delocalised over segments of the polymer
chains. In addition, due to the localisation of the charges on isolated redox groups, the
electrochemical properties of these polymers are solely defined by the properties of the in-
dividual redox groups. This is in contrast to the electrochemical properties of m-conjugated
polymers which are defined by the interaction and energetic distribution of the redox sites
resulting in non-Nernstian waves in the cyclic voltammograms. As a consequence the redox
potentials in redox polymers are sharply defined and the transition between redox states
is fast. Therefore redox polymers are promising materials for application in energy storage
devices (batteries or supercapacitors), sensors, electrochromic devices, actuators and biofuel

cells. [61]

Charge transport mechanism in redox polymers

The charge transport mechanism in redox polymers is completely different to the mechanism
in m-conjugated polymers described in chapter 1.1.1. Since the charge bearing redox groups
are isolated from each other, the charges can not be moved through a delocalisation along a
shared 7* conducting band, but have to be transported via a hopping mechanism between the
redox groups which is also described as a mixed valence transport process. The two important

parameters for the conductivity are the number of charge carriers and their mobility.
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Figure 1.3: a) Molecular structures of poly(9-vinylcarbazole) (1), poly(vinyltriphenylamine)
(2) and poly(vinyl-p-benzoquinone) (3); b) and c) schematic illustration of the
charge transport mechanism in a redox polymer with the conductivity profile and
the schematic illustration of the involved charged species respectively; adapted

from Yurchenko et al. [§].

For a better understanding of the charge transport mechanism, in the following the mixed
valence hopping processes in poly(vinyltriphenylamine) (PVTPA) are described in detail.
In Fig. 1.3 b and c the potential dependent conductivity profile and the redox states of
the redox groups in the polymer chains are illustrated schematically. Poly(vinyltriphenyl-
amine) undergoes a cross-linking reaction upon oxidation in which pairs of the initial redox
groups dimerise (see chapter 5.3.1) and form larger redox groups which can bear two charges
each. The respective redox states are indicated by coloured circles in Fig. 1.3 (neutral:
empty/empty; radical cation: black/empty; dication: black/ grey). In the neutral PVTPA
polymer (I in Fig. 1.3 b and ¢) no conductivity is observed. This is due to the fact that
in the electronic ground state (neutral state) no free charges are present. With increasing
degree of electrochemical doping (II); here depicted by an increase in oxidation potential;
the conductivity increases. This can be explained by the injection of charge carriers through
the formation of the radical cation species. Due to the mixed valence state of the redox sites
(co-existence of radical cations and neutral redox sites), electron hopping between redox sites
of different oxidation state occurs. The conductivity maximum is reached at the half charged

state, when the number of charges and free redox sites is equal. [8] Upon further increase
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of the oxidation potential the conductivity profile passes through a local minimum due to a
decreased mobility of the charge carriers caused by electrostatic repulsion of the increased
number of charge carriers. As soon as the oxidation potential of the second oxidation step
to the dication is reached, the conductivity increases again and passes a second maximum
at the half charged state where the number of radical cations and dications are equal (ITI
in Fig. 1.3). Again the charge carrier transport occurs via hopping processes between redox
sites of different oxidation states. In the completely charged state (IV in Fig. 1.3) no free
redox sites are available anymore and eventually the polymer becomes insulating again.

Compared to m-conjugated semi-conducting polymers, redox polymers generally possess a
narrower conductivity potential window and the overall conductivity value is lower. Thus
these materials are not suitable for the application as electrode material but due to their
high charge density redox polymeres are promising materials for energy storage devices. In
addition, especially for the application in batteries, the disadvantageous low conductivity can
be compensated by intercalation of the redox polymers in conducting matrices like carbon

nanotubes [61] or graphene [65].

1.2. Organic Electronic Devices

In the following chapter two of the main organic electronic devices for the application of
semi-conducting polymers are introduced in detail. The two devices, namely the organic
solar cell and organic energy storage devices, have been chosen since they can be seen as
the showcase devices for the polymers studied in this thesis. In chapter 4 the influence of
the thin film morphology on the electrochemical behaviour and the frontier orbital energy
levels of PSHT and P3HT:PCBM blends, which are state-of-the-art materials of choice for
the application in the photoactive layer in organic solar cells, is studied. In the second main
subject of this thesis in chapter 5 the influence of the cross-linking density of the redox
PVTPA-co-PS copolymers on the electrochemical behaviour and energy storage capacity for

potential application in energy storage devices is studied.

1.2.1. Organic Solar Cells

Over the last decades, silicon based photovoltaic devices have dominated the solar cell indus-

try due to their high efficiency and the high abundance of silicon in the earth’s crust. This
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Figure 1.4: Schematic illustration of the energy conversion processes within a bulk hetero-
junction solar cell; a) multi layer structure with metal cathode (dark grey), pho-
toactive layer (violet), PEDOT:PSS layer (dark blue), ITO anode (light grey)
and glass substrate (light blue); adapted from [69]; b) energy band diagram of
the charge generation in the photoactive layer and consecutive charge dissipation
to the respective electrodes; adapted from [6]; ¢) schematic potential dependent
current density profile; reprinted with permission from Yan et al. [18], Copyright
(2014) RCS.

first generation solar cells reached power conversion efficiencies (PCE) up to 25 % which is
close to the theoretical maximum value of 31 % for a single junction device. However, due
to the high manufacturing costs of crystalline silicon caused by the required high purity
grades which require complex thermal purification procedures, the power generation with
silicon based solar cells can not compete with conventional energy sources. [66] For this
reason in the last 25 years, large scientific effort has been spent on the development of new,
cheap photovoltaic devices. In this effort organic semi-conductors have turned out to be
promising materials due to their light weight, flexibility and for they do not require labori-
ous high-temperature purification procedures. Since these so-called second generation solar
cells, which contain small organic semi-conductors, still required expensive vacuum depo-
sition techniques, soon the focus shifted towards conducting polymers which can be large
area deposited by solvent processing techniques like printing or roll-to-roll (r2r) deposition,
whereby the manufacturing costs can be reduced significantly. [6, 18, 66—68]

As an other advantage of using conducting polymers instead of silicon, the optical band gap
can be tuned by the molecular design and the absorption coefficient is high, wherefore the

photoactive layer thickness can be reduced to about 100nm. [6, 67] The general structure
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of such an organic solar cell is schematically illustrated in Fig. 1.4 a. The photoactive layer
(violet layer in Fig. 1.4 a), in which the light is harvested, consists of a donor acceptor
system. Photons with an energy equal or exceeding the band gap of the donor acceptor
system get absorbed and bound electron-hole pairs, so-called excitons, are generated. The
exciton diffusion length, meaning the distance over which the excitons can diffuse in their
limited lifetime before recombination, is in the range of 5nm to 20 nm for organic materials.
[6, 67] Due to the small exciton diffusion length effective charge separation followed by charge
dissipation to the respective electrodes, usually metal layers as cathode and I'TO coated glass
or foils as anode (dark grey and light grey layers in Fig. 1.4 a), only occurs in close proximity
to the donor acceptor interface. Therefore organic solar cells are usually prepared as either
thin bilayer structures or as so-called bulk heterojunction cells in which the donor acceptor
blend microphase separation is tuned to be in the range of the exciton diffusion length.
To avoid short circuit current an additional hole transport, electron blocking layer of the
polyelectrolyte PEDOT:PSS (blue layer in Fig. 1.4 a) is applied in-between the photoactive
layer and the anode. The PEDOT:PSS layer furthermore acts as a protection layer which
prevents oxygen and ITO nanoparticle diffusion into the photoactive layer. [6]

To gain deeper insight into the energy conversion processes in the photoactive layer a de-
tailed review of the involved frontier orbitals is necessary. [6] The orbital energy diagram
of the light energy conversion to electrical charges in a bulk heterojunction solar cell is
schematically illustrated in Fig. 1.4 b. In the first step the incident light is absorbed by the
photoactive layer. In case of a P3HT:PCBM donor acceptor system, which can be seen as a
model system for organic bulk heterojunction solar cells, the light is primarily absorbed by
the donor material. Thereby electrons from the donor HOMO become excited to the donor
LUMO which results in the formation of excitons. The photon absorption efficiency 7, is
dependent on the photoactive layer thickness in proportion to the absorption length and the
optical band gap. Due to the low dielectric constants of organic molecules the excitons are
strongly electrostatically bound and have short lifetimes. The exciton diffusion efficiency
naie describes the proportion of excitons reaching the donor acceptor interface before recom-
bination. Due to an energy offset between the donor LUMO and the lower lying acceptor
LUMO charge separation takes place at the interface if the orbital energy offset is larger

than the exciton binding energy. This charge separation process is described by the exciton
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dissociation efficiency 7g4;ss. After the exciton dissociation at the donor acceptor interface the
free electrons and holes are dissipated towards the cathode and anode respectively via hop-
ping processes. The charge carrier transport efficiency n;, is limited by charge loss processes
through recombination at the interface and charge trapping in isolated donor or acceptor
phases without continuous pathways to the electrodes. As a last step, at the electrode sur-
faces the charges are transferred from the donor HOMO and the acceptor LUMO to the
anode and cathode respectively. The charge collection efficiency 7. is mainly influenced by
the contact resistances at the interfaces and the work functions of the respective materials.
The efficiency of the energy conversion process in the photoactive layer is described by the

external quantum efficiency: [18]

EQE = na Naift Naiss Mtr Mec (1)

whereby ngig and 7y, are significantly influenced by the morphology of the bulk heterojunction
solar cell.

The second key parameter for the characterisation of organic solar cells is the power conver-
sion efficiency (PCE) which can be determined from the potential dependent current density
curve (see Fig. 1.4 c) of a solar cell device under standardised light irradiation. The short-
circuit current (Jg.) and the open circuit voltage (V,c), which are mainly influenced by the
EQE and the effective band gap respectively, can be extracted from the axes intersections.
The power conversion efficiency is calculated according to the following equation: [6, 18, 70,

7]

Jse Ve F'F
—_— 2
P (2)

with FF being the so-called fill factor and P;, being the incident light input power. An

PCE =

other important parameter that can be determined from the current density curve is the
maximum power (P,,,,) which defines the pair of values (J;4, and Vi,4,) that result in the
highest JV product. The fill factor is defined by the proportion of P,,., and the product
of Js. Ve and can be used as a measure for the deviation of the current density curve from
the ideal behaviour. In the ideal case the current density curve becomes rectangular and F'F
equals 1. [6, 18, 70, 71]

In the early years of organic solar cell research scientific interest was mainly focused on

poly(phenylene vinylene) (PPV) as the donor material. However, due to the higher absorp-
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tion as well as hole conducting properties, the focus shifted towards poly(3-hexylthiophene)
(P3HT) as the donor material of choice. [72] Due to their high electron affinity and n-
conducting properties, fullerene derivatives are commonly used as acceptor materials in
organic electronic devices. In particular, phenyl-C61-butyric acid methyl ester (PCgBM)
which has been first synthesised in 1995 by Hummelen et al. [73] is still the state of the art
acceptor material for both commercial and scientific organic solar cell production. [6] One
substantial disadvantage of PC4 BM is the low absorbance in the visible spectrum, whereby
the acceptor material does not significantly contribute to the light harvesting and to J,. in
the solar cell. Consequently, larger derivatives like PC7;BM and PCgsBM as well as indene
functionalised fullerene derivatives (e.g. IC,xMA, IC, BA and ICTA of different fullerene
sizes) have been synthesised in order to increase the spectral range and the acceptor strength.
However, the improved optical properties of PCgsBM and the indene functionalised deriva-
tives are counterbalanced by poor solubility in organic solvents, which is why PCg BM and
PC7BM are still the most commonly used acceptor materials in organic solar cells. [18]

Even though the development of low band gap polymers have lead to PCE values over 10 %
in recent years, PBHT:PCBM (Cg; and Cy;) remains the donor acceptor system of choice due
to the simple synthesis and commercial availability of the materials. [74] In literature, PCE
values between 3 % and 6 % are commonly reported [75] depending on characteristic polymer
parameters like the regioregularity [74] and the molecular mass [76] as well as the thermal
post treatment of the solar cell devices [77]. In addition, a lot of effort has been spent on the
optimisation of the device design, like the intercalation of plasmonic nano particles [78] or the
usage of ternary blend systems with functionalised hybrid materials like zinc phthalocyanine

functionalised single walled carbon nanotubes and reduced graphene oxide [79].

1.2.2. Energy Storage Devices

A second important application of conducting polymers are energy storage systems. In
contrast to the photovoltaic devices described above, where the photon energy is transformed
into electric charges, the energy transformation in energy storage systems is between chemical
energy and electric charges. Nowadays, the commercially used and most studied energy
storage system is the family of lithium ion batteries. [7, 61] This type of battery has been
presented by M. Whittingham [80] in 1976 and has been commercialised by SONY in the
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1990s. Due to their high energy density, the lithium ion battery is the energy storage system
of choice for the application in mobile electronic devices like mobile phones and laptops.
However, these batteries also possess some significant drawbacks which limit their usage
in novel devices like smart clothing, smart packaging and sensors. The main requirements
to be matched by new battery systems are flexibility, avoiding of toxic materials, a high
abundance of the raw materials, usability of renewable natural resources, fast charging times
and the cost-efficient production. [7, 61] Even if some examples of flexible lithium ion
battery devices have been published, due to the complex treatment required to transform
the electrode material to nanomaterials, these devices are not ready to be commercialised
yet. [81] In addition, lithium ion batteries rely on toxic cobalt or nickel salts as cathode
material and need elaborate overcharge protection to avoid thermal runaway. [7]

One promising approach is to replace lithium ion batteries by organic batteries whose elec-
trode materials consist of redox active polymers. [64] Due to the intensive research effort
that has been spent in the field of conducting polymers, numerous redox active polymers
have been reported in literature in the last 25 years and are available through known syn-
thesis routes. The advantages of these polymer materials is, that the redox properties can
be adjusted by the molecular design and the introduction of functional groups which allows
for fine tuning of the cell potential of the battery system. In addition the flexibility and
solubility of these polymer materials allow for the large-scale production by means of cheap
and simple techniques like roll-to-roll or inkjet printing. Moreover, even if the monomer
synthesis is mainly based on fossil crude material, sustainable procurement of the monomer
materials from renewable sources may be possible in future. [7, 61]

The first polymer batteries have been based on 7-conjugated polymers like polypyrrole and
polyaniline and have been commercialised by VARTA and BASFE in the late 1980s. [62] Due
to bad charging/ discharging behaviour and fluctuations of the cell potentials caused by the
delocalisation of the charges along the m-conjugation which results in dependency of the cell
potential on the degree of doping, the production has been stopped soon though. In 2002
Nakahara et al. [82] introduced an organic battery based on redox polymers. These poly-
mers consist of either redox groups attached onto non-conjugated backbones or of conjugated
backbones with localised charged states. These materials combine the advantages of poly-

meric materials with the presence of distinct, degree of doping independent redox potentials
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which results in constant cell potentials and improved charging/ discharging properties. [7]
In case of the battery system presented by Nakahara et al. the electrode material consists
of a polymethacrylate backbone grafted with TEMPO redox groups. [82]

The basic set-up of all types of electrochemical energy storage systems is similar. The three
main components are the electrolyte, the anode and the cathode. In some battery cells
an additional membrane is inserted to act as a separator between the two electrodes. The
electrolyte is responsible for the ion exchange and to counter balance charges at either elec-
trodes. Therefore a high ion conductivity of the electrolyte is essential. To avoid internal
short cuts, the electric conductivity of the electrolyte should be as low as possible though.
Commonly the classification of the electrodes is defined by the discharging redox processes.
Thus, the negatively and positively polarised electrodes are referred to as anode and cath-
ode respectively. In addition, battery cells are differentiated into primary (single use) and
secondary (rechargeable) cells depending on the reversibility of the redox processes. [7] For
this thesis the focus is set on secondary cells only.

For the general description of the basic operating principle of battery cells, the redox pro-
cesses in a common lithium ion cell are discussed before the polymer battery configuration
is introduced.

In Fig. 1.5 a the discharging processes in a lithium ion battery are shown. The anode consists
of graphene layers with intercalated lithium atoms. Upon the discharging of the cell, the
lithium atoms are oxidised to Li* ions and migrate through the electrolyte to the cathode.
The electrons are dissipated towards the cathode by the external electric circuit. The cathode
consists of a lithium-ion-containing material like Li;_CoO5*. During the discharging of the
cell the cathode material is reduced by the electrons from the electric circuit to form LiCoOs.
Upon the re-charging of the cell, shown in Fig. 1.5 b all ion transport and redox processes
take place in the opposite direction. The reason for the intercalation of the lithium atoms
in-between the graphene layers of the anode material is the immobilisation and separation
of the lithium atoms which inhibits the formation of metal dendrites upon the re-charging
of the cell. For lithium ion batteries, the intercalation and expulsion processes during the
charging/ discharging cycles cause mutation of the crystal lattices and the graphene layers
which results in slow kinetics and high heat built-up. The slow ion diffusion during the Li™

intercalation is also the limiting factor of the lithium ion battery performance. [7]
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Figure 1.5: Schematic illustration of the redox processes during charging and discharging of
a lithium ion (a and b) and an all-organic polymer (c and d) battery. Reprinted
with permission from Muench et al. [7], Copyright (2016) ACS.

In organic batteries the anode and cathode materials consist of an n-type and a p-type con-
ductor respectively. The polymers are usually processed in their neutral form which means
that organic batteries have to be charged initially. Fig. 1.5 d shows the charging process
in which the cathode material is oxidised and the anode material is reduced by applying an
external current flow. The charges are immobilised in the respective polymer matrices at
each electrode and are counter balanced by the intercalation of the counter ions from the
electrolyte. This charging process is limited by the complete oxidation/ reduction of the
cathode/ anode material or the complete consumption of the conducting salt ions respec-

tively. To optimise the cell performance, the theoretical charge density of both electrodes
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should be equal. Upon the discharging of the organic battery cell, shown in Fig. 1.5 c,
electrons are dissipated from the anode to the cathode via the external electric circuit. Both
polymers are transferred into their respective neutral form and the counter ions are expelled
from the polymer matrices to the electrolyte. In case of the organic batteries the limiting
factor is the migration of the counter ions of the conducting salt and the electron transfer
kinetics of the polymer redox reactions. For this reason, electrolytes with high conducting
salt concentrations are used to ensure good availability of ions. Since the charge storage in
organic batteries occurs via fast and simple redox reactions without significant structural
alteration of the electrode materials, the rate performance and cycle life are superior to

common lithium ion batteries. [7]
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2. Objectives

The aim of this thesis is the electrochemical characterisation of electro-active m-conjugated
and redox polymers to gain deeper insights into the basic redox processes and to evaluate

possible applications of these organic semi-conductors in organic electronic devices.

Poly(3-hexylthiophene)

Poly(3-hexylthiophene) (P3HT) is one of the most commonly used donor materials in or-
ganic optoelectronic devices. Due to its semi-crystalline nature, the thin film morphology
of P3HT possesses an important influence on the device characteristics. Therefore the thin
film morphology of P3HT and its influence on physicochemical properties like the charge
carrier mobility [19, 83] and optical properties [2] have been studied intensively in the last
25 years. Especially the absorption behaviour of P3HT has gained huge scientific interest,
since it shows a significant morphology dependency by undergoing a bathochromic shift upon
aggregation which causes also a shift in the optical bandgap. [84]

A similar dependency of the bandgap on the P3HT thin film morphology is expected for
the electrochemical bandgap. The electrochemical determination of the bandgap by means
of solid state cyclic voltammetry is a powerful tool, since it not only provides the effective
bandgap but also the individual frontier orbital energy levels. The influence of the film mor-
phology on the electrochemical redox behaviour is only sparsely reported on in literature.
For the oxidation of P3HT, broad current signals which consist of superimposing subsignals
are commonly described in literature. It has also been shown that the regioregularity of the
P3HT batch influences the number of the superimposing subsignals which also results in a
shift of the oxidation potential and therefore of the HOMO energy level. The origin of the
superimposing subsignals is usually attributed to the coexistence of domains of different con-
jugation lengths in the P3HT films. However, no direct correlation of electrochemical redox
waves to the inner structure of the P3HT films could be made, since the film morphologies in
these studies were uncontrolled and numerous polymer batches with varying regioregularities
but also different molecular weights and molecular weight distributions were used.

In this thesis, a systematic characterisation of the morphological influence on the electro-

chemical redox behaviour of P3HT is performed by using different deposition and post-
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treatment methods like crystallisation from solution, solvent vapour annealing and high
temperature rubbing, to prepare thin films of varying textures and degrees of crystallinity
of the same P3HT batch. Since P3HT is usually used as a donor material in binary donor

acceptor blend systems, not only the morphological influence on the redox behaviour of neat

P3HT films but also of P3HT:PCgBM donor acceptor blend films is studied.

Polyvinyltriphenylamine

Molecules containing the triphenylamine (TPA) redox group have gained huge scientific
interest for the application in various organic electronic devices due to their optical, electro-
chemical and electronic properties. [85] In recent years the focus shifted from small molecules
towards polymers containing the triphenylamine redox group. [23] The main advantage of
TPA-containing polymers compared to their small molecular relatives, is an increased or-
ganic film stability due to inter- and intra-chain cross-linking of the polymers induced by
either chemical or electrochemical oxidation. The cross-linking density herein can be tuned
by the synthesis.

The aim of this work is to perform a systematic characterisation of the optical, electrochemi-
cal and electronic properties of the polyvinyltriphenylamine (PVTPA) polymer and to study
the influence of the cross-linking density. Therefore, polyvinyltriphenylamine-polystyrene
(PVTPA-co-PS) copolymers are studied. Styrene as the second monomer has been chosen
since it is chemically closely related to vinyltriphenylamine, which is favourable to ensure
successful random copolymerisation, but redox inactive. The main objectives are to study the
influence of the PVTPA-to-PS repeating unit ratio on the successful cross-linking reaction
of the redox groups and the charging/ discharging behaviour in the cross-linked films, which
involves swelling and shrinking of the polymer films due to the counter ion intercalation/
expulsion with accompanied solvent uptake/ release.

In addition to the basic electrochemical characterisation, the general usability of PVTPA and
PVTPA-co-PS for the application in organic electronic devices as energy storage material
and as novel electrode material are studied.

In general, triarylamine derivatives are state-of-the-art electrode materials in organic energy
storage systems. [86] As a first test towards the application in real battery devices, the charge

storage properties of PVTPA and PVTPA-co-PS copolymers are characterised by means
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of so-called supercapacitor devices, since they require neither elaborate device preparation
techniques nor the usage of a fitting n-type conducting counter electrode material.

As a second possible application in organic electronic devices, PVTPA and PVTPA-co-PS
are interesting materials as novel transparent electrode coatings, since they can be solution
processed before oxidative cross-linking is induced which results in stable polymer films in
their conductive state. Therefore, in addition to the electrochemical doping, also the chemical
doping of PVTPA and PVTPA-co-PS with different oxidative dopants in either solution and
gas phase is studied. The aim is to optimise the doping parameters to gain polymer films of

maximum conductivity.
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3. Experimental Part

Parts of the experimental work on the electrochemical characterisation and chemical dop-
ing of the PVTPA-co-PS copolymers have been contributed by Felix Goerigk and Lukas
Stein within the scope of their research internships and by Fabian Moczko and Lisa Fisele
within the scope of their bachelor theses, respectively. The synthesis of the PVTPA-co-PS

copolymers has been performed by Corinne Rost-Schmidt.

3.1. Materials
3.1.1. Polymers

The molecular structures of the polymers used in this thesis are shown in Fig. 3.1. Poly(3-
hexylthiophene) (P3HT) (1 in Fig. 3.1) batch EF/30802 (M, = 112kgmol™!, PDI = 2.4,
regioregularity 95 %) was purchased from Merck and was used without further purification.
Polyvinyltriphenylamine-co-Polystyrene (PVTPA-co-PS) copolymers (2 in Fig. 3.1) with
varying repeating unit ratios have been synthesised by Corinne Rost-Schmidt via free radical
polymerisation. For the synthesis details see chapter A.3. Poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) (3 in Fig. 3.1) was purchased from Sigma Aldrich as
a 1.1wt% suspension in water and was homogenised by ultra sonification prior to the film

deposition.

\ / o Q. *
m

s”hT
SO3H

1 2 3

Figure 3.1: Molecular structures of poly(3-hexylthiophene) [P3HT] (1), polyvinyl-
triphenylamine- co-polystyrene [PVTPA-co-PS] (2) and  poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) [PEDOT:PSS] (3).
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3.1.2. Chemicals

Table 3.1: Overview of the used solvents.

solvent grade distributor abbreviation

acetone p.a., > 99.5 % Sigma Aldrich

acetonitrile anhydrous, > 99.8 % Sigma Aldrich MeCN

anisole anhydrous, > 99.7 % Sigma Aldrich

carbon disulfide anhydrous, > 99.9 % Sigma Aldrich CSs

chlorobenzene anhydrous, 99.8 % Sigma Aldrich CB

chloroform anhydrous, > 99 %  Sigma Aldrich CHCl3

1,2-dichlorobenzene anhydrous. 99 % Sigma Aldrich 0-DCB

dichloromehtane anhydrous, > 99.8 % Sigma Aldrich DCM

isopropanol p.a., 99.8 % Sigma Aldrich

tetrahydrofuran HPLC grade MBraun SPS-800  THF
drying system

toluene anhydrous, 99.8 % Sigma Aldrich

water demineralised internal supply line H,O

The solvents, conducting salts and other chemicals used in this thesis are listed in tables 3.1
and 3.2.

For the preparation of polymer solutions the used solvents were stored in a nitrogen filled
glove box. Solvents used for the preparation of organic electrolytes (MeCN, THF and DCM)
have been dried by filtering through a column of activated AlO, and degassed by freeze-
pump-thaw cycling or argon purging (bubbling of argon through the solvent for at least
30min) prior to the electrochemical experiments. All conducting salts were stored under
vacuum in a desiccator to avoid the uptake of moisture.

[6,6]-phenyl C61 butyric acid methyl ester (PCg;BM), Iron(III) chloride (FeCls), Iron(I1I)
p-toluenesulfonate hexahydrate (Fe(Tos);) and 3-hexylthiophene (3-HT) were used without

further purification.
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Table 3.2: Overview of the used conducting salts and other small molecules.

conducting salts distributor abbreviation
lithium bis(trifluoromethane)sulfonimide ~ Sigma Aldrich Li-BTFSI
lithium perchlorate Sigma Aldrich LiClO4
potassium hexafluorophosphate Sigma Aldrich KPFg
tetrabutylammonium hexafluorophosphate Sigma Aldrich NBuysPFg
tetrabutylammonium tetrafluoroborate Sigma Aldrich NBuyBF,
tetrahexylammonium hexafluorophosphate Sigma Aldrich NHex,PFq
other chemicals distributor abbreviation
3-hexylthiophene Sigma Aldrich 3-HT
iron(III) chloride Sigma Aldrich FeCls
iron(III) p-toluenesulfonate hexahydrate Sigma Aldrich Fe(Tos)s

6, 6]-phenyl C61 butyric acid methyl ester Sigma Aldrich PCg BM

3.1.3. Substrates

The gold electrodes for the electrochemical experiments in solid state were prepared by
evaporation deposition using a UNIVEX 350 G setup from Oerlikon Leybold Vacuum. Glass
slides from Glasbearbeitung Henneberg € Co. were first coated with a 5nm thick chromium
layer to ensure good adhesion of the subsequent 50 nm thick gold layer. These substrates
were also used for the preparation of P3HT spherulites by means of solvent vapour anneal-
ing in CSy. For the in-situ spectroelectrochemical measurements indium tin oxide (ITO)
substrates from PGO Prizisions Glas € Optik GmbH with a low specific surface resistance
(R < 209sq!) were used. The glass substrates from Glasbearbeitung Henneberg € Co.
without further modification were also used for absorption spectroscopy of polymer films in

transmission and for the chemical doping of PVTPA-co-PS films.
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3.2. Sample Preparation
3.2.1. Preparation of Polymer Solutions

The polymer solutions for film deposition by spin coating were prepared in a nitrogen filled
glove-box. P3HT was dissolved in chloroform, toluene or o-dichlorobenzene while solutions
of PVTPA-co-PS were prepared in toluene or chloroform. The polymer solutions in chlo-
roform, toluene and o-dichlorobenzene were stirred at least over night at 40°C, 100°C and
80 °C respectively. For the preparation of P3HT spherulites by means of solvent vapour an-
nealing the solution in toluene was stirred at 100 °C and filtered hot through a 0.2 pm PTFE
(polytetrafluoroethylene) syringe filter. The P3HT:fullerene blend solutions were prepared
by intermixing of the respective polymer and fullerene stock solutions. PEDOT:PSS was
purchased as an aqueous suspension which was homogenised by ultrasonification prior to

the film deposition.

3.2.2. Substrate Cleaning

The substrates were cut prior to the cleaning process in pieces of 1cm z 1cm (glass sub-
strates for the chemical doping and absorption spectroscopy), 1cm z 1.5 cm (Au electrodes)
or 0.8cm z 1.5cm (ITO electrodes) respectively. As a first cleaning step the substrates were
ultra sonificated in i-propanol, demineralised water and acetone (10min each). Afterwards
the substrates were dried by using an argon airbrush. Afterwards the ITO and glass sub-
strates were treated in an oxygen plasma chamber from Diener electronic for 10 min while
the Au electrodes were cleaned mechanically by using a snow jet. In this surface cleaning
technique the substrate is mounted to a heat plate and the temperature is set to 220 °C. By
scanning the substrate surface with a narrow stream of dry ice from a COs high pressure

vessel, impurities are removed mechanically due to the sublimation of the dry ice stream.

3.2.3. Film Deposition Techniques

Drop Casting
Drop casting is the simplest film preparation method since the polymer solution is just
dropped onto the substrate and left to dry. In general drop casting does not allow for

a precise control of the film thickness and leads to inhomogeneous films which hampers
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the reproducibility of the experiments. Therefore film preparation by drop casting is only
favourable for experiments in which precise control of the polymer film mass is crucial and
the film morphology is neglectable. In this thesis drop casting was used for the preparation of
polymer supercapacitors (exact mass of the polymer needed to calculate the charge storage
capacity) and as a comparison for P3HT samples of controlled morphologies. Drop casting
from chloroform solution was performed at room temperature and the polymer covered sub-

strates were afterwards placed in a constant air stream to improve the drying.

Spin Coating

The method of spin coating is commonly used to deposit polymer films of controlled thickness
and morphology. In this deposition technique the substrate is mounted to a rotating stage.
During the evaporation of the solvent the generated polymer film shrinks until it reaches
its equilibrium thickness. The film thickness can be tuned by the choice of the solvent, the
concentration and the rotation velocity. In general, spin coating is the favoured deposition
method since it leads to homogeneous polymer films but due to the centrifugal force excess of
the polymer solution is floated off the substrate and therefore wasted. In this thesis, polymer
films were prepared by spin coating unless otherwise stated. The spin coating was usually
performed in a nitrogen filled glove-box with a Delta 6RC spin coater from Suess MicroTec.
For the spin coating of aqueous solutions a WS-400-6NPP-LITE from Laurell Technologies
was used. Typical spin coating parameters for PSHT and PVTPA-co-PS solutions in various

solvents are summarised in Table 3.3.

Blade Coating

Blade coating is a useful and material-saving deposition method for the preparation of large-
area films. In this technique the substrate is mounted to a heatable stage with a movable
blade hovering above the substrate surface. The distance between substrate and blade and
the movement speed of the blade are adjustable. The polymer solution is applied at the
substrate-blade gap and by moving the blade across the substrate the polymer solution is
spread to form a homogeneous film. The evaporation of the solvent can be improved by an
increase of the substrate temperature. The thickness of the polymer film can be tuned by the

concentration and the blade-substrate distance. In this thesis blade coating was used for the
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Table 3.3: Typical spin coating parameters for the film preparation of various substances

from different solvents.

substance solvent concentration revolutions duration [s]

per minute

P3HT # CHCly 5mgmL~! 2 000 30
P3HT anisole:CHCl;  0.05 wt% 2 000 300
P3HT toluene 6 mgmlL~! 4 000 50
PC¢gBM @ CHCly 5mgmL~! 2 000 30
P3HT:PCg;BM *  CHCl; 5mgmL~! 2 000 30
PVTPA-co-PS CHCly 5mgmL~! 2 000 180
PVTPA-co-PS *  toluene 5mg mL~! 2 000 90
PEDOT:PSS H,0O 1.1wt% 1 000 300

& an additional rotation step with 6000 rpm for 15 s was applied afterwards to ensure complete
drying of the film.

preparation of P3HT films for high temperature rubbing. The P3HT films were deposited
from o-dichlorobenzene solution (5 mg mL™1). During the blade coating process the substrate
temperature was kept at 170 °C to improve the solvent evaporation. The sample preparation
was performed under ambient conditions on a custom-made set-up at the Institut Charles

Sadron in Strasbourg.

3.2.4. Crystallisation in Solution

Crystallisation of P3HT nano wires was performed according to Ihn et al. [87] The polymer
is dissolved in a mixture of a good and a bad solvent in the heat. Upon controlled cooling of
the solution P3HT starts to precipitate in fibre-like structures. X-ray and electron diffraction
characterisation by Ihn et al. revealed crystallisation of the PSHT chains in the so-called
edge-on texture with strong m-7 stacking along the fibre axis. [87] In this work P3HT was
dissolved in anisole/CHCl; (4:1 by volume) at 70°C for 72h and afterwards cooled down to
room temperature (20 °C) with a cooling rate of 25 Kh™!. The deposition of the P3HT nano
wires was performed by spin coating (2000 rpm for 300s).

28



3.2. Sample Preparation

3.2.5. Solvent Vapour Annealing

Solvent vapour annealing is a versatile tool for the preparation of polymer thin films of
controlled morphologies. In literature, this method has been used to create spherulitic
poly(3-alkylthiophene) films with highly ordered crystalline lamellar in the edge-on texture
[2] or to induce micro-phase separation in block-copolymer templates [88, 89]. In this work
solvent vapour annealing was used as a post treatment method to prepare spherulitic PSHT
samples. The sample preparation procedure is based on previous work by Dr. FEdward
Crossland who studied the influence of the recrystallisation conditions on the nucleation
density of the P3HT spherulites to further study the 3-dimensional anisotropy of the charge
transport. [83, 84]

The initial polymer film was spin coated from toluene solution (6 mg mL™!) onto ITO or gold
substrates (4000 rpm for 50s). Prior to the spin coating the solution was stirred at 100°C
for 4h and filtrated hot through a PTFE syringe filter (0.2 pm). The edges of the substrates
were cleaned by using a chloroform soaked cotton-wool tip to remove the inhomogeneous
margins of the polymer films and the samples were kept under vacuum in a desiccator over
night. Solvent vapour annealing in CS, was performed in a custom-made annealing chamber
described in Ref. [90] and [91]. In brief, the polymer film is exposed to a gas stream
of controlled temperature and solvent vapour pressure. The sample temperature is kept
slightly below the temperature of the surrounding atmosphere to ensure condensation of the
solvent vapour into the polymer film. Upon increasing partial pressure of the solvent vapour

the polymer film swells. As soon as a solution-like state of the polymer film is reached, the

Table 3.4: CS, vapour annealing procedure for the preparation of spherulitic P3HT (batch
EF/30802 from Merck) samples.

action duration [min] CS, partial pressure comment

~ 2 91.5 %

— 5 91.5 % swelling

\ 0.1 86 %

— 20 86 % recrystallisation
Ny 1 0% drying
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solvent partial pressure is decreased and held constant so that the polymer chains have time
to recrystallise. In this work, the temperatures of the gas stream and the substrate were
kept at 22°C and 19 °C respectively. The overall volume stream was set to 20sccm and a

typical annealing procedure for P3HT (batch EF430802 from Merck) is given in Table 3.4.

3.2.6. High Temperature Rubbing

High temperature rubbing is a post annealing method to induce large-area orientation of
organic molecules. In contrast to other deposition or post annealing methods, high temper-
ature rubbing of P3HT results in the so-called face-on texture in which the 77 stacking
direction is perpendicular to the substrate surface. Hamidi-Sakr et al. studied the influence
of the rubbing temperature on the film morphology of P3HT and observed that the grade
of alignment, which can be characterised by the dichroic ratio from the polarised absorption
spectra in parallel and in perpendicular to the rubbing direction, increases with increasing
rubbing temperature. In addition the authors showed that the exciton bandwidth, which can
be used as a measure for the degree of crystallinity in the polymer film, decreases (indicating
increasing crystallinity) with increasing rubbing temperature. [92]

Fig. 3.2 shows a schematic illustration of the rubbing set-up. The substrate with the polymer

Rotating cyclinder
covered by a cloth

1

Oriented
polymer film

Moving hot plate ~ Substrate

Figure 3.2: Schematic illustration of the high temperature rubbing setup; image reprinted

with permission from Brinkmann et al. [93], Copyright (2014) Wiley
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film is mounted to a movable hot stage. During the rubbing process a rotating cylinder of
tunable rotation speed is pressed onto the polymer film which is moved lateral. The rotating
cylinder is covered in a micro-fibre cloth. Due to the shear force caused by the rotation of the
cylinder and lateral movement of the substrate the polymer chains align along the rubbing
direction. The quality of the alignment is dependent on the sample temperature. [92]

For this work, film deposition was performed by blade coating from a o-DCB solution
(5mgmL~1) onto ITO substrates at 170°C. The high temperature rubbing was performed
in a nitrogen filled glove-box with a custom-made set-up at the Institut Charles Sadron in
Strasbourg. During the rubbing process the substrate temperature was kept at 230°C and
the rotating cylinder (approximately 350 rpm) was covered with a micro-fibre cloth (polyester

85 %, polyamide 15 %). The rubbing process was performed as one single rubbing cycle.

3.2.7. Supercapacitors

The polymer film deposition for the supercapacitor samples was performed by drop cast-
ing from aqueous solution (PEDOT:PSS, 1.1wt%) or chloroform solution (PVTPA-co-PS,
10mg mL~1) respectively, since the exact mass of the polymer film is needed for the cal-
culation of the specific capacitance, specific energy and specific power. The devices were
built in a symmetric geometry and characterised in a custom-made glass cell by means of
electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and galvanostatic
charging/discharging cycles (GCD). In case of the PVTPA-co-PS samples the oxidative cross

coupling reaction was performed in a separate voltammetry cell beforehand.

3.2.8. Chemical Doping

Chemical doping of the PVTPA-co-PS copolymers with iron(III) chloride (FeCls) and iron(III)
p-toluenesulfonate (Fe(Tos)s) as oxidants was performed by dip-doping and by vapour-
doping. The PVTPA-co-PS films were spin coated from chloroform solutions (5 mgmL™")
onto square-shaped glass substrates. The spin coating parameters are listed in Table 3.3.
Glass substrates were chosen since the characterisation of the chemically doped polymer
films was carried out by absorption spectroscopy and four-point-probe (4pp). Therefore a
transparent, non-conducting substrate is required. Before the chemical doping was carried

out the film thickness was measured by atomic force microscopy. The absorption spectra of
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Table 3.5: Characteristic parameter for the characterisation of PEDOT:PSS and PVTPA-

co-PS copolymers supercapacitors.

parameter PEDOT:PSS PVTPA-co-PS copolymers
solvent H>O CHCl3

concentration 1.1 wt% 10mg mL~*

electrolyte 0.1M LiClO4/H20 0.1M LiBTFSI/MeCN
EIS 1V; 100kHz - 5mHz 0.5V; 100kHz - 5mHz
cv e 10mVs™t-100mVs™t 10mVs™t-100mVst
GCDP® 100 pA/—100 pA 1pA/—1pA

2 measured with scan rate steps of 10mV s~! and one cycle for each scan rate.
b each measurement was performed with cuttoff potentials of 0V and 1V.

the initial polymer films were recorded directly before the doping process and immediately
after drying of the doped polymer films the spectra and 4pp were measured to avoid uptake
of moisture by the hygroscopic dopants.

Dip-Doping

Dip-doping is a simple chemical doping method in which the polymer covered glass substrate
is dipped into a solution of the dopant in an orthogonal solvent with respect to the polymer
solubility. Afterwards the sample is cleaned from dopant excess and dried. In this work
FeClz and Fe(Tos)z solutions in MeCN with concentrations in the range of 0.5 mgmL™" up
to 10mgmL~! and doping durations of 5min to 30 min were used. After the dip-doping
process the samples were washed with pure MeCN to remove excess of the dopant and dried

in an argon stream.

Vapour-Doping

Vapour-doping of PVTPA-co-PS films with FeCls was carried out in a custom-made in-situ
spectroscopy-vacuum cell adapted from Yamamoto et al. [94]. A schematic illustration of the
set-up is shown in Fig. 3.3. The vacuum cell consists of a glass tube with two dismountable
quartz glass windows and an attached reservoir for the solid dopant. The polymer solution

(10 mg mL~"! in chloroform) is spin coated onto one of the quartz glass windows in a way that
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Figure 3.3: Schematic illustration of the vapour doping setup; image reprinted with permis-

sion from Yamamoto et al. [94], Copyright (2015) ACS Publications.

the light path of the spectrometer traverses both quartz windows but not any other glass
part of the cell or the dopant reservoir. The sealed doping cell is set under high vacuum and
when a constant pressure of 10~2 mbar is reached the valve to the vacuum pump is closed

to avoid constant draining of the dopant vapour.

3.3. Methods

3.3.1. Cyclic Voltammetry

Cyclic voltammetry is a powerful tool to study the electron transfer processes in redox
reactions. [95-100] During the voltammetric scan an external field is applied between the
working and counter electrodes and simultaneously monitored between the working and
reference electrode. The electric circuit is completed through the ionic conductance in the
electrolyte. Due to internal resistance of the electrolyte, the applied field has to be modulated
by the potentiostat until the measured potential in the cell equals the potential set by the
programmed procedure. The time depending applied potential in a typical voltammetric scan
is shown in Fig. 3.4 b. Originating from the starting potential (Eg.y) the applied potential
is linearly increased/ decreased (anodic/ cathodic scan) with a defined scan rate (v) until
the turning potential (E,) is reached. Afterwards the potential is decreased/ increased with
the same scan rate until the stop potential (Egcp) is reached. In a complete voltammetric
cycle the starting and stop potential are identical. For an electrochemically reversible one-

electron transfer the resulting potential dependent current is shown in Fig. 3.4 c¢. The

33



3.3. Methods

voltammogram reveals a redox half wave in each the forward (oxidative) and backward
(reductive) scan. From the peak potentials of the oxidation and reduction half wave (E,,
and F,.) the half wave potential (F; ;) can be calculated according to Eq. 3. For a reversible,
diffusion controlled electron transfer process the half wave potential can be calculated by
the Nernst equation and is used as a good approximation for the formal potential (Ej) of

the redox process:

’Epa‘i‘Epc‘ 0 <RT> (Z)red>1/2
Eip=—"——=F — 1 3
12 2 \ur) "\ D, 3)

with the diffusion coefficients of the reduced and oxidised species (D, and D,,), the gas
constant (R), the absolute temperature (7'), the faraday constant (') and the stoichiometric
number of electrons involved in the redox reaction (n).

In case of polydisperse materials a redox half wave is the superposition of the overlapping
redox waves of every individual redox process of each redox site (depending on the molecular
weight, the planarisation of the polymer chains and the order of the electron transfer process).
Therefore the CV signals in polymers are usually broad and can exhibit several local current
maxima. As a result, it is usually not possible to determine the half wave potential of a
redox process in a polymer. The only characteristic parameter which can be extracted is
the so-called onset potential which represents the potential at which the electron transfer
reaction starts initially. The onset potential is determined by the intersection of two tangents
on the current base line and the redox half wave. From the oxidation and reduction onset
potentials the HOMO and LUMO frontier orbital energy levels can be calculated according
to Eq. 4 and 5 respectively:

EHOMO = _(EwonsetoX + 51) [ev] (4)

Erumo = —(Eonset™ + 5.1) [eV] (5)

with 5.1 being a correction factor which corresponds to the energy of the ferrocen/ ferroce-
nium redox couple; used in this thesis as reference for measurements in organic electrolytes;
in the Fermi scale. [101] The effective band gap (E,) can be calculated from the HOMO and
LUMO levels according to Eq. 6:

E, = |Enomo — Evumol (6)
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Figure 3.4: a) Schematic illustration of a three-electrode CV setup with the analyte de-
posited onto the working electrode; with a platinum spiral as counter electrode
(CE), a Ag/AgCl pseudo reference electrode (RE) and a polymer covered ITO
substrate as working electrode (WE); b) time dependent applied potential for
one anodic voltammetric scan with the scan rate (v) and c) resulting poten-
tial dependent current for a one-electron redox reaction with the start potential
(Estart), stop potential (Egop), turning potential (Ey), half wave potential (E ;)
and anodic/cathodic peak potential (Ep,,/Epe).

The electrochemical measurements were performed with PGSTAT101 and PGSTAT204 po-
tentiostats from Metrohm in custom-made three-electrode glass cells. As counter electrodes
platinum spirals or plates were used. Since conventional reference electrodes are only de-
fined for aqueous electrolytes, Ag/AgCl pseudo reference electrodes (RE); meaning silver
wires coated with silver chloride; were used and the potentials were calibrated against the
internal standard of the ferrocen/ferrocenium redox couple afterwards. As working elec-
trodes (WE) either gold or ITO substrates were used for polymer film characterisation and
for measurements in solution platinum or gold disk electrodes were used. The measurements

were conducted under inert conditions under argon atmosphere and in pre-dried electrolytes.
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3.3.2. in-situ Spectroelectrochemistry

In-situ spectroelectrochemistry is a versatile method for the characterisation of redox pro-
cesses since it combines the electronic information derived from the electrochemical experi-
ment with chemical information from the spectroscopy. Typical tasks are the determination
of concentrations of redox species for example in sensors, the characterisation of reaction
mechanisms and the identification of redox species and intermediates. [102, 103] In case
of m-conjugated polymers like polythiophenes the formation of the charged species (radical
cation and dication) results in a bathochromic shift. Since the characteristic absorption
bands of all involved redox species (neutral, radical cation and dication) are in the UV-
vis-NIR range, the transformation of the respective redox species can be easily studied by
means of simple absorption spectroscopy. The measurement can be performed either in
transmission or reflection. In Fig. 3.5 the schematic illustrations of a transmission cell (a)
for polymer films and a reflection cell (b) for the characterisation of dissolved analytes are

shown.

a) CE WE RE b)
| CE||WE RE

E[V]

T
I
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I
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Electrolyte
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Detector

Figure 3.5: Schematic illustration of in-situ spectroelectrochemical cells for measurements in

Light Source

transmission (a) and in reflection (b) for polymer films or solutions respectively;
with platinum spirals as counter electrodes (CE), Ag/AgCl pseudo reference
electrodes (RE) and either ITO or a platinum disk as working electrode (WE).
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The in-situ spectroelectrochemical experiments were conducted by using PGSTAT101 or
PGSTAT204 potentiostats from Metrohm and a modular MCS621 Vis III spectrometer
from Zeiss equipped with a CLH 600 F halogen lamp. The light path was directed through
optic fibres from Ocean Optics. To decrease the background light intensity the in-situ exper-
iments were performed in a closed optic box. The spectra of a I'TO substrate or the polished
platinum disk, which acts as a mirror, immersed into the respective electrolytes were used
as reference spectra. Platinum spirals or plates were used as counter electrodes (CE) and
silver chloride coated silver wires as pseudo reference electrodes (RE). The potentials were
calibrated against the ferrocen/ferrocenium redox couple as internal standard. As working
electrodes polymer coated ITO substrates for measurements in solid state or a platinum
disk electrode for measurements in solution were used respectively. The measurements were

performed under inert conditions (dried electrolyte solvents and argon atmosphere).

3.3.3. Electrochemical Quartz Crystal Microbalance

The electrochemical quartz crystal micro balance (EQCM) is a device for the in-situ monitor-
ing of mass changes of a studied solid sample during an electrochemical charging/ discharging
process. Therefore EQCM is a powerful tool for the characterisation of ion intercalation and
expulsion during a voltammetric experiment. Due to the charging of the analysed mate-
rial during the forward voltammetric scan the respective counter ions from the supporting
electrolyte are intercalated into the sample to ensure electrostatic charge neutrality. Upon
the discharging of the analyte in the backward scan of the voltammogram the previously
intercalated counter ions are expelled from the sample. In case of trapping of the counter
ions in confined samples like polymer films the electrostatic neutrality can be restored by
additional intercalation processes of respective ions from the electrolyte which leads to com-
plex multi-ion movement processes. In addition, the ion intercalation processes lead to an
uptake of solvent due to the solvent shell surrounding the ions in the electrolyte.

The EQCM measurements are carried out in solid state with the analyte deposited onto a
working electrode which consists of a quartz crystal covered with a gold layer. In Fig. 3.6
the schematic illustrations of an EQCM cell (a) and a typical EQCM working electrode (b)
are shown. The working electrode is mounted horizontally in the cell with two sealing rings

underneath and above to ensure a tight fit and to avoid leakage of the electrolyte which is
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Figure 3.6: a) Schematic illustration of an EQCM setup (image reprinted with permission
from Soavi et al. [104], Copyright (2000) Royal Society of Chemistry); b)

schematic illustration of a gold covered quartz crystal.

only filled in the top part of the cell. The counter and reference electrodes are immersed
into the electrolyte filled upper compartment.

During the electrochemical experiment the quartz crystal is set into oscillation by applying
an alternating electric field, which results in a transverse shear wave in the quartz substrate.

The mass-dependency of the frequency is described by the Sauerbrey equation (Eg. 7):

2f0°
A\/Pqﬂq

with Af and Am being the frequency and mass changes respectively. The other parameters

Af = Am (7)

of the Sauerbrey equation are the resonant frequency of the quartz crystal (fy), the active area
(A), the density of quartz (p,) and the shear modulus of quartz (y,). The latter parameters
are usually cumulated to the so-called sensitivity coefficient of the quartz crystal (Cf) to

simplify the Sauerbrey equation to Eq. 8: [104-106]
—Af=C;-Am (8)

For the used commercially available 6 MHz crystals Cy equals 0.0815 Hz cm? ng ™.
The EQCM characterisation of PVTPA-co-PS copolymer films was carried out with an Au-
tolab EQCM 7321 device from Metrohm. The working electrodes which were also purchased

from Methrohm consist of quartz crystals with a resonance frequency of 6 MHz covered with
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gold. As counter and reference electrodes a gold coil and a silver chloride coated silver wire
were used. Since the used EQCM cell does not provide a junction for a connection to the
Schlenk line, the measurements were performed under ambient conditions with an argon gas

stream directed into the cell through a plastic tube.

3.3.4. Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a versatile method to study the electronic
response of a redox system to an applied alternating potential. [107-110] During an electro-
chemical reaction or experiment the electron flow can be impeded by multiple physical or
chemical procedures like slow electrode or chemical reaction kinetics and diffusion processes
in general. The electrochemical cell can also be described by an equivalent electric circuit in
which the electric elements represent the different procedures. In general, an electrochemical
experiment can be performed in either direct current (dc) or alternating current (ac) mode.
In case of an applied potential in the dc mode the resistance (R) of the system is defined by

Ohm’s law:

V=IR (9)

with the applied potential (V') and the resulting current (7). The respective element in the
equivalent circuit is a resistor. In the ac mode the polarity of the applied field is reversed
as a function of frequency (f). The applied potential as well as the resulting current can be
described as wave functions. Due to impedance of the electrons the current wave is shifted

with respect to the potential wave:
I(t) = A-sin(2nft + ©) (10)

with A being the maximum amplitude, ¢ the time and © the phase shift. In the electro-
chemical cell the phase shift is caused by non-ohmic resistors like capacitors and inductors.
Analogously to Ohm’s law for the dc mode, the overall impedance of the electrons in an ac

system is described by equation 11.

V=1I-2 (11)

with the impedance (Z) which includes both ohmic and non-ohmic elements of the equiv-
alent circuit. Z can be expressed as a complex number with the resistance being the real

component and the sum of capacitance and inductance being the imaginary component.
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Therefore, by analysing the frequency dependence of the absolute impedance (|Z]), the real
and imaginary components of Z and the phase shift (0) the individual electron impeding
procedures in an electrochemical cell can be identified.

The EIS experiments were performed with an IM6 potentiostat from Zahner in either two-
or three-electrode geometries in custom-made glass cells under ambient conditions. For the

data analysis the Thales software from Zahner was used.

3.3.5. 4-Point-Probe

The 4-point-probe (4pp) technique was used to determine the conductivity of chemically
doped PVTPA-co-PS copolymer films. In this technique, the polymer film is electrically
connected by a probe head with four pins in a linear arrangement and equal pin-to-pin
distances. An external current (/) is applied through the two outer pins and the resulting
potential (V') between the two inner pins is measured. The sheet resistance (R;) of the
polymer film can be determined by using the resistance (R) calculated according to Ohm’s

law from the applied current and measured potential:

-f (12)

with f being a correction factor that takes into account the geometry of the polymer film.
For square-shaped polymer film samples with the pins located in the centre of the sample,
f accounts to 1. From the sheet resistance (R;) the bulk resistance (R;) can be calculated
accordingly to Eq. 13:

Ry=R,-d (13)
with d being the film thickness. The bulk conductivity (o) can be calculated from the

reciprocal bulk resistance according to Eq. 14: [25, 111]

1 T AN
" Ry <1n<2> o f) .

For the conductivity measurements of thin PVTPA-co-PS films a SP4 probe head from Sig-

natone with a pin distance of 1mm and a 26368 SourceMeter potentiostat from Keithley
were used. The polymer films were deposited on square-shared glass substrates and the mea-
surements were conducted with the pins connecting to the film centre so that the geometry

correction factor f equals 1. In addition the measurements were performed by applying a
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series of constant currents in the same order of magnitude to confirm linear ohmic behaviour

of the sample resistance.

3.3.6. Absorption Spectroscopy

UV-vis absorption spectroscopy was used as a simple but powerful tool for the charac-
terisation of the polymer aggregation in solution and solid state and to identify chemical
species correlated to electrochemical and chemical redox processes. Polarised absorption
spectroscopy was performed to verify successful alignment of the polymer chains in post-
treated samples.

UV-vis absorption spectra of solutions and polymer films were recorded on a stationary
Lambda 35 spectrometer from Perkin Elmer. For in-situ measurements a modular MCS621
Vis II spectrometer equipped with a CLH 600 F halogen lamp from Zeiss and optic fibres
from Ocean Optics was used. Spectra of solutions and films on ITO or glass substrates were
performed in transmission mode while films on gold electrodes were measured in reflection.

For all measurements the respective solvent or initial substrate was used as reference.

3.3.7. Polarised Optical Microscopy

Optical microscopy and polarised optical microscopy (POM) were used as simple but power-
ful tools to verify homogeneity of deposited polymer thin films and to monitor the swelling
and recrystallisation processes during the solvent vapour annealing treatment as well as the
large area alignment after high temperature rubbing of P3HT films. For both character-
isation methods the same Axio Imager.A1 from Zeiss was used. In the polarised mode
two additional polarisation filters were adjusted in the light path in front (polariser) and
behind (analyser) the polymer film. The orientation of the two polarisation filters were set
to be orthogonal so that optical isotropic samples appear dark. Polymer films with aligned
polymer chains are optically anisotropic and therefore appear bright under crossed polaris-
ers. The microscopy images were recorded with an AzioCam IC 1 camera from Zeiss. The
microscope was used in reflection mode for gold substrates and during the solvent vapour

annealing process and in transmission mode for I'TO and glass substrates.
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3.3.8. Atomic Force Microscopy

Due to the resolution in the nanometer scale, atomic force microscopy (AFM) is a versatile
tool for the morphological surface characterisation of polymer films. In addition, it can also
be used to determine the film thickness of thin films. [112-114] The schematic illustration
of an AFM is shown in Fig. 3.7. The sample is mounted to a movable stage and hold into
position by a vacuum chuck. During the measurement the sample surface is scanned by a tip
which is attached to the so-called cantilever. The cantilever acts as a spring which is set into
oscillation. The interaction of the cantilever and the sample is monitored by the position of
a laser beam which is reflected on the top side of the cantilever towards a spatial resolved
photo-diode and by the changing of the cantilever frequency with respect to the resonant
frequency determined prior to the measurement. The spatial resolved monitoring of the tip
position results in a topographic image of the sample surface while the cantilever frequency
change provides information in mechanical properties, which can be used to discriminate
between different materials like donor acceptor blend systems but also between amorphous
and crystalline domains of one single material.

For this thesis, a Dimension Icon microscope from Bruker was used and the data were
evaluated with either NanoScope Analysis from Bruker or Gwyddion (free software). All

measurements were performed in the tapping mode with silicon tips (40 Nm™!) from pmasch.

Photo-diode

Oscillation < .
Cantilever X

Figure 3.7: Schematic illustration of an AFM setup; image adapted from Fuoco [115].
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3.3.9. Transmission Electron Microscopy

In this thesis transmission electron microscopy (TEM) was used as a characterisation method
to gain detailed insights into the morphology of structured P3HT films. Compared to optical
microscopy, TEM bright field images offer higher magnification due to the utilization of a
focused electron beam as the imaging compound instead of visible light waves. The electron
beam is emitted by a cathode due to an applied high-voltage field and focused by magnetic
lenses. In contrast to atomic force microscopy which only gives morphological information on
the sample surface, TEM provides information about the bulk morphology through the whole
thickness of the polymer film. During the transmission through the sample, the electrons
interact with the sample molecules. In case of oriented or crystalline samples the electron
beam undergoes diffraction. The resulting diffraction reflexes can be described by the Bragg
equation: [116]

nA = 2dsin(6) (15)

with the diffraction order (n), the wavelength of the electron beam (A), the lattice plane
spacing (d) and the diffraction angle ().

The TEM measurements were conducted at the Institut Charles Sadron in Strasbourg by Dr.
Amer Hamidi-Sakr and Dr. Martin Brinkmann. For the TEM characterisation of structured
P3HT films a CM12 microscope from Philips equipped with a MVIII ccd camera from Soft
Imaging System was used. The measurements were performed with an acceleration voltage of
120kV. Prior to the TEM measurements the polymer films were coated with approximately
3nm thick amorphous carbon layers by using an Auto 306 evaporation setup from Edwards
with graphene electrodes. Afterwards the carbon-coated polymer films were detached from
the initial substrates and attached onto copper grids. The detaching of the polymer films
was performed by placing droplets of polyacrylic acid on the polymer film and letting them
dry under ambient conditions for 2h. The dried droplets were peeled off the substrate with
a razor blade. Thereafter the droplets with the polymer film attached were transferred to
a water bath to dissolve the polyacrylic acid, leading to free-standing polymer films which

can be easily picked up with the TEM copper grids.
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3.3.10. Nuclear Magnetic Resonance Spectroscopy

'H and '3C nuclear magnetic resonance spectroscopy (NMR) was measured by using a Bruker
Avance 250 spectrometer from Bruker at 250 MHz (*H) and 62.5 MHz (*3C) respectively.
The measurements were performed in deuterated chloroform (CDCl;) or dichloromethane
(CDyCly) at room temperature. The calibration of the spectra was performed by using
the residual solvent peaks of the used CDCl3 (6 = 7.26 ppm) or CD5Cly (6 = 5.33 ppm)
respectively. [117]

3.3.11. Differential Scanning Calorimetry

Thermal analysis of the studied copolymers in chapter 5.2 was performed by differential
scanning calorimetry (DSC) with a Perkin Elmer DSC 4000. The measurements were per-
formed as two consecutive cycles in the temperature range of —50 °C and 200 °C with heating

1

and cooling rates of 10 Kmin™". The glass transition temperatures were determined from

the second heating cycles.

3.3.12. Gel Permeation Chromatography

Molecular weight distribution determination was performed by gel permeation chromatogra-
phy (GPC) using an Agilent 1260 Infinity GPC/SEC System with three consecutive columns
from Polymer Standards Service with pore sizes of 1000 A, 10000 A and 100000 A and a SE-
Curity UV-vis detector. The polymers were dissolved in tetrahydrofurane (3 mgmL~!) and
were filtered (PTFE, 0.45 pm) prior to the measurement. For the calibration polystyrene
standards from Polymer Standards Service were used. The measurements were performed

by Corinne Rost-Schmidt.
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4. Influence of Controlled Thin Film Morphology on
the Electrochemical Behaviour of P3HT

The content of the following chapter has been published in Bruchlos et al. [118] of which I
am the main author. The contributions of the co-authors are experimental support by A.
Hamidi-Sakr (hight temperature rubbing and TEM measurements), morphological interpre-
tation by D. Trefz, M. Brinkmann and S. Ludwigs and electrochemical interpretation by J.
Heinze, A. Ruff and S. Ludwigs.

4.1. Poly(3-alkylthiophenes) — State of the Art

Poly(3-alkylthiophenes) (P3AT) and in particular poly(3-hexylthiophene) (P3HT) are widely
used p-type conducting materials in organic photovoltaic (OPV), organic field effect transis-
tors (OFET) and organic light emitting diodes (OLED) due to their good solubility, strong
absorption in the UV-vis range and high charge transport mobility. [1, 15, 67, 119] Doped
P3HT is also used as electron-blocking layer in hybrid solar cells [120, 121] and in thermo-
electrics (usually with 2,3,5,6-tetrafluoro-7,7,8,8 -tetracyanoquinodimethane (FATCNQ) as
dopant) [122]. In the last decades, especially the absorption behaviour and electron transport
behaviour of poly(3-alkylthiophenes) have been subject of numerous studies. The electronic
and optic behaviour show a strong influence of polymer characteristics as molecular weight
[123-125] and regioregularity [126] but also of the thin film morphology [127-130].

Due to their semi crystalline nature, P3HT thin films consist of 77 stacked, crystalline
lamellar structures (illustrated in green in Fig. 4.1) with typical m-7 stacking distances of
3.6 A - 3.8 A [131], intermixed with disordered, amorphous domains (illustrated in orange in
Fig. 4.1). The degree of crystallinity and the orientation of the polymer chains in the crys-
talline domains can be tuned by the film deposition conditions (solvent, deposition method,
post treatment). The two most common crystallisation textures of P3HT thin films are
shown in Fig. 4.1. [2] Film deposition by spin coating or drop casting from good solvents
as well as solvent vapour post annealing and crystallisation from solution in a poor solvent
usually leads to the formation of the edge-on texture. [87, 131] In the edge-on texture (see
Fig. 4.1 b) the 77 stacking direction [010] and the polymer backbone direction [001] are
in parallel to the substrate (in plane) and the alkyl side chain direction [100] perpendicular
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Figure 4.1: Schematic illustration of a semi crystalline P3HT thin film in face-on (a) and
edge-on (b) texture with the alkyl side chain direction [100], the 77 stacking
direction [010] and the polymer backbone direction [001]; crystalline domains in

green and amorphous domains in orange; adapted from [2].

to the substrate surface (out of plane). By applying high temperature rubbing as a post
treatment, large area alignment of P3HT chains in the face-on texture (see Fig. 4.1 a) can
be achieved. [93] In this morphological texture the 77 stacking direction [010] is out of
plane and the alkyl side chain direction [100] and polymer backbone [001] are in plane.
The thin film morphology also has an influence on the charge transport of P3HT. Since
P3HT is a p-type semiconductor, the charge transport is conducted by holes. The charge
carrier mobility in field effect transistors reaches up to 1cm? V-1s™1. [19] Sirringhaus et al.
observed that the charge carrier mobility of PSHT with the semi-crystalline lamella in the
transistor channels oriented in the edge-on texture is two orders of magnitudes higher than
in the face-on texture. [4] In general the charge transport occurs along the [010] and [001]
direction. Crossland et al. observed a charge carrier mobility anisotropy between the [001]
and [010] directions in the edge-on texture with up to 4 times faster charge transport along
the polymer backbone ([001] direction) than along the -7 stacking ([010] direction). [83]
The absorption behaviour of P3HT, which can be used as a powerful tool to characterise
the morphology, is well described in literature. [3, 132-134] In good solvents like chlorofrom,
chlorobenzene or o-dichlorobenzene, P3HT is fully dissolved and the UV-vis spectrum (or-
ange curve in Fig. 4.2 a) shows one broad absorption band at 460 nm. Upon aggregation and

crystallisation, which is driven by the 7-7 interaction, the electronic structure of the polymer
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Figure 4.2: a) normalised UV-vis absorption spectra of a P3HT solution (orange) in chloro-
form (5mgmL™!) and a P3HT film (purple) spin coated from the same chloro-
form solution; b) schematic illustration of J-aggregates (left side) with an head-
to-tail orientation of chromophores, H-aggregates with a side-by-side orientation
of chromophores (middle) and HJ-aggregates in m-7 stacked polythiophene chains
(right side) (reprinted with permission from Spano et al. [3], Copyright (2014)

Annual Reviews).

chains is strongly altered which causes a bathochromic shift of the absorption band accom-
panied by the formation of a fine structure. [3, 132-134] The UV-vis absorption spectrum
of a P3HT film spin coated from chloroform solution (purple curve in Fig. 4.2 a) reveals a
broad absorption band between 400 nm and 650 nm with a peak maximum at 520 nm and
two shoulders at 550 nm and 610 nm respectively. The bathochromic shift and formation
of the fine structure in the absorption spectrum of the P3HT film can be explained by
the decreased polymer chain mobility in the solid state. In literature the absorption band
at 600nm - 610nm is attributed to 7-m stacking interaction due to planarisation of the
chains during to the aggregation of P3HT. [84] The spectroscopic behaviour of P3HT can
be described by the model of weakly interacting H-aggregates (see Fig. 4.2 b), developed
by Spano and Silva. [3] This model was originally established to describe the interaction of
chromophores which are oriented head-to-tail (J-aggregate, 0-0 transition allowed, schematic
illustration in Fig. 4.2 b left side) or side-by-side ( H-aggregate, no 0-0 transition due to rapid

intraband relaxation, schematic illustration in Fig. 4.2 b middle). A single polymer chain
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can be seen as a J-aggregate, while in multiple -7 stacked chains the intrachain electronic
coupling (J) and interchain coupling (H) are combined. Therefore the crystalline domains
in a P3HT film are described by a combined HJ-aggregate behaviour (schematic illustration
in Fig. 4.2 b right side). The free exciton band width W, which can be used as a quantity
for the crystallinity [92], can be calculated from the ratio of the first two vibronic peaks in

the absorption or emission spectra of P3HT according to Eq. 16: [132]

Ay _ < 1—0.24 W/E, > (16)

Ao1 14+0.073 W/E,
with Ay and Ay, as intensities of the 0-0 and 0-1 transitions at 610 nm and 550 nm respec-
tively and E, as the energy of the symmetric C=C stretching vibration (0.18 eV according
to [132]). The smaller the exciton band width W, the longer the conjugation length of the
polymer chains. [3, 84, 132, 135]

Absorption spectroscopy is also a versatile tool to determine the frontier orbital energy levels
of organic semiconductors. Especially the HOMO energy level of P3HT is an important
criterion for the fabrication of organic electronics like organic and hybrid solar cells [16,
17, 136, 137] since the HOMO level of the donor material has to fit to the LUMO level of
the acceptor material to ensure effective power conversion efficiency. [138] Commonly the
optical band gap, which corresponds to the Sy — S; transition in the absorption spectrum,
is determined from the low-energy onset wavelength which results in an underestimation of
the band gap by approximately 0.2eV to 0.3eV. [2, 49, 139, 140] The UV-vis absorption
spectrum of a P3HT film in Fig. 4.2 a (purple curve) reveals an onset wavelength of 643 nm
which results in an optical band gap of 1.9€V.

For the application in organic optoelectronics not only the band gap but also the individual
frontier orbital energy levels, which are not accessible by absorption spectroscopy, are of
interest. To determine the HOMO energy level of organic semiconductors, UPS (ultraviolet
photoelectron spectroscopy) can be used. The LUMO energy level is only accessible through
photoelectron spectroscopy in the gas phase [141] and low-energy inverse photoemission spec-
troscopy [142-144]. In literature HOMO energy levels between —4.5eV and —4.65¢eV and a
LUMO energy level of —2.13¢eV for spin coated P3HT are reported. [145-150] From these
values a band gap between 2.37eV and 2.52¢eV can be calculated.

Another simple method to determine the frontier orbital energy levels and band gap is cyclic
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Figure 4.3: Redox behaviour of P3HT. a) chemical structures of the non-conducting neutral
P3HT chain and the conducting radical anion and radical cation form; b) cyclic
voltammograms of the oxidation and reduction of a P3HT film (spin coated
from chloroform solution, 5mgmL~!, thermally annealed at 80°C) measured in

0.1 M NBuyPFs/ MeCN with a scan rate of 20mV s™!; arrows indicate the scan

direction of the separately measured anodic and cathodic scans.

voltammetry (CV). With this method the redox behaviour of the semiconductor is charac-
terised and from the oxidation or reduction potentials the HOMO or LUMO energy levels can
be calculated respectively. [151] In the optical band gap characterisation discussed above, the
aggregation of P3HT caused a significant bathochromic shift of the absorption band which
corresponds to a decrease of the band gap. Therefore a similar effect in the electrochemical
behaviour is expected and solid state voltammetry is necessary to assess effects of the thin
film morphology on the redox potentials. In Fig. 4.3 b the cyclic voltammograms of the
first oxidation (from the neutral form to the radical cation) and first reduction (from the
neutral form to the radical anion) of a P3HT film are shown. Being a classical semiconduct-
ing polymer, P3HT is isolating in its neutral form and conducting in both its radical cation
and anion form (chemical structures shown in Fig. 4.3 a). In principle P3HT can be also

oxidised to its dication at higher applied potential. The oxidative redox wave in Fig. 4.3 b
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(right side, towards higher applied potential) is composed of broad overlapping waves while
the reduction to the radical anion form (left side, towards more negative applied potentials)
reveals a sharp, distinct redox wave. In Fig. 4.3 b the reduction wave is reversible but often
the limited potential window of organic electrolytes, impurities in the electrolyte (traces of
water or oxygen) and the type of the selected counter ions [152] lead to irreversible reduc-
tion behaviour of P3HT. From the cyclic voltammograms in Fig. 4.3 b HOMO and LUMO
energy levels of —5.1eV and —2.8 eV respectively can be calculated according to Equation 4
and 5, which results in an electrochemical band gap of 2.3eV.

Electropolymerisation of conjugated monomers like 3-alkylthiophenes is a versatile method
to prepare films of semiconducting polymers. The polymerisation and deposition onto the
electrode substrate take place concurrently. By variation of polymerisation parameters, the
used electrode material and the monomer concentration the film thickness and morphology
can be tuned. [153] Three different electrochemical methods; namely potentiostatic, gal-
vanostatic and potentiodynamic; can by used to induce the anodic polymerisation. [154]
Under potentiostatic control the potential is kept constant at or just below the peak poten-
tial of the monomer oxidation. Since the growing polymer film is always kept in its oxidised
form (meaning without continuous charging-discharging cycles), a homogeneous film with
precisely controlled film thickness is formed. Under galvanostatic control the applied po-
tential is constantly modified to maintain a specified current density. Depending on the
desired current density the applied potential can also reach extreme values. Thus, a gal-
vanostatic deposition should be performed at rather low current densities and with high
purity monomers to avoid overoxidation of the polymer film and side reactions. In addition,
this method is unsuitable for copolymerisation of different monomers. [153] Potentiodynamic
electropolymerisation is performed by multi-cycling the potential in a potential window in
which the monomer oxidation occurs. This means that in each cycle the monomer is oxidised,
the formed radical cation undergoes follow-up reactions to longer oligomers which have a
lower oxidation potential. Therefore the oligomer species also become oxidised immediately.
During the backward scan of the potential cycle the oligomer species become re-reduced
to the neutral species. Therefore the polymer film growth is accompanied by continuously
charging/ discharging which includes the movement of ions from the supporting electrolyte

with their respective solvent shell. This results in mechanical stress for the polymer film
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and possible overoxidation in case that the shift of the oxidation potential from monomer to
polymer is large.

In 1987, Sato et al. observed different features in the voltammograms of electropolymerised
poly(3-dodecylthiophene) (P3DDT) depending on the film preparation conditions. [155] The
voltammogram immediately after electropolymerising (see Fig. 4.4 a) reveals a broad anodic
redox wave with two subsignals at about 0.5V and 0.75V vs. Ag/Ag*t. After dissolving of
the electropolymerised film from the original electrode and consequent drop-casting of the
solution onto a new electrode the voltammogram (measured under the same conditions)
reveals only the second subsignal at 0.75V vs. Ag/Ag" (see Fig. 4.4 b). Since the films
were prepared from the same polymer, the authors concluded that the different number of
subsignals in the voltammograms results from different conjugation lengths in the polymer
film rather than from different chemical structures. [155]

In 1998 Skompska et al. studied the deposition mechanism during the electropolymerisation
of poly(3-methylthiophene) (P3MT) in detail. [156] The authors observed a two-step process
depending on the current density. In the first step, at low current densities, thin polymer lay-
ers which consist of ordered fibres with large conjugation length are formed directly onto the
electrode surface. [157] In the second step, at high current density, disordered P3MT layers
with shorter conjugation length are formed. This is attributed to the formation of oligomers
in solution in front of the electrode, followed by precipitation onto the electrode after the sol-
ubility limit is reached. [158] Skompska et al. also observed two subsignals at about 0.25V
and 0.4V (see. Fig. 4.4 b) within the cyclic voltammogram of electropolymerised P3MT.
[156] The two subsignals are attributed to domains of longer (lower oxidation potential)
and shorter (higher oxidation potential) conjugation lengths respectively. This attribution is
further supported by the scan rate to peak current dependency of both subsignals. The first
subsignal, at lower oxidation potential, shows a dependency to the square root of the scan
rate which is attributed to a diffusion controlled intercalation of counter ions in ordered,
closer packed domains of the P3MT film while the second subsignal, at higher oxidation
potential, reveals a linear dependency, indicating adsorption controlled fast ion transport
into more porous domains. [156]

In contrast to electropolymerised poly(3-alkylthiophenes) which are rather ill-defined, chem-

ical synthesis leads to well-defined polymers with controlled regioregularity, polydispersity
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Figure 4.4: Cyclic voltammograms of electropolymerised poly(3-alkylthiophenes). a), b)
poly(3-dodecylthiophene) measured in 0.025 M NEt,PFg in nitrobenzene on ITO
electrodes, after electropolymerisation (a) and after drop casting of the dissolved
electropolymerised film (b) respectively (reprinted with permission from Sato
et al. [155], Copyright (1987) Wiley); c) poly(3-methylthiophene) measured in
0.1 M LiClO,4 in MeCN with a scan rate of 20mV s™! (reprinted with permission
from Skompska [156], Copyright (1998) Elsevier).

and molecular weight which can be solution processed. [159-161] Regioiregular poly(3-
alkylthiophenes) can be gained by oxidative coupling with FeCls [162] while polymers with
regioregularity larger than 97% are synthesised by Kumada and Negishi type cross-coupling
reactions. [163, 164]

Since the 1990s Trznadel [165], Skompska et al. [166] and Jiang et al. [5] studied the influ-
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ence of regioregularity of poly(3-alkylthiophenes) on the electrochemical behaviour. Jiang et
al. compared the cyclic voltammograms of four P3HT batches of different regioregularities
from regiorandom (54%), over medium regioregularities of 70% and 81% to highly regioreg-
ular (97%). [5] In Fig. 4.5 a the voltammograms are shown. The voltammogram of the
regiorandom P3HT batch (54%) reveals only one anodic wave at 0.5V vs. Ag/Ag™, while
the medium regioregular batches (81% and 70%) reveal an additional broad second anodic
wave at about 0.25V vs. Ag/Agt and the highly regioregular batch (97%) an additional
third anodic wave at 0.15V vs. Ag/Ag*t. In the following these three anodic wave are la-
belled as I, IT and III with increasing oxidation potential, respectively. Trznadel observed
the same dependence of anodic subsignals on the regioregularity of poly(3-octylthiophene).
[167]

The effect of regioregularity on the electrochemical behaviour of PSHT has also been studied
by Trznadel et al. [165] In Fig. 4.5 b the voltammograms of regiorandom P3HT (synthe-
sised by oxidative coupling with FeCls) and four soxhlet fractions of one regioregular P3HT
batch are shown. The four regioregular P3HT fractions are: acetone (M, = 2300gmol*,
PDI = 1.38), n-hexane (M,, = 4400 g mol~!, PDI = 1.22), dichloromethane (M,, = 8400 g mol ™,
PDI = 1.33) and tetrahydrofuran (M, = 17700 gmol™!, PDI = 1.45). UV-vis absorption
spectroscopy in THF solution and in solid state showed a bathochromic shift and a fine struc-
ture in the absorption band with increasing molecular weight, indicating longer conjugation
lengths. The voltammograms of the regiorandom and acetone fraction, the regioregular
fraction with the shortest conjugation length, reveal only one anodic redox wave at about
0.75V vs. Ag/Ag"™. The regioregular fractions with longer conjugation lengths (n-hexane,
dichloromethane and tetrahydrofuran) show three subsignals in the anodic redox wave at
0.6V, 0.75V and 0.9V vs. Ag/Ag™ which correspond to signals I, II and IIT observed by
Jiang et al. (see Fig. 4.5 a). [5] The origin of these three subsignals has been controversially
discussed in literature. In principal two models, which attribute the subsignals to different
redox processes, have been proposed by Trznadel and Skompska. In the model established
by Trznadel et al. subsignals I and III are attributed to the oxidation of defect-free domains
of the neutral PSHT film to the radical cation and dication respectively. Subsignal II is at-
tributed to the oxidation of disordered domains to the radical cation. [165, 168, 169] Skomp-

ska et al. proposed a model in which the three subsignals are all attributed to the oxidation
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Figure 4.5: Cyclic voltammograms of chemically synthesised regioregular P3HT. a) P3HT

batches of varying regioregularities, measured in 0.1 M NEt,ClO4 in MeCN with

a scan rate of 100mV s™!, films prepared from chloroform solutions; reprinted

with permission from Jiang et al. [5], Copyright (2002) Elsevier; labels I,
II and III have been added to guide the eye b) comparison of regioiregu-
lar P3HT (synthesised with FeCl;) and different soxhlet fractions (acetone, n-
hexane, dichloromethane and tetrahydrofuran) of one regioregular P3HT batch,
reprinted with permission from Trznadel et al. [165], Copyright (1998) American
Chemical Society.

of neutral P3HT to the radical cation. According to Skompska et al. the origin of the subsig-
nals in the voltammogram is due to the coexistence of morphological domains with different
conjugation lengths. [166, 170] By studying the scan rate dependency of the subsignals in the
cyclic voltammograms of poly(3-hexylthiophene) and poly(3-dodecylthiophene) of different

regioregularities, Skompska et al. observed a decrease of the peak intensity ratio I/III and a
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constant II/III ratio upon increasing scan rates. [166] The authors attribute this behaviour
to two different counter ion intercalation processes due to different morphological domains
in the polymer films. By studying the thermochromism of various poly(3-alkylthiophenes) of
different regioregularities Holdcroft et al. identified three morphological domains coexisting
in the polymer films. [171] The domains, namely ordered, quasi-ordered and disordered, vary
in their packing density, m-7 stacking distance and alkyl side chain alignment. Therefore,
Skompska et al. attributes the formation of the three subsignals in the anodic redox wave
in the voltammogram to the oxidation of the neutral P3HT to the radical cation form in the
three morphological domains (I ordered, Il quasi-ordered, III disordered). [166] In a second
study, Skompska et al. observed a two-step swelling process during the oxidation of PSHT
films. [170] During the oxidation in subsignal I the authors observed only a small increase
of the film volume while during the oxidation in subsignal III a large volume increase is
observed. This observation is interpreted by the intercalation of counter ions accompanied
by a solvent molecule uptake into a compact structure with spatial constrains (I) and in an
amorphous, more porous structure (III).

In summary, literature on the electrochemical behaviour of poly(3-alkylthiophenes) showed
that the number of subsignal in the cyclic voltammogram depends on the regioregularity of
the studied polymer. Regiorandom poly(3-alkylthiophenes), prepared by either electropoly-
merisation or oxidative cross coupling with FeCls, show only one subsignal in the voltam-
mogram while with increasing regioregularity two additional subsignals at lower oxidation
potentials arise. Thus, with increasing regioregularity the onset potential and therefore also
the HOMO energy level are shifted towards lower oxidation potential or higher frontier or-
bital energy levels respectively. The origin of the subsignals in the anodic voltammetric
scans is attributed to the coexistance of domains of different morphologies in the polymer
films. Still, since the studies in literature are based on the comparison of different polymer
batches and film preparation is typically performed by drop casting, which generally leads
to inhomogeneous films, a direct comparison remains difficult and possible influences of the

different molecular weight or polydispersity can not be ruled out.
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4.2. P3HT Films of Different Deposition Methods

In order to establish a direct correlation between film morphology and redox behaviour in
the cyclic voltammogram, P3HT samples of different, controlled morphologies but prepared
from the same batch are studied in the following. First, the influence of the film deposition
conditions is studied. In the second part three different crystallisation methods are used to
control the film morphology and increase the degree of crystallinity in the polymer films.
Since P3HT is usually used as the donor material in binary donor:acceptor blend systems,
the influence of the addition of a fullerene acceptor material on the morphology and redox

behaviour is studied thereafter.

4.2.1. As-cast P3HT Films

In the following, the influence of the film deposition conditions on the redox behaviour of
P3HT is studied. As a first sample, an electropolymerised P3HT film is presented, since it
can be seen as an amorphous extreme case. Afterwards the electropolymerised P3HT film is
compared to P3HT films prepared from the same chemically synthesised, regioregular P3HT
batch by different deposition methods.

The reaction mechanism of the anodic electropolymerisation of 3-alkylthiophenes is shown
in Fig. 4.6 a. According to Heinze et al. [172] the mechanism is described via a cascade
of oxidation steps of the neutral species to their respective radical cation forms, which is
followed by dimerisation and proton elimination. A detailed study of the reaction kinetics
by Heinze et al. showed a decrease in reaction rate of monomer addition to the polymer
chain with increasing chain length, meaning that dimerisation reactions between chains of
the same length are favoured (monomer-monomer, dimer-dimer, oligomer-oligomer and so
forth). Therefore the electropolymerisation of 3-alkylthiophenes is described by the so-called
oligomer approach as a step-growth mechanism. [49, 173] In general, electropolymerisation
of 3-alkylthiophenes results in regiorandom head-to-tail coupling. [153]

For the preparation of an electropolymerised P3HT (labelled P3HT gjectr0) film a combination
of galvanostatic and potentiostatic deposition is used. The corresponding potential (red) and
current (blue) curves are shown in Fig. 4.6 b. For the polymerisation blank gold electrodes
and a monomer concentration of 0.02M in a supporting electrolyte of 0.1 M NBu,PFg in

MeCN was used. The anodic polymerisation was performed in the galvanostatic mode by
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Figure 4.6: Electropolymerisation of P3HT. a) schematic reaction mechanism of the electro-
chemicaly induced oxidative coupling of 3-alkylthiophenes (R = alkyl chain); b)
potential-time (red curve) and current-time (blue curve) curves of the galvanos-
tatic polymerisation of 3-hexylthiophene onto gold electrodes with 0.5 mA cm =2
followed by potentiostatic discharging of the formed polymer film for 120s at
0V; ¢) cyclic voltammogram of the electropolymerised P3HT film measured in
0.1 M NBu,PFg in MeCN with a scan rate of 20mV s™!; d) UV-vis absorption

spectrum of the dry electropolymerised P3HT film measured in reflection.

applying a current density of 0.5 mA cm~2 for 90s. The low current density has been chosen
to avoid overoxidation of the formed P3HT film and high applied potentials which would
exceed the potential window of the electrolyte solvent (for MeCN the potential window is
about —2.2V to 1.8V vs. Fc/FcT). After the anodic polymerisation and deposition the
P3HT film is oxidised. The discharging of the P3HT film is performed in potentiostatic
mode at 0V for 120 s to avoid uncontrolled increase of the reduction potential to maintain
the desired current density. The potential-time curve of the galvanostatic polymerisation/

deposition shown in Fig. 4.6 b (red curve) reveals an initial increase of the potential to
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1.63 'V followed by a slow decrease to an almost constant potential plateau at about 1.45V.
This potential behaviour can be interpreted by an over-potential deposition due to the dis-
match of the work function of the electrode material and the monomer oxidation potential.
After the formation of an initial polymer layer at the electrode surface, whose work function
matches the monomer oxidation potential, further deposition of additional polymer requires
less energy, whereby the applied potential decreases. During the discharging (see blue curve
in Fig. 4.6 b) the current initially increases to —10pA, followed by a drop to 0 A indicating
fast and complete discharging of the PSHT qjectro film.

Fig. 4.6 ¢ shows the cyclic voltammogram of P3HT¢cctr0, measured in monomer-free elec-
trolyte. The voltammogram reveals a broad redox wave with an onset potential of 0.2V
vs. Fc¢/Fet. The broad anodic wave shows the superposition of two subsignals at about
0.35V and about 0.5V. The absorption spectrum in Fig. 4.6 d shows a broad absorp-
tion between 400 nm and 600 nm with a peak maximum at 540 nm and a well pronounced
shoulder at 450 nm. The intense absorption shoulder at 450 nm and the lack of absorption
at 610nm indicate a predominantly amorphous structure of the P3HT ectro film without
distinct crystalline domains.

Fig. 4.7 shows the cyclic voltammograms of the electropolymerised P3HT film (a) and of
a chemically polymerised, regioregular P3HT batch (M,, = 112kgmol~!, PDI = 2.4) after
drop casting (b) and after spin coating (c) from chloroform solution (¢ = 5mgmL™"), la-
belled P3HT ¢jectro, P3HT 4rop and P3HT i, respectively. The anodic wave of the P3HT jectro
film (Fig. 4.7 a; for polymerisation parameters see above) shows two subsignals at 0.35V
and 0.55V and an onset potential of 0.2V (all potentials vs. Fc/Fc™) which corresponds to
a HOMO energy level of —5.3€eV. In Fig. 4.7 b and ¢ the voltammograms of a regioregular,
chemically synthesised P3HT batch, but prepared by different casting methods, are shown
as a direct comparison. As both films are prepared from the same polymer solution on iden-
tical electrodes and measured under the same conditions, differences in the redox behaviour
can be attributed to the difference in the film morphology caused by the casting methods.
During the drop casting the film thickness is uncontrolled which typically leads to inhomo-
geneous films while spin coating leads to thin, homogeneous films. The difference in film
thickness is also displayed by the difference in the current intensity with similar electrodes

geometry. The current of the anodic redox wave of the drop cast film (Fig. 4.7 b) is about
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Figure 4.7: Comparison of the cyclic voltammograms of P3HT films prepared by elec-
tropolymerisation (a) and drop-casting (b) and spin-coating (c) of regioregular
P3HT (My = 112kgmol™!, PDI = 2.4); all voltammograms measured in 0.1 M
NBu,PFs with a scan rate of 20mV s~
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10 times higher than in the spin coated film (4.7 ¢). Both film preparation methods result in
dominantly amorphous P3HT films which can be seen from absorption spectroscopy, atomic
force microscopy and electron diffraction (see below). Like for P3HTectr0, the voltammo-
gram of P3HTg,p, exhibits two subsignals at about 0.25V and 0.5V, but the onset potential
is shifted towards lower oxidation potential to 0.13 V. The two subsignals in P3HT ¢ctro and
P3HT4,0p correspond to IT and III described in literature. [5, 165, 166, 170] Subsignal I seems
to be suppressed. In comparison, the anodic wave of P3HTy;, consists of the superposition
of three subsignals at 0.15V, 0.25V and 0.5V. The onset potential is shifted to 0.0V.
Since the deposition method of the very same P3HT solution already alters the number
of subsignals and the onset potential of the cyclic voltammogram, careful control of the
thin film morphology is crucial. A more detailed characterisation of P3HTg;, is shown
in Fig. 4.8. The AFM height (Fig. 4.8 a) and phase (b) images reveal a continuous,
smooth and featureless film. The TEM bright field image (Fig. 4.8 c) is also featureless
and the electron diffraction (inlet in Fig. 4.8 c) reveals only a faint halo at 3.8 A which
corresponds to the [020] reflex, indicating some -7 stacked chains in crystalline domains.
Another characterisation method to gain information about the degree of crystallinity is
absorption spectroscopy. The UV-vis absorption spectrum of P3HTy, in Fig. 4.8 d shows
a broad absorption band between 400nm and 650nm with a peak maximum at 520 nm
and shoulders at 550 nm and 610 nm respectively. The exciton band width W, calculated
according to Equation 16 from the intensity ratio of the 0-0 (at 610 nm) to 0-1 (at 550 nm)
transitions, can be used as a quantity for the degree of crystallinity. [3, 132] The lower W
the longer the conjugation length of the P3HT chains. [84, 132, 174, 175] In case of P3H Ty,
W is 179meV. A direct comparison of W values to literature is difficult since the polymer
parameters like the molecular weight, regioregularity and molecular weight distribution also
influence the degree of crystallisation, but W values in the range of 120 meV to 150 meV for
samples prepared from chloroform solution and even up to 200meV for samples prepared
from p-xylene are reported in literature. [135, 175-177] In summary, structure resolved
characterisation methods (AFM and TEM) as well as absorption spectroscopy reveal some
crystalline domains in a predominantly amorphous thin film for P3HT .

In addition P3HT i, has been studied by means of in-situ spectroelectrochemistry to directly

correlate electrochemical information about redox processes to different chemical species.
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Figure 4.8: Morphological and electrochemical characterisation of a spin coated P3HT
film (My = 112kgmol™!, PDI = 2.4), spin coated from chloroform solution
(5mgmL~') onto ITO electrodes. a) and b) AFM height and phase images,
measured in tapping mode; ¢) TEM bright field image and electron diffraction
pattern as inlet, measured with an acceleration voltage of 120kV; d) UV-vis
absorption spectrum of the dry film; e) cyclic voltammogram measured in 0.1 M
NBuPFg in MeCN with a scan rate of 20mV s™!; f) corresponding UV-vis ab-

sorption spectra.
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In Fig. 4.8 e and f the cyclic voltammogram and the corresponding potential dependent
absorption spectra are shown. As discussed above the voltammogram consists of one broad
anodic wave which is superimposed of three subsignals. In the absorption spectra the band
of the neutral P3HT,;, (red curve in Fig. 4.8 f) decreases and a new broad absorption
band centred at 820 nm, attributed to the radical cation, arises with an isosbestic point at
640nm. This evolution of characteristic absorption bands is maintained during all three
subsignals (I: purple curve at 0.15V; II: green curve at 0.35V; III: blue curve at 0.5V).
Therefore, in accordance with Skompska et al. [166, 170], all three subsignals are attributed
to the formation of the radical cation species of P3HT. At potentials higher than the peak
potential of III (black curve at 0.6 V), the absorbance at wavelengths > 1000 nm increases,
indicating the formation of the dication species. Potential dependent absorbance evolution
curves (see appendix Fig. A.2 a) of the absorption bands of the neutral and radical cation
species indicate an oxidation onset of 0.0V which coincides with the value obtained from

the voltammogram.

4.2.2. Controlled Crystallisation and Post-Treatment of P3HT Thin Films

In the following different post treatment methods are used to prepare P3HT thin films of
controlled morphologies and to further study the influence on the cyclic voltammograms.
For the electrochemical characterisation always the second voltammetric cycles have been
used, to avoid memory effects which are usually observed in the first voltammetric cycles of
polymer films.

As first post treatment method solvent vapour annealing is chosen. In this post treatment
method the polymer film is mounted into a tailor-made cell (see Fig. 4.9 a) in which the
temperature of the substrate and of the surrounding atmosphere can be controlled separately
via a peltier element and a water bath, respectively. The composition of the surrounding
atmosphere is set by intermixing of a dry nitrogen stream and a solvent saturated nitrogen
stream via flow controllers (labelled A and B in Fig. 4.9 a). For the recrystallisation of
P3HT spheruiite the temperatures of the atmosphere and of the substrate were set to 22°C
and 19 °C respectively. Carbon disulphide (CSs) was used as solvent due to its high vapour
pressure and good solubility of PSHT herein. The overall volume stream (dry nitrogen and

CS, saturated nitrogen) was set to 20sccm. In Fig. 4.9 b the used annealing procedure as
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Figure 4.9: Preparation of P3HT spherulites by means of solvent vapour annealing a)

schematic illustration of the solvent vapour annealing setup; adapted from [90]
b) solvent vapour pressure (Py,;,) as function of time for the swelling and recrys-
tallisation of a spin coated P3HT film; c) schematic illustration of the polymer
chain alignment in a spherulite with 7-7 stacking in the edge-on structure; image
courtesy of Florian Fischer d) POM image with crossed polarisers of a P3HT

spherulite prepared by solvent vapour annealing in CS,.

function of CSy vapour partial pressure over time is shown. First the P3HT film is exposed to
a high CS, pressure to ensure complete swelling of the polymer film to a solution-like state.
Afterwards the CSy pressure is slightly reduced and kept constant to allow recrystallisation
of the film. In the last step the recrystallised film is dried by reducing the CSy vapour
pressure to zero.

Solvent vapour annealing of P3HT in CSs leads to the formation of spherulitic superstruc-
tures. Fig. 4.9 c illustrates schematically the structure of a P3HT spherulite. The central

nucleation point is surrounded by the radial symmetric growth of edge-on textured m-7
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stacked lamella which are interrupted by disordered, amorphous domains. In the POM im-
age in Fig. 4.9 d the central nucleation point (upper middle), the radial symmetric growth of
the spherulitic structure and the grain boundary between neighbouring spherulites (bottom
right corner) can be seen.

The morphology of the spherulitic superstructure of CSy solvent vapour annealed PSHT is
also shown in the AFM and TEM images in Fig. 4.10. The AFM height (a) and phase (b)
images in Fig. 4.10 reveal fibre-like structures with a preferred direction. The TEM bright
field image in Fig. 4.10 c also shows alternating lamella surrounding the central nucleation
point in the middle of the image. The electron diffraction (inlet in Fig. 4.10 c¢) shows an
intense [020] reflex at 3.6 A for the -7 stacking in the semi-crystalline lamella, indicating
an edge-on texture with the m-7 stacking direction in plane. The UV-vis absorption spectra
of the dry film (Fig. 4.10 d) reveals a well defined fine structure with 0-0 and 0-1 transition
bands at 600 nm and 550 nm respectively. The exciton bandwidth W calculated according
to Equation 16 is 129meV. Compared to the spin coated film (179meV, see Fig. 4.8 d)
the exciton bandwidth is reduced which can be attributed to an increase in the conjugation
length of the P3HT chains. [84, 132, 174, 175] The cyclic voltammogram of the spherulitic
P3HT sample (Fig. 4.10 f) shows a broad anodic redox wave with three subsignals, which
correspond to I, IT and IIT described above, and an onset potential at 0.07 V, which is com-
parable to P3HT,,. In comparison to the voltammogram of the spin coated sample (see
4.8 f) the current intensity of subsignal I is increased with respect to the peak current of
subsignal III. In case of P3HTpheruiite it is possible to determine not only the onset poten-
tial but also the first half wave potential which is electrochemically more reliable since it
compensates kinetic effects. The half wave potential E; /5 of PSHT s peruiite is 0.13V. The
absorption spectra of the neutral PSHT spperulite measured in-situ to the cyclic voltammogram
(red curve in Fig. 4.10 e) reveal the same fine structure with 0-0 and 0-1 transition bands
at 600nm and 550 nm as in the dry film (see Fig. 4.10 d). This is remarkable since the
in-situ spectra are measured in wet state and during the second voltammetric scan, meaning
the film morphology is preserved during the electrochemical charging/ discharging processes
which includes intercalation/ expulsion of ions with their solvent shells. Upon oxidation of
P3HTspheruiite the neutral absorption band decreases and a new broad absorption band of the

radical cation centred at 850 nm arises. The oxidation of neutral P3HT to its radical cation
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Figure 4.10: Morphological and electrochemical characterisation of P3HT

(M = 112kgmol™! | PDI = 2.4) spherulites, spin coated from toluene
solution (6 mgmL™') onto ITO electrodes, solvent vapour annealed in CS,. a)
and b) AFM height and phase images, measured in tapping mode; ¢) TEM
bright field image and electron diffraction pattern as inlet, measured with an
acceleration voltage of 120kV; d) UV-vis absorption spectrum of the dry film;
e) cyclic voltammogram measured in 0.1 M NBuyPFg in MeCN with a scan

rate of 20mV s™!; f) corresponding UV-vis absorption spectra.
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can also be seen by the formation of an isosbestic point at 640nm. At potentials higher
than the peak potential of subsignal III (blue curve in Fig. 4.10 e at 0.55V) the intensity of
the radical cation band decreases and a new band with a wavelength >1000 nm (black curve
in Fig. 4.10 e at 0.75V) arises, indicating the beginning formation of the dication species.
Potential dependent absorption evolution curves of characteristic absorption bands of the
neutral and radical cation form of PSHT s perumite (see Fig. A.2 c) reveal restoration of the
absorption intensities after the backward scan and indicate chemically reversible charging/
discharging behaviour.

The second method to prepare PSHT films of controlled thin film morphology is crystallisa-
tion from solution. The polymer is dissolved in a mixture of a good solvent (chloroform in
case of P3HT) and a poor solvent (anisole). In the heat the polymer gets dissolved and upon
controlled cooling P3HT starts to crystallise in form of nanowires in the edge-on texture with
the 7-7 stacking direction along the fibre axis. [87] AFM height and phase images (Fig. 4.11
a and b) after spin coating of the nanowires onto ITO electrodes exhibit individual fibres
with a diameter of 20 nm and length of up to a few micrometers. The individual fibres can
also be seen in the TEM bright field image in Fig. 4.11 c. The electron diffraction pattern
(inlet in Fig. 4.11 c) shows an intense [020] reflex at 3.8 A for the m-m stacking distance,
which indicates an edge-on texture with the 7-7 stacking direction in plane and increased
crystallinity. In the UV-vis absorption spectra of the dry film (Fig. 4.11 d) again a well
defined fine structure of the 0-0 and 0-1 transition bands at 600 nm and 550 nm is visible.
The exciton bandwidth W is 124 meV, which is comparable to the other edge-on textured
sample P3H T perulite, and indicates an increased conjugation length compared to the just
spin coated sample P3HTgp;,.

The cyclic voltammogram in Fig. 4.11 f exhibits a broad reversible redox wave with su-
perimposed subsignals I, IT and III. Similar to the voltammogram of P3HT g heruiite NOt Only
the onset potential at 0.08V but also the half wave potential of subsignal I at 0.13V can
be determined. While in case of P3HT pperunte the current intensity of subsignal I was just
increased with respect to subsignal III, in the voltammogram of P3HT ;s subsignal I be-
comes the dominant redox wave, indicating a direct correlation of I to the film morphology.
The in-situ UV-vis absorption spectra shown in Fig. 4.11 e reveal similar behaviour as in

P3HT pherulite- The neutral spectra (red curve at —0.1V) shows a well defined fine struc-
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Figure 4.11: Morphological and electrochemical characterisation of P3HT

(M = 112kgmol ™!, PDI = 2.4) nanowires, crystallised from anisole:chloroform
(4:1) (c = 0.05 wt%) spin coated onto ITO electrodes. a) and b) AFM height
and phase images; ¢) TEM bright field image and electron diffraction pattern
as inlet, measured with an acceleration voltage of 120kV; d) UV-vis absorption
spectrum of the dry film; e) cyclic voltammogram measured in 0.1 M NBuyPFg
in MeCN with a scan rate of 20mV s™!; f) corresponding UV-vis absorption

spectra.
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ture with an intense 0-0 transition of the m-7 stacked domains at 610 nm which is preserved
even in wet state of the film and after a first charging/ discharging cycle. Upon oxidation
of P3HT ;s the neutral absorption band decreases and the absorption band of the radical
cation centred at 820 nm arises with an isosbestic point at 640 nm. Beginning formation of
the dication species is observed at 0.75V (black curve) which is higher than the peak poten-
tial of subsignal I1I. Thus all three subsignals I, I and III correspond to the formation of the
radical cation. Potential dependent intensity evolution curves of characteristic absorption
bands, shown in Fig. A.2 b, reveal complete restoration of the intensities of the neutral and
radical cation bands, indicating a reversible redox reaction.

High temperature rubbing is used as a third post treatment method. After the film deposi-
tion via blade coating, the polymer film is placed on a movable heat plate. The temperature
is set to be just below the melting temperature of the polymer. When the desired tempera-
ture is reached, a rotating cylinder which is covered with a microfibre cloth, is pressed onto
the polymer film and the film is moved laterally underneath the rotating cylinder. With this
method P3HT films with large area alignment of the polymer chains mainly in the face-on
texture are generated. [178]

AFM characterisation of rubbed P3HT films is difficult since, due to the mechanical stress
during the rubbing process, the film surface is significantly roughened, which can lead to
height differences of more than 100 nm (for the corresponding height image see Fig. A.1).
In Fig. 4.12 a the AFM phase image shows oriented features. A better method for the
morphological characterisation of rubbed polymer films is TEM. In the bright field image
(Fig. 4.12 b) a periodic lamellar-like structure is observed with a periodicity of 20 nm and
the lamellar orientation perpendicular to the rubbing direction. According to Hamidi-Sakr
et al. the observed contrast is caused by the alteration of amorphous and crystalline do-
mains. [92] The inlet in Fig. 4.12 b shows the electron diffraction pattern of P3HT ubbing
with sharp [100], [200] and [300] reflexes at 17.3A, 8.3A and 5.5 A, a ring-like reflex for
the [020] reflex at 3.8 A and an arc for the [002] reflex at 3.9A. The pattern is charac-
teristic for a fibre-like P3HT texture and originates from a distribution of crystals which
have the chain axis in parallel to the rubbing direction but varying contact planes. A sim-
ilar pattern is also reported by Brinkmann et al. for epitaxial crystallisation of P3HT on

1,3,5-trichlorobenzene. [179] To study not only small area but large area alignment direction
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Figure 4.12: PSHT (Mw = 112kgmol™', PDI = 2.4) after blade coating from o-
dichlorobenzene solution (5mgmL™!) onto ITO electrodes and high temper-
ature rubbing at 230°C. a) AFM phase image; b) TEM bright field image
and electron diffraction pattern as inlet; ¢) POM images with rubbing direction
oriented in 45° and in 90° (inlet); d) polarised absorption spectra of the dry
film with polarisers in parallel (red curve) and in perpendicular (blue curve) to
the rubbing direction; e) cyclic voltammogram measured in 0.1 M NBuyPFg in

MeCN with a scan rate of 20mV s™!; f) corresponding absorption spectra.

69



4.2. P3HT Films of Different Deposition Methods

dependent polarised optical microscopy has been performed. In Fig. 4.12 ¢ the POM images
with the polariser perpendicular (inlet) and at 45° angle to the rubbing direction are shown.
With the rubbing direction perpendicular to the polariser the image appears black, while at
45° the image appears bright pinkish with stripe-like features along the rubbing direction,
indicating macroscopic orientation of the polymer chains in the rubbed film. The same effect
is observed with polarised absorption spectroscopy. The UV-vis absorption spectra of the
dry P3HT,ubbing film with polariser parallel (red curve) and perpendicular (blue curve) to
the rubbing direction are shown in Fig. 4.12 d. The spectrum in parallel (red curve) reveals
a typical spectrum of a semi-crystalline P3HT film with a fine structure and 0-0 and 0-1
transitions at 610 nm and 550 nm respectively. The absorption spectrum with the polariser
perpendicular (blue curve) lacks the fine structure, it is blue shifted and the overall intensity
is decreased. The dichroic ration, which can be used as a dimensionless quantity of the align-
ment, of 10.5 for the 7-7 stacking band at 610 nm shows successful alignment. Hamidi-Sakr
et al. reported dichroic ratios up to 20 for rubbed P3HT of smaller molecular weight. [92]
The cyclic voltammogram of P3HT,pping reveals a broad, reversible anodic wave with dis-
tinct subsignals at 0.1V and 0.5V, which can be attributed to I and III described above.
Subsignal IT at 0.35V can be identified but is not well pronounced. The current intensity of
subsignal I is comparable to subsignal III, meaning not only in the predominantly edge-on
crystallised P3HT spherulite and P3HT e but also in the predominantly face-on crystallised
P3HT,ubbing subsignal I is increased with respect to III. The onset potential and half wave
potential can be determined to 0.07V and 0.11V respectively. The in-situ measured ab-
sorption spectra in Fig. 4.12 e and intensity evolution curves in Fig. A.2 d show similar
behaviour to all other PSHT samples described above.

In summary the morphology of P3HT thin films has a significant influence on the electro-
chemical behaviour. With increasing regioregularity, from regiorandom electropolymerised
P3HT to regioregular chemically synthesised P3HT, the number of superimposing subsig-
nals in anodic redox wave increases from two to three. The newly observed subsignal in the
regioregular P3HT is located at low oxidation potential, meaning the onset potential and
HOMO energy level are shifted from 0.20V to 0.00V or —5.30eV to —5.10eV respectively.
The oxidation onset potentials and corresponding HOMO energy levels, calculated with a

correction factor of —5.1 [101], are summarised in Table 4.1. The three P3HT samples with
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Table 4.1: Overview of the oxidation onset and half wave potentials of all studied P3HT sam-
ples with HOMO orbital energies calculated with the correction factor of —5.1eV
according to [101].

P3HT sample Egneee [V] EFOMO o [eV] Eqpp [V] EHOMO, , [eV]

electro 0.20 -5.30 / /
drop 0.13 -5.23 / /
spin 0.00 -5.10 / /
spherulite 0.07 -5.17 0.13 -5.23
wires 0.08 -5.18 0.13 -5.23
rubbing 0.07 -5.17 0.11 -5.21

controlled thin film morphology, prepared by solvent vapour annealing, crystallisation from
solution and high temperature rubbing, reveal similar spectroelectrochemical behaviour. The
cyclic voltammograms consist of three superimposing subsignals which correspond to the sub-
signals observed for the spin coated, regioregular P3HT,;,. The current intensity of the low
oxidation potential subsignal (I) increases significantly with respect to subsignal III, which
is usually the dominant redox wave. In case of P3HT ;s subsignal I becomes the dominant
redox wave. The two predominantly edge-on samples (P3HT g herutite and P3HT ies) reveal
onset potentials of 0.07V and 0.08 V and the predominantly face-on sample P3HT,pping Of
0.07V, which is in the range of the just spin coated P3HT,,. In contrast to PSHTpn,
from which only the onset potential can be determined, for the three controlled morphology
samples also the half wave potentials of subsignal I can be identified. The edge-on samples
reveal a half wave potential of 0.13V and the face-on sample of 0.11 V. The onset and half
wave potentials of all PSHT samples as well as the corresponding HOMO energy levels are
summarised in Table 4.1. By performing in-situ spectroelectrochemical characterisation of
all PSHT samples, subsignal I, II and III are all attributed to the oxidation of neutral PSHT
to the radical cation. At potentials higher than the peak potential of III also formation
of the dication is observed. Intensity evolution curves of characteristic absorption bands
indicate chemically reversible redox reactions. The absorption spectra of the neutral P3HT

samples show defined fine structures with pronounced 0-0 transition bands of the -7 stacked
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domains at 610nm even in wet state and after multiple charging/ discharging cycles, indi-
cating a preservation of the film morphology during the electrochemical characterisation.
Morphological characterisation via various microscopy techniques and spectroscopy reveal
unstructured semi crystalline P3HT;, with few 7-m stacked domains. Applying of post an-
nealing methods lead to successful growth of spherulitic structure (P3HTspperuiite ), nanowires
(P3HT yires) and large area alignment (P3HT,upbing) With decreased exciton bandwidths, in-
dicating larger conjugation lengths and increased degrees of crystallinity. Therefore, in
accordance with Skompska et al. [166, 170], subsignal I in the voltammograms is attributed

to the first oxidation of crystalline domains in the P3HT films.

4.3. Binary P3HT:PC4;BM Blends

P3HT is usually used with PCg;BM ([6,6]-phenyl Cg; butyric acid methyl ester) as binary
donor:acceptor blend in organic solar cells. [50, 70, 72, 180, 181] Literature has shown
that the blend morphology has a crucial influence on the power conversion efficiency of the
solar cells. [6, 17] In the following, possible influences of the blend film morphology on the
electrochemical behaviour of PSHT:PCg BM are studied.

In Fig. 4.13 a the cyclic voltammogram of PCg; BM in solution reveals two reversible redox
waves which correspond to the reduction of the neutral species to the radical anion and
dianion respectively. The half wave potential of the first reduction is at —1.02'V which
amounts to a LUMO energy level of —4.08¢eV. To identify redox signals and characteristic
absorption bands in the binary blend system, first pure PCg;BM films are studied by means
of in-situ spectroelectrochemistry. The cyclic voltammogram of a PCs BM film, spin coated
from chloroform solution onto ITO electrodes, in Fig. 4.13 b reveals three cathodic redox
waves. All three cathodic redox waves are electrochemically irreversible, which can be seen by
the hampered discharging signals in the backwards scan of the cyclic voltammogram. During
the electrochemical experiment in thin films, dissolution of the fullerene film is observed,
which might explain the irreversibility of the cathodic redox waves. Due to the irreversibility
of the redox waves, not the half wave potential but the onset potential is determined. In Fig.
4.13 b the onset potential of PCsBM is at —1.0 V which corresponds to a LUMO energy
level of —4.1eV. In Fig. 4.13 c the in-situ absorption spectra are shown. In the neutral state

(red curve at —0.5V) PCg BM exhibits a narrow absorption band 335 nm. Upon reduction
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Figure 4.13: Electrochemical and in-situ spectroelectrochemical characterisation of PCg; BM;
a) cyclic voltammogram of PCgBM in solution (0.02M) measured in 0.1 M
NBuPFg in THF with a scan rate of 50mV s™!; b) cyclic voltammogram of
PCgBM spin coated from chloroform solution (5 mgmL~!) onto ITO electrodes,
measured in 0.1 M NBuyPFg in MeCN with a scan rate of 50mVs™!; ¢) corre-

sponding UV-vis absorption spectra of the PCg;BM film.

the neutral band decreases and a new, broad band between 900 nm and 1050 nm with a
peak maximum at 1025nm of the radical anion arises. In addition there is a weak broad
absorption band for the radical anion centred at 600 nm. Since it is only very weak and in
the wavelength range of the P3HT neutral band, this particular absorption band will not be
considered in the following discussion of the blend system.

The in-situ spectroelectrochemical characterisation of the binary blend films focuses on the
oxidation behaviour of P3HT since the first reduction of PCgBM does not show an influ-

ence from the intermixing with the donor material. For sake of completeness, the cyclic
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Figure 4.14: In-situ spectroelectrochemical characterisation of PSHT:PCg;BM blend films

(I:1 w/w) spin coated from chloroform solution (overall concentration

5mgmL~!) onto ITO electrodes; left column: cyclic voltammograms measured

in 0.1 M NBuyPFg in MeCN with a scan rate of 20mV s~!; right column: cor-

responding UV-vis absorption spectra; a), b) after spin coating; c), d) after

thermal annealing at 150 °C for 1h.

voltammograms of the PSHT:PCg;BM reductions are shown in Fig. A.4 in the appendix.

In Fig. 4.14 a and b the cyclic voltammogram and the corresponding in-situ absorption spec-
tra of a PSHT:PCg BM blend film (1:1 w/w, overall concentration of 5mgmL~") are shown.
The blend is prepared with the same P3HT batch (M,, = 112kgmol™!, PDI = 2.4) used
above in the characterisation of the morphological influence on the cyclic voltammogram
of neat P3HT. The film deposition conditions (solvent, concentration, electrode material,
spin coating parameters) were chosen to be identical to P3HT;, described above, to ensure

direct comparability of the blend system and the neat polymer films. The voltammogram
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4.3. Binary PSHT:PCg,BM Blends

of the anodic scan of the P3BHT:PCg BM blend film (Fig. 4.14 a) shows only one anodic
wave with a peak potential of 0.7V, which corresponds to subsignal III described above.
Subsignals I and II, which are attributed to ordered, m-7 stacked domains, are suppressed.
Since it is difficult to determine if some oxidation already takes place at potentials lower
than 0.5V in-situ spectroelectrochemistry is a particularly valuable tool. From the poten-
tial dependent intensity evolution curves of the P3HT neutral (green curve, at 510 nm) and
radical cation (violet curve, at 810 nm) absorption bands in Fig. A.5 a the proper onset
potential of 0.2V, which is in the range of electropolymerised P3HT, can be determined.
The in-situ absorption spectra of the PSHT:PCg;BM blend film during the oxidation are
shown in Fig. 4.14 b. In the neutral state the absorption spectrum of the blend film (red
curve at —0.1V) reveals the bands of neutral PCs; BM and neutral P3SHT at 335nm and
520 nm respectively. Upon oxidation the band of neutral PCs BM at 335 nm remains almost
unchanged (the small decrease is due to overlapping with the neutral P3HT band) while
the band of neutral P3HT at 520 nm decreases and the band of the P3HT radical cation at
800 nm arises with an isosbestic point at 615nm. Thus, just as in case of neat P3HT, the
anodic redox wave corresponds to the first oxidation of P3HT in the binary blend. An other
interesting observation from the absorption spectrum of the neutral blend (red curve in Fig.
4.14 b) is that the typical fine structure of 0-0 and 0-1 transitions at 600 nm and 550 nm is
suppressed, indicating lack of ordered P3HT domains in the blend film, which also correlates
to the suppressed oxidation subsignals I and II in the voltammogram. Thus the formation
of crystalline P3HT domains seems to be hampered by the intermixing with the fullerene
acceptor material.

P3HT:PCg;BM blends for application in organic solar cells are typically thermally annealed,
since literature has shown that this simple post treatment leads to a better phase separation
in the donor:acceptor blend and to increased power conversion efficiencies. [6, 17| In Fig.
4.14 ¢ and d the in-situ spectroelectrochemical characterisation of a thermally annealed
P3HT:PCg;BM blend is shown. The blend is prepared similar to the blend described above
with one additional post annealing step (150°C for 1h). In the cyclic voltammogram (Fig.
4.14 c) the oxidation waves at lower potential (subsignal I and II in case of neat P3HT) are
regained and the onset potential is determined to be 0.05 V which is comparable to P3HTgpi,.

In the in-situ absorption spectra shown in Fig. 4.14 d the same spectroelectrochemical be-
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Table 4.2: Overview of onset potentials, the frontier orbital energy levels and the effective
band gap (E,) of P3HT:PCg BM binary blend films (non-annealed and thermally

annealed); calculated with the correction factor of —5.1¢eV according to [101].

sample Eow. [V] EPOMO [eV] E,q [V] EMMO [eV] E, [eV]
P3HTapin 0.00 5.10 / / /
P3HT:PCg;BM 0.20 -5.30 -1 -4.1 1.2
P3HT:PCg;BM annealed 0.05 -5.15 -1 -4.1 1.05

haviour as in the non-annealed blend is observed, meaning the broad anodic redox wave
in the voltammogram corresponds to the first oxidation of PSHT to its radical cation. In
contrast to the non-annealed blend, the fine structure in the absorption band of the neutral
P3HT (red curve in Fig. 4.14 d) is well pronounced in the thermally annealed blend film.
In summary, the spectroelectrochemical data indicate that during spin coating of the binary
P3HT:PCg;BM blend film the formation of crystalline P3HT domains is hindered. By ap-
plying thermal post annealing, the crystalline domains in the blend film are regained due to
the increased mobility of the polymer chains.

The frontier orbital energy levels and effective band gaps of the non-annealed and thermally
annealed P3HT:PCg BM blends are calculated according to Equations 4 and 5 and are
summarised in Table 4.2. The reduction potential (see voltammograms in Fig. A.4) and
therefore the LUMO level of PCg BM is not influenced by the post annealing step. Regarding
the HOMO energy levels, the thermally annealed blend (0.05V or —5.15¢eV respectively) is
in the range of P3HTg;,, while the non-annealed blend is shifted towards higher potential
and lower energy (0.20V or —5.30eV) respectively. The shift of the HOMO energy level of
the non-annealed blend correlates to an increased effective band gap (from 1.05eV to 1.2¢eV)

and therefore to a decreased efficiency in the P3HT:PCg BM solar cell.
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5. Electrochemical Characterisation of the Oxidative
Crosslinking of PVTPA-co-PS Copolymers

The synthesis of the studied PVTPA homopolymer and PVTPA-co-PS copolymers with
various repeating unit ratios have been performed by Corinne Rost-Schmidt. Parts of the
experimental work on the basic voltammetric characterisation, the in-situ spectroelectro-
chemical characterisation and the chemical doping have been performed by Fabian Moczko,
Lisa Eisele, Felix Goerigk and Lukas Stein under my supervision within the scope of their

bachelor thesis [182, 183] and research internship [184, 185] respectively.

5.1. State of the Art

The molecule family of triarylamines and their close relatives the carbazoles with all their
derivatives are versatile materials for various organic electronic devices and have gained huge
scientific and industrial interest in the last two decades. In the following, a brief overview
of the most important properties and fields of application is given. The main focus is set on
derivatives of triphenylamine since Chapters 5.2 to 5.4 are dedicated to the electrochemical,
optical and electronic properties of polyvinyltriphenylamine (PVTPA) and its copolymers
with polystyrene.

In 1987 Ohsawa et al. [85] introduced triphenylamine as a new conducting organic material
and reported on the basic electrochemical and spectroscopic properties. Molecular tripheny-
lamine has a high hole transport mobility and can be oxidised easily. Therefore tripheny-
lamine and its derivatives are suitable hole transport materials for the application in organic
electronic devices like organic light-emitting diodes (OLED) [23, 186], organic photovoltaics
[187-189], electrochromic windows [190, 191], organic field effect transistors (OFET) [192]
and as electrode material in organic batteries [86]. For the industrial production of such or-
ganic electronic devices, the polymeric derivatives, which contain the triphenylamine redox
group in either the main or the side chain, are particularly interesting since they combine
the promising electronic properties of the small-molecular derivatives with the possibility
to use simple and cheap large-area deposition techniques like roll-to-roll or inkjet-printing.
[186, 192, 193]

The most important application for triarylamine and carbazole derivatives is the organic
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light-emitting diode. [23] In general OLEDs are of huge interest for both the scientific
community and the industry, since they can be used for novel display applications. The
advantage of OLED displays compared to the state-of-the-art liquid crystal displays (LCD)
is that no back light is needed and therefore deeper black levels can be reached. This also
means that OLED displays can be manufactured thinner and therefore light-weighted. In
addition, OLED displays show a lower power consumption, a faster response time, a higher
contrast ratio and wider viewing angles than LCD devices. Especially the so-called PLEDs
(polymer light-emitting diodes) are promising for the large-scale industrial production, due
to their processability by simple and cheap solution processes like printing techniques. For
these devices polymeric derivatives of triarylamines and carbazoles are promising hole trans-
port materials. [194] The two main reasons are, compared to other organic conducting
materials, the fast charge transport and the formation of stable cations which decreases the
air-sensitivity of these redox polymers in comparison to m-conjugated polymers significantly.
[186]

Besides the application of triarylamines in OLED applications, they are also interesting ma-
terials for photovoltaic devices. In recent years the perovskite solar cells made a swift rise
in the scientific community due to their exceptional high power conversion efficiencies of
about 20% PCE. In these photovoltaic devices polytriarylamine is used as the hole transport
layer material. [187, 188] Triarylamine derivatives are used for the application in all-organo
solar cells too. Lindner et al. [189] used the nitroxide-mediated living radical polymerisation
[195] for the synthesis of well-defined blockcopolymers with a hole transport block and an
electron transport block. The basic concept is to use the microphase separation of these
blockcopolymers to tune the inner structuring of the photo active layer. For the electron
transport and hole transport blocks poly(perylene-bisimide-acrylate) and polyvinyltripheny-
lamine were used respectively. [189]

An other promising application for triarylamines are energy storage systems like organic
batteries which utilise novel light-weight, flexible and non-toxic electrode materials. First
attempts with m-conjugated polymers have failed due to cell potential fluctuation caused by
the charge delocalisation on the conjugated polymer backbone. [196] In a recent approach
the m-conjugated polymers have been replaced by redox polymers which possess stable cell

potentials due to the electronic isolation of the charges on the redox groups. Hereby the main
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focus has been spent on derivatives of triaryamines, carbazoles, arylnitroxides, nitroxides and
ferrocene. [86]

An important property of triarylamines is their electrochromic behaviour, meaning the cou-
pling of photo and electro activity. Electrochromic devices include devices like electrochromic
windows, display applications and electronic paper. Since triarylamines are easily oxidised
and form stable cations which involves a distinct colour switch herein, these molecules are
promising materials for all sorts of electrochromic devices. In addition, due to their high
charge carrier mobilities and the possibility to deposit thin layers in the nanometer range,
the usage of triarylamines result in an increased switching time of electrochromic devices.
(190, 191]

A rather exotic application of triarylamine derivatives is the development of new explosive
detection sensors. The basic concept is to use conducting polymer based sensoring devices
for the easy to handle, cheap and fast detection of nitroaromatics. The detection is based on
an electron transfer reaction from an electron-rich polymer donor material to the electron-
poor nitroaromatics. To increase the donor strength of the sensor material and therefore
improve the detector sensitivity, triphenylamine or carbazole moieties are incorporated into
conducting polymers. [197]

An other rather exotic application of triarylamine derivatives is the formation of so-called
microporous polymer networks. These materials consist of highly cross-linked organic ar-
chitectures, which possess high porosities and large surface areas as well as good chemical
stability. These structures are interesting as host matrices for the intercalation of functional
organic molecules which makes them promising materials for application in sensors, as gas
storage materials and for catalysis. The synthetic challenge is to produce such cross-linked
architectures under mild conditions and without expensive catalysts. Preis et al. presented a
Friedel-Crafts-like route for the synthesis of various microporous polymer networks by using

triarylamine moieties as the coupling groups. [198]

5.2. Synthesis and Polymer Characterisation

The studied PVTPA homopolymer and PVTPA-co-PS copolymers, the molecular struc-
ture is shown in Fig. 5.1, have been synthesised by Corinne Rost-Schmidt via free radical

polymerisation with azobisisobutyronitrile (AIBN) as initiator. The detailed procedures for
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the synthesis of the monomer and all polymers are shown in the appendix (Chapter A.3).
In summary, seven polymers with varying repeating unit ratios were gained. The used
monomer feed ratios of vinyltriphenylamine to styrene were varied in the range of 100:0
to 5:95 to obtain a series of copolymers with varying redox group density. The molecular
weights and polydispersity indices (PDI) of the polymers were determined by gel permeation
chromatography and are summarised in Table 5.1. To determine the ratio of the repeating
units (polyvinyltriphenylamine to polystyrene) elemental analysis was performed and the
ratios were calculated from the percentage portion of nitrogen to carbon, disregarding the
respective end groups. The rounded values of the repeating unit ratios are listed in Table
5.1 as well.

From the 'H and C NMR spectra of the copolymers (see Chapter A.3) it is difficult to
distinguish between a successful copolymerisation to random PVTPA-co-PS or homopoly-
merisation of the two monomers to a blend of PVTPA and PS. An alternative method to
characterise the copolymers is differential scanning calorimetry (DSC). In case of a blend
of the homopolymers or a blockcopolymer two separate glass transition temperatures are
expected, while in case of a random copolymer only one 7} is expected. The DSC curves
of all studied polymers (PVTPA-co-PS copolymers, PVTPA and PS homopolymers and a
PVTPA:PS blend (1:1 w/w)) are shown in Fig. 5.2 a and the glass transition tempera-
tures are summarised in Table 5.2. As expected, for the PVTPA and PS homopolymers
one glass transition temperature at 141°C and 91 °C respectively and for the blend of the

two homopolymers two glass transition temperature at 91 °C and 140 °C, which matches the

co m

Figure 5.1: Molecular formula of the PVTPA-co-PS copolymers.
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Table 5.1: Characteristic parameters (molecular weight and polydispersity indices (PDI))
of the polyvinyltriphenylamine homopolymer and polyvinyltriphenylamine-co-

polystyrene copolymers.

monomer feed ratio M, [kgmol™'] PDI repeating unit

(vinyltriphenylamine : styrene) ratio @
100:0 19 1.66 100:0

50:50 25 1.54 50:50

25:75 20 1.57 30:70

20:80 15 1.67 25:75

15:85 15 1.59 20:80

10:90 21 1.60 15:85

5:95 15 1.62 10:90

 calculated from the nitrogen-to-carbon ratio determined by elemental analysis.

individual T, of the homopolymers, are observed. For each of the PVITPA-co-PS copolymers
only one T, is observed. The glass transition temperatures of the copolymers vary with the
repeating unit ratio between 134 °C and 105 °C; the lower the amount of PVTPA the lower
the T,. According to the Fox equation (Eq. 17) the T, of a random copolymer can be

calculated:
1 w
T, Z T

i
g gl

(17)

with T, the glass transition temperature of the copolymer, w; the mass fraction of monomer 4
and T ; the glass transition temperature of the respective homopolymer. The measured glass
transition temperatures of the PVTPA-co-PS copolymers, the PS and PVTPA homopoly-
mers and the blend of the homopolymers as well as the calculated T, (calculated according
to Eq. 17) as function of the TPA amount are shown in Fig. 5.2 b. The T, of the copolymers
follow the progression of the Fox equation. Therefore, from the number of observed glass
transition temperatures and the T, progression according to the Fox equation, successful
copolymerisation of styrene and vinyltriphenylamine to random PVTPA-co-PS copolymers

can be assumed.
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Table 5.2: Glass transition temperatures of the PVTPA-co-PS copolymers with varying
vinyltriphenylamine:styrene repeating unit ratios, the polyvinyltriphenylamine

and polystyrene homopolymers and a 1:1 (w/w) blend of the homopolymers.

repeating unit ratio T, [°C]

(vinyltriphenylamine : styrene)

50:50 134
30:70 122
25:75 121
20:80 118
15:85 116
10:90 105
PVTPA homopolymer 141
PS homopolymer 91
blend (1:1 w/w) 91, 140
a) b)
— blend 140+
L T PVTPA T
T \_/\ 130
) 50:50 |
\/\ .
30:70 G 1204
s 25:75 °._.m
2 20:80 = 110
) 15:85
3
< 100 ;
2 Eonoqe
\/\ps 904 + PS
& PVTPA:PS blend
40 60 80 100 120 140 160 180 200 220 O 20 40 60 80 100
temperature [°C] TPA content [%]

Figure 5.2: Differential scanning calorimetry characterisation of PVTPA-co-PS copolymers;
a) DSC curves of the heating cycles measured with heating rates of 10 K min—1;
b) glass transition temperatures (Ty) of PVTPA-co-PS copolymers (black dots),
polystyrene (blue cross), polystyrene-polyvinyltriphenylamine blend (red dia-

monds) and calculated T, according to the Fox equation (green pentagons) as

function of TPA content.
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5.3. Charging Behaviour of PVTPA-co-PS as Function of the
TPA Content

5.3.1. Electrochemical Characterisation

Gold Electrodes

The basic electrochemical characterisation of the redox processes in the PVTPA-co-PS
copolymer films is performed by means of cyclic voltammetry on planar gold electrodes.
In Fig. 5.3 a the consecutive first (black curve) and second (red curve) voltammetric cy-
cles of the PVTPA homopolymer are shown. In the forward scan of the first cycle a sharp
anodic redox half wave with a peak potential of 0.62V is observed. During the backward
scan no respective cathodic redox half wave is observed, indicating an irreversible oxidation
reaction. The backward scan reveals two cathodic half waves, which do not correspond to
the anodic half wave in the forward cycle and can be interpreted as the two-step reduction
of a redox active species generated in a follow-up reaction due to the irreversible oxidation of
the PVTPA polymer. In the consecutive second voltammetric cycle (red curve in Fig. 5.3 a)
only two reversible redox waves with half wave potentials of 0.43V and 0.54 V are observed.
The sharp anodic half wave from the first cycle is absent and the two cathodic half waves in
the first and second cycle are identical. In Fig. 5.3 b the consecutive tenth to twenty-fifth
cycles also only reveal the two reversible redox waves without the irreversible anodic half
wave from the first cycle, indicating an electrochemical stable redox system which is gener-
ated after the anodic scan of the first cycle. The lower current values in the later CV cycles
(5.3 b) compared to the second cycle (red curve in Fig. 5.3 a) is due to a repositioning of
the working electrode in-between the measurements which result in dissimilar electro-active
electrode areas (varied depth of polymer film immersion into the electrolyte).

The electrochemical redox behaviour of the PVTPA homopolymer observed in the voltam-
mograms can be explained by the mechanism of oxidative cross-coupling of triphenylamine
groups described in literature. [8, 199] The mechanism adapted from Yurchenko et al. is
shown in Fig. 5.4. Upon oxidation of the triphenylamine (TPA) groups the respective radical
cation is formed. The positive charge is located at the nitrogen atom and the spin-density
of the unpaired electron is highest in the para position. As a chemical follow-up reaction the

TPA radical cations dimerise under proton elimination in the para position to form a neutral
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Figure 5.3: Electrochemical crosslinking and characterisation of PVTPA films spin coated
onto gold electrodes. Cyclic voltammograms measured in 0.1 M NBuyPFg in
MeCN with a scan rate of 20mVs™!; a) first and second cycle; b) tenth to

twenty-fifth cycle.

tetraphenylbenzidine (TPB) group. Since the conjugated m-system of the TPB is enlarged,
the oxidation potential of TPB is lower than of TPA. Therefore the formed neutral TPB
undergoes immediate oxidation via a radical cation form (TPB™) to its dication (TPB?*") in
which the benzoid-like electronic structure is transformed into a quinoid-like structure. This
electrochemical and chemical reaction cascade can also be described by the ECFE mechanism
(sequence of an electrochemical reaction with a chemical follow-up reaction and a subsequent
electrochemical reaction) described by Speiser [97].

In summary the irreversible anodic redox half wave in the first cycle (black curve in Fig.
5.3 a) corresponds to the formation of the TPA™" radical cation which then undergoes an
irreversible dimerisation reaction under proton elimination. Since the oxidative dimerisation
is initialised at a potential higher than the oxidation potential of the formed TPB groups, the
TPB?* dication is generated immediate. During the cathodic scan the two redox half waves
correspond to the two reduction steps from the TPB?* dication to the TPB*" radical cation
and the neutral TPB. In the second cycle the two redox waves of the two-step oxidation
of the TPB groups reveal a 1:1 current ratio, indicating electrochemically reversible redox
reactions. The potentials of all observed redox processes are summarised in Table 5.3.

Due to the dimerisation reaction of the TPA groups attached to the polymer backbone,

PVTPA undergoes intermolecular and intramolecular cross-linking of the polymer chains.
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Figure 5.4: Mechanism of the electrochemically induced dimerisation reaction of tripheny-
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lamine (TPA) to tetraphenylbenzidine (TPB) groups with subsequent reversible
two-step oxidation of the formed TPB groups; adapted from [8].

The cross-linking density can be reduced by the copolymerisation of vinyltriphenylamine
with a chemically related but redox inactive monomer like styrene. To characterise the
influence of the reduced cross-linking density on the electrochemical redox behaviour cyclic
voltammograms of PVTPA-co-PS copolymer films spin coated onto planar gold electrodes
were measured under the same conditions as the PVTPA homopolymer shown in Fig. 5.3.
The voltammograms (first cycles in black and second cycles in blue) of the homopolymer

as well as five additional copolymers with polyvinyltriphenylamine to polystyrene ratios in

Table 5.3: Potentials of all redox processes involved in the oxidative dimerisation of the
PVTPA homopolymer; determined by means of cyclic voltammetry on planar

gold electrodes measured with a scan rate of 20mV min~! in 0.1 M NBu,PF.

redox process parameter potential (vs. Fc/Fc™)
TPA — TPA* Epeak 0.62V
TPB = TPB* Ei/ 0.43V
TPB*T = TPB?" Ei/2 0.54V
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Figure 5.5: Cyclic voltammograms of PVTPA-co-PS copolymers; a) homopolymer, b)
50 mol%, ¢) 30 mol%, d) 20 mol%, e) 15 mol% and f) 10 mol%; first cycles in
black and second cycles in blue respectively; measured in 0.1 M NBuyPFg/MeCN

with a scan rate of 20mV s~! on gold electrodes.

the range of 50 mol% to 10 mol% are shown in Fig. 5.5. The first cycles of all investigated
polymers reveal a sharp, irreversible anodic half wave associated to the oxidative dimerisation
reaction indicating successive cross-linking even for the lowest TPA content polymers. The
peak potentials of the dimerisation half waves are in the range of 0.60V to 0.62V. An
overview of the potentials of all redox processes in all studied polymers is given in Table
5.4. The voltammograms of the second cycles of the polymers with high TPA content
(homopolymer, 50 mol% and 30 mol%) shown in Fig. 5.5 a-c reveal similar reversible, two-
step redox behaviour of the cross-linked polymers. The half wave potentials of the first and
second redox step are at 0.41 - 0.42V and 0.54 - 0.55V respectively. Interestingly for the
polymers with low TPA amount (20 mol%, 15 mol% and 10 mol%) the anodic half waves
of the voltamograms of the second cycles (blue curves in Fig. 5.5 d-f) differ from their high
TPA content analogues. While the backward scans of all voltammograms reveal the same
reduction half waves as in the high TPA content polymers, the anodic half waves of the two-

step oxidation process from neutral TPB to the TPB?* dication species start to superimpose
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Table 5.4: Potentials of all redox processes in PVTPA-co-PS copolymers with varying re-
peating unit ratios; determined by means of cyclic voltammetry on planar gold

electrodes measured with a scan rate of 20 mV min~" in 0.1 M NBuyPF4 in MeCN.

polymer redox process parameter potential (vs. Fc/Fc™)
homopolymer ~ TPA — TPA'* Epeak 0.62V
homopolymer TPB = TPB* Ei /2 041V
homopolymer TPB* = TPB2?* Ei/2 0.55V
50 mol% TPA — TPAT Epeak 0.62V
50 mol% TPB = TPB* Ei/2 041V
50 mol% TPB+ = TPB2* Ei/2 0.54V
30 mol% TPA — TPA*  Epeu 0.62V
30 mol% TPB = TPB* Ei/2 0.42V
30 mol% TPB* = TPB?** Ei/z 0.54V
20 mol% TPA — TPAT Epeak 0.62V
20 mol% TPB = TPB*  Eip 0.45V
20 mol% TPB* = TPB?** Ei/2 0.54V
15 mol% TPA — TPA* Epeak 0.60V
15 mol% TPB = TPB* Ei/2 0.46V
15 mol% TPB* = TPB?** Ei/2 0.53V
10 mol% TPA — TPAT Epeak 0.61V
10 mol% TPB = TPB* Ei/ 0.48V
10 mol% TPB+ = TPB?** Ei/ nd.?

& anodic half wave not determinable; cathodic half wave at 0.53 V.

and reveal one sharp half wave with the second half wave as associated shoulder instead of an
individual half wave. In case of the 20 mol% and 15 mol% polymers the first oxidation half
wave dominates. The shoulders representing the second half wave are still well pronounced
which allows for the determination of the half wave potentials of the two-step oxidation
process. The half wave potentials are at 0.45 - 0.46 V and 0.53 - 0.54 V respectively. In case
of the 10 mol% polymer the half wave potential of the first oxidation to the TPB* radical
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cation species is at 0.48 V but the shoulder which corresponds to the second anodic half wave
is too poorly resolved to determine the half wave potential of the second oxidation step to
the TPB?* dication species.

Since the sharp anodic half wave in the second cycle is only observed for the copolymers with
low amount of the cross-coupling redox groups, it comes to mind to relate this unusually
shaped CV signal to non-complete cross-coupling during the first cycle and consecutive
overlapping of the anodic half waves caused by the two-step oxidation of TPB groups and
left over TPA groups being oxidised to their radical cations. However, after the sharp anodic
half wave is completed, the current declines back to the current back ground in the potential
range in which the cross-linking half wave is observed in the first cycle, which contradicts
the idea of half wave overlapping with remaining non-cross-linked redox groups.

In general, the nature of the current-potential curve in a cyclic voltammogram is based on
three main parameters: the formal redox potentials (thermodynamic parameter) and the
electron transfer kinetics at the electrode surface and ion diffusion kinetics in the electrolyte
(kinetic parameters). [96, 100] To be able to narrow down the cause of the sharp anodic
half wave for the low TPA-amount copolymers, possible influences on these three basic
parameters are discussed in the following.

For a thermodynamic explanation of the formation of the sharp anodic half wave, a shift
of the formal redox potentials of the involved redox reactions caused by a changed electro-
chemical environment (e.g. due to the insulating polystyrene matrix) is required. However,
such a shift of the formal redox potentials is expected to also influence the cathodic half
waves. Since no such shift of the cathodic half waves is observed a thermodynamic cause of
the formation of the sharp anodic half wave is unlikely.

The electron transfer kinetics is mainly influenced by contact resistances and the compati-
bility of the electrode work function and the sample redox potential. The work function of
the electrode material is defined by the electrode composition and therefore unchanged. For
the sample redox potential no significant changes but only a small shift in the £/, values
of the first redox step from 0.41V to 0.48 V is observed. A change in the contact resistance
e.g. due to partial de-wetting could be caused by different mechanical properties of the
deposited copolymer films due to the increased polystyrene amount. However, in this case

an effect on the anodic cross-linking half wave in the first voltammetric cycle is expected
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too. Since the observed peak potential of this half wave remains almost constant (0.60V to
0.62V) over the whole series of copolymers, an influence of a changing contact resistance
seems unlikely too and it is concluded that the sharp anodic half wave in the second cycle of
the low TPA-amount copolymers is unlikely to be caused by an effect of the electron transfer
kinetics.

The third main parameter influencing a cyclic voltammogram is the ion diffusion kinetics,
which describes the mass transport of charged species in the electrolyte. In general the
ion diffusion kinetics is influenced by the electrolyte parameters (conducting salt, solvent,
concentration) as well as mechanical and energetic barriers due to porous electrode materials
or generation of ionic double layers at the electrode surface. Since the same electrolyte was
used for the successful measurements of the PVTPA homopolymer and the high TPA-amount
copolymers, an incompatibility of the chosen solvent/ conducting salt couple is ruled out.
The ionic double layers are generated at the electrode surface due to a mismatch of the
electrode polarisation potential to the electrolyte equilibrium potential. By deposition of
the copolymer films as a partially insulating intermediate layer between the electrode and
the electrolyte the specific formation of the ionic double layers may be influenced by the
chemical composition of the polymer layer.

Upon charging of the copolymer films the corresponding counterions from the electrolyte have
to diffuse into the polymer films to counter balance the charges and restore electrostatic net
neutrality. In the electrolyte, the ions are surrounded by a solvent shell which has to be
intercalated into the polymer film alongside the ions and results in a swelling or shrinking of
the polymer film upon charging or discharging respectively. Since the used electrolyte solvent
is orthogonal with respect to the solubility of the polymer, the ion/ solvent intercalation
into the bulk of the polymer film has to overcome this mechanical barrier which results in
an impeded counterion diffusion process. An influence of the copolymer composition on
the counter ion diffusion processes is plausible due to the increasing amount of insulation
polystyrene in the low-TPA-content copolymers. To be able to evaluate the possible influence
of the repeating units ratio on ion movement processes, the mass evolution of the copolymer
films upon electrochemical charging/ discharging is studied in chapter 5.3.2 by means of

electrochemical quartz crystal microbalance.
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ITO Electrodes

For advanced in-situ spectroelectrochemical characterisation a transparent electrode material
like indium tin oxide (ITO) is required. Unlike the gold electrodes used in the previous
chapter, the ITO electrodes are not perfectly planar but consist of a porous packing of I'TO
nano-particles coated onto a glass substrate, which leads to a higher surface roughness. [200,
201]

At first basic cyclic voltammetry characterisation of the PVTPA-co-PS copolymer films on
ITO electrodes has been performed to identify possible influences of the electrode material
on the oxidative cross-linking of the TPA groups and reversible redox reactions of the TPB
groups described above. In Fig. 5.6 a and b the first and second voltammetric cycles of
the PVTPA homopolymer are shown. The experimental parameters (0.1 M NBuyPFg in
MeCN, scan rate of 20mVs™!) and the used setup with the respective pseudo-reference
electrode are identical to the electrochemical characterisation on gold electrodes described
above. In the first cycle (Fig. 5.6 a) the sharp anodic half wave with a peak potential
of 0.63V associated to the cross-linking reaction and consecutive two-step oxidation of the
formed TPB units is observed. However in the backward scan of the first cycle almost no
current flow is observed. Only a weak and broad current signal centred at about —0.3V
is visible. Since the oxidation potential of the formation of the TPA radical cation which
afterwards undergoes the cross-linking reaction is similar on both gold and ITO electrodes,
no significant shift of the reduction potentials of the two-step reduction of the formed TPB2*
dication to its neutral species is expected. The lack of the reductive half waves with only a
broad current signal at lower potential indicates significant charge trapping in the polymer
film on ITO electrodes. The second cycle (Fig. 5.6 b) which has been measured consecutively
reveals only a steady current increase with an onset potential of about 0.4V but no distinct
anodic half wave which may be due to the residual trapped charges from the first cycle.
In the backward scan two broad redox half waves centred at 0.2V and —0.3V respectively
are observed, indicating some discharging of the TPB?* dication species. Still the potential
range of the observed reduction half waves do not match the reduction potentials measured
on gold electrodes (0.52V and 0.37V respectively). This strong charge trapping behaviour
was also observed for the 50 mol% copolymer but not for the lower TPA content copolymers.

A common experimental problem with ITO electrodes is de-wetting of organic solvent poly-
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Figure 5.6: Cyclic voltammograms of PVTPA on ITO electrodes, measured in
0.1 M NBu,PFg in MeCN with a scan rate of 20mV s~!. Left column: first cycles,
right column: second cycles before (a, b) and after (¢, d) thermal annealing for

1h at 150°C.

mer solutions during the spin coating process due to the highly polar ITO surface. Such
de-wetting in combination to the generally rough surface of the ITO electrodes may lead to
poor polymer-ITO contact and can therefore hamper the electron transfer at the polymer-
ITO interface.

One possible procedure to improve the polymer-electrode contact is thermal annealing. In
Fig. 5.6 c and d the first and second cycle of a thermally annealed PVTPA homopolymer
film are shown. The sample preparation has been performed identically to the sample shown
in Fig. 5.6 a and b with only an additional thermal annealing step at 150°C for 1h. The
measurement was also conducted under the same conditions as in case of the non-annealed

sample and the samples on gold. In the first cycle (Fig. 5.6 ¢) the anodic half wave of
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the cross-linking reaction with a peak potential of 0.70V is observed. During the backward
scan the two cathodic half waves of the two-step reduction of TPB?* to neutral TPB are
visible. The peak potentials of the two reduction half waves are at 0.52V and 0.38 V respec-
tively, which matches the potentials measured on gold electrodes. After the two reduction
half waves the current traces back to the base line indicating complete discharging of the
PVTPA film. In the second cycle (5.6 d) two overlapping reversible redox waves with half
wave potentials of 0.53V and 0.40V are observed, indicating unhampered charging and dis-
charging of the PVTPA film. The half wave potentials are similar to the ones determined
from measurements on gold electrodes. The improved charge transport can also be seen by
the difference in the current values. The non-annealed and thermally annealed samples were
prepared from the same polymer solution with the same spin coating parameters and the
size of the polymer covered ITO electrodes was similar which means that the amount of re-
dox active groups in both experiments are similar. Nevertheless the absolute current values
are significantly higher in the thermally annealed PVTPA sample which again indicates a
hampered charge transfer to the electrode in the non-annealed sample.

In general, please note that the small current signals at 0.6 V and at 0.5V in Fig. 5.6 c and
b are probably measurement artefacts due to a spike in the current input of the potentiostat
or accidental movement of the electrolyte or electrodes rather than real redox half waves.
In summary, the cyclic voltammograms of non-annealed PVTPA on ITO electrodes reveal
successful cross-linking but significant charge trapping which would hamper further electro-
chemical characterisation of PVTPA on ITO. By applying an additional thermal annealing
step to the sample preparation the charge trapping can be prevented and the observed elec-
trochemical behaviour with all characteristic redox potentials are similar to measurements on
planar gold electrodes. This behaviour was only observed for the PVTPA homopolymer and
the 50 mol% PVTPA-co-PS copolymer but not for the lower TPA content copolymers. This
observation hints for a morphological or contact resistance problem at the polymer-electrode

interface rather than a thermodynamic effect.

FElectrochemical Impedance Spectroscopy
To gain deeper insights into the electron transfer at the polymer-ITO interface, electro-

chemical impedance spectroscopy (EIS) of non-annealed and thermally annealed PVTPA
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Figure 5.7: Nyquist plots of PVTPA-co-PS films before (black curves) and after (blue curves)
thermal annealing for 1h at 150°C; a) 10 mol%, b) 50 mol% and c) PVTPA
homopolymer; measured on ITO electrodes in 0.1 M NBuyPFg in MeCN with an
amplitude of 50 mV.

homopolymer and PVTPA-co-PS (50 mol% and 10 mol%) films has been performed. The
experimental parameters were kept similar to the cyclic voltammetry experiment described
above (0.1 M NBuyPFs in MeCN, Ag/AgCl pseudo reference electrode). The EIS measure-
ments were performed by applying an alternating external field with an amplitude of 50 mV
and a frequency range of 100mHz to 1 MHz. The applied amplitude is kept lower than the
cross-linking potential to gain information of the initial electric circuit without any distur-
bance from a redox reaction. Therefore the EIS measurements provide information about
contact resistances, ion diffusion in the electrolyte due to the polarisation of the electrode
and ionic double layer capacitors at the interfaces. [109]

In Fig. 5.7 the Nyquist plots of the initial (black curves) and thermally annealed (blue
curves) 10 mol% copolymer (a), the 50 mol% copolymer (b) and the homopolymer (c) are
shown. According to Malev et al. [109] the Nyquist plot of electro-active polymer films can
be described by the Randles equivalent circuit. From this, information about the electrolyte
resistance (Ry), the electron transfer resistance (R.;) at the polymer-electrode interface and
the ionic double layer capacitance (Cy) at the polymer-electrolyte interface can be gained
from the high-frequency range. The left ending point and the diameter of the semicircle
corresponds to R, and R, respectively. The double layer capacitance can be calculated

according to Equation 18: [109]
1

(.O'Rct

with w being the frequency of the semicircle vertex. The R.; and Cy; values determined from

C’dl =

(18)
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Table 5.5: Electrochemical impedance spectroscopy characterisation of the effect of thermal
annealing of PVTPA-co-PS films; charge transfer resistance (R,;) and double layer

capacitance (Cy) determined according to Malev et al. [109].

polymer annealing R Ca
100:0 / 41.82 131nF
thermal 53.4€) 104nF
50:50 / 38.6Q2 142nF
thermal 49.7Q 110nF
10:90 / 56.2Q0  97nF

thermal 58.0Q 94nF

the Nyquist plots presented in Fig. 5.7 are summarised in Table 5.5. For the low TPA-
amount copolymer (10 mol%) the calculated charge transport resistance and double layer
capacitance values are not influenced by the thermal annealing step. In contrast, the PVTPA
homopolymer and the 50 mol% copolymer do show an influence of the thermal annealing to
both R.; and Cy. The charge transfer resistance increases upon thermal annealing, indicating
a higher contact resistance. Simultaneously the double layer capacitance, which is caused
by the formation of an ionic double layer at the polymer-electrolyte interface due to a non-
equilibrium potential between the polymer-modified electrode and the electrolyte, decreases.
A pronounced ionic double layer acts as an energetic barrier for the counter ions, which are
required to intercalate into the polymer film to counter balance the charges [100] and can

therefore cause significant charge trapping in the non-annealed polymer films like shown in

Fig. 5.6 a and b for the PVTPA homopolymer.

In-situ Spectroelectrochemistry

In-situ spectroelectrochemistry is a versatile tool to further characterise the electrochemically
induced cross-linking reaction of to PVTPA-co-PS copolymers since this method combines
the redox information from cyclic voltammetry with the chemical information derived from
absorption spectroscopy. Since the electrochemical characterisation of the PVTPA-co-PS

copolymers on gold electrodes showed similar redox behaviour for the high TPA content
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Figure 5.8: In-situ spectroelectrochemical characterisation of PVTPA-co-PS (30:70 mol%);
measured in 0.1 M NBu,PFy in MeCN with a scan rate of 20mVs~! on ITO
electrodes. Left column: cyclic voltammogram of the first cycle with potential
dependent absorbance evolution curves of characteristic absorption bands during
the forward (a) and backward (c) scans; right column: corresponding UV-vis
absorption spectra recorded during the forward (b) and backward (d) scans.
The wavelengths of the shown absorbance evolutions in the spectra as well as
the scan directions in the voltammograms are indicated by coloured arrows to

guide the eye.

polymers (homopolymer down to 30 mol% TPA content) but slightly hindered charging
behaviour in case of the low TPA content polymers (20 mol% to 10 mol%) while the char-
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acterisation on ITO electrodes revealed hindered discharging for the homopolymer and the
50 mol% copolymer, the copolymer with 30 mol% of TPA redox groups is the polymer of
choice for the in-situ spectroelectrochemical characterisation. In Fig. 5.8 the cyclic voltam-
mogram (left column) of the first cycle of an PVTPA-co-PS (30 mol%) copolymer film with
the respective UV-vis absorption spectra (right column) of the forward (top row) and back-
ward (bottom row) scan are shown. In the forward scan (Fig. 5.8 a) an irreversible anodic
half wave with a peak potential of 0.64 V associated to the cross-linking reaction is observed.
The peak potential of the irreversible anodic half wave matches the peak potentials of all
studied copolymers measured on gold electrodes (see Fig. 5.5 and Table 5.4). In Fig. 5.8
b the corresponding absorption spectra recorded during the forward scan are shown. The
spectrum of the neutral, non-cross-linked PVTPA-co-PS film recorded at —0.30V is shown
in teal. Within the detector limits no obvious absorption band but an increasing intensity
below 400 nm is observed. Please note, that the weak, broad absorption band centred at
750 nm is commonly observed on ITO electrodes and is caused by slight inhomogeneity of
the polymer covered substrate and the bare ITO slice used for the background reference
spectrum. Upon the electrochemical oxidation the intensity at the detector limit at 330 nm
decreases while two new, broad absorption bands centred at 480 nm and 760 nm arise (violet
curve at 0.70 V and magenta curve at 0.80V in Fig. 5.8 b). For an easier attribution of
the absorption bands to their corresponding redox signals, the potential dependent intensity
evolution curves of the three characteristic absorption bands at 330 nm, 480 nm and 760 nm
are shown in Fig. 5.8 a in blue, green and red respectively. The scan directions in Fig. 5.8 a
and the wavelength positions in Fig. 5.8 b are indicated by correspondingly coloured arrows
to guide the eye. Despite the bad signal-to-noise ratio, the intensity of the absorption signal
at 330 nm (blue curve in Fig. 5.8 a) remains constant until the onset potential of the anodic
half wave in the voltammogram is reached. Afterwards the absorption intensity at 330 nm
decreases. Therefore this absorption signal is attributed to the neutral, non-cross-linked
TPA units. At the oxidation onset potential the intensity of the absorption band at 480 nm
and 760nm (green and red curves in Fig. 5.8 a) increase significantly, indicating charged
species. At higher applied potentials than the peak potential of the anodic half wave, the
intensity of the absorption band at 480nm decreases slightly, which can be explained by
attribution of the 480 nm and 760 nm bands to two different charged species.
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Table 5.6: Characteristic absorption bands of all redox active species involved in the oxidative
cross-linking of TPA groups and the charging/ discharging of the generated TPB
groups; determined by means of in-situ spectroelectrochemistry of PVTPA-co-
PS (30 mol%) on ITO electrodes measured with a scan rate of 20 mV min™! in

0.1M NBuPFg in MeCN.

species peak potential (V) * wavelength (nm)

TPA 0.64 <330 ®
TPB /c 360
TPB+ 0.40 480
TPB2+ 0.52 760

& of the redox half wave corresponding to the respective electrochemical species.
b peak of absorption band below the detector limit.
¢ electrochemically stable species at no applied potential.

In the backward scan of the voltammogram (Fig. 5.8 ¢) two cathodic half waves with peak
potentials at 0.52V and 0.40V are visible. The corresponding absorption spectra are shown
in Fig. 5.8 d. At the turning potential, which defines the beginning of the backward scan,
the absorption spectrum (magenta curve in Fig. 5.8 d) reveals the band at 760 nm. During
the reductive scan, from 0.80 V (magenta curve in Fig. 5.8 d) to 0.45V (violet curve in Fig.
5.8 d), the intensity of the 760nm band decreases while the 480 nm band increases. The
consumption of the 760 nm band into the 480 nm band can also be seen in the isosbestic point
at 525nm. Upon further reduction, from 0.45V to —0.35V (teal curve in Fig. 5.8 d) the
intensity of the 480 nm band decreases and a new absorption band at 360 nm arises. Again
the consumption of the 480 nm band into the 360 nm band is also indicated by an isosbestic
point at 395nm. The potential dependent intensity evolution curves of the three observed
absorption bands at 360 nm, 480 nm and 760 nm are shown in Fig. 5.8 c in blue, green and
red curves respectively. Again, the scan directions in Fig. 5.8 ¢ as well as the wavelength
positions in Fig. 5.8 d are highlighted by correspondingly coloured arrows to guide the
eye. At the onset potential of the cathodic half wave with the peak potential of 0.52V the
intensity of the 760 nm band (red curve) decreases while the intensity of the 480 nm band

(green curve) increases. The curve of the 480 nm band reaches its peak intensity at 0.46 V,
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which correlates to the local current minimum between the two cathodic half waves in the
voltammogram. At the onset potential of the second cathodic half wave, centred at 0.40V,
the intensity of the 480 nm band (green curve) decreases and the 360 nm band (blue curve)
increases and reaches a plateau when the current in the voltammogram reaches the baseline.
From the potential dependent behaviour of the intensity evolution curves the absorption
bands at 360nm, 480nm and 760nm can be attributed to the neutral TPB, the TPB™
radical cation and the TPB?* dication respectively. The identified characteristic absorption
bands of all redox active species involved in the electrochemical cross-linking and charging/

discharging of PVTPA-co-PS are summarised in Table 5.6.

5.3.2. Electrochemical Quartz Crystal Micro Balance

Technical Issues

As a second advanced electrochemical characterisation method the quartz crystal micro
balance is used to gain deeper insight into the cross-linking and charging/ discharging be-
haviour of the PVTPA-co-PS copolymers as a function of their cross-linking densities. With
this method the electrochemical redox information derived from a normal cyclic voltammo-
gram is coupled with information about the relative weight of the studied sample, which is
dependent on the interaction of the polymer film with the ions from the electrolyte upon
oxidation or reduction. As described above, the cross-linking density does influence the elec-
trochemical charging behaviour on gold electrodes which may be due to different counter
ion uptake kinetics. The general operation principle of this method is described in Chapter
3.3.3 in detail. Albeit, in the following a few fundamental and experimental obstacles due
to the cell design and the nature of the cross-linking reaction are discussed to allow for a
better assessment of the limitations and inaccuracies of the presented EQCM data.

The used commercial EQCM cell from Metrohm is designed to be operated with aqueous
electrolytes, mainly to study the electrochemical deposition of inorganic compounds. There-
fore most parts of the cell which are in direct contact to the electrolyte had to be replaced
by organic solvents inert, tailor-made analogues. Since all the compartments of the EQCM
cell have to be set up around the working electrode for every individual experiment, the
subsequent tailor-made parts have to fit perfectly and need to be fast tightened by a couple

of screws to avoid electrolyte leakage. At the same time, the tightening of the screws applies
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mechanical strain onto the quartz crystal which causes a threat of damaging the crystal as
well as it increases the driving force, meaning the energy required to maintain the applied
oscillation of the quartz crystal [202], during the measurement, which often results in an
automatic abortion of the measurement by the potentiostat due to instrumentation limits.
In other words, the cell needs to be set up as loose as possible but as tight as needed to keep
the electrolyte from leaking. As a related obstacle, the O-rings which are essential to seal
the bottom of the cell, tend to swell in the used acetonitrile based electrolyte, which not only
causes leakage of the electrolyte but also applies a gradual increasing mechanical strain onto
the working electrode which results in a gradually quartz equilibrium frequency increase and
damage of the gold layer at the soldering joint to the electronic contact. Therefore, the mea-
surements were usually performed as individual voltammetric cycles rather than multi-cycle
stability tests and the frequency had to be re-equilibrated between the cycles. An other
experimental obstacle which hampers multi-cycle analysis is that the EQCM cell can not be
airtight sealed. As a consequence an argon stream was fed into the cell via a plastic tube
to fill the cells atmosphere with an inert gas which is heavier than air and therefore acts
as protection layer. Due to the open cell design in combination to the argon stream the
solvent of the electrolyte tends to evaporate within the time frame of the electrochemical
experiments. The decreasing electrolyte volume not only poses the risk of the reference and
counter electrode to run dry, but also the changing weight of the electrolyte does change the
driving force during the experiment. Consequently, the experiments have to be performed as
single cycles with continuous replenishment of the electrolyte between the individual cycles.
Another experimental challenge for the EQCM experiments is the usage of a fitting reference
electrode. Due to the original cell design based on aqueous electrolytes, the corresponding
reference electrode is also water based and can not be re-filled with an organic electrolyte.
Therefore a silver chloride coated silver wire was used as pseudo reference. Since the absolute
potential value of the pseudo reference versus the standard hydrogen electrode is dependent
on the quality of the coating, the usage of the ferrocene/ ferrocenium redox couple as in-
ternal standard is required. The ferrocene reference measurement was performed after the
electrochemical experiments and was conducted with a blank EQCM electrode. Neverthe-
less, the ferrocene measurement could not be performed successfully after some experiments

wherefore the presented data of these experiments are referred to the used pseudo silver/
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silver chloride reference instead of the ferrocene/ ferrocenium couple. As a consequence
the absolute potential values derived from these experiments can not be compared to the
potentials from the basic voltammetric characterisation described above.

Besides the experimental problems caused by the cell design, there are also two important
obstacles caused by the nature of the studied polymer film to consider. Firstly, the geometry
of the used quartz-gold working electrodes with the pins soldered tightly, which act as con-
tacts towards the potentiostat, prohibit the film preparation by spin coating. Therefore the
films were prepared by drop casting which results in inhomogeneous coatings. In addition,
to avoid too high equilibrium frequencies, excess of the applied polymer on the bare quartz
crystal had to be gently removed with a chloroform soaked cotton bud without harming
the crystal. The inhomogeneity of the polymer films may lead to different ion intercalation
quantities in zones of varying film thickness. The second and possibly largest experimental
obstacle caused by the studied polymer films is the electrochemically induced cross-linking
reaction during the first voltammetric cycle. The cross-linking of the polymers alters the
mechanical characteristics of the polymer film, which most probably results in a change in
the elastic modulus and therefore contributes to frequency changes during the experiment.
Unfortunately with the available EQCM setup it is not possible to determine the proportion
of frequency change being caused by the elastic modulus or the real mass change by ion (and
solvent) uptake respectively.

In general the quartz crystal micro balance has been designed for the layer thickness de-
termination of rigid, metal coatings measured in air. In the 1980s it has been shown that
the quartz crystal micro balance characterisation method is also feasible in liquids which
opened the field of the electrochemical quartz crystal micro balance technique. [203] Es-
pecially in the field of electro-active polymer characterisation, nowadays non-rigid coatings
with viscoelastic properties are studied by means of EQCM. For such coatings the deposited
material is not directly coupled to the quartz crystal oscillation but experiences a phase shift
or an attenuation of the initial applied acoustic wave across the coating. [204] To charac-
terise the mechanical properties of the coating, commonly the EQCM is coupled with an
impedance spectrometer. From the interpretation of the electric impedance with the aid
of elaborate equivalent circuits (e.g. the Butterworth-van Dyke model), the rheological loss

and storage modulus can be extracted from the resistance and capacitive elements of the
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equivalent circuits. [203, 204]

EQCM of the PVTPA Homopolymer

In the following, first a general discussion on the overall EQCM characteristics of the first and
second voltammetric cycles of the PVTPA homopolymer and the attributed ion transport
processes is given. Afterwards in the second part the influences of the cross-linking density
and the ion size of the respective conducting salts is discussed.

In Fig. 5.9 the cyclic voltammograms (left column) and the corresponding potential depen-
dent frequency curves (right column) of the first (top row) and second (bottom row) cycle of
the PVTPA homopolymer, measured in a standard electrolyte of 0.1 M NBuyPFy in acetoni-
trile, are shown. In the first cycle (Fig. 5.9 a) the voltammogram reveals the intense, sharp
anodic half wave at 0.58 V associated to the oxidative cross-coupling of the TPA groups
to TPB groups with consecutive charging to the dication species. In the backward scan of
the voltammogram the two cathodic half waves with peak potentials at 0.37V and 0.52V
corresponding to the two-step discharging of the TPB2* dication to the neutral TPB groups
are observed. In the second voltammetric cycle (Fig. 5.9 ¢) two overlapping reversible redox
waves with half wave potentials of 0.40V and 0.54 V are visible. The current increase at the
turning potential (in the range of 0.7V - 0.75V) is attributed to the increasing current base
line caused by the electrolyte rather than to non-cross-linked TPA groups since the onset
potential of the current increase is shifted by about 0.2 V towards higher potential compared
to the cross-linking signal in the first cycle. The peak potential of the cross-linking half
wave in the first cycle as well as the half wave potentials of the reversible redox reactions
in the second cycle are comparable to the values measured on planar gold electrodes (see
Table 5.4) indicating similar electrochemical behaviour of PVTPA on the gold coated quartz
electrodes.

The potential dependent frequency changes of the first and second voltammetric cycles of
PVTPA are shown in Fig. 5.9 b and d respectively. At the start of the measurements
the frequency is set to 0 Hz. In the first cycle (Fig. 5.9 b) the frequency remains constant
until the onset potential of the anodic cross-linking signal at 0.55V is reached. At the
onset potential the frequency decreases by 565 Hz. According to the Sauerbrey equation (see

Eq. 7) the frequency decrease relates to a mass increase of the polymer film. This mass
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Figure 5.9: Electrochemical quartz crystal micro balance characterisation of PVTPA films;
left column: cyclic voltammograms of the first (a) and second (c) cycles; right
column: corresponding potential dependent frequency evolutions during the first
(b) and second (d) voltammetric cycles; measured on gold covered quartz crystals
in 0.1M NBuwPF4 in MeCN with a scan rate of 20mV s~!; scan directions are

indicated by arrows respectively.

increase is caused by the intercalation of the PFy™ anions with their solvent shell to counter
balance the cationic species in the polymer film (TPA™ TPB™ and TPB?"). Interestingly,
in the range of 0.70V to 0.75V, meaning between the end of the cross-linking half wave
in the voltammogram and the turning potential, the measured frequency increases slightly
by about 10Hz. This can be interpreted as a small mass decrease e.g. from the proton

elimination process. Another interpretation might be a change of the elastic modulus of the
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Figure 5.10: Schematic illustration of the possible ion intercalation/ expulsion processes and

the associated solvent uptake during the reversible charging/ discharging of a

cross-linked PVTPA film.

polymer film due to the cross-linking of the polymer chains. During the backward scan of
the voltammetric cycle, the measured frequency increases until 0.3 V, which correlates to the
end of the cathodic half waves, is reached. Afterwards the frequency remains constant at
—450Hz. Two plausible explanations for the frequency offset between the neutral polymer
film prior and after the voltammetric cycle are a significant change of the elastic modulus of
the polymer film or a permanent mass increase which could be for example trapping of ions
from the electrolyte in the cross-linked polymer film. In the forward scan of the second cycle
(see Fig. 5.9 d) again the frequency remains constant until the onset potential of the onset of
the anodic redox half wave at about 0.2V is reached. Towards higher applied potentials the
frequency decreases by 95 Hz indicating a mass increase which can be explained by counter
ion and solvent uptake. During the backward scan of the voltammetric cycle, the frequency
increases and mass decreases again and reaches a plateau at about 0.25V which correlates
to the end of the cathodic half waves in the voltammogram.

In summary, the EQCM characterisation of the PVTPA homopolymer reveals a clear cor-
relation of the current signals from the voltammograms and the frequency changes with
complex ion intercalation and expulsion processes during the cross-linking and the reversible
charging/ discharging of the polymer film. While the ion movement in the cross-linked
state in the second cycle can be interpreted straightforward, the interpretation of the ion
movement in the cross-linking reaction in the first cycle is complex and requires additional
information about the mechanical properties of the original and the cross-linked polymer
films. Therefore, in the following a possible interpretation of the ion movement processes in

the first cycle, which neglects possible contribution of a change of the elastic modulus of the
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polymer film, is given.

During the forward scan of the first cycle the TPA groups become oxidised to their radical
cation species. To maintain charge neutrality the respective counter ion PF; from the elec-
trolyte is intercalated into the polymer film. During the discharging the intercalated anions
get electrostatically repelled. Due to the cross-coupling of the polymer chains some PFy
anions are enclosed in the polymer film and therefore can not be expelled upon discharg-
ing of the PVTPA. To counter balance the residual PF; ions in the polymer film, solvated
NBuj cations are intercalated in a secondary process, which could explain the irreversible
frequency offset concurrent to the complete discharging of the PVTPA at the end of the first
voltammetric cycle. During the second cycle solvated PFy anions are reversibly intercalated
during the two-step oxidation of the PVTPA film and expelled during the re-reduction to
the neutral polymer. The ion movement processes during the second voltammetric cycles

are schematically illustrated in Fig. 5.10.

EQCM of PVTPA-co-PS Copolymers

To gain further insights into the cross-linking density dependency of the ion movement pro-
cesses during the first and second charging/ discharging cycles, the EQCM data of PVTPA-
co-PS copolymers with 50 mol% (a, b), 30 mol% (c, d) and 10 mol% (e, f) are shown in Fig.
5.11. Since the EQCM measurements suffer from a number of experimental obstacles de-
scribed above, the cyclic voltammograms are taken as a measure to assess the quality of the
gained EQCM data. In the first cycles (Fig. 5.11 a, c and e) the irreversible anodic half wave
associated to the oxidative cross-linking of the TPA groups is observed. The peak potentials
are at 0.57V (50 mol%, a), 0.54 V (30 mol%, c) and 0.57V (10 mol%, e) respectively. With
exception of the 30 mol% copolymer the peak potentials of the cross-linking half wave of the
studied PVTPA-co-PS copolymers match the peak potential of the PVTPA homopolymer
(0.58V, see Fig. 5.9 a). The peak potentials of all shown EQCM measurements as well as
their respective analogues measured on planar gold electrodes are summarised in Table 5.7.
The discrepancy of the peak potential of the 30 mol% copolymer (5.11 ¢) can be explained
by the fact that both data curves (current in black as well as frequency in blue) reveal a
spike in the range of the current peak which is most likely due to a measurement error.

In summary, the electrochemically induced cross-linking reaction of the TPA groups is ob-
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Figure 5.11: Electrochemical quartz crystal micro balance characterisation of PVTPA-co-

PS copolymer films with varying TPA content; left column: first cycles; right

column: second cycles; voltammograms (black curves) and potential depen-

dent frequency evolutions (blue curves) of PVTPA-co-PS with 50 mol% (a, b),
30 mol% (c, d) and 10 mol% (e, f); measured in 0.1 M NBuyPFg in MeCN with

scan rates of 20mV s™!; scan directions are indicated by arrows respectively.
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Table 5.7: Comparison of the peak potentials of the cross-linking half waves of PVTPA-co-
PS copolymers; determined by means of basic voltammetry on gold electrodes
and by electrochemical quartz crystal micro balance experiments on gold coated

quartz electrodes; measured with a scan rate of 20mV min—! in 0.1 M NBu4PFg

in MeCN.
polymer electrode peak potential (V)
homopolymer gold 0.62
homopolymer quartz/ gold 0.58
50 mol% gold 0.62
50 mol% quartz/ gold 0.58 @
30 mol% gold 0.62
30 mol% quartz/ gold 0.54
10 mol% gold 0.61
10 mol% quartz/ gold 0.57

2 gpike in both recorded data curves (current and frequency); probably due to a measurement
error.

served in all studied polymers during the EQCM measurements. In the backward scan of the
first cycle all copolymers show the two cathodic half waves attributed to the two-step dis-
charging of the formed TPB?* dications. Charge trapping similar to the experiments on ITO
electrodes is not observed. In the second cycles (Fig. 5.11 b, d and f) the copolymers show
the two redox waves of the reversible two-step redox processes TPB*t = TPB™ = TPB.
Interestingly, just as in case of the basic electrochemical characterisation on planar gold
electrodes, the second voltammetric cycle of the copolymer with low TPA-content (10 mol%
in Fig. 5.11 f) differs from the homopolymer (5.9 b) and high TPA-content copolymers
(50 mol% and 30 mol% in Fig. 5.11 b and d) in a way that the anodic current signal does
not consist of two separate half waves but the low-potentials half wave at about 0.4V gets
suppressed. In general, despite the spike in Fig. 5.11 ¢ and a slight noisy current signal
in Fig. 5.11 b the voltammograms of the PVTPA-co-PS copolymers measured by means of
EQCM are well resolved and reveal the same electrochemical behaviour as during the basic

voltammetric characterisation on planar gold electrodes.
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The potential dependent frequency curves of the first cycles of the three PVTPA-co-PS
copolymers (Fig. 5.11 a, ¢ and e) all reveal the same general frequency trend as the PVTPA
homopolymer. The frequency remains constant until the oxidation onset potential of the
cross-linking half wave is reached. During the oxidation of the polymer films the frequency
drops due to the mass increase probably caused by the intercalation of PFy counter ions. At
the start of the backwards scan, again the frequency remains constant until the reduction
onset potential of the TPB?>T = TPB™ redox process is reached. During the reduction of
the polymer films the frequency increases and reaches a plateau which is at a lower frequency
than the starting value as soon as no further current flow is detected. The frequency offset
in the neutral state is either caused by an irreversible mass increase due to trapping of
the intercalated counter ions even in the copolymer with the lowest cross-linking density
(10 mol% in Fig. 5.11 e) or the changing mechanical properties caused by the cross-linking
of the polymer chains. Interestingly, the frequency curve increase during the discharging of
the copolymer films consists of two steps with different slopes (best seen in Fig. 5.11 a) which
correlate with the interception of the two reduction half waves in the voltammogram. In the
second cycles (Fig. 5.11 b, d and f) the copolymer films show a frequency decrease during
charging and increase back to the starting value during discharging, indicating reversible
counter ion intercalation and exclusion. The onset values of the frequency changes match
the onset potentials of both the anodic and cathodic current signals. For the two high TPA-
content copolymers (50 mol% and 30 mol% in Fig. 5.11 b and d respectively) the frequency
curves show two separate mass transfer processes each during both the charging and the
discharging processes indicated by the different slopes of the frequency curves which match
the potentials of the interceptions of the redox half waves. This effect is also observed during
the discharging of the 10 mol% copolymer film (see Fig. 5.11 f) but not during the charging.
This is in accordance with the suppressed anodic half wave in the voltammogram.

In general, the frequency curves of all studied polymers show direct response to the observed
current flows. The potentials dependent frequency changes in the PVTPA-co-PS copolymers
follow the same tendencies as in the PVTPA homopolymer; namely a frequency decrease
during the first cycle and reversible ion intercalation and exclusion during the reversible
two-step redox processes of TPB = TPB*' = TPB2*. With exception of the 10 mol%

copolymer sample the two-step redox process can also be identified by the coexistence of two
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frequency ranges with different slopes indicating different ion movement speeds.

Influence of Conducting Salt

To gain deeper insights into the ion movement during cross-linking and charging/ discharging
of the PVTPA-co-PS copolymers two additional conducting salts (LiClO4 and KPFg) with
different anion and cation sizes are used. For these measurements the 30 mol% copolymer
is used since it neither showed the hampered oxidation of the low TPA-content copolymers
in the basic voltammetric characterisation on planar gold electrodes nor the hindered dis-
charging of the PVTPA homopolymer and high TPA-content copolymer on ITO electrodes.
In Fig. 5.12 the voltammograms (black curves) and potential dependent frequency curves
(blue curves) of the first (left column) and second (right column) cycles of the 30 mol%
PVTPA-co-PS copolymer are shown. All measurements were performed as individual cycles

Lin electrolytes containing 0.1 M conducting salt in MeCN. As

with a scan rate of 20mV s~
conducting salts NBu,PFg (a, b), LiClOy4 (c, d) and KPFg (e, f) were used. Please note that
the data presented in Fig. 5.12 a and b have already been shown and discussed in Fig. 5.11
c and d and are only re-presented here to facilitate the direct comparison with the two other
conducting salts. As a second important remark, since the ferrocene measurements for the
LiClO4 and KPFg electrolytes failed, the potentials are plotted with respect to the Ag/AgCl
pseudo reference electrode. Therefore only the general shapes of the voltammograms and
the respective frequency response, but no absolute potential values of signals are discussed.
In general the voltammograms of all shown first cycles (left column in Fig. 5.12) reveal
the irreversible anodic half wave and two cathodic half waves attributed to the oxidative
cross-coupling of TPA — TPB and the two-step discharging TPB** = TPB* = TPB.
The second cycles (right column in Fig. 5.12) show two reversible redox waves attributed to
the reversible oxidation of the neutral cross-linked polymer to its dication form. Therefore
the general electrochemical behaviour of PVTPA-co-PS (30 mol%) is similar for all tested
conducting salts. On a closer look, it is conspicuous that in case of the two PF anion
containing conducting salts (in NBuyPFg and KPFg) the two redox waves in the second
cycles are separated while in case of LiClOy4 the overlapping of the two oxidative half waves

even prevent the determination of the half wave potential for the first oxidation step.

The frequency curves of the first cycles (left column in Fig. 5.12) all reveal the same general
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Figure 5.12: Electrochemical quartz crystal micro balance characterisation of PVTPA-co-PS
(30 mol%) with varying conducting salts; a), b) 0.1 M NBuyPFg in MeCN; c),
d) 0.1 M LiClO,4 in MeCN; e), f) 0.1 M KPF4 in MeCN; voltammograms (black

curves) and potential dependent frequency evolutions (blue curves); left column:

first cycles with the oxidative cross-linking reaction; right column: second cycles

with the reversible charging/ discharging of the cross-linked polymer.
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tendency discussed above. The frequency remains constant until the onset potential of the
anodic cross-linking half wave is reached. Upon oxidation of the polymer the frequency
decreases which correlates to a mass increase. Upon the cathodic half waves the frequency
increases but does not reach its initial value. As described above, two possible explanations
for the frequency offset in the neutral state are an irreversible ion (and solvent) trapping and
a change in the elastic modulus of the polymer film. In the second cycles (right column in
Fig. 5.12) a reversible ion uptake and exclusion upon charging/ discharging is observed. The
onset potentials of the frequency changes match the onset potentials of the current curves.
Again, while in the measurements with PF anion containing electrolytes the two-step redox
process (TPB = TPB"™ = TPB?") is also observed by a change in the slope of the frequency
curves (best seen in Fig. 5.12 e and f), the frequency data obtained with LiClO4 do not
show such details. This finding supports the assumption of the merging and suppression of
the anodic half waves in the reversible charging/ discharging of the cross-linked TPB groups

being caused by a hindered ion diffusion kinetics.

5.4. Towards Electrochemical Devices

The PVTPA-co-PS copolymers are interesting materials for the application in organic elec-
tronic devices, since they combine the solution processability of the initial polymers with
two reversible redox reactions and an increased film stability in the cross-linked films. In
the following chapter, the general usability of PVTPA-co-PS as novel energy storage ma-
terials and transparent electrode materials is studied. In the first part, the charge storage
properties of electrochemically cross-linked PVTPA-co-PS copolymer films are examined by
means of supercapacitor tests. The supercapacitor device configuration has been chosen as
a preliminary test system to evaluate the general usability of PVTPA-co-PS copolymers,
since this device is easier producible than a battery device and does not necessarily require
a n-conductor. In the second part, the chemical cross-linking and doping of PVTPA-co-PS
copolymers with oxidative dopants is studied to exploit the usability of these copolymers as

transparent electrode materials.
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5.4.1. Charge Storage Capabilities — Supercapacitor Test

In the last 15 years, supercapacitors have gained a huge scientific and industrial interest
due to their high power density, fast charging/ discharging times and good cycle lifetime
in comparison to Li-ion batteries and fuel cells. Therefore they are promising devices to
supply the demand of cheap, light weight, flexible and efficient energy storage devices for
the application in portable electronic devices and electric vehicles. So far, the available
supercapacitors suffer from low energy densities though. [32, 205, 206] The placement of
supercapacitors regarding specific energy density and power density in comparison to other
energy storage devices like fuel cells, batteries and capacitors is given by the Ragone plot
and is shown in Fig. 5.13 a. [31, 32]

In general, the generic term of supercapacitor comprises three types of energy storage sys-
tems. In the so-called electrochemical double-layer capacitor (EDLC) the electric energy
storage occurs in form of an electrostatic charge separation at the electrode-electrolyte inter-
face. For this highly porous materials are necessary to maximise the charge storage capacity.
The second type of supercapacitors are the so-called pseudocapacitors, which store energy
in form of fast and reversible faradaic redox reactions. As a third type the so-called hybrid
supercapacitors combine the properties of the other two types. [32, 205, 207] To improve
the performance of supercapacitor devices, a lot of scientific effort has been spent in the
development of new electrode materials like conducting polymers, carbonaceous materials
and transition-metal-oxides in recent years. The most important requirements for new elec-
trode materials are high conductivity and nano-porous structures to increase the electrode-
electrolyte interface. [205-207] In principle conducting polymers are ideal candidates for the
electrode material in supercapacitors since they comply all the mentioned requirements with
their high conductivity in the doped state, fast electron transfer kinetics in the charging/
discharging reactions and a high specific capacity caused by the involvement of the whole
bulk volume rather than only the surface for the charge storage. In addition, their straight-
forward synthesis and low production costs in comparison to transition-metal-oxides make
them promising materials for large scale industrial application. [208, 209]

Even if significant progress has been made in the field of material development, there are still
almost no film-state electrode materials available which limits the large scale production of

commercial supercapacitors. The important advantages of film-state electrode materials are
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Figure 5.13: Electrochemical charge storage in supercapacitor devices. a) characteristic spe-
cific energy and specific power values of various energy storage devices like fuel
cells, batteries and capacitors, reprinted with permission from Snook et al. [31],
Copyright Elsevier (2011); b) schematic illustration of a supercapacitor setup,
reprinted with permission from Rosario-Canales et al. [210], Copyright ACS
(2012).

the flexibility and the possibility to integrate them directly into organic electronic devices
resulting in a new generation of custom-made electronic devices. [205] First attempts with
m-conjugated polymers like polythiophene and polypyrrole revealed poor cycle life stability
due to volume changes of the polymer films during the charging and discharging reactions
caused by the swelling and shrinking of the films as a result of counter ion intercalation and
expulsion. [206] As one possible approach so-called conjugated microporous polymers were
used, as they combine a m-conjugated skeleton with permanent nanopores. Although these
polymers showed high specific capacitance and good cycle life stability, the rigid, cross-linked
polymer skeleton inhibits the solution processing for film deposition whereby they are only
usable as powder electrodes. [205, 211] The second approach is the usage of redox active,
non-m-conjugated materials like carbazole derivatives. The important advantage is, that

the material synthesis and film deposition can be performed simultaneously by means of
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electropolymerisation. [205]

The general set-up of a supercapacitor device is rather plain and unsophisticated. Fig. 5.13
b shows the schematic illustration of such a common supercapacitor set-up. It consists of two
current-collectors which are covered with the anode and cathode material respectively. The
two electrodes are both in contact to an electrolyte soaked separator. [210] Depending on
the anode and cathode material and doping state, supercapacitor devices are subdivided into
three types referred to as Type I, Type II and Type II1. For Type I, which has been used in
this thesis, the same p- or n-type conducting material is used for both electrodes. Therefore
the supercapacitor device is symmetric. In the asymmetric Type II a p-type conductor is
used as anode material and a n-type conductor as cathode material respectively. Type II1 is
based on Type I but the electrode material of the symmetric supercapacitor device is used
in its p-doped state on one electrode and in its n-doped state on the other electrode. [31]
Even if sophisticated analysis techniques like the electrochemical quartz crystal micro balance
can be used to characterise supercapacitor devices [212], usually the three electrochemical
analysis methods of electrochemical impedance spectroscopy (ELS), cyclic voltammetry (CV)
and galvanostatic charging/ discharging (GCD) are used. [213]

For the EIS characterisation of supercapacitors the Nyquist plot is recorded towards very
low frequencies. From the slope of the imaginary part of the impedance in the low frequency

region the specific capacitance (Cs,) can be calculated according to Equation 19: [213]

1

Cop=————
P ™ f] ZHl m

(19)

with f; being the lowest frequency, Z/; being the imaginary term of the impedance at f; and
m being the mass of the electrode material.

For ideal supercapacitor behaviour the CV characterisation of the device reveals a rectangular
voltammogram with current plateaus between the turning potentials. From the current
difference of the two plateaus (I) the specific capacitance can be determined according to

Equation 20: [213]
21

Cyp =
Pom

(20)

with v being the scan rate and m being the mass of the electrode material.
Even though EIS and CV are useful techniques to gain deeper insights into the electrostatic

and redox processes in the device, galvanostatic charging/ discharging curves are the most
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important characterisation of any charge storage device. They are recorded by applying
a constant current for charging whose polarisation is simply reversed for discharging and
recording the resulting time-dependent potential. To do so, either the duration of each
current flow is set or the cut-off potentials at which the polarisation of the current is reversed
are defined. From the galvanostatic charging/ discharging curves the specific capacitance is
calculated as following: [213]

21

Csp - N7 (21)

A
At
with [ being the applied current, AV/At being the slope of the potential curve and m
being the mass of the electrode material. Usually the discharging curves are used for the
characterisation of energy storage devices.

The GCD curves can further be used for the determination of the specific energy density

(Es,) and the specific power density (Ps,) according to Equations 22 and 23: [213]
(22)

(23)

PEDOT:PSS as Model System

In the following a commercial PEDOT:PSS is used as a literature-known, ideal supercapac-
itor material to test the custom-made measuring cell and to verify the correct application
of the three mentioned analysis techniques by reproducing literature values. The experi-
mental details are given in Chapter 3.2.7 and are inspired by Carlberg et al. [214] who
reported values of 66 F g~ for Cy,, 3600 - 14400 Jkg™! for F,, and 35 - 2500 Wkg™! for Py,
respectively. It is important to note that the polymer parameters as well as the preparation
parameters significantly influence the charge storage parameters which leads to Cs, values
as high as 100 - 120 F g~! being reported in literature. [215] In the following supercapacitor
characterisation of the PEDOT:PSS model system, the obtained specific capacitance, energy
density and power density values are compared to values by Carlberg et al. [214], since the
experimental details were chosen according to this reference.

Fig. 5.14 shows the electrochemical characterisation of a Type I PEDOT:PSS supercapacitor
in 0.1 M LiClO4 in MeCN. As the first analysis method, cyclic voltammetry with varying
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Figure 5.14: Charge storage capacity characterisation of a PEDOT:PSS supercapacitor mea-
sured in 0.1 M LiClO,4 in MeCN. a) scan rate dependent cyclic voltammograms;
b) Nyquist plot from electrochemical impedance spectroscopy with an ampli-
tude of 1V (high frequency range shown as inlet) and c) galvanostatic charging/
discharging curves with 100 pA and cut-off potentials of 0V and 1V.

scan rates is used as a control experiment to gain information about the redox processes
in the supercapacitor. The CV measurements shown in Fig. 5.14 a have been recorded in

L' to

the potential window between —1V and 1V with scan rates in the range of 10mV s~
100mV s™!. The observed voltammograms possess almost ideal rectangular shapes. The lack
of distinct peaks indicates purely electrostatic behaviour without any faradaic redox reac-
tions. The sudden current changes at the turning potentials indicate capacitive behaviour.

With increasing scan rate the span between the current plateaus increases, which means that
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Table 5.8: Supercapacitor characterisation of PEDOT:PSS, measured in 0.1 M LiClO4 in
MeCN by means of electrochemical impedance spectroscopy (EIS) and galvanos-

tatic charging discharging (GCD).

parameter method value

Cee EIS 9.8Fg!
Cue GCD  10.3Fg!
Ep GCD  5136Jkg™!
pp GCD  90.9Wkg™!

the specific capacitance of the PEDOT:PSS supercapacitor increases as well.

As second characterisation method EIS is used to gain additional information about possible
electron impedance processes like contact resistance or the generation of ionic double layers.
In Fig. 5.14 b the Nyquist plot of the PEDOT:PSS supercapacitor in a frequency range
between 5 mHz and 100 kHz is shown. The EIS curve can be subdivided in three parts which
correspond to characteristic electronic processes. [213] From the high frequency area (shown
as inlet in Fig. 5.14 b) the contact resistance at the electrode/ electrolyte interface of 9 Q2 (left
end of semicircle) and the internal resistance of the electrode of 12 € (right end of semicircle)
can be determined. The adjacent straight curve segment is caused by the combined resistive
and capacitive behaviour of intercalating ions. As the third section, the straight line in the
low frequency range describes the dominant capacitive behaviour of the generated charges
in an ionic double-layer at the electrode surface. From the slope of the imaginary impedance
term in this section the specific capacitance can be calculated according to Equation 21. For
the studied PEDOT:PSS supercapacitor Cj, accounts for 9.8 F g™ !.

As the third and most important analysis technique galvanostatic charging/ discharging
curves were recorded. In the presented PEDOT:PSS supercapacitor the GCD curves are
recorded with cut-off potentials of 0V and 1V and current flows of 100 pA and —100 pA
respectively. The second possibility would be to set the duration of each current flow under
the risk of a significant over- or underpotential, which would lead to an automatic shut-down
of the used potentiostat. In Fig. 5.14 ¢ an extract of the recorded GCD curves is shown.

The curves of the individual charging/ discharging cycles are uniform and show an evenly
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time distribution which means that the charging and discharging times remain constant dur-
ing the measurement. The shape of the individual curves comply with a triangle for each
charging/ discharging cycle, indicating ideal charge storage behaviour of the PEDOT:PSS
supercapacitor. From the slope of the discharging curve the specific capacitance, energy den-
sity and power density can be determined according to Equations 21, 22 and 23 respectively.
The calculated values are 10.3F g~! for C;,, 5136 Jkg™! for E,, and 90.0 W kg~! respectively.
For the value calculation, 15 individual GCD curves have been analysed and averaged.

The determined values for the specific capacitance, the energy density and the power density,
obtained by electrochemical impedance spectroscopy and galvanostatic charging/ discharging
curves are summarised in Table 5.8. In comparison to the values from Carlberg et al. [214] the
energy density and power density values are in range of the literature values but the specific
capacitance is lower. Altogether the characterisation of the PEDOT:PSS supercapacitor
results in reasonable values wherefore it can be assumed that the custom-build measurement

cell is working and the used analysis techniques are applied appropriately.

Cross-linked PVTPA-co-PS Copolymers

In the next step the PVTPA-co-PS copolymers are studied. In Fig. 5.15 the schematic set-up
of the measurement cell as well as the layer sequence of the used Type I supercapacitor are
shown. For the separator cellulose soaked with 0.1 M LiBTFSI in MeCN is used. The film
deposition was carried out by drop-casting and all electrodes were electrochemically cross-
linked in an external three-electrode cell usually used for cyclic voltammetry measurements.
Fig. 5.16 shows exemplarily the supercapacitor characterisation of the externally cross-
linked PVTPA-co-PS copolymer with 20 mol% of PVTPA repeating units. The data of all
other copolymers and the PVTPA homopolymer are shown in the Appendix in Chapter A.5.
Analogous to the PEDOT:PSS supercapacitor, the characterisation of the redox polymers is
carried out by CV, EIS and GCD.

The scan rate dependent cyclic voltammograms shown in Fig. 5.16 a reveal current plateaus
with significant current in- and decrease at the turning potentials, indicating not purely
capacitive behaviour but in addition faradaic redox processes in the range of the turning
potentials. The impedance spectrum in Fig. 5.16 b shows similar progression as the PE-

DOT:PSS supercapacitor described above. From the slope in the low frequency range the
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0.1 M LiBTFSI in MeCN
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Figure 5.15: Schematic illustration of the custom-made supercapacitor setup based on a lit-
erature cell design by Rosario-Canales et al. [210]; the polymer films were
prepared by drop casting onto disk electrodes and the oxidative cross-linking
was performed externally in a three-electrode cell described in Chapter 3.4 prior

to device assembly with cellulose paper used as separator material.

specific capacitance is calculated to be 58 mF g~!.

Fig. 5.16 c shows an extract of the recorded GCD curves. In contrast to the PEDOT:PSS
supercapacitor, the discharging curves of the PVTPA-co-PS copolymer show a flattening
slope towards lower potential values. This can be explained by the co-existence of two
different charge storage processes. The initial potential decrease during the discharging
scan is caused by fast, non-faradaic processes and the more gradual decrease towards the
end of the discharging scan can be attributed to slower, faradaic redox reactions. [216] In
accordance to literature [216] the calculation of the specific capacitance, the energy density
and the power density are performed by using the average slope over the entire potential
range of the discharging curve and with an average over 20 measurements. The obtained
parameters are 4mF g=! for Cy,, 109.4Jkg™* for Ey, and 11.8 Wkg™! for Pg,. All values
obtained from all studied redox polymers are summarised in Table. 5.9 and are in the same
range.

To be able to put the obtained values for the studied redox polymer supercapacitors into
perspective an important limitation to the accuracy of the values has to be discussed. Since
the m value is required for the calculation of all the characteristic supercapacitor parameters,

the precise control of the mass of the electrode material is crucial. For this reason the polymer
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Figure 5.16: Charge storage capacity characterisation of an externally cross-linked PVTPA-
co-PS (20 mol%) supercapacitor measured in 0.1 M LiBTFSI in MeCN. a) scan
rate dependent cyclic voltammograms; b) Nyquist plot from electrochemical
impedance spectroscopy with an amplitude of 0.5V and ¢) galvanostatic charg-

ing discharging curves with 1 1A and cut-off potentials of 0V and 1V.

films had to be prepared by drop-casting. As a first consequence of this film deposition, no
control over the homogeneity of the polymer film is possible. Secondly, there still remains
a mass uncertainty of the electrode material. To avoid current short-cuts the used current-
collectors are surrounded by an isolating teflon layer. Therefore it is essential to only deposit
the polymer onto the free-standing disk electrode without spilling or leakage of the polymer
solution onto the outer sheath. Even by drop-by-drop applying of the polymer solution it

was not possible to prohibit some polymer deposition on the outer sheath, which results in
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Table 5.9: Supercapacitor characterisation of cross-linked PVTPA-co-PS, measured in 0.1 M
LiBTFSI, in MeCN by means of electrochemical impedance spectroscopy (EIS)
and galvanostatic charging discharging (GCD).

PVTPAPS Cypis  Cspcep  Eep Py,

ratio (mFg™) (mFg™') (Jkg7') (Wkg™!)
100:0 58 2.0 43.4 10.0
50:50 230 2.0 90.0 10.0
30:70 152 2.3 60.5 11.0
25:75 30 10.0 32.1 9.4

20:80 58 4.0 109.4 11.8
15:85 49 2.5 10.3 6.1

10:90 45 2.0 114.1 11.4

some proportion of the polymer film not being electronically accessible. For this reason the
energy density and power density values of the studied redox polymers are presented with
their respective error bars obtained from a mass error propagation with a mass uncertainty
of 50% of the absolute, applied mass in Fig. 5.17 a and b respectively. The used mass
uncertainty of 50% has been chosen as a very cautious estimate and has most probably not
been reached in the real experiments. But since no precise assessment of the electronically
inactive polymer mass can be made, the uncertainty has been estimated rather too high than
too low to cover a worst-case scenario. Since the resulting error bars become significant,
only statements about orders of magnitude should be made. For the studied redox polymer
supercapacitors the specific energy densities are in the range of 10! - 102 Jkg™! and the
specific power densities in the range of 10! Wkg=!. No dependency on the repeating unit
ratio between PVTPA and PS is observed.

In general, the PVTPA-containing redox polymers do show charge storage properties and
the stability of the cross-linked polymer films is good. Although, from the electrochemical
characterisation of the supercapacitor devices, rather faradaic than capacitive behaviour is
observed, which means that the application of these polymers in battery devices is expected

to lead to higher charge storage efficiencies.
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Figure 5.17: Overview of the specific energy (a) and specific power (b) of cross-linked
PVTPA-co-PS copolymer supercapacitors measured in 0.1M LiBTFSI in
MeCN. Values were calculated from the galvanostatic charging discharging
curves. Vertical bars indicate the error propagation of a mass uncertainty of

50% due to the film preparation by drop casting.

5.4.2. Conducting Films — Towards Novel Electrodes

TPA-containing polymers are promising new electrode materials to replace PEDOT:PSS due
to their optical transparency, easy processability from solution and long term stability in the
cross-linked state. For the utilisation in an industrial scale, electrochemical doping is un-
economical. Therefore, in recent years chemical doping of organic semiconducting materials
has gained significant interest in literature. In particular, the chemical doping of p-type
conducting polymers like P3HT with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(FATCNQ) has been studied intensively, since it leads to polymer films of high conductivity
and good long-term stability of the doped sample. [122, 217-219]

In a collaborative work with Reinold et al., we have studied the electrochemical and chemical
doping behaviour of TPA-containing polythiophenes. [220] For the chemical doping of P3HT
derivatives with side chain attached triphenylamine redox groups with FATCNQ only doping
of the polythiophene backbone was observed. To also initiate the oxidative cross-linking and
charging of the TPA redox groups stronger dopants like FeCl; are needed. Therefore, the two
dopants iron(III) chloride (FeCls) and iron(III) p-toluenesulfonate Fe(Tos)s are used to study
the general usability of chemical doping for PVTPA and PVTPA-co-PS. The challenge for

this particular study is to find the right conditions to successfully cross-link and charge the
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redox polymers and to gain good conductivity values but meanwhile avoid overoxidation and
side reactions like intramolecular cross-coupling of the triphenylamine groups to their phenyl-
N-carbazole counter parts which has been reported by Olena Yurchenko for electrochemical

doping at too high oxidation potentials. [221]

Chemical Dip Doping

As a first step, the general usability of Fe(Tos)s as a chemical dopant for triphenylamine
containing redox polymers is studied. Therefore, a PVTPA homopolymer film, spin coated
onto glass, is dipped into a solution of Fe(Tos)s in MeCN (¢ = 0.5 mgmL~!) under spectro-
scopic long time observation. In Fig. 5.18 a the evolution of the absorption spectra over a
time period of 30 min are shown. In the wavelength range below 400 nm the signal-to-noise-
ratio of all recorded spectra are poor, for which reason no information about the neutral
TPA and TPB redox groups can be gained. For wavelengths above 400 nm the spectra are
well resolved and the rise of characteristic absorption bands at 485nm and 770 nm with a
shoulder at 700 nm are observed. From the in-situ spectroelectrochemical characterisation
in chapter 5.3.1 the observed absorption bands can be correlated to the TPB* radical cation
and TPB?* dication species. The shoulder at 700 nm has not been observed during the in-
situ spectroelectrochemical characterisation but have been reported on by Yurchenko et al.
and Reinold et al. and is attributed to non-cross-linked TPA™" radical cations. [193, 220] As
second difference in the chemical doping compared to the electrochemical, the generation of
all charged species occurs concurrent, observed through the simultaneous arise of the charac-
teristic absorption bands, while during the electrochemical doping the different redox species
are generated in succession. This is caused by the oxidation potential of the dopant being
constantly higher than the required potential for the cross-linking and charging reactions.
Unfortunately, no information about the neutral TPA and TPB redox groups can be gained
from the in-situ spectra. For this reason the PVTPA sample was recovered, washed in pure
MeCN to remove excess of the doping solution, dried in a nitrogen stream and afterwards
transferred to a stationary spectrometer. Fig. 5.18 b shows the absorption spectra of the dry
PVTPA before (black curve) and after (blue curve) chemical doping in Fe(Tos); solution. In
the initial PVTPA film only the absorption band of the neutral TPA redox groups at 310 nm

is observed. After chemical doping two additional absorption bands at 360 nm and 485 nm of
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Figure 5.18: a) in-situ spectra recorded during the chemical doping of a PVTPA film in
Fe(Tos)3 solution in MeCN with a concentration of 0.5mgmL ™" with an over-
all exposure time of 30 min; b) absorption spectra of the PVTPA film before
(black curve) and after (blue curve) chemical doping, measured in dry state;
c) absorption spectra of Fe(Tos)s (red curve) and FeCl; (blue curve) in MeCN

with a concentration of 0.5mgmL~.

the neutral TPB redox groups and the TPB™" radical cation are observed respectively. The
absorption bands of the TPA*" radical cation and the TPB?* dication at 700 nm and 770 nm
respectively are not observed in the ez-situ spectra, which can be due to discharging caused
by the washing and drying of the polymer film. An overview of all observed absorption bands
during chemical doping of PVTPA with Fe(Tos)s is given in Table 5.10. In sum, from the
in-situ and ex-situ spectra it can be concluded, that partial oxidative cross-linking of the
TPA redox groups and consecutive two step-oxidation of the generated TPB redox groups

to the respective dication are initiated by the chemical doping with Fe(Tos); in solution.
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Table 5.10: Overview of the absorption bands of PVTPA during chemical doping with
Fe(Tos); in MeCN with a concentration of 0.5 mgmL™",

wavelength (nm) chemical species ?

<400 /b

485 TPB*
700 TPA* ©
770 TPB2+
310 TPA ¢
360 TPB ¢

® identification of chemical species by means of in-situ spectroelectrochemical studies.

b absorption bands not identifiable due to noisy absorption signals.

¢ species identification according to Reinold et al. [220], Yurchenko et al. [193] on polymers
containing similar redox groups.

4 absorption bands observed in dry state.

For a better understanding of what causes the poor signal-to-noise ratio of the in-situ absorp-
tion spectra at wavelengths <400nm and to avoid confusion of polymer absorption bands
and dopant absorption bands, the spectra of the doping solution of both dopants FeCls and
Fe(Tos)s are shown in Fig. 5.18 c. Both FeCl; (blue curve) and Fe(Tos)s (red curve) so-
lutions in MeCN possess two overlapping absorption bands at 310nm and 355 nm with a
sharp absorption intensity decline at 400 nm. Thus, the wavelength range of the poor signal-
to-noise ratio observed in the in-situ spectra matches the wavelength range of the doping
solution. Since the spectrum of a clean glass substrate emerged into the doping solution was
used as the reference spectrum, intensity changes of the dopant absorption bands during the
doping process result in a mismatch of the used reference spectrum to the actual background
spectrum which might cause the intense signal noise. In addition, the TPA and TPB redox
groups neutral bands may be disguised by excess of the dopant. Consequently, the following
spectroscopic characterisation of the chemical doping processes of PVTPA-co-PS copolymer
films has been performed on washed and dried films, taken into account the risk of de-doping.
To verify the general usability of the chemical doping to generate conducting PVTPA-co-PS
films and to study the influence of the cross-linking density Fig. 5.19 shows the absorption
spectra of the PVTPA-co-PS copolymer films with varying repeat unit ratios after dip doping
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Figure 5.19: Absorption spectra of PVTPA-co-PS copolymer films after chemical doping
with FeCls solution in MeCN with a concentration of 5mgmL~! and exposure

times of 15 min each.

in FeCl; solution (¢ = 5mgmL™") for exposure times of 15min each. The initial spectrum
of a PVTPA homopolymer film is also inserted in Fig. 5.19 (black curve) to allow for a
direct comparison. The absorption spectra of all studied copolymers reveal the characteristic
absorption bands described above after chemical doping with FeCls, indicating successful
cross-linking and charging of the copolymers. For all PVTPA-co-PS copolymers and the
PVTPA homopolymer the TPA neutral and TPA™ radical cation bands are still observed,
meaning the cross-linking is incomplete regardless of the repeating units ratio. The influence
of the repeating unit ratio can be seen as a general trend of increasing absorption intensity
of all charged species with increasing PVTPA amount. For all studied polymer films, the
intensity of the TPB?* absorption band is higher than of the TPB™ band, indicating an
amplified generation of the dication with respect to the radical cation.

To avoid the risk of an overoxidation caused by the high oxidation potential of FeCls
which could result in decreased conductivity of the polymer films, the chemical doping with
Fe(Tos)s, which is a milder dopant, is also studied. In Fig. 5.20 the absorption spectra of
the PVTPA homopolymer and PVTPA-co-PS copolymers after chemical doping in Fe(Tos)s
solution (¢ = 5mgmL~!) with an exposure time of 15min each are shown. Again, to allow

a direct comparison to the initial polymer film spectrum, the PVTPA neutral spectrum is
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Figure 5.20: Absorption spectra of PVTPA-co-PS copolymer films after chemical doping with
Fe(Tos)s solution in MeCN with a concentration of 5mgmL~! and exposure

times of 15 min each.

shown in Fig. 5.20 (black curve) as well. Similar to the chemical doping with FeCls, the
characteristic absorption bands of the cross-linked and charged redox groups are observed
after doping with Fe(Tos); regardless of the PVTPA amount. Due to the preservation of
the TPA neutral band at 310 nm after the doping process, again only partial cross-linking of
the redox groups is observed. Again, the influence of the repeating units ratio can be seen
as a general trend of increasing absorption intensity of the charged species with increasing
PVTPA amount. In contrast to the chemical doping with FeCls the absorption intensity of
the TPB2* dication is weaker than of the TPB* radical cation for the studied polymers,
which leads to the interpretation that even with the oxidation potential of Fe(Tos)s being
high enough to initiate the cross-linking reaction, the milder doping conditions result in
a favoured preservation of the TPB' radical cation rather than generation of the TPB2*
dication.

The aim of the chemical doping of PVTPA containing polymers is to generate conducting
polymer films which can be used as electrodes in organic electronic devices. The conductivity
of such organic materials can be measured by means of the so-called 4-point-probe (4pp)
technique. The deposition of the organic semiconductor onto an isolating, square-shaped

substrate and the knowledge of the exact film thickness are the two prerequisites therefore.
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Figure 5.21: Determination of the PVTPA homopolymer film thickness; a) AFM height
image measured in tapping mode and b) height profile extracted from the AFM
image. The position of the extracted height profile is indicated by a blue line

in a).

The film thickness determination via atomic force microscopy of a PVTPA homopolymer
film spin coated onto glass is shown in Fig. 5.21 exemplarily. The AFM hight image (Fig.
5.21 a) reveals an even, homogeneous polymer film (bright area to the right of the image)
and the edge to a deliberate scratch (dark area to the left of the image), at which the
polymer has been removed with a sharp cannula to expose the underlying glass substrate.
By measuring the height profile (see Fig. 5.21 b) perpendicular to the scratch edge (position
indicated by the blue line in Fig. 5.21 a) the average thickness of the polymer film can be
determined. For the studied PVTPA films spin coated onto glass (5 mgmL~! in chloroform,
180s at 2000 rpm) the average film thickness, measured on multiple samples and at various
positions per sample accounts to 40+5nm.

Being a first test to introduce the field of chemically cross-linked and doped triphenylamine
containing redox polymers as novel electrode materials, the following conductivity characteri-
sation is restricted to the PVTPA homopolymer, the technique of dip-doping and Fe(Tos)3 as
dopant. Since PVTPA is not a m-conjugated semiconducting polymer with a broad conduc-
tivity plateau but a redox polymer with a literature-known conductivity profile with distinct
maxima for electrochemical doping, the challenge is to find the optimal sample preparation
parameters (dopant, concentration, duration) to achieve good conductivity values. [8] To
determine the conductivity of the doped PVTPA films by means of /pp measurements, a
defined current procedure is applied through the two outer pins of the probe head and the

resulting potential between the two inner pins is recorded. In Fig. 5.22 a the used current
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Figure 5.22: Conductivity measurement of PVTPA after doping with Fe(Tos); in MeCN
by 4-point-probe; a) current input as function of time; b) measured potential

(black dots) and calculated resistance (blue dots) as function of time.

protocol is shown as a function of time. In every step the current is kept at a constant
value for the duration of 6s and then increased stepwise. The stepwise protocol of the ap-
plied current is used to assess the quality of the experimental data. In the linear, ohm’ic
resistance regime, the recorded potential mirrors the applied current step-function. In Fig.
5.22 b the potential data points (black dots) follow the step-function of the applied cur-
rent with exception of the first data point of each current step. The deviation of the first
respective data point can be caused by a slow adjustment of the internal field equilibrium
due to the sudden current modification. Since the other potential data points follow the
current step-potential by forming a plateau, the respective first data points of each current
step are neglected for further analysis and the conductivity calculation. From the measured
potential the resistance (blue dots in Fig. 5.22 b) can be calculated according to Ohm’s
law. By using Eq. 14 the bulk conductivity of the polymer film can be calculated from the
bulk resistance and the film thickness. In Fig. 5.23 the average conductivities with their
standard deviation of the PVTPA homopolymer dip-doped in Fe(Tos)s solution with varying
concentrations (0.5 mgmL~"! to 10mgmL~") and doping duration times (5min to 30 min)
are shown. For each sample multiple measurements (at minimum four) at various positions
on the polymer film were conducted. For the dip-doping of PVTPA with Fe(Tos)s conductiv-
ities in the range of 107> AV~—!tem ™! and 107* AVt em™! were reached over a wide doping

solution concentration and doping duration time range. The highest conductivity value of
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Figure 5.23: Overview of the conductivity of PVTPA films after dip-doping in Fe(Tos)s so-

lutions in MeCN with varying dopant concentrations and exposure times.

9x 1079 AV~tem™! was achieved for a Fe(Tos)z concentration of 5mgL~! and doping du-
ration of 5 min. For the chemical doping of PVTPA with FeCl3 no conductivity values higher
than 1077 AV~ cm ™! were recorded. Reasons for this low conductivity values in comparison
to the doping with Fe(Tos)s can be non-optimised sample preparation parameters (doping
concentration and duration) as well as possible over-oxidation due to the higher oxidation

potential of the dopant.

Chemical Vapour Doping

An other chemical doping technique which has gained interest in the organic electronics
community in recent years is vapour doping. This technique is often used for the chemical
doping of p-type conducting polymers like P3HT with FATCNQ. The main advantage of
this method is, that the organic semiconductor can be doped in dry state. As a first task a
vapour doping cell has been constructed according to a set-up described by Yamamoto et al.
[94] in which the polymer film can be deposited onto a quartz glass disc via spin coating to
allow for in-situ absorption spectroscopic characterisation during the vapour doping process.
FeCl3 and Fe(Tos)s have been used as dopants to test for proper operation of the set-up. Fig.
5.24 shows the in-situ absorption spectra of a PVTPA homopolymer film during the vapour

doping process with FeCls at a pressure of 1073 mbar. The isolated, lowered spectrum in
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Figure 5.24: In-situ absorbtion spectra of a PVTPA film recorded during chemical vapour

doping with FeCl3 and an overall exposure time of 250 min.

Fig. 5.24 corresponds to the initial spectrum before the under pressure is applied which
caused the dopant to transfer into the gas phase and therefore acts as a reference spectrum.
In general, the intensity of the recorded spectra is low which leads to noisy signals especially
at the edges of the detection range. Unfortunately in the range of 300 nm to 330 nm the
signal-to-noise ratio is that poor that no information about the TPA neutral band can be
gained. Upon the vapour doping of PVTPA with FeCl; the characteristic absorption bands
of the neutral TPB redox groups, the TPB™ radical cation, the TPA™ radical cation and
the TPB?* dication species arise, indicating successful oxidative cross-coupling and charging
of the polymer film. For the vapour doping of PVTPA with Fe(Tos)s; no evolution of the
characteristic absorption bands was observed. Possible reasons for this are a too low partial
pressure of the dopant under the used experimental conditions or leakage of the custom-
made set-up. To test if Fe(Tos)s vapour doping is usable for the oxidative cross-coupling
and charging of PVTPA in general, further experiments with an improved set-up design are

required.
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6. Conclusion and Outlook

Within the scope of this thesis the electrochemical redox processes in two classes of con-
ducting polymers, namely the m-conjugated poly(3-hexylthiophene) (P3HT) and the redox
polymer polyvinyltriphenylamine (PVTPA), have been studied. Special focus has been set
on the influence of the inner structure of the polymer films on the electrochemical redox
behaviour. The film morphology of the semi-crystalline P3HT has been manipulated by
the film deposition and post-treatment techniques to obtain a series of samples of different
textures and of varying degrees of crystallinity. In case of the redox polymer PVTPA the in-
ner structure of the polymer film is generated by an electrochemically induced cross-linking
reaction of the polymer chains. By studying a series of PVTPA-co-PS copolymers with
varying PVTPA-to-PS ratios, from the PVTPA homopolymer to just 10 mol% of redox-
active repeating units, the influence of the cross-linking density on the electrochemical redox

behaviour has been studied.

Influence of Controlled Thin Film Morphology on the Electrochemical Behaviour
of P3HT
In this thesis, it has been shown, that the regioregularity, the mor-

phology and the degree of crystallinity of semi-crystalline PSHT thin *‘FQ/I';

films have a significant influence on the electrochemical behaviour

and the HOMO energy levels.

CeHi3

By comparing an electropolymerised, regioirregular P3HT sample with chemically synthe-
sised, regioregular P3HT it could be shown, that the number of superimposing anodic sub-
signals in the voltammogram increases from two to three with increasing regioregularity (see
also Fig. 6.1). The additional anodic subsignal is located at lower oxidation potential which
results in a shift of the HOMO energy levels by 0.2eV from —5.3eV to —5.1eV with in-
creasing regioregularity. In-situ spectroelectrochemical characterisation has been performed
to gain information about the chemical species attributed to the anodic voltammetric half
wave. In Fig. 6.2 the in-situ spectroelectrochemical characterisation of a spin-coated P3HT
film is shown exemplarily. From the potential dependent intensity evolution curves of char-

acteristic absorption bands, all three superimposing subsignals of the anodic half wave can
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Figure 6.1: Cyclic voltammograms of electropolymerised (a) and chemically synthesised (b)

P3HT film samples; measured in 0.1 M NBuyPFg in MeCN with a scan rate of
20mV s

be attributed to the first oxidation of neutral PSHT to the radical cation species. At poten-

tials higher than the peak potential of the anodic half wave also an increasing absorption

band of the dication species is observed (black curve in Fig. 6.2 b at 0.6 V).

The observed subsignals in the anodic half wave are in accordance with literature [5, 166,

170] in which they are assumed to correlate to the first oxidation step in coexisting domains

of different morphologies, but no direct correlation could be made due to uncontrolled film

morphologies of the studied samples. To be able to draw a direct correlation of P3HT film

Figure 6.2:
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In-situ  spectroelectrochemical characterisation of spin-coated, regioregular
P3HT; a) cyclic voltammogram with intensity evolution curves of characteristic
absorption bands; b) absorption spectra recorded during the forward scan of a;

measured in 0.1 M NBuyPFg in MeCN with a scan rate of 20mV s™!.
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Figure 6.3: Morphological characterisation of spin-coated (a) and solvent vapour annealed
(b) P3HT films by means of atomic force microscopy and absorption spec-

troscopy.

morphology to the superimposing anodic subsignals, P3HT samples of controlled morpholo-
gies in the edge-on and face-on textures with increasing degree of crystallinity have been
prepared from the same chemically synthesised regioregular P3HT batch, by crystallisation
from solution and post-annealing techniques like solvent vapour annealing and high tem-
perature rubbing. The film morphologies have been characterised by means of atomic force
microscopy, transmission electron microscopy, polarised optical microscopy and absorption
spectroscopy. While non-annealed regioregular P3HT (see Fig. 6.3 a) forms predominately
amorphous films with only few -7 stacked domains, the crystallisation and post-treatment
methods result in successful growth of P3HT nanowires, spherulitic structures (see Fig. 6.3
b) and large-area alignment of the polymer chains, which show decreased exciton band
widths, indicating larger conjugation lengths and higher degrees of crystallinity.

The anodic half waves of all crystallised P3HT films reveal three superimposing subsignals
which match the potentials of the subsignals observed in the amorphous P3HT sample (see
Fig. 6.4). The onset potentials of all crystallised P3HT samples are similar (0.07V to
0.08 V), but the intensity of the first subsignal at low oxidation potentials increases with
respect to the other subsignals, which enables the determination of the half wave potential
of the first subsignal for the crystallised P3HT samples. The two predominately edge-on
samples (nanowires and spherulitic structures) and the predominately face-on sample (high

temperature rubbing) reveal half wave potentials of 0.13V and 0.11V respectively.
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Figure 6.4: Electrochemical characterisation of P3HT films of controlled morphologies; a)
spin-coated, non-annealed P3HT film; b) spherulitic P3HT sample after solvent
vapour annealing; ¢) P3HT nanowires prepared by crystallisation from solution;
d) large area aligned P3HT film prepared by high-temperature rubbing; mea-
sured in 0.1 M NBuyPFs in MeCN with a scan rate of 20mV s .

The in-situ spectroelectrochemical characterisation of the P3HT samples of controlled mor-
phologies reveal the same behaviour as the non-annealed, regioregular P3HT sample, whereby
all subsignals of the anodic half wave are attributed to the oxidation of neutral P3HT to the
radical cation species. In increasing intensity of the dication absorption band is only observed
at potentials higher than the peak potential of the third subsignal. From the potential de-
pendent intensity evolution curves of characteristic absorption bands and from the observed
fine structure in the neutral spectra prior and after electrochemical charging/ discharging
cycles, chemically reversible redox reactions under preservation of the film morphology is
observed. In accordance with Skompska et al. [166, 170] the three superimposing subsignals
in the anodic scan of P3HT are attributed to the formation of the radical cation in coexisting

domains of different morphologies in the P3HT films. In addition, a direct correlation of the
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Figure 6.5: Cyclic voltammograms of non-annealed (a) and thermally annealed (b) binary
P3HT:PCg;BM donor acceptor blend films; measured in 0.1 M NBuyPFg in
MeCN with a scan rate of 20mV s™!.

intensity of the first subsignal at low oxidation potentials to the degree of crystallinity can
be made and therefore the first subsignal is attributed to the first oxidation of crystalline
domains of the P3HT films.

In the next step, the influence of the intermixing of PSHT with PCg BM on the electrochemi-
cal behaviour of the binary donor acceptor blend films has been studied. In Fig. 6.5 the cyclic
voltammograms of a non-annealed (a) and a thermally annealed (b) P3HT:PCs;BM film are
shown. The anodic scan of a non-post-treated P3HT:PCg;BM blend film shows a broad half
wave which corresponds only to the third subsignal observed in pristine P3HT films. The
absence of anodic subsignals at lower oxidation potentials and the lack of a fine-structure in
the neutral absorption spectrum indicate hindered formation of crystalline PSHT domains in
the blend film due to the intermixing with the acceptor material. Compared to undisturbed,
pristine regioregular P3HT films, the HOMO energy is lowered by 0.2 eV in the binary blend.
By applying of an additional thermal annealing step during sample preparation, both the
fine-structure in the neutral spectrum as well as the anodic subsignals at lower oxidation
potentials are regained, which is attributed to the formation of -7 stacked, crystalline do-
mains due to the increased mobility of the polymer chains in the blend system during the
thermal annealing step. The HOMO energy level of a thermally annealed P3HT:PCgs BM
blend film is similar to the HOMO level of pristine, regioregular P3HT. Since the reduction
potentials of PCsBM are not influenced by the annealing, the shift of the HOMO level in

the non-annealed blend film causes an enlargement of the effective band gap by 0.2e¢V. An
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Figure 6.6: Overview of the frontier orbital energy levels of PSHT and PSHT:PCg,BM film

samples; determined by means of cyclic voltammetry.

overview of the frontier orbital energy levels of P3HT films of various morphologies as well
as pristine and thermally annealed P3HT:PCg BM blend films are shown in Fig. 6.6.

In this thesis the focus was set on the characterisation and interpretation of the first, low-
oxidation-potential subsignal in the anodic half wave of P3HT, since it can be unambiguously
attributed to the first oxidation towards the radical cation species, while the high-oxidation-
potential subsignals may overlap with the beginning formation of the dication species. In
addition, a possible attribution to the crystalline domains as suggested by Ref. [166] is
rather straightforward to investigate, since the preparation of PSHT thin films of controlled
morphology and increased crystallinity is well known in literature.

To further study the correlation of w7 stacked, crystalline P3HT domains and the corre-
sponding electrochemical response, film preparation by directional solidification (epitazy)
can be performed. Brinkmann et al. [179] could show, that P3HT solidified on 1,3,5-
trichlorobenzene results in highly oriented and crystalline films with periodically alternating
amorphous and crystalline lamellae.

In addition, the nature of the two other anodic subsignals, which Ref. [166] attributes to
the first oxidation of quasi-ordered and amorphous domains respectively, should be further

studied. Since the in-situ spectroelectrochemical characterisation indicates the beginning
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second oxidation to the dication species at potentials higher than the peak potential of the
third anodic subsignal, cyclic voltammetry coupled with electron paramagnetic resonance
spectroscopy should be performed to study the potential dependent consumption of the

radical cations and formation of dications.
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Electrochemical Characterisation of the Oxidative Cross-linking of PVTPA-co-
PS Copolymers

Within the scope of this thesis the optical, electrochemi-

cal and electronic properties of PVTPA and PVTPA-co- oo m

PS copolymers with varying repeating unit ratios have

been studied. The focus was set on the characterisation

of the influence of the cross-linking density on the redox ©/N\©

behaviour.

In the basic electrochemical characterisation on gold electrodes, it could be shown, that even
for the lowest TPA-amount copolymer (10 mol%) successful oxidative cross-linking from
TPA = TPB takes place and all polymers show reversible charging/ discharging behaviour
in their cross-linked state. The cyclic voltammograms of the first and second cycles of
the PVTPA homopolymer and the PVTPA-co-PS copolymer with the lowest PVTPA-to-PS
ratio (10:90 mol%) are shown in Fig. 6.7 exemplarily. For the PVTPA homopolymer and the
high TPA-amount copolymers (50 mol%, 30 mol% and 25 mol%) two reversible redox waves
for the two-step redox process TPB = TPB* = TPB?" are observed in the cross-linked
state. In case of the low TPA-content copolymers (20 mol%, 15 mol% and 10 mol%) an
overlapping of the anodic half waves in the cross-linked state is observed, while the cathodic
half waves remain unimpaired. One possible explanation for this behaviour is a changing

ion intercalation movement during the charging process.
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Figure 6.7: Cyclic voltammograms of the first and second cycles of the PVTPA homopolymer
(a) and the PVTPA-co-PS copolymer with a PVTPA-to-PS ratio of 10:90 mol%
(b); measured in 0.1 M NBuyPFg in MeCN with a scan rate of 20mV s~
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During the electrochemical characterisation of PVTPA and PVTPA-co-PS on ITO electrodes
a hindered discharging behaviour after the cross-linking reaction has been observed for the
PVTPA homopolymer and the high TPA-content copolymers (50 mol% and 30 mol%). By
applying a thermal annealing step after the film deposition, the same discharging behaviour
as observed on gold electrodes could be recorded. Electrochemical impedance characteri-
sation of the initial and the thermally annealed polymer films on ITO revealed a reduced
double layer capacitance after the annealing step for the homopolymer and the 50 mol%
copolymer, which can be interpreted as a decreased energetic barrier for the counter ion
movement at the polymer-electrolyte interface.

In-situ spectroelectrochemical characterisation has been used to confirm the cross-linking
and charging mechanism described by Yurchenko et al. [8] and to identify characteristic
absorption bands for the different charging states. In Fig. 6.8 the spectroelectrochemi-
cal characterisation of the two-step oxidation of cross-linked PVTPA-co-PS (30:70 mol%)
is shown exemplarily. The identified characteristic absorption bands are essential for the

identification of charged species after chemical doping.
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Figure 6.8: Identification of characteristic absorption bands by means of in-situ spectroelec-
trochemical measurements; a) mechanism of the reversible two-step oxidation
of cross-linked PVTPA; b) cyclic voltammogram (first cycle) of PVTPA-co-PS
(30:70 mol%) with intensity evolution curves of characteristic absorption bands;

c) absorption spectra recorded during the backwards scan of b.
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Figure 6.9: Electrochemical quartz crystal micro balance characterisation of the first (a) and
second (b) cycle of PVTPA-co-PS (30:70 mol%); measured in 0.1 M NBuyPFg in
MeCN with a scan rate of 20mV s~

To gain a deeper understanding of the ion movements during the electrochemical induced
cross-linking reaction and charging/ discharging processes, electrochemical quartz crystal
micro balance measurements of the PVTPA homopolymer and the PVTPA-co-PS copoly-
mers with different conducting salts have been performed. Fig. 6.9 shows exemplarily the
EQCM characterisation of the first (a) and second (b) cycles of the PVTPA-co-PS copolymer
(30:70 mol%) measured in 0.1 M NBuyPFg in MeCN. In general, a direct correlation of redox
half waves and frequency changes have been observed. Upon charging of the polymer films
the frequency decreases, indicating a mass increase due to counter ion intercalation, while
discharging of the polymer films lead to a frequency increase caused by the expulsion of ions
from the polymer film into the electrolyte. In case of the cross-linking reaction an irreversible
frequency offset in the neutral state is observed, which can be explained by ion trapping and
a change in the elastic modulus caused by the cross-linking of the polymer chains. Dur-
ing the charging/ discharging of the cross-linked polymer films reversible ion intercalation
and expulsion is observed. The two-step redox processes TPB = TPBT = TPB?* can
be identified by a changing slope of the frequency curves. In case of the low TPA-content
copolymer with only 10 mol% of redox groups, the EQCM data reveal the superimposing of
the anodic charging half waves which has also been observed during the basic electrochemical
characterisation on gold electrodes.

First experiments to assess the general usability of PVTPA and PVTPA-co-PS copolymers
as charge storage materials have been performed by means of supercapacitor tests. Cyclic

voltammetry and electrochemical impedance spectroscopy have been used as control exper-
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Figure 6.10: Overview of the specific energy densities (a) and specific power densities (b) of
cross-linked PVTPA-co-PS copolymers; measured as symmetric supercapacitor

devices in 0.1 M LiBTFSI in MeCN.

iments to gain deeper insight into the nature of the electronic processes and the state of
the device, like contact resistances at the current collector-polymer or polymer-electrolyte
interfaces, as well. Galvanostatic charging discharging curves have been recorded to deter-
mine the specific capacitance, energy density and power density. For all studied polymers
capacitive and faradaic charge storage behaviour with specific energy densities and power
densities of 10! - 102 Jkg™! and 10' Wkg~! respectively is observed. An overview of the
specific energy and power density values of all studied redox-active polymers is shown in
Fig. 6.10.

In addition, the usability of chemical dopants like FeCl; and Fe(Tos); to induce the ox-
idative cross-linking and doping of PVTPA and PVTPA-co-PS has been studied. In Fig.
6.11 the absorption spectra of all studied triphenylamine-containing polymers (a) and the
conductivity values of the PVTPA homopolymer (b) after chemical dip-doping in Fe(Tos)s
solutions in MeCN are shown. For all polymers, partial cross-linking and the generation
of charged species has been observed spectroscopically after dip doping with both FeCl;
and Fe(Tos)s solutions. For the chemically cross-linked and doped polymer films also char-
acteristic absorption bands of the neutral TPA and the TPA™ radical cation species were
observed. Conductivities of up to 107* A V=t em ™! were recorded by means of 4-point-probe
measurements. First experiments with FeCls vapour doping of PVTPA also showed success-

ful cross-linking and doping.
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Figure 6.11: Chemical doping of triphenylamine-containing polymers with Fe(Tos)s; a) ab-
sorption spectra of the PVTPA homopolymer and PVTPA-co-PS copolymers
after dip-doping in 5mgmL~! Fe(Tos)s in MeCN and exposure times of 15 min
each; b) overview of the conductivity values of the PVTPA homopolymer af-
ter dip-doping in Fe(Tos); solutions in MeCN with varying concentrations and

exposure times.

For a better in-depth understanding of the cross-linking density influence on the ion move-
ment processes in PVTPA-co-PS copolymer films, additional EQCM experiments are neces-
sary. First and foremost, the influence of the elastic modulus on the frequency curves has
to be investigated by means of EIS-coupled EQCM measurements to be able to distinguish
between irreversible ion trapping and varied mechanical properties of the polymer films dur-
ing the cross-linking reaction. In addition, a general optimisation of the EQCM set-up for
organic electrolytes has to be performed to be able to gain more reliable data and a better
reproducibility of the experiments. By combining the Sauerbrey equation with the charges
(determined from the integrated CV signal over time) the "molecular mass of the transferred
ionic species', which includes the ion and the surrounding solvent shell, can be calculated
and the potential dependent swelling of the polymer films can be characterised as function
of the cross-linking density.

The supercapacitor tests of the PVTPA homopolymer and the PVTPA-co-PS copolymers
revealed faradaic charge storage processes, whereby the studied polymers are more suitable
materials for the application in organic batteries or redox flow batteries than in superca-
pacitor devices. For future preparation and characterisation of PVTPA and PVTPA-co-PS

containing battery cells the device preparation of standardised button cells has to be es-
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tablished to be able to use standardised analysis instruments. In addition a fitting n-type
conductor as the counter electrode material has to be used and the electrolyte (solvent, salt
and concentration) needs to be optimised.

First experiments on chemical doping of PVTPA and PVTPA-co-PS with FeCls and Fe(Tos)s
showed successful cross-linking and charging of the polymer films leading to conductivity
values up to 107* AV~tem™!. Nevertheless, the studied polymer samples were washed after
the dip doping process to remove excess of the doping solution, which potentially causes
de-doping of the polymer films and therefore reduces the measured conductivity values.
Recent results in our research group indicate, that de-doping occurs upon washing of the
polymer films and that excess of the doping solution does not influence the 4-point-probe
measurements. Therefore by further optimisation of the sample preparation, the doping
process (e.g. spin doping), the dopant and the doping parameters (time, concentration)
higher conductivity values of PVTPA and PVTPA-co-PS samples might be reached. In
addition, further optimisation of the custom-made vapour doping cell are needed to gain
better control and stability of the under pressure in the cell.

As a closing remark, a brief outlook on a possible promising PVTPA-containing polymer
for future works shall be given. Within the scope of this thesis only random PVTPA-co-PS
copolymers were studied. By synthesising block copolymers with controlled block lengths a
structuring of the copolymer films can be induced due to the microphase separation of the
different blocks prior to the cross-linking of the polymer chains, to gain not only transparent
but also structured electrode coatings. A similar concept of nanometer scale structured
PVTPA block copolymer films has been reported by Lindner et al. [189] for the application as
the photoactive layer in organic solar cells. Within this thesis a first attempt of the synthesis
of a PVTPA-block-PS copolymer via nitroxide-mediated living radical polymerisation has
been performed and the experimental details are given in the Appendix in Chapter A.3.
Still, for a systematic study of the structuring and the influence on the cross-linking and
doping of the redox groups, further optimisation of the synthesis route are needed to gain a

series of block copolymers with varying block lengths.
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A.1. Spectroelectrochemical and Morphological Characterisation of PSHT Films with
Controlled Morphologies

A. Appendix

A.1. Spectroelectrochemical and Morphological Characterisation

of P3HT Films with Controlled Morphologies

Figure A.1: AFM height (a) and phase (b) images of P3HT, pping; measured in tapping

mode. Sample was prepared by blade coating from o-dichlorobenzene solution
(5mgmL~") onto ITO electrodes and subsequent high temperature rubbing at
230°C.
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Figure A.2: Potential dependent absorbance intensity evolution curves of characteristiv ab-
sorption bands of P3HT i, (a), P3HTires (b), P3H T spheruiite (€) and P3HT 1ubbing
(d). The intensity evolution curves of the neutral P3HT 7—7* band at 550 nm,
the -7 stacking band at 610 nm and the radical cation at 810 nm are highlighted
in green, orange and violet respectively. The voltammograms were measured in

0.1 M NBu,PFg in MeCN with a scan rate of 20mV s™!.
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Figure A.3: Characterisation of memory effects in P3HT i, (@), P3HT yires (b), PSH T spherulite
(c) and P3HT, pbing (d). The cyclic voltammograms were measured as continu-

ous five cycles in 0.1 M NBuyPFg in MeCN with a scan rate of 20 mV s~ *.
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A.2. Spectroelectrochemical Characterisation of PSHT:PCg;BM
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Figure A.4: Cyclic voltammograms of the reductions of the PSHT:PCg BM blends films after
spin coating (a) and after thermal post annealing (b). The voltammograms were

measured in 0.1 M NBuyPFg in MeCN with a scan rate of 20mV s~!.
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Figure A.5: Potential dependent absorbance evolution curves of PSHT:PCg;BM blend films
(1:1 w/w) prepared by spin coating from chloroform solution (overall concen-
tration of 5mgmL ') (a) and after thermal post annealing at 150 °C for 1 h(b).
The intensity evolution curves of the neutral PSHT band and the P3HT radi-
cal cation are highlighted in green and violet respectively. The voltammograms

were measured in 0.1 M NBuyPFy in MeCN with a scan rate of 20 mV s™'.
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A.3. Synthesis of PVTPA-co-PS Copolymers

Vinyltriphenylamine

Ph3CHPBE,
KOtBu,

sheBaalishe

The synthesis procedure was adapted from Behl et al. [186] Methyltriphenylphosphonium-

bromide (7.55g, 21.1 mmol, 1.1eq) was suspended in THF (50 mL) under argon atmosphere.
Potassium-tert-butanolat (2.35g, 20.9 mmol, 1.1eq) was added slowly and the mixtures was
stirred for 30 min in an ice bath. A solution of 4-(Diphenylamino)benzaldehyd (5.21g,
19.1mmol, 1eq) in THF (20mL) was added and the reaction mixture was stirred for 5h at
room temperature under argon atmosphere and then quenched with aq. HCI (2N, 20 mL).
The mixture was extraced with DCM (3 times) and the organic phases were combined and
dried over MgSO,. The solvent was removed under reduced pressure and the residual yel-
lowish solid was purified by column chromatography (silica gel, cyclohexane:DCM (10:1)).
3.9¢ (14.4mmol, 75 % yield) of Vinyltriphenylamine were obtained.

IH-NMR (250 MHz, CD,CL): &(ppm) = 7.33-7.22 (m, 6H), 7.10-6.96 (m, 8H), 6.67 (dd,
J=17.6, 10.9 Hz, 1H), 5.64 (dd, J=17.6, 1.0 Hz, 1H), 5.15 (dd, J=10.9, 0.9 Hz, 1H).
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Figure A.6: 'TH-NMR of Vinyltriphenylamine in CD,Cl,.




A.3. Synthesis of PVTPA-co-PS Copolymers

Polyvinyltriphenylamine
The synthetic work has been performed by Corinne Rost-Schmidt.

AIBN

N -
©/ \@ toluene, 65°C, 20 h ©/N\©

Vinyltriphenyl (500 mg, 1.85 mmol, 1 eq) and azobisisobutyronitrile (AIBN) (3 mg, 0.0185 mmol,

0.01eq) were dissolved in toluene (3.5mL) and degassed (3 times). The reaction mixture
was stirred for 20h at 65°C. Poly-(vinyltriphenylamine) (0.196 g, 39 % yield) was obtained
as a white solid after repeated precipitation in cold MeOH.

GPC (THF): M, = 19000 gmol~!, PDI = 1.66

IL.NMR (250 MHz, CDCly): 6(ppm) = 7.22-6.30 (m, 14H), 1.98 (s, 1H), 1.54 (s, 2H).
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Figure A.7: 'H-NMR of Polyvinyltriphenylamine in CDCls.




A.3. Synthesis of PVTPA-co-PS Copolymers

Polyvinyltriphenylamine-co-Polystyrene Copolymers
The synthetic work has been performed by Corinne Rost-Schmidt.

= co m
* n
=
AIBN
toluene, 65°C, 20 h
0

+
QO
Vinyltriphenyl, Styrene (for the detailed amounts see Tab. A.1) and AIBN (0.01eq) were
dissolved in toluene and the reaction mixture was degassed (3 times). The reaction mixture
was stirred at 65 °C. The Polyvinyltriphenylamine-co-Polystyrene Copolymers were obtained

as white solids after repeated precipitation in cold MeOH. The reaction yields, molecular

weights and polydispersity indices of all obtained copolymers are summarised in Tab. A.2.

Table A.1: Synthetic details for the free radical synthesis of Polyvinyltriphenylamine-co-

Polystryrene with varying VTPA to styrene monomer ratios.

monomer ratio vinyltriphenylamine styrene toluene reaction time

VTPA:styrene

50:50 0.75g 0.278 ¢ 3.5mL 20h

(2.8 mmol) (2.8 mmol)

25:75 05g 0.576 g 3.5mL 20h
(1.85mmol) (5.54 mmol)

20:80 0.5g 0.77¢ 5mL 20.5h
(1.85 mmol) (7.4 mmol)

15:85 0.5g 1.09g 5mL 20h
(1.85mmol) (10.48 mmol)

10:90 0.25¢ 0.866 g 5mL 20h
(0.925 mmol) (8.3 mmol)

5:95 0.137¢ lg 5mL 21.5h
(0.51 mmol) (9.61 mmol)
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TH-NMR (250 MHz, CDCl3): §(ppm) = 7.24-6.84 (m, 9H), 6.84-6.16 (m, 5H), 2.28-1.68 (m,
2H), 1.66-1.21 (m, 4H).

Table A.2: Yields and characteristic polymer parameters (molecular weight and polydisper-
sity indices (PDI)) of Polyvinyltriphenylamine-co-Polystyrene copolymers with

varying monomer ratios.

monomer ratio mass [mg] yield [%] M, [gmol™!] PDI

50:50 436 42 25000 1.54
25:75 o943 50 20000 1.57
20:80 260 20 15000 1.67
15:85 400 24 15000 1.59
10:90 436 39 21000 1.60
5:95 400 35 15000 1.62
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H20

Figure A.8: Representative 'H-NMR of Polyvinyltriphenylamine-co-Polystyrene (monomer
ratio 20:80 TPA: Styrene) in CDCl;.
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Polyvinyltriphenylamine-co-Polystyrene Blockcopolymer
first block

AN Cl
O O
n
N acetic anhydrlde
anisole,125°C, 1d

Vinyltriphenylamine (0.5g, 1.84mmol, 1eq), TIPNO-CI (1.6 mg, 7.4 pmol, 0.004eq) and

acetic anhydride (1.5g, 14.7umol, 0.008 eq) were dissolved in anisole (1 mL) and the reac-
tion mixture was degassed (5 times). The mixture was stirred at 125°C for 9 h under argon
atmosphere and quenched by immersing into liquid nitrogen. The solvent was removed under
reduced pressure, the residual yellow solid was dissolved in DCM and precipitated in acetone.
The obtained white solid was further purified by preparative size exclusion chromatography
(self-packed column with polystyrenedivinylbenzene copolymer, 1% crosslinkage, bead size
40 - 80 pm, MW exclusion range 600 - 14 000 g mol~!, chloroform as mobile phase). 167 mg
(33% yield) of Polyvinyltriphenylamine was obtained as a white solid.

GPC (THF): M, = 7000 gmol~!, PDI = 1.25

"H-NMR (250 MHz, CDyCly): é(ppm) = 7.25-6.36 (m, 14H), 2.35-1.83 (m, 1H), 1.81-1.36
(m, 3H).

BC-NMR (63 MHz, CD,Cly): §(ppm) = 148.41, 146.05, 129.68, 129.07, 124.44, 122.90, 40.85.
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Figure A.9: 'H-NMR of Polyvinyltriphenylamine in CD,Cl,.
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second block

Cl block
| :
O
n
O acetic anhydrlde

anisole,125°C, 1d
0O

Polyvinyltriphenylamine (40mg, 5.8 pmol, 1eq), styrene (45.3mg, 0.43mmol, 75eq) and

acetic anhydride (1.08 mg, 0.016 mmol, 2.75eq) were dissolved in anisole (0.5mL) and de-
gassed (5 times). The reaction mixture was stirred at 125 °C for 24 h under argon atmosphere
and quenched by immersing into liquid nitrogen. The solvent was removed under reduced
pressure, the residual yellowish solid was dissolved in DCM and precipitated in acetone. The
obtained solid was further purified by preparative sive exclusion chromatography. 39 mg of
Polyvinyltriphenylamine-b-Polystyrene was obtained as yellowish solid.

GPC (THF): M, = 10500 gmol™!, PDI = 1.28

"H-NMR (250 MHz, CDyCly): é(ppm) = 7.22-6.33 (m, 14H), 2.36-1.85 (m, 1H), 1.82-1.34
(m, 4H).

BC-NMR (63 MHz, CD,Cly): 6(ppm) = 148.41, 146.05, 129.67, 129.09, 124.41, 122.91, 40.91.
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Figure A.10: 'H-NMR of Polyvinyltriphenylamine-b-Polystyrene in CD,Cls.
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Figure A.11: Molecular weight distribution of the Polyvinyltriphenylamine block (black
curve) and the Polyvinyltriphenylamine-b-Polystyrene blockcopolymer (blue

curve) measured in THF.
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A.4. Cyclic Voltammetry of PVTPA-co-PS with varying
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a) 700 b) c)
PVTPA homopolymer 350 PVTPA:PS (50:50) 600 {PVTPA:PS (30:70)
600+
1" cycle 300{——1"cycle ] .
500 f—— 2™ cycle —— 2™ cycle 500 1" cycle
2504 —— 2" cycle
< 400 < T 400
= = 200 =
g 3004 5§ 150] 5 300
5 s £
o 200
200+ © 100 °
100 50 100
0] ol o]
-100 T T T T T T -50 T T T T T T -100 T T T T T T
-06 -04 -02 00 02 04 06 08 -06 -04 -02 00 02 04 06 08 -06 -04 -02 00 02 04 06 08
E (vs. Fc/Fc") [V] E (vs. Fc/Fc') [V] E (vs. Fc/Fc’) [V]
d) e) )
400 -{PVTPA:PS (20:80) PVTPA:PS (15:85) PVTPA:PS (10:90)
400 250+
350 .
1" cycle 1" cycle .
300 1— 2% cycte 300 /— 2" cycle 200 ——1" cycle
T 2504 z < —2" cycle
z = = 150
E 200 § 2004 §
3 1501 3 3 1004
100+ 100 5
50 i
0+ 0 o]
-50 T T T T T T T T T T T T T T T T T T
-06 -04 -02 00 02 04 06 08 -06 -04 -02 00 02 04 06 08 -06 -04 -02 00 02 04 06 08
E (vs. Fc/Fc') [V] E (vs. Fc/Fc') [V] E (vs. Fc/Fc') [V]

Figure A.12: Cyclic voltammograms of PVTPA-co-PS copolymers; a) homopolymer, b)

50 mol%, c) 30 mol%, d) 20 mol%, e) 15 mol% and f) 10 mol%; first cycles in
black and second cycles in red respectively; measured in 0.1 M NBuyBF,/MeCN

with a scan rate of 20mV s~! on gold electrodes.
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Figure A.13: Cyclic voltammograms of PVTPA-co-PS copolymers; a) homopolymer, b)

50 mol%, ¢) 30 mol%, d) 20 mol%, e) 15 mol% and f) 10 mol%; first cycles in

black and second cycles in green respectively; measured in 0.1 M LiClO,/MeCN

with a scan rate of 20mV s~}

on gold electrodes.
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Figure A.14: Cyclic voltammograms of PVTPA-co-PS copolymers; a) homopolymer, b)

50 mol%, ¢) 30 mol%, d) 20 mol%, e) 15 mol% and f) 10 mol%; first cycles in

black and second cycles in orange respectively; measured in 0.1 M KPFg/MeCN

with a scan rate of 20mV s~! on gold electrodes.
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Table A.3: Potentials of all redox processes in PVTPA-co-PS copolymers with varying re-
peating unit ratios; determined by means of cyclic voltammetry on planar gold

electrodes measured with a scan rate of 20mV min~' in 0.1 M NBu,BF,.

polymer redox process parameter potential (vs. Fc/Fc™)
homopolymer TPA — TPA* Epeak 0.60 V
homopolymer TPB = TPB™* Ei1/2 0.42V
homopolymer TPB*+ = TPB2* E1/2 0.53V
50 mol% TPA — TPA™ Epeats 0.60 V
50 mol% TPB = TPB* Ei/2 041V
50 mol% TPB* = TPB?** Ei/2 0.52V
30 mol% TPA — TPA* Epeak 0.61V
30 mol% TPB = TPB* Ei/2 0.43V
30 mol% TPB* = TPB?*" Ei/2 0.51V
20 mol% TPA — TPA* Epecak 0.57V
20 mol% TPB = TPB* Ei/2 n.d. ®
20 mol% TPB* = TPB?** Ei/2 0.48V
15 mol% TPA — TPA* Epeak 0.58V
15 mol% TPB = TPB* Ei /s nd. P
15 mol% TPB* = TPB?*" Ei/2 0.49V
10 mol% TPA — TPA* Epeak 0.60V
10 mol% TPB = TPB* Ei/2 n.d. ¢
10 mol% TPB* = TPB?** Ei/2 n.d. 4

# anodic half wave not determinable; cathodic half wave at 0.36 V.
b anodic half wave not determinable; cathodic half wave at 0.38 V.
¢ cathodic half wave not determinable; anodic half wave at 0.45V.
4 cathodic half wave not determinable; anodic half wave at 0.51 V.
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Table A.4: Potentials of all redox processes in PVTPA-co-PS copolymers with varying re-
peating unit ratios; determined by means of cyclic voltammetry on planar gold

electrodes measured with a scan rate of 20mV min—' in 0.1 M LiClO,.

polymer redox process parameter potential (vs. Fc/Fc™)
homopolymer TPA — TPAT Epeak 0.59V
homopolymer TPB = TPB™* Ei1/2 0.40V
homopolymer TPB*+ = TPB?** Ei/2 0.51V
50 mol% TPA — TPA* Epeak 0.59V
50 mol% TPB = TPB* Ei/2 0.40V
50 mol% TPB* = TPB?** Ei/2 0.50V
30 mol% TPA — TPA* Epeak 0.61V
30 mol% TPB = TPB* Ei/ 0.42V
30 mol% TPB* = TPB?** Ei/2 0.51V
20 mol% TPA — TPA* Epecak 0.61V
20 mol% TPB = TPB* Ei/2 n.d. @
20 mol% TPB* = TPB?** Ei/2 0.51V
15 mol% TPA — TPA™* Epeat 0.61V
15 mol% TPB = TPB+ By nd. b
15 mol% TPB* = TPB?** E1/2 0.52V
10 mol% TPA — TPA* Epecak 0.62V
10 mol% TPB = TPB* Ei/2 n.d. ¢
10 mol% TPB+ = TPB?** Ei/2 0.53V

# anodic half wave not determinable; cathodic half wave at 0.38 V.
b anodic half wave not determinable; cathodic half wave at 0.39 V.
¢ anodic half wave not determinable; cathodic half wave at 0.42V.
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Table A.5: Potentials of all redox processes in PVTPA-co-PS copolymers with varying re-
peating unit ratios; determined by means of cyclic voltammetry on planar gold

electrodes measured with a scan rate of 20mV min—' in 0.1 M KPF.

polymer redox process parameter potential (vs. Fc/Fc™)
homopolymer TPA — TPAT Epeak 0.62V
homopolymer TPB = TPB™* Ei /2 041V
homopolymer TPB*+ = TPB?** Ei/2 0.54V
50 mol% TPA — TPA* Epeak 0.61V
50 mol% TPB = TPB* Ei/2 041V
50 mol% TPB* = TPB?** Ei/2 0.53V
30 mol% TPA — TPA* Epeak 0.61V
30 mol% TPB = TPB* Ei/ 041V
30 mol% TPB* = TPB?** Ei/2 0.52V
20 mol% TPA — TPA* Epecak 0.58V
20 mol% TPB = TPB* Ei/2 0.42V
20 mol% TPB* = TPB?** Ei/2 0.51V
15 mol% TPA — TPA* Epecak 0.59V
15 mol% TPB = TPB* Ei/ 0.46 V
15 mol% TPB+ = TPB?** Ei/ nd. @
10 mol% TPA — TPA* Epecak 0.60V
10 mol% TPB = TPB* Ei/2 nd. P
10 mol% TPB+ = TPB*  E, nd.

# anodic half wave not determinable; cathodic half wave at 0.52'V.
b anodic half wave not determinable; cathodic half wave at 0.43 V.
¢ cathodic half wave not determinable; anodic half wave at 0.52V.
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Figure A.15: Charge storage capacity characterisation of PVTPA homopolymer supercapaci-
tor measured in 0.1 M LiBTFSI in MeCN. a) scan rate dependent cyclic voltam-
mogramms; b) Nyquist plot from the electrochemical impedance spectroscopy
with an amplitude of 0.5V and c¢) galvanostatic charging/ discharging curves

with 1 pA and cut-off potentials of 0V and 1V.
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Figure A.16: Charge storage capacity characterisation of PVTPA-co-PS (50:50 mol%) super-

capacitor measured in 0.1 M LiBTFSI in MeCN. a) scan rate dependent cyclic

voltammogramms; b) Nyquist plot from the electrochemical impedance spec-

troscopy with an amplitude of 0.5V and c¢) galvanostatic charging/ discharging

curves with 1 pA and cut-off potentials of 0V and 1V.
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Figure A.17: Charge storage capacity characterisation of PVTPA-co-PS (30:70 mol%) super-

capacitor measured in 0.1 M LiBTFSI in MeCN. a) scan rate dependent cyclic

voltammogramms; b) Nyquist plot from the electrochemical impedance spec-

troscopy with an amplitude of 0.5V and c) galvanostatic charging/ discharging

curves with 1 pA and cut-off potentials of 0V and 1V.
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Figure A.18: Charge storage capacity characterisation of PVTPA-co-PS (25:75 mol%) super-

capacitor measured in 0.1 M LiBTFSI in MeCN. a) scan rate dependent cyclic
voltammogramms; b) Nyquist plot from the electrochemical impedance spec-
troscopy with an amplitude of 0.5V and c¢) galvanostatic charging/ discharging
curves with 1 pA and cut-off potentials of 0V and 1V.
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Figure A.19: Charge storage capacity characterisation of PVTPA-co-PS (15:85 mol%) super-

capacitor measured in 0.1 M LiBTFSI in MeCN. a) scan rate dependent cyclic
voltammogramms; b) Nyquist plot from the electrochemical impedance spec-
troscopy with an amplitude of 0.5V and c¢) galvanostatic charging/ discharging
curves with 1 pA and cut-off potentials of 0V and 1V.
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Figure A.20: Charge storage capacity characterisation of PVTPA-co-PS (10:90 mol%) super-

capacitor measured in 0.1 M LiBTFSI in MeCN. a) scan rate dependent cyclic

voltammogramms; b) Nyquist plot from the electrochemical impedance spec-

troscopy with an amplitude of 0.5V and c) galvanostatic charging/ discharging

curves with 1 pA and cut-off potentials of 0V and 1V.
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