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Summary

In the present work, two polymeric mixed conductor systems were examined, namely the

conjugated polyelectrolyte poly(6-(thiophene-3-yl)hexane-1-sulfonate) (PTS) and the con-

jugated polymer/polyelectrolyte mixture poly(3,4-ethylenedioxythiophene):poly(styrene

sulfonate) (PEDOT:PSS). Both systems contain electronically conducting conjugated

polymer moieties and hydrophilic, ionically conducting polyelectrolyte moieties. In case

of PTS, the ionically conducting polyelectrolyte and the electronically conducting conju-

gated polymer properties are combined in the repeating unit of PTS. On the other hand,

in PEDOT:PSS both properties are combined by the polyelectrolyte PSS and the con-

jugated polymer PEDOT, in which PEDOT:PSS batches with various PEDOT to PSS

weight ratios are examined. Both polymeric mixed conductor systems in this thesis were

examined in the form of thin films.

In the first part of this thesis, the absorption characteristics of the neutral and the ox-

idized (doped) state of both systems were examined by means of UV/Vis absorption

spectroscopy. In case of the PTS systems, variation of the counterion and variation of

the solvent system from which PTS is processed resulted in varying aggregation of the

polythiophene backbones, in agreement with literature [1, 2]. Variation of the redox state

was conducted either with chemical doping with the help of a strong electron acceptor

or electrochemical doping with the help of spectroelectrochemistry measurements (cyclic
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voltammetry coupled with in-situ UV/Vis absorption spectroscopy), in which partial evo-

lution of low-energy absorption bands could be related to oxidized states in PTS. In

case of the PEDOT:PSS systems, spectroelectrochemistry and in-situ conductance (cyclic

voltammetry coupled with in-situ conductance) studies revealed differences depending

on the PEDOT to PSS weight ratio: for the low PEDOT content PEDOT:PSS batch

restricted accessibility of the redox state as observed with spectroelectrochemistry mea-

surements and a bell-shaped in-situ conductance profile as function of applied potential

was obtained but on the other hand full conversion between the redox states and an in-

situ conductance plateau was obtained for the high PEDOT content PEDOT:PSS batch.

These observations can be explained by a high connectivity of the PEDOT moieties in

the high PEDOT content PEDOT:PSS batch.

The main aim of this thesis was to examine the electronic and ionic conductivity prop-

erties of both polymeric mixed conductor systems as function of water uptake. A cus-

tom made setup was built up which allows to examine the water uptake and the con-

ductivity properties in controlled atmospheric conditions, so in variable temperature

and relative humidity (r.h.) conditions. In order to determine the water uptake of

thin films of the polymeric mixed conductor systems as function of relative humidity,

a quartz crystal microbalance (QCM) technique was newly installed and tested for its

validity and reliability. A typical water uptake trend could be identified for both poly-

meric mixed conductor systems: After a strong increase of the water content up to

5−10 wt% at ≈ 3 mbar H2O (≈ 10 % r.h.), the water content increases moderately up to

≈ 30 wt% upon further increase of the water partial pressure up to

≈ 16 mbar H2O (≈ 50 % r.h.). Upon increase to the highest water partial pressure of

29 mbar H2O (≈ 92 % r.h.), the water content increases significantly up to 70− 90 wt%.

The obtained trend is typical for polyelectrolyte materials and can be explained by a

dissociation of the bound cations and formation of solvation shells at low water contents,

formation of multiple solvation shells at medium water contents and formation of bulk-

like water regions at high water contents [3–5]. In case of the PTS systems, the water

uptake per repeating unit (in λ) is similar for PTS with sodium (PTS-Na) or tetrabuty-

lammonium (PTS-TBA) counterions and so independent from the counterion, which can

be explained by a dominating effect of the anionic sulphonate group which is the same in

both materials. Similar water uptakes were obtained for the PEDOT:PSS systems with

various PEDOT to PSS ratios, which might be explained by different morphologies of

the high and low PEDOT content PEDOT:PSS systems. For PEDOT:PSS films, which

are two orders of magnitude thicker than the typical PEDOT:PSS films, similar water
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uptakes were obtained as for the thin films. This might indicate that the water uptake

occurs in the volume of the polymer film instead of only at the surface of the polymer films.

The conductivity properties of the polymeric mixed conductors as function of water up-

take were examined with a combination of AC impedance spectroscopy and DC measure-

ments. Pristine PTS-Na films revealed ionic conductivity in the entire examined water

content range, in which the ionic conductivity increases significantly from 10−10 S/cm to

≈ 10−4 S/cm upon increase of the water content up to 20 wt% and then up to a plateau

value of ≈ 10−2S/cm at ≈ 70 wt% water content. This dependency of the ionic conductiv-

ity was observed previously in literature and can be explained by a significant dissociation

of the mobile cation from the immobile sulphonate group at low water contents and up-

take of water into bulk-like water regions at higher water contents, which increases the

dissociation only slightly more [6, 7]. Upon chemical doping of PTS and in case of the low

PEDOT content PEDOT:PSS system, mixed conductivity behavior could be obtained,

so concurrently detectable electronic and ionic conductivities [8]. As for the pure ionic

conductor, the ionic conductivity was observed to increase with water uptake. On the

other hand, the electronic conductivity which is in the range of 10−4 S/cm in the dry

state was observed to decrease upon increase of the water content, which is explained by

a decrease of the connectivity between electronically conducting moieties [4]. For a high

PEDOT content PEDOT:PSS batch, electronic conductivity could be determined over

the entire examined water partial pressure range, which can presumably be explained by

the fact that the electronic conductivity in the range of 1 S/cm is significantly higher than

the ionic conductivity. The high electronic conductivity can be explained by the good

connectivity between PEDOT moieties due to the high PEDOT content.
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Zusammenfassung

In der vorliegenden Arbeit wurden zwei polymere gemischte Leiter untersucht, der kon-

jugierte Polyelektrolyt Poly(6-(thiophen-3-yl)hexane-1-sulfonat) (PTS) und die konjugier-

tes Polymer/Polyelektrolyt Mischung Poly(3,4-ethylendioxythiophen):Poly(styrolsulfonat)

(PEDOT:PSS). Beide Systeme beinhalten elektronisch leitfähige konjugierte Polymerein-

heiten und hydrophile, ionisch leitfähige Polyelektrolyteinheiten. Im Fall von PTS sind die

ionisch leitfähigen Polyelektrolyteigenschaften und elektronisch leitfähigen konjugierten

Polymereigenschaften in der Wiederholungseinheit von PTS kombiniert. Andererseits

sind in PEDOT:PSS beide Eigenschaften durch den Polyelektrolyten PSS und das kon-

jugierte Polymer PEDOT kombiniert, wobei PEDOT:PSS Materialien mit verschiedenen

PEDOT und PSS Verhältnissen (Gewichtsanteilen) untersucht wurden. Die polymeren

gemischten Leitersysteme in dieser Thesis wurden in der Form von dünnen Filmen unter-

sucht.

Im ersten Teil dieser Thesis wurden die Absorptionseigenschaften der neutralen und der

oxidierten (dotierten) Zustände beider Systeme mithilfe von UV/Vis Absorptionsspek-

troskopie untersucht. Im Fall der PTS Systeme resultierte eine Variation des Gegenions

und eine Variation des Lösungsmittels aus dem die Filme prozessiert werden in einer

unterschiedlichen Aggregation der Polythiophene-Hauptketten, wie zuvor in der Liter-

atur beobachtet [1, 2]. Variation des Redoxzustands wurde entweder mit chemischem
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Dotieren mithilfe eines starken Elektronenakzeptors oder elektrochemischem Dotieren

mithilfe von Spektroelektrochemie Messungen (Zyklovoltammetrie gekoppelt mit in-situ

UV/Vis Absorptionsspektroskopie) durchgeführt, wobei eine teilweise Intensitätszunahme

von Niedrigenergie-Absorptionswellen auf die Entstehung von oxidierten Zuständen hin-

deutete. Im Fall der PEDOT:PSS Systeme zeigten Spektroelektrochemie und in-situ

Leitwert Messungen (Zyklovoltammetrie gekoppelt mit in-situ Leitwert) an PEDOT:PSS

Proben Unterschiede in Abhängigkeit der PEDOT und PSS Gewichtsanteile: während

PEDOT:PSS mit niedrigem PEDOT Gehalt eingeschränkte Zugänglichkeit der Redox-

zustände in Spektroelektrochemie Messungen und ein glockenförmiges in-situ Leitwert

Profil als Funktion des angelegten Potentials zeigte, wurde andererseits eine vollständige

Konversion zwischen den Redoxzuständen und ein plateauförmiges in-situ Leitwert Profil

für PEDOT:PSS mit hohem PEDOT Gehalten beobachtet. Diese Befunde können mit

einer guten Konnektivität der PEDOT Einheiten in PEDOT:PSS Systemen mit hohem

PEDOT Gehalt erklärt werden.

Das Hauptziel dieser Arbeit war die Untersuchung der elektronischen und ionischen Leit-

fähigkeitseigenschaften beider polymerer gemischter Leiter als Funktion der Wasserauf-

nahme. Ein selbstgebautes Setup wurde eingerichtet, das die Untersuchung der Wasser-

aufnahme und der Leitfähigkeitseigenschaften in kontrollierbaren atmosphärischen Bedin-

gungen, also in variablen Luftfeuchtigkeits- und Temperaturbedingungen, erlaubt. Um

die Wasseraufnahme von dünnen Filmen der polymeren gemischten Leiter als Funktion

der Luftfeuchtigkeit zu untersuchen, wurde ein Quartz Kristallmikrowaage (QCM) Sys-

tem neu installiert und auf seine Gültigkeit und Verlässlichkeit getestet. Ein typischer

Wasseraufnahmetrend konnte für beide polymeren gemischten Leiter identifiziert wer-

den: nach einer starken Zunahme des Wassergehalts bis auf 5 − 10 Gew.-% im Wasser-

partialdruckbereich bis 3 mbar H2O (≈ 10 % r.F.) nimmt der Wassergehalt moderat

bis auf ≈ 30 Gew.-% zu im Wasserpartialdruckbereich bis ungefähr 16 − 23 mbar H2O

(≈ 50 - 70 % r.F.). Bei weiterer Erhöhung des Wasserpartialdrucks bis auf 29 mbar H2O

(≈ 92 % r.F.) nimmt der Wassergehalt signifikant bis auf 70−90Gew.-% zu. Der erhaltene

Trend ist typisch für Polyelektrolytmaterialien und kann mit einer Dissoziation der Ka-

tionen und Bildung von Hydrathüllen bei geringen Wassergehalten, weiterem Wachstum

der Hydrathüllen bei mittleren Wassergehalten und Entstehung von wasserreichen Phasen

bei hohen Wassergehalten erklärt werden [3–5]. Im Fall der PTS Systeme ist die Wasser-

aufnahme pro Wiederholungseinheit (in λ) ähnlich für PTS mit Natrium (PTS-Na) oder

Tetrabutylammonium (PTS-TBA) Gegenionen und daher unabhängig vom Gegenion, was

mit einem dominierenden Effekt der Sulfonatgruppe erklärt werden kann. Vergleichbare
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Wasseraufnahmen wurden für die PEDOT:PSS Systeme mit verschiedenen PEDOT und

PSS Gewichtsanteilen erhalten, was mit verschiedenen Strukturen der PEDOT:PSS Sys-

teme mit hohem und niedrigem PEDOT Gehalt erklärt werden könnte. Für PEDOT:PSS

Filme, die zwei Größenordnungen dicker sind als die typischen PEDOT:PSS Filme, wur-

den ähnliche Wasseraufnahmen wie für die dünnen Filme erhalten. Dies könnte darauf

hindeuten, dass die Wasseraufnahme hauptsächlich im Volumen der Filme anstatt nur an

der Oberfläche der Filme stattfindet.

Die Leitfähigkeitseigenschaften beider polymerer gemischten Leitersysteme wurden als

Funktion der Wasseraufnahme mithilfe einer Kombination von AC Impedanzspektroskopie

und DC Messungen untersucht. Unbehandelte PTS-Na Filme zeigten ionische Leit-

fähigkeit im gesamten untersuchten Wassergehaltbereich, wobei die ionische Leitfähigkeit

stark von 10−10 S/cm auf ≈ 10−4 S/cm steigt beim Erhöhen des Wassergehalts auf

≈ 20Gew.-% und in einem Plateau-Wert bei≈ 10−2S/cm beim Erhöhen des Wassergehalts

auf ≈ 70Gew.-% resultiert. Diese Abhängigkeit der ionischen Leitfähigkeit vom Wasserge-

halt wurde zuvor beobachtet und kann mit einer Dissoziation der mobilen Kationen von

den stationären Sulfonatgruppen bei niedrigen Wassergehalten und einer Wasseraufnahme

in wasserreiche Phasen bei hohen Wassergehalten, die die Dissoziation der Kationen nicht

stark erhöht, erklärt werden [6, 7]. Beim chemischen Dotieren von PTS Filmen und

im Fall von PEDOT:PSS (1:6) mit niedrigem PEDOT Gehalt konnte eine gemischte

Leitfähigkeit erhalten werden, also eine gleichzeitig messbare elektronische und ionische

Leitfähigkeit [8]. Wie für die reinen ionischen Leiter konnte eine Erhöhung der ionis-

chen Leitfähigkeit bei steigendem Wassergehalt beobachtet werden. Andererseits kann

beobachtet werden, dass die elektronischen Leitfähigkeiten, die im trockenen Zustand im

Bereich von 10−4 S/cm waren, mit steigendem Wassergehalt abnahmen, was mit einer

Abnahme der Konnektivität der elektronisch leitfähigen Phasen erklärt werden kann [4].

PEDOT:PSS mit hohem PEDOT Anteil zeigte elektronische Leitfähigkeit im gesamten

untersuchten Wassergehaltbereich, was vermutlich damit erklärt werden kann, dass die

elektronische Leitfähigkeit in der Größenordnung von 1 S/cm signifikant höher als die

ionische Leitfähigkeit ist. Die hohe elektronische Leitfähigkeit kann mit einer guten Kon-

nektivität der elektronisch leitfähigen Phasen aufgrund des hohen PEDOT Anteils erklärt

werden.
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1 Introduction

The undoubtedly greatest task of humanity is to reduce its emissions of carbon dioxide
in order to diminish man-made climate change. If humanity achieves to limit the global
warming to 1.5 °C compared to the pre-industrial level, the impacts on the ecosystem can
be substantially reduced [9]. In order to limit the global warming to 1.5 °C, the carbon
dioxide emissions have to be reduced by 30 % between 2010 and 2030, profound changes
in the areas of energy, infrastructure and industry have to be made and techniques to
remove carbon dioxide from the atmosphere have to be utilized. Therefore, one possible
approach could include the replacement of expensive, resource consuming materials by
cheaper, less resource consuming materials. One example therefore is the semiconductor
technology, which is nowadays dominated by inorganic silicon. An alternative to silicon
would be organic semiconductors, so materials based on carbon compounds. In general
they have as advantages lower material costs, they can be processed at temperatures
far below 100°C and they are amorphous and can therefore be processed onto flexible
substrates [10]. On the other hand, decomposition under ambient conditions or long-
term instability hamper their potential in applications. In spite of the difficulties, organic
semiconducting materials have found their way into applications for example in organic
light emitting diodes (OLEDs), which are among others widely used in the displays of
mobile smartphones. Other potential applications are in organic solar cells (OSCs) or
in organic field-effect transistors (OFETs). In general, field effect transistors (FETs) use
semiconductors materials as channel material for their current switching and amplifying
properties, which is essential in every modern electronic device. Until 2018, an estimated
amount of 13 · 1021 metal-oxide semiconductor field effect transistors (MOSFETs) have
been manufactured, making it the most often manufactured component in human history
[11]. The function principle and the utilized materials in inorganic and organic field effect
transistors are similar, whereas in organic field effect transistors an organic semiconductor
material is utilized as channel material [12]. As further development, by replacing the
solid state insulator as used in inorganic and organic field effect transistors by a liquid
electrolyte, the organic electrochemical transistors (OECT) could be realized, which opens
an entire new field of potential applications [13].

1



1 Introduction

1.1 Organic electrochemical transistors

Structure of organic electrochemical transistors

In 1984, Wrighton et al. introduced a device consisting of gold microelectrodes deposited
on a silicon oxide substrate. By adjusting the charge state of polypyrrole films, which
are deposited by electropolymerization in the gap between adjacent microelectrodes, the
current flow between these microelectrodes can be controlled [14, 15]. In general, all
materials which show a change in electronic conductivity are suitable for active materials
in OECTs [16]. After decades of further development, channel materials which can be
spin coated (with the technique spin coating thin films can be prepared, see experimental
part section 3.2.2) into the electrode channel became more popular. The structure of a
state-of-art OECT can be seen in figure 1.1.

Figure 1.1: Structure of an organic electrochemical transistor. Adapted with permission
from [17], © 2017, Springer Nature.

The source (S) and drain electrode (D) are connected by the channel material (violet),
which has a certain thickness d. On top of the channel material is the electrolyte, in that
the gate electrode (G) is placed. By varying the gate potential VG, the drain current ID
(which flows between S and D) can be controlled.

Operation modes of organic electrochemical transistors

Depending on the charged state of the spin coated, pristine channel material, the accu-
mulation and depletion mode have to be distinguished: in case of channel materials which
are conducting in their pristine state after spin coating such as the well-known conjugated
polymer/polyelectrolyte mixture poly(3,4-ethylenedioxythiophene:poly(styrene sulfonate)
(referred to as PEDOT:PSS in the following), OECTs are run in the depletion mode. Since
PEDOT:PSS is in its oxidized, conducting state a certain ID can be flowing, therefore the
OECT is in its ON state after spin coating. Upon applying a positive VG, cations of
the electrolyte are injected into the channel and a reduction from the oxidized to the
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1.1 Organic electrochemical transistors

neutral state of the channel material occurs. This corresponds in analogy to the ter-
minology of inorganic silicon to a "dedoping" of the channel material, which causes a
decrease of the conductance and therefore to a decrease of ID. Therefore, applying of
VG leads to a switching from the ON to the OFF state of the OECT. In contrast to the
depletion mode, for channel materials which are in their neutral state after spin coating
such as the conjugated polyelectrolyte (CPE) poly(6-(thiophene-3-yl)hexane-1-sulfonate
with tetrabutylammonium counterion (abbreviated as PTS-TBA in the following, without
specification of the counterion the material is abbreviated as PTS in the following), the
OECTs are run in the accumulation mode. This means that no current conduction occurs
between S and D initially, therefore the OECT is in its OFF state. Upon applying a VG,
the channel material is doped to its oxidized, conducting state. This leads to a current
flow between S and D, therefore the OECT switches to the ON state. In figure 1.2, the
transfer curves (which are mainly used to characterize transistors) for a depletion-mode
OECT and accumulation-mode OECT are shown.

Figure 1.2: Transfer curve of a depletion-mode OECT (left) and accumulation-mode
OECT (right). Adapted with permission from [18], ©, John Wiley and Sons.

A deciding characteristic of an OECT is that the entire channel volume participates in a
change of the doping state. In contrast to that, in field effect transistors (FET), only a
very thin layer at the interface between the semiconductor and the insulator participates
in current conduction. Compared to FETs, the ID in OECTs varies significantly more as
function of VG, since the entire channel volume participates in current conduction, even
though OECTs are in general slower than FETs. A special case of FETs are the electrolyte
gated organic field effect transistors (EGOFETs). The structure of an EGOFET is very
similar to an OECT, in which in contrast to an OECT, the ions do not penetrate the
channel upon applying VG.

PTS and PEDOT:PSS materials are the two polymeric mixed conductor systems which
are examined in this thesis. Both channel materials have in common that for an use as
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1 Introduction

the channel material in OECTs, the so called mixed conductivity in these materials is
required, which means a concurrent electronic and ionic conductivity. Ionic conductivity
is required since the ions need to move from the electrolyte into the channel material to
neutralize variations of the charge on the polymer backbones caused by doping or dedop-
ing of the channel material. Electronic conductivity of the channel material in OECTs is
necessary to enable a current flow between S and D. Typically conjugated polymers (CPs,
also often referred to as conducting polymers) are utilized in polymeric mixed conduc-
tors since they allow an efficient and reversible switching between the (typically) oxidized,
highly conducting state and the neutral, low conducting state. Whereas the typically used
channel material PEDOT:PSS and the less commonly used PTS inherently contain mobile
ions, further polythiophene materials such as the widely studied poly(3-hexylthiophene)
(abbreviated as P3HT, also see section 1.2.1.2) or P3HT with glycolated side chains (ab-
breviated as P(A2T-TT) and P(G2T-TT) by the authors), which do not contain ions,
were successfully deployed in OECTs [19–21].

Comparison of PTS and PEDOT:PSS in organic electrochemical transistors

Both PTS and PEDOT:PSS and further polythiophene materials were previously com-
pared on their performance as channel material in OECTs [17]. Ethylene glycol (EG)
treated PTS exhibited a comparably high volumetric capacitance (capacitance per vol-
ume of polymer film), which might be explained by the high ion content due to the fact
that every repeating unit contains ionic groups [22]. On the other hand, PTS revealed
a comparably low electronic mobility, which resulted in an overall low performance as
channel material in OECTs. By introducing 3-hexylthiophene units into PTS to form
PTS-co-poly(3-hexylthiophene) (PTS-co-P3HT) copolymers, the volumetric capacitance
could be improved significantly [23]. PEDOT:PSS after EG treating revealed a low volu-
metric capacitance but the highest reported electronic mobility, which might be explained
by the good electron conducting properties, resulting in an average performance as chan-
nel material [24]. In a recent contribution, balancing of concurrent electronic and ionic
conduction in the channel materials was revealed to be pivotal for application of mixed
conductors in OECTs [25].

Applications of organic electrochemical transistors

In general, OECTs can be considered as devices which convert ion currents into electronic
currents. Due to the very low required operation voltages, applications in aqueous media
can be realized. Possible applications of OECTs are summarized in [26]. In bioelectronics,
OECTs could be applied in neural sensing, where electrophysiological signals of human
brains, human hearts or human muscles are recorded. Additionally, they could be utilized
in impedance sensing, in which a monolayer of cells is grown between the gate electrode
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1.2 Basic components of polymeric mixed conductor systems

and the channel [27]. Due to the arising barrier for ion motion, the working characteristics
of the OECT are altered. Furthermore, OECTs could be utilized in analyte detection,
where redox enzymes interact with metabolites. The resulting transfer of electrons to the
gate of the OECT changes ID, the change of ID depends therefore on the concentration
of the metabolite. OECTs could also be utilized in electrical (logic) circuits or in memory
or neuromorphic devices [28].

Both the PTS and PEDOT:PSS polymeric mixed conductor systems possess conjugated
polymer moieties and polyelectrolyte moieties. Before giving a detailed description of
PTS and PEDOT:PSS in section 1.3, the two basic components of both materials, the
conjugated polymers and polyelectrolytes are introduced in the following section.

1.2 Basic components of polymeric mixed conductor

systems

1.2.1 Conjugated polymers

1.2.1.1 Basics

In 2000, the chemists Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa received
the nobel prize in chemistry "for the discovery and development of electrically conductive
polymers" [29]. Shirakawa et al. recognized that the electronic conductivity of polyacety-
lene can be increased by more than seven orders of magnitude from 3.2 · 10−6 S/cm to
38 S/cm by treatment with bromine or chlorine vapor [30, 31]. Since these conductive
polymers are in contrast to metals light-weight and can be processed from solution, expec-
tations raised that they could replace metals in the future. Therefore, extensive research
has been conducted in the field of conductive polymers in the past decades. Two classes
of conductive polymers can be distinguished, on one hand the so called redox polymers
which conduct current due to redox-active pendant side groups and on the other hand
conjugated polymers which conduct current over their π-conjugated backbone [32, 33].
Since the examined PTS and PEDOT:PSS materials examined in this thesis are conju-
gated polymers, only this class of conductive polymers is discussed in the following. Some
well-known examples of conjugated polymers are shown in figure 1.3.

5



1 Introduction

Figure 1.3: Molecular structures of common conjugated polymers: polyacetylene (1),
poly(p-phenylenevinylene) (2), polyaniline (3), polypyrrole (4) and polythio-
phene (5).

Conventional polymers in everyday life, for example polyethylene or polystyrene, com-
prise sp3-hybridized carbon atoms in their polymer backbone, which results solely in
σ-bonds in the polymer backbone. These conventional polymers are typically insulators
and do not possess optical activity in the visible light. In contrast to the sp3 hybridization
of carbon atoms in conventional polymers, the carbon atoms in the polymer backbone
in conjugated polymers are sp2-hybridized, which results in alternating ("conjugated")
σ- and π-bonds, so alternating single and double bonds. This leads to electron delocal-
ization and therefore to planarization of the conjugated polymer, which in turn leads to
strong interchain interactions. Due to these strong interactions, the solubility of conju-
gated polymers is in general very low [34]. Due to the very low solubility of polyacetylene,
focus was soon laid on more soluble conjugated polymers. According to a classification by
Heeger, polyacetylene can be assigned to the first class of conjugated polymers [35]. The
second class of conjugated polymers comprises among others poly(p-phenylenevinylene),
polyaniline, polypyrrole or polythiophene (structures 2-5 in figure 1.3). The solubility
issue of unsubstituted polythiophene was either tackled by introducing easily soluble side
groups, either unpolar side groups such as hexyl (which results in poly(3-hexylthiophene),
P3HT) or polar side groups such as hexane-1-sulfonate (which results in PTS, see sec-
tion 1.3.1.2 for a detailed introduction of PTS) or by stabilizing the insoluble conjugated
polymer PEDOT in a complex with a very soluble polymer (in case of PEDOT, PSS
is commonly utilized as stabilizer to form PEDOT:PSS). PEDOT:PSS is introduced in
detail in section 1.3.2.

1.2.1.2 Charged states and conductivity

Two requirements have to be fulfilled so that conjugated polymers are also conductive
polymers: firstly charge carriers have to be created on the conjugated polymer back-
bone (since no charge carriers are in the conjugated polymer backbone in the neutral
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1.2 Basic components of polymeric mixed conductor systems

state, conjugated polymers are insulating in their neutral state) and secondly a current
path in the polymer material, where the charge carriers can move has to be established.
Creation of charge carriers can be achieved by oxidation or reduction of the conjugated
polymer, which results in additional holes or electrons in the polymer backbone. The
process is therefore referred to as "doping" in analogy to inorganic semi-conductors. In
case of the commonly used inorganic semi-conductor silicon as group 4 element of the
periodic table of elements, adding of group 3 or group 5 atoms results in a local defi-
ciency or excess of electrons. The already described doping of polyacetylene with halogen
vapors corresponds for example to an oxidative doping respectively a p-doping process
(adding of holes). Doping via a reduction, therefore referred to as n-doping, is known
for example for the third generation conjugated polymer poly([N,N’-bis(2-octyldodecyl)-
1,4,5,8-naphthalindicarboximid-2,6-diyl]-alt-5,5’-(2,2’-bithiophene)) (PNDI2OD-T2) [36].
Formation of charge carriers upon p- or n-doping result in local geometric distortions
on the conjugated polymer backbone. These can be determined with ultraviolet/visible
(UV/Vis) absorption spectroscopy and are in accordance to condensed-matter physicists
referred to as solitons, polarons and bipolarons [37]. The charge carriers can be trans-
ported on the polymer chains (intrachain charge transport) and less efficiently between
the polymer chains via hopping (interchain charge transport) [38, 39]. Since it could be
shown that the interchain transport occurs mainly via π-π-stacked polymer chains, the
largest improvements of the conductivity could be made when the π-π aggregation of the
polymer chains could be improved (see also section 1.3.2.3). The mechanism of charge
conduction in conjugated polymers and why the electronic conductivity increases signifi-
cantly upon doping can be explained with the molecular orbitals in conjugated polymers
[37, 40]. In figure 1.4, exemplary polythiophene chains in various charge states and the
corresponding energy diagram is shown.
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Figure 1.4: a) Molecular structure of polythiophene chains in different oxidation states
and b) electronic molecular orbital scheme of the neutral and oxidized state
with the band gap EG, adapted from [40].

As shown in figure 1.4 a), upon oxidation of the neutral polythiophene chain a radical and
a positive charge are generated on the polythiophene backbone. Whereas in the neutral
state, the polythiophene backbone is in its aromatic benzoid state, upon oxidation the
quinoid structure is partially formed due to delocalization of the generated charge over
the conjugated backbone [41]. Increasing the doping level further, the radical is replaced
by a further positive charge. The radical cation state is referred to as polaron state, the
dication state is referred to as bipolaron (two polarons) state [37]. As can be seen in
figure 1.4 b), two energy bands exist in conducting polymers: the valence band, which
results from merging of the binding π-orbitals and the conduction band, which results
from merging of the anti-binding π*-orbitals. The energy between the highest occupied
molecular orbital (HOMO) of the valence band and the lowest unoccupied molecular or-
bital (LUMO) is the band gap EG. In the neutral state EG is large (assuming room
temperature), which leads to a very low electronic conductivity. Formation of the quinoid
structures in the polaron states results in the formation of additional energy states be-
tween the valence band and the conduction band. As a result, the band gap energy EG

decreases, which results in a significantly higher electronic conductivity. Additionally, the
decrease of EG leads typically to a color change of the conjugated polymers, also referred
to as electrochromism [42].

The doping, which is required to generate charges on the polymer backbone and which
results in a higher electronic conductivity, can be achieved either with chemical or with
electrochemical doping [43]. Poly(3-hexylthiophene) (abbreviated as P3HT in the follow-
ing) is the polythiophene, which has been most studied in respect to its electronic and
optical properties in the neutral state [44]. In figure 1.5, the molecular structure of P3HT,
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1.2 Basic components of polymeric mixed conductor systems

the cyclic voltammogram with in-situ measured conductance and the UV/Vis absorption
spectra recorded during spectroelectrochemistry measurements (cyclic voltammetry cou-
pled with in-situ UV/Vis absorption spectroscopy) of P3HT films are shown [44, 45].

Figure 1.5: a) Molecular structure of P3HT and b) cyclic voltammogram (black curve)
and in-situ conductance (red dashed curve) of the oxidation and the reduction
of P3HT and c) UV/Vis NIR absorption spectra recorded in spectroelectro-
chemistry measurements of P3HT. Adapted with permission from [44], ©
2014, Springer Nature and [45], © 2018, Elsevier.

In figure 1.5 b), the separately recorded cyclic voltammograms (black curve) of the reduc-
tion (at negative potentials) and the oxidation (at positive potentials) of P3HT indicate
(at least partially) chemically reversible redox processes since after the reduction respec-
tively oxidation in the forward scan, the oxidation respectively reduction back to the
initial state can be observed. In contrast to molecular species which show distinct oxida-
tion signals, the oxidation of P3HT shows several overlaying oxidation processes, which is
due to different chain lengths or different morphologies [46]. The in-situ conductance (red
dashed curve) in the neutral state of P3HT (in the potential range between −2.0 to 0 V
indicates very low electronic conductance of P3HT. Upon oxidation in the positive poten-
tial range respectively reduction in the negative potential range, the in-situ conductance
increases, which can be explained by the decrease of the band gap energy EG (decrease
of EG results from an increase of the energy level of the highest occupied molecular or-
bital (HOMO) and subsequent decrease of the energy of the lowest unoccupied molecular
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orbical (LUMO)) due to the formation of charge carriers on the polythiophene backbone.
The reached in-situ conductance in the oxidized state is higher compared to the in-situ
conductance in the reduced state and can be reached at low positive potentials, whereas in
absolute numbers more negative potentials have to be applied to reduce P3HT. Therefore,
it can be stated that the oxidized state of P3HT is more favorable than the reduced state.
The accessibility of redox states is relevant for utilizing a conjugated polymer material as
channel material in OECTs: the lower the gate potential VG, which has to be applied to
switch a material from its non-conducting to a conducting state and vice versa, the more
energy-efficient the current amplifying property of the OECT is.

The red curve in figure 1.5 c) shows the UV/Vis absorption spectrum of the P3HT film at
a potential of -0.1 V. The broad absorption band between 350 nm and 650 nm indicates
the neutral polythiophene backbone, the vibronic fine structure (shoulder) at 610 nm
indicates aggregation, which results from planarization of the polythiophene chains [47].
Upon increase of the potential, the absorption intensity of the neutral band decreases
and a new, very broad band with a maximum at 820 nm evolves, which indicates the
formation of a first oxidized state (often referred to as polaron). Presence of an isosbestic
point at 640 nm indicates the conversion of the neutral species into the oxidized species.
Upon further increase of the potential, the formation of a second absorption band at wave-
lengths higher than 1000 nm can be observed, which indicates a second oxidation state
(often referred to as bipolaron). In the backward cycle of the cyclic voltammogram, the
absorption bands of the oxidized states decrease and the absorption band of the neutral
state is recovered, therefore it can be stated that the oxidation of P3HT is reversible.

The structure of polymer films in the nanometer scale is commonly referred to as thin film
morphology ("morphology" originates from Greek: "study of forms"). The morphology
of the surface of polymer thin films can be examined with Atomic Force Microscopy
(AFM). In case of P3HT, different thin film morphologies can be obtained by controlling
the crystallization conditions and the obtained morphology differences can be correlated
to its electrochemical properties [45]. In general, features such as lamella or spherulite
formation can be obtained in AFM images of P3HT thin films [47]. The influence of the
film deposition conditions on the morphology, thin film absorption and electrochemical
properties of P3HT films has been examined previously [33, 45].
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Figure 1.6: Morphology characterization of P3HT film after spin coating a) and sub-
sequent solvent vapour annealing with AFM and UV/Vis absorption spec-
troscopy. Adapted with permission from [45], © 2018, Elsevier.

As can be seen in figure 1.6 a), spin coated P3HT films reveal predominantly amorphous
structures with only limited π− π-stacking as can be seen from the low-energy shoulders
in the UV/Vis absorption spectrum. After heating the P3HT film in a saturated atmo-
sphere of CS2 (the procedure is commonly referred to as solvent vapor annealing) as can
be seen in figure 1.6 b), the formation of P3HT nanowires which assemble in spherulitic
structures can be observed from the AFM surface morphology. The UV/Vis spectrum
after solvent vapor annealing reveals significantly more pronounced low-energy absorption
shoulders.

Spano et al. developed a model to calculate the free exciton band width W from the
absorption intensities of the transitions from the different vibrational states 0-0 and 0-1
(which correspond to the absorption intensities at the maximum absorption and at the
shoulder) [48]:

A00

A01

=

(
1− 0.24 ·W/Ep
1 + 0.073 ·W/Ep

)2

(1)

Here, A00 and A01 are the absorption intensities at the absorption maximum and at
the low energy shoulder, W is the free exciton band width and Ep the energy of the
main intermolecular vibration. Since the conjugation length is inversely proportional to
the free exciton bandwidth, the variation of the conjugation length can be calculated
from the variation of the absorption intensity ratio between the absorption maximum
and the low energy shoulder. Since the absorption intensity of the low-energy absorption
shoulder increases upon solvent vapor annealing (figure 1.6 b) the ratio A00/A01 decreases,
which corresponds to a decrease of W and accordingly to an increase of the conjugation
length. Therefore, utilizing equation 1 and the absorption intensities, the increase of
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the conjugation length and higher degree of crystallinity after solvent vapor annealing of
P3HT films can be deduced.

1.2.2 Polyelectrolytes

1.2.2.1 Basics

According to a definition by the International Union of Pure and Applied Chemistry (IU-
PAC ), a polyelectrolyte is a "polymer composed of macromolecules in which a substantial
portion of the constitutional units contains ionic or ionizable groups, or both" [49]. In
figure 1.7, examples of common polyelectrolytes are shown.

Figure 1.7: Examples of anionic and cationic polyelectrolytes: poly(4-styrenesulfonate
acid) (PSS-H) (1), polyacrylic acid (2) and poly(allylamin hydrochloride) (3).

Depending on whether pendant anionic or cationic groups are present in the repeating
unit, polyelectrolytes can be divided into polyanions, polycations or polyampholytes, if
both anionic and cationic groups are present. Furthermore, polyelectrolytes could be
classified according to if they react as acids or bases in aqueous solution by releasing or
taking up protons, forming polyanions or polycations. Such polyacids and polybases can
be classified according to their acidity respectively basicity [50]. Weak polyacids such
as poly(acrylic acid) are only at pH values above 5 in their dissociated form and at pH
values below 5 in their undissociated, protonated form. In contrast to that, strong poly-
acids such as PSS-H are at all pH values in their dissociated form [51]. Weak polybases
such as poly(allylamin hydrochloride) are only at pH values below 8 in their associated
ammonium form whereas at pH values above 8, the polybase is in its neutral amine form.

1.2.2.2 Water uptake properties

Due to the presence of ionic groups in polyelectrolytes, they are hydrophilic and therefore
very soluble in water. Due to the hydrophilicity, they also take up water from humid
atmospheres when they are present in the solid state, as studied for various polyelectrolyte
materials [52–54]. At 90 % relative humidity, polyelectrolyte materials such as polyacrylic
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1.2 Basic components of polymeric mixed conductor systems

acid sodium salt can take up 90 % water per weight (wt%) [52]. The water uptake
mechanism of perfluorinated sulfonic-acid (PFSA) ionomer membranes has been studied
in detail [3]. Membranes of poly(tetrafluoroethylene)-PFSA copolymers are often known
according to their commercial name Nafion (brand name of DuPont) and are among
others utilized as proton conducting membranes in proton exchange membrane fuel cells
(PEMFC) [55]. In figure 1.8, the molecular structure of Nation, the morphology of Nafion
membranes and the water uptake as amount of water molecules per sulfonic acid group
(in λ, see section 3.3.4 for details about the calculation of λ) of several PFSA materials
as function of relative humidity is shown.

Figure 1.8: a) Molecular structure of Nafion and b) morphology of Nafion membranes
and c) sorption isotherms (measured by gravimetric water uptake) at 25 °C
as function of relative humidity for various PFSA membranes. Adapted with
permission from [56], © 2008, Springer Nature and [3], © 2017, American
Chemical Society.

The molecular structure of Nafion in figure 1.8 a) consists of copolymers of hydrophobic
tetrafluorethylene and hydrophilic perfluorinated ethylene units which contain sulfuric
acid side groups [57]. The morphology of Nafion is still not entirely understood due to
issues of inconsistent solubility and the presence of at least a three-phase nature [58].
One of the first morphology models of Nafion was the so-called cluster network which
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includes ion clusters of inverted SO –
3 micelles of diameters of ≈ 40 nm that are con-

nected by channels with diameters of ≈ 10 nm [59]. A more recent model (figure 1.8)
proposes parallel water channels with diameters of 2 − 4 nm water rich (bright areas in
figure 1.8 b) and physical crosslinks of Nafion crystallites (black structures in figure 1.8
b) which are responsible for the mechanical stability of Nafion films [56].

In the water uptake trend for all Nafion materials in figure 1.8 c), three different stages can
be identified: up to 10 % relative humidity, the water content increases rather strongly.
Between to 10 and 80 % relative humidity, the water uptake increases slowly and above 80
% relative humidity, the water uptake increases very significantly. This trend is explained
as follows: up to λ = 1 − 2, counter cations dissociate from the SO –

3 -groups, forming
solvated cation complexes such as H3O

+. Going to higher water uptakes of λ ≈ 5 − 6,
multiple solvation shells form around the cation and the phase separation into hydrophilic,
water rich moieties and hydrophobic, polymer backbone containing moieties is increased.
At λ > 6, bulk-like water moieties are formed with hydration enthalpies between -40
and -45 kJ/mol, approaching the hydration enthalpy of pure water [60]. The presence of
ionic clusters in PFSA membranes, which increase in size with increasing water content,
is well-known [59].

1.2.2.3 Ionic conductivity properties

Since the water uptake of polyelectrolytes leads to a varying degree of dissociation of mo-
bile ionic species from the oppositely charged, immobile ionic groups which are attached
to the polyelectrolyte backbone, the ionic conductivity (σion) of polyelectrolytes varies
significantly as function of water content (and therefore as well as function of relative
humidity) as previously studied in detail [3, 6, 7, 61, 62]. In figure 1.9, the ionic conduc-
tivity of a poly(sodium 4-styrenesulfonate) (PSS-Na) film as function of relative humidity
is shown.
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1.2 Basic components of polymeric mixed conductor systems

Figure 1.9: Ionic conductivity of a PSS-Na film as function of relative humidity. Adapted
with permission from [63], © 2017, John Wiley and Sons.

At % 10 relative humidity, PSS-Na shows an ionic conductivity of 10−5 S/cm, which can
be explained by the fact that the cations are immobile due to strong coulombic interac-
tions with the opposite charged sulfonate groups which are attached to the side groups
of the polymer backbone. Upon increase of the relative humidity, solvation shells form
around the cations, which lead to a screening of the cations and therefore to a decreased
activation energy for ion movement [64, 65]. Going to even higher humidities, continuous
conduction channels are formed and the ionic conductivity reaches values of 10−1 S/cm,
therefore approaching values of pure aqueous solutions [66]. The mechanical properties,
the water uptake and conductivity properties of PFSA membranes were observed to be
dependent on the type of cation, in which the water uptake and the ionic conductivity
decreases with increasing cation size respectively cation radius [67].

Due to the discussed water uptake and conductivity properties as function of relative hu-
midity, polyelectrolytes have the potential for application in the relative humidity sensing
[68]. Since Nafion shows great proton conducting properties while electron conduction
is entirely suppressed and since it also shows good thermal and mechanical stability, it
is commonly used as proton conductor in proton exchange membrane fuel cells [7, 69].
Also Na+-exchanged Nafion membranes have been studied, in which the mobility of water
molecules as well as Na+ cations has been observed to increase with the water content
[70–72]. It was observed that the conductivity occurs mainly in Gouy-Chapman type
space-charge zones close to the interface between the water-rich hydrophilic moieties and
the polymer backbone where the SO –

3 anions are attached [7].

After the given overview of the conjugated polymer and polyelectrolyte components, the
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synthesis and the properties of the two polymeric mixed conductor materials PTS and
PEDOT:PSS are introduced in the following. Due to the relevance of PEDOT:PSS in
research and applications and its commercial availability, only for PEDOT:PSS the po-
tential applications are briefly introduced.

1.3 Polymeric mixed conductor materials

1.3.1 Conjugated polyelectrolyte: PTS

PTS consists of a conjugated polythiophene backbone and pendant sulfonated hexyl side
chains, therefore combining conducting polymer and polyelectrolyte moieties. Therefore,
PTS belongs to the group of conjugated polyelectrolytes (CPEs). Depending on whether
the side groups contain anionic or cationic end groups, anionic and cationic CPEs can
be distinguished. In the following, the historic development of the synthesis and the
properties of CPEs in general and in particular of PTS are given. For detailed explanations
on CPEs, the reader is referred to in-depth literature [73–75].

1.3.1.1 Synthesis

In spite of their great promise for applicability due to their electronic and optical proper-
ties, conjugated polymers still had the problem of very poor solubility in organic solvents.
Previously, this was tackled by introducing long alkyl chains to the conjugated back-
bone or by using strong oxidizing agents like a mixture of arsenic trifluoride and arsenic
pentafluoride and subsequent dissolving of the conducting polymer/dopant mixture [76,
77]. Only several years after the discovery of conjugated polymers, in the group of Prof.
Alan Heeger conjugated polymers which are water soluble were developed [78]. Heeger
and his group solved the solubility issue for aqueous systems by introducing alkyl chains
with methylester end groups as side chains into the thiophene monomer. After poly-
merization via electrochemical oxidation, the methylester end groups were converted to
sulfonate end groups with sodium counterions. The resulting CPEs were soluble in H2O.

In 1990, a way to prepare CPEs via chemical synthesis directly from the sulfonated thio-
phene monomer was reported [79]. The sodium 3-(3-thienyl)propane sulfonate monomer
was chemically polymerized using FeCl3 as oxidant in H2O. After polymerization, the re-
action mixture was treated with aqueous NaOH to yield poly(sodium 3-(3-thienyl)propane
sulfonate). Cyclic voltammetry studies showed fast and reversible switching between the
neutral and oxidized state. Later in 1995, Holdcroft et al. further optimized the synthesis
procedure and analyzed the composition and structure of the obtained CPEs [80]. With
the utilized synthesis method, the polymer reveals a head-to-tail to head-to-head ratio of
4:1, which corresponds to a regioregularity of ≤ 80%.
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With the help of figure 1.10, the regioregularity in case of poly(3-alkylthiophenes) (there-
fore also being valid for P3HT as shown in figure 1.5 a) can be explained.

Figure 1.10: Three possible connection between thiophene monomers in poly(3-
alkylthiophenes). Adapted from [81].

Depending on the position of the rest, the 2- and 5-carbon atoms of the thiophene unit can
be assigned to the head and tail position. The thiophene monomers can accordingly cou-
ple in three different ways, in the head-to-tail, head-to-head and tail-to-tail connection.
Since the head-to-tail connection is the most abundant connection, the regioregularity
is given as share of head-to-tail connections among all connections. Only head-to-tail
connections would therefore correspond to a regioregularity of 100%. From studies on
P3HT it is known that higher degrees of regioregularity result for example in higher lev-
els of crystallinity and larger charge carrier mobilities [82, 83], therefore high degrees of
regioregularity are in general desirable.

In 2014, Thelakkat et al. introduced a synthetic route to prepare the CPE PTS-TBA as
shown in figure 1.11 [22].

Figure 1.11: Synthesis route and molecular structure of PTS-TBA, adapted from [22].

2,5-Dibromo-3-(6-bromohexyl)thiophene monomers were polymerized with Kumada cat-
alyst transfer polymerization to yield poly(3-(6-bromohexyl)- thiophene) as precursor

17



1 Introduction

polymer. Analysis of the precursor revealed a high regioregularity of ≥ 95% and a poly-
dispersity index (PDI) close to 1. Subsequent treatment with tetrabutyl ammonium
sulfite yields PTS-TBA. The reported synthesis route was also utilized to prepare the
PTS-TBA batch which was utilized in this thesis (see experimental part section 3.1.1 for
more details).

1.3.1.2 Properties

Self- and auto-doping

In 1989, Heeger et al. studied the electrochemical cycling (alternating oxidation and
reduction) of anionic CPE films with either H+ or Na+ counterions in detail [84]. By
monitoring the ion concentrations in the electrolyte, the "cation-popping" effect was pro-
claimed: upon oxidation of the CPE, the concentration of the respective cation in the
electrolyte increased. This was explained by an ejection of the H+ respectively Na+

cation into the electrolyte. Upon oxidation of the CPE, positive charges are formed on
the polythiophene backbone. In conventional CPs, anions from the electrolyte are taken
up in the polymer film in order to maintain charge neutrality. In case of CPEs however,
ejection of the cationic counterions from the CPE film into the electrolyte is the predom-
inant mechanism in order to establish charge neutrality [46]. Since the covalently bound
anionic sulfonate ions serve as counterions for the positively charged conjugated polymer
backbone and no external ions from the electrolyte are required, the oxidation of CPEs
is referred to as "self-doping". This term however is also under discussion, since it would
suggest that self-doped CPs are intrinsically conducting without any doping required.
Since self-doped CPs require electrochemical doping, Heinze et al. rather suggest the
term "self-ionized CPs" [46].

CPEs with protonic counterions revealed high four point probe conductivities of 0.1 S/cm,
which is significantly higher than CPEs with sodium counterions [79]. Therefore, the term
"self-acid-doping" was introduced: presence of H+ as counterion leads to increased conduc-
tivity and the evolution of additional UV/Vis absorption bands since protons are added
to the thiophene units [85]. High concentrations of free spins were obtained as in the
chemical doping of poly(3-methylthiophene) with AsF5, which indicates that the addition
of H+ to the polythiophene backbone seems to involve a redox process. Later, the "acid-
self-doping" effect was also referred to as "auto-doping" [75]. In a recent publication, the
auto-doping effect was also observed in case of poly(1,4-bis(4-sulfonatobutoxy)benzene-
alt-terthiophene) CPEs [86]. Interestingly, also for polyaniline CPEs an auto-doping effect
could be observed: presence of Na+ as counterion resulted in very low electronic conductiv-
ities, whereas a proton exchange resulted in significantly higher electronic conductivities
[87]. The increased electronic conductivity was explained with the addition of protons
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to the electron rich aniline nitrogen. Traces of oxygen, which might be present in the
aqueous solutions of CPEs could eventually also participate in doping of the CPEs [43].

Further counterion dependency

In addition to the influence of either protons or other cations as counterions, which resulted
in either self-doping or auto-doping effects, the influence of the type or size of counterions
for example on the aggregation of CPEs was widely studied. Loewe et al. examined the
UV/Vis absorption of solutions of poly(thiophene-3-propionic acid) CPEs after treatment
with aqueous solutions of tetraalkylammonium hydroxide salts with various alkyl chain
lengths, which resulted in a replacement of the counterion [2].

Figure 1.12: a) Vials of poly(thiophene-3-propionic acid) after adding various bases and b)
UV/Vis absorption spectra of respective solutions. Adapted with permission
from [2], © 1997, American Chemical Society.

As can be seen in figure 1.12 a), the colors of the CPEs vary significantly in dependency
of the added tetraalkylammonium hydroxide solution. For the smallest counterion am-
monium (A in figure 1.12) the UV/Vis spectrum (figure 1.12 b) showed an absorption
maximum at ≈ 550 nm. Upon introducing alkyl side groups in the counterion and in-
creasing these alkyl chain lengths (from B to D), the absorption maximum decreased,
in which the absorption maximum was blue-shifted (hypsochromic shift, e.g. a shift to
lower wavelengths) by 130 nm in case of tetrybutylammonium. This effect was explained
by the fact that small cations favor the self-assembly of the CPEs whereas large cations
can completely inhibit the aggregated state. Cerar et al. examined the properties of
poly(thiophene-3-ylacetic acid) CPEs with different inorganic alkali and organic coun-
terions with nuclear magnetic resonance (NMR) and diffusion coefficient measurements
and found that the binding of tetraalkylammonium to the CPE can not be described
thermodynamically, which is explained by the bulkiness of the tetraalkylammonium ions
and their hydrophobic properties [88]. In another study poly(1,4-phenyleneethynylene

19



1 Introduction

carboxylate) CPEs with various cationic counterions was examined and found that the
electroluminescence maximum can be shifted from 430 nm in case of hard counterions
to 515 nm in case of soft counterions [89]. Whereas amorphous film structures were
found in case of nonamphiphilic counterions, smectic A and smectic B phases were found
for amphiphilic counterions. The group of Guillermo Bazan has done research on CPEs
for several years. In 2006, the group studied CPEs with various counterions and found
varying degrees of self-doping effects after dialysis [90]. In a subsequent study, further
counterions and varying side chain lengths were studied, which influenced the self-doping
effects after dialysis [91]. It could be shown, that CPEs with small counterions and short
side chain result in higher doping levels and more ordered films.

In a study from Thelakkat et al., PTS (which was also examined in this thesis) with
either tetramethylammonium (TMA+), tetraethylammonium (TEA+) or TBA+ counteri-
ons was analyzed with several optical and electrochemical methods [1]. In figure 1.13, the
UV/Vis absorption in films and the UV/Vis absorption intensity trend at the wavelength
of maximum absorption during spectroelectrochemical measurements (in order to prevent
dissolution of the PTS films, (3-glycidyloxypropyl) trimethoxysilane (GOPS) crosslinker
was added to the aqueous spin coating solution) for the three PTS materials is shown
(note that PTS was named "PTHS" by the authors).

Figure 1.13: Studies on PTS with various counterions: a) UV/Vis absorption studies in
film and b) trend of the UV/Vis absorption intensity in spectroelectrochem-
istry measurements at the wavelength of the absorption maximum upon ap-
plying a potential of 600 mV and subsequent switching to 0 mV. Adapted
with permission from [1], © 2018, John Wiley and Sons.

As can be seen in figure 1.13 a), the UV/Vis absorption differs depending on the coun-
terion. Whereas TBA+ as counterion results in a nearly featureless spectrum with an
absorption maximum at 499 nm, TEA+ and TMA+ counterions result in considerably
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red-shifted absorption maxima at 540 respectively 549 nm and increasingly significant ab-
sorption shoulders at higher wavelengths. Therefore, it can be assumed that the smaller
counterion TMA+ promotes polythiophene backbone aggregation. In the trend of the
absorption intensities upon applying a positive bias of +600 mV, it can be seen that for
all materials, the absorption intensity decreases due to the oxidation of PTS. In case of
PTS-TMA, the absorption intensity decreases most significantly which can be explained
by the fact that more thiophene units are oxidized in PTS-TMA than in PTS-TEA and
PTS-TBA. After switching back to 0mV, PTS-TMA is the only material to show a com-
pletely reversible recovery to its neutral state. These effects can presumably be explained
with more facile moving of TMA+ cations out from and into the PTS film. In electro-
chemical impedance spectroscopy (EIS) measurements, a clear trend was obtained: the
volumetric capacitance increased by more than one order of magnitude when decreasing
the ion size in the row TBA+ - TMA+. In OECT device performance measurements with
the three different PTS materials as channel materials, the highest drain currents ID and
the fastest switching speeds were found for the OECTs using PTS-TMA. In conclusion it
can be stated that the solid state and electrochemical properties of PTS films depend con-
siderably on the size of the counterion, in which it could be shown that the highest degree
of aggregation in film and the best performance parameters in OECTs were obtained for
the smallest counterion. In a very recent publication, the Thelakkat group examined the
OECT performance with PTS-TMA-co-P3HT copolymers with varying P3HT contents
[23]. For copolymers with 75 and 50 mol % PTS-TMA a lower threshold voltage and
higher volumetric capacitance values compared to the PTS-TMA homopolymer were ob-
tained, which gives indication that the P3HT content does not prevent the ion transport.

In contrast to the anionic CPEs discussed so far, also cationic CPEs were studied. Vohli-
dal et al. synthesized poly(3-(6-(1-methylimidazolium-3-yl)hexyl)thiophene-2,5-diyl bro-
mide) (PTImBr), which was also studied in a preliminary study of this thesis [92]. Solvent
dependent UV/Vis absorption (solvatochromism) was found and evidence for the forma-
tion of micelle-like structures with the polythiophene core and 1-methylimidazolium shell
was found. Maes et al. studied several cationic CPEs and found that with bis(trifluoro-
methylsulfonyl)imide (TFSI) as anionic counterion, the CPEs showed much lower glass
transition temperatures and lower hydrophilicities compared to Br– [93]. It could be
shown that the CPEs as interlayers in OSC devices improved the efficiency, which was
explained by the fact that the ion containing CPEs interlayers create a capacitive dou-
ble layer. Bazan et al. studied cationic CPEs with various anionic counterions accord-
ing to their performance in light emitting diodes and found significant different per-
formance parameters, in which the reason for the differences remained unknown [94].
Nguyen et al. examined the influence of the anionic counterions of CPEs in light emitting
diodes with voltage-driven current-density measurements and revealed that the opera-
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tional mechanism is predominantly influenced by the electrochemical doping of the CPE
[95]. The speed of the electrochemical doping decreases in the row Br– to F– to BIm –

4

(tetrakis(imidazolyl)borate), in which the ion size increases in the row F– to Br– to
BIm –

4 . Therefore, the authors assume that not only the mobility but also the energy of
dissociation determines the time till full electrochemical conversion is reached.

Morphology

For different CPEs systems, for example in case of cationic diblock-copolymers spherical
particles were obtained [96]. For pristine PTS-TBA, AFM images of homogeneous and
featureless films were revealed [22, 24]. Addition of EG results in an increase of the surface
roughness and in fiber-like features with long range order [24]. The UV/Vis absorption
maximum is shifted for around 30 nm to higher wavelengths, which can be explained by
an increased stacking of conjugated segments. Interestingly, addition of EG to the PTS
solution in prior to spin coating also improves the performance of PTS-TBA in OECTs.
In figure 1.14, the response time to a gate potential (VG) pulse of an OECT using either
pristine or EG-treated PTS-TBA as channel material is shown.

Figure 1.14: Response of an OECT to a potential pulse. Adapted with permission from
[24], © 2014, John Wiley and Sons.

As can be seen in the drain current (ID) curve, the response time is significantly increased
in case of the EG treated PTS channel material compared to the pristine PTS channel
material. Also ID increases significantly by a factor of approximately 7. From studies
of PEDOT:PSS it is known that addition of EG increases the size of the PEDOT rich
moieties and therefore leads to an increase of the electronic conductivity [97]. Therefore
the authors assume that similar effects of the addition of EG on the structure of PTS
could be expected, which might therefore result in a faster switching between the redox
states of PTS.
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1.3.2 Conjugated polymer/polyelectrolyte mixture: PEDOT:PSS

In addition to PTS, PEDOT:PSS is the second material examined in this thesis. Owing to
the huge amount of publications dealing with the synthesis, properties and the (potential)
applications of PEDOT:PSS, only a condensed overview of PEDOT:PSS is given in the
following. The reader is referred to the very comprehensive book from Elschner et al.
about all aspects of PEDOT and PEDOT:PSS, further literature about specific properties
of PEDOT:PSS is given in the following [98].

1.3.2.1 History

With the discovery of conducting polymers, the central research department of Bayer
attempted to utilize polyacetylenes in technical applications in the 1980s [98]. Due to the
difficulties to stabilize polyacetylene in its doped state and to achieve processability, re-
search on polyacetylenes was stopped. After further unsuccessful attempts on conductive
tetracyano-quinodimethan complexes and polypyrroles, focus was laid on monoalkoxy-
and 3,4-dialkoxysubstituted thiophenes since it was known that oxygen-bearing sub-
stituents can stabilize radicals and positive charges. The structures of all chemical com-
pounds described in this section are shown in figure 1.15.

Figure 1.15: Molecular structures of compounds related to the chemical synthesis of
PEDOT:PSS. Adapted from [98].

According to a previously reported synthesis of 3,4-methylenedioxy-thiophene-
2,5-dicarboxylic acid (MDOTA), researchers Friedrich Jonas and Gerhard Heywang from
Bayer AG tried to synthesize 3,4-methylenedioxythiophene (MDOT) [99]. After solv-
ing issues to decarboxylate MDOTA, MDOT was shown to be not polymerizable by
chemical oxidation. Therefore, the researchers decided to extend the structure to the six-
membered dioxane ring in 3,4-ethylenedioxythiophene (EDOT). The synthesis of EDOT
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worked out nicely and the chemical polymerization of EDOT with FeCl3 yielded poly(3,4-
ethylenedioxythiophene) (PEDOT), the respective patents were filed in 1988. After poly-
merization, PEDOT was obtained in its oxidized state and revealed high conductivities
and stability of its doped state even under air under high humidities. The group of Jürgen
Heinze in Freiburg investigated the electropolymerization of EDOT and the electrochem-
ical properties of the resulting PEDOT [100]. Despite its great properties, PEDOT still
had the problem of bad processability. In 1989, a research collaboration between Bayer re-
searcher Friedrich Jonas and Werner Krafft from Agfa-Gevaert AG started. Agfa-Gevaert
AG was looking for new antistatic agents since the at that time used vanadium pentox-
ide had drawbacks such as toxicity and relative humidity dependent ionic conductivity
of poly(styrenesulfonic acid) (PSS-H). It was found out, that PSS in its (partially) an-
ionic form can serve as counterion for oxidized PEDOT to form a dispersion which is
stable in aqueous media. The resulting composite material is therefore abbreviated as
PEDOT:PSS.

1.3.2.2 Synthesis

In the following, an overview of the most frequently utilized method to prepare
PEDOT:PSS is introduced. The method is according to the Baytron P process, which
was patented in 1991 and which is also reproduced in literature [101–103]. The reaction
scheme is shown in figure 1.16.

Figure 1.16: Synthesis and molecular structure of PEDOT:PSS. Adapted from [103].

EDOT is industrially prepared via the Gogte synthesis, which utilizes oxalic acid diester
and thiodiacetic diester as reagents and which yields EDOT-2,5-dicarboxylic acid as in-
termediate step [104]. In order to prepare PEDOT:PSS, EDOT is mixed with PSS-H in
varying ratios (depending on the desired PEDOT to PSS-H ratio in PEDOT:PSS, see sec-
tion 1.3.2.3) and sodium persulfate (Na2S2O8) in demineralized water. PSS-H is added, so
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that the positively charged in-situ formed PEDOT can be stabilized by anionic charges of
PSS, therefore an aqueous dispersion of PEDOT:PSS is formed [105]. Additionally PSS-H
increases the solubility of EDOT and decreases the pH value, which prevents side reac-
tions. Sodium persulfate (Na2S2O8) was shown to be most beneficial as oxidizing agent,
since it is water-soluble and prevents the precipitation of the PEDOT:PSS complex, as
occurs upon utilizing compounds with multivalent cations such as Fe3+. After short stir-
ring of the aqueous solution of EDOT, Na2S2O8 and PSS-H, iron sulfate (Fe2(SO4)3) is
added as initiator. The reaction mixture is stirred for typically 24 hours. Afterwards, the
PEDOT:PSS particles are ion exchanged in an acidic resin and depending on the desired
particle size filtered with varying mesh sizes.

1.3.2.3 Properties

Morphology

When discussing the properties of PEDOT:PSS, the first obvious question is how the
structure respectively the morphology of the in-situ formed PEDOT:PSS is, in particular
with respect to the question how the conducting polymer PEDOT is forming the compos-
ite material PEDOT:PSS together with the polyelectrolyte PSS. The different proposed
structures are summarized in a recent publication [106]. Two repeatedly reported major
features can be identified: crystallization respectively π-π-stacking of PEDOT units [107–
113] and phase separation into PEDOT-rich and PSS-rich moieties [97, 105, 107, 113–
117]. In figure 1.17, two representative models of PEDOT:PSS in thin films are shown.
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Figure 1.17: Two proposed morphology models of PEDOT:PSS. Adapted with permission
from [97], © 2016, Springer Nature and [113], © 2017, John Wiley and Sons.

Figure 1.17 a) describes the structure formation during the chemical polymerization of
PEDOT: during the polymerization of EDOT, oxidized PEDOT oligomers (see section
1.3.2.3 for a detailed discussion about the chain length of PEDOT) are polymerized onto
the anionic PSS matrix (a) [97]. The PSS matrix with the attached PEDOT oligomers
forms colloidal gel particles, resulting in a dispersion in the aqueous reaction medium
(b). Upon deposition, disk-shaped "pancake-like" moieties with PEDOT and PSS rich
moieties are formed, in which π-π stacking could be shown (c) and (d). Figure 1.17 b)
corresponds to the morphology model of PEDOT:PSS model as determined by a com-
bination of theoretical modeling and supporting experiments [113]. According to this
model, PEDOT:PSS is a two-phase material with an amorphous, PSS-rich phase and a
PEDOT-rich phase with characteristic sizes of 10 − 30 nm [106]. In the PEDOT-rich
phase, PEDOT crystallites with dimensions of 1 − 2 nm were found. A percolative net-
work of PEDOT moieties was proven to be pivotal for electronic conductivity whereas the
amorphous PSS-rich phase provides ionic conductivity (see sections 1.3.2.3 and 1.3.2.3 for
a discussion about electronic and ionic conductivity in PEDOT:PSS).

PEDOT to PSS ratio

One important parameter of PEDOT:PSS materials is the weight ratio of PEDOT to
PSS (referred to as PEDOT:PSS ratio after herein), so the content of the PEDOT com-
ponent and the PSS component in the composite material PEDOT:PSS. The commercial
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PEDOT:PSS batches are predominantly high PEDOT content batches, so PEDOT:PSS
batches with a PEDOT:PSS ratio of 1:2.5 or similar ratios. In contrast to that, also
low PEDOT content PEDOT:PSS batches with a PEDOT:PSS ratio of 1:6 or with
even lower PEDOT contents can be purchased. In this thesis, both the high and low
PEDOT content PEDOT:PSS batches were examined (see also experimental section
3.1.2). Köhler et al. synthesized PEDOT:PSS batches by applying varying EDOT:PSS ra-
tios ranging from 1:1 to 1:30 and examined films from the resulting PEDOT:PSS batches
(full conversion of EDOT to PEDOT was assumed) by means of AC impedance spec-
troscopy and thermoelectric measurements [103]. In the AC impedance measurements,
which were recorded in the frequency range from 0.5 Hz to 20 Mhz and which were con-
ducted in dry N2 conditions, for the PEDOT:PSS batches with PEDOT:PSS ratios of 1:6
to 1:30 a high-frequency semi-circle and a sloping low-frequency response was obtained,
as can be seen in the Nyquist plots (also see in the experimental part section 3.3.3) in
figure 1.18. According to [103], for PEDOT:PSS batches with higher PEDOT contents
"dots" were obtained in the Nyquist plots (presumably due to high electronic conductiv-
ities), the Nyquist plots were therefore not shown.

Figure 1.18: AC impedance spectroscopy of PEDOT:PSS films with various PEDOT:PSS
ratios. Adapted with permission from [103], © 2012, John Wiley and Sons.

Whereas the diameter (resistance) of the high-frequency semi-circle can be assigned to
the total resistance of the PEDOT:PSS film, the presence of the low-frequency signal
indicates that the ionic conductivity is in a comparable range or higher than the electronic
conductivity [8]. Since the resistance of the high-frequency semi-circle increases with
decreasing PEDOT content, it can be stated that the total film resistance increases with
decreasing PEDOT content. With the help of the high-frequency resistance, the electrical
conductivity (the electrical conductivity comprises contributions both from the electronic
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and ionic conductivity) as function of the PEDOT:PSS ratio is calculated, which can be
seen in figure 1.19.

Figure 1.19: Electrical conductivity as function of PEDOT:PSS ratio. Adapted with per-
mission from [103], © 2012, John Wiley and Sons.

According to Crispin et al., the high-frequency resistance comprises not only the electronic
conductivity but also the ionic conductivity [8]. However, since the ionic conductivity
does presumably not vary significantly due to the similar PSS contents in the different
PEDOT:PSS batches, the large variations in the electrical conductivity can presumably
be assigned to a variation of the electronic conductivity. Whereas the electrical conduc-
tivity is in the range of 1 S/cm in case of the PEDOT:PSS 1:1 batch, upon decreasing
the PEDOT content the electrical conductivity levels off in the range of 10−3 S/cm at
a PEDOT:PSS ratio equal or lower than 1:7 [103]. Since the charge carrier density was
shown to be approximately constant for all PEDOT:PSS ratios, the variation of the elec-
trical conductivity was explained with a loss of the percolation between the electronically
conducting PEDOT moieties upon decreasing the PEDOT content. The large variation
of the electrical conductivity with a concurrent small variation of the Seebeck coefficient
as function of the PEDOT:PSS ratio for different PEDOT:PSS batches was also observed
in a previous publication [118].

Lapkowski et al. examined various commercial PEDOT:PSS batches with varying PE-
DOT to PSS ratios with spectroscopic ellipsometry and UV/Vis spectroscopy and could
separate the contributions from the PSS and PEDOT moieties [119]. Also the influ-
ence of the PEDOT:PSS ratio on the performance of PEDOT:PSS as hole injection layer
in organic light emitting diodes (OLEDs) has been studied [120]. It could be obtained
that different PEDOT:PSS ratios result in different work functions and hole barrier en-
ergies and therefore the optical and electrical device characteristics can be related to the
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1.3 Polymeric mixed conductor materials

PEDOT:PSS ratio. The influence of the EDOT to PSS weight ratio, the EDOT to
Na2S2O8 molar ratio and the additive type and concentration in the synthesis on the
resulting PEDOT:PSS material was also examined [121]. The EDOT:PSS ratio of 1:11
and the EDOT:Na2S2O8 ratio of 1:2 was obtained to result in the highest conductivities
of the pristine PEDOT:PSS films, a nonionic polyethylene oxide additive was revealed to
improve the conductivity most significantly (see also section 1.3.2.3 for a discussion about
strategies to improve the electronic conductivity of PEDOT:PSS).

Polymerization degree of PEDOT oligomers

Since PEDOT is prepared by chemical oxidation of the monomer EDOT, the result-
ing PEDOT oligomers are in their oxidized state after the chemical synthesis. In spite
of the difficulty that PEDOT can only be examined in the complex with PSS, sev-
eral efforts have been made to determine the polymerization degree of PEDOT, so the
chain length of the PEDOT oligomers which are formed during the chemical polymer-
ization. By extrapolation of the maximum absorption intensity of the EDOT dimer and
the EDOT trimer in spectroelectrochemistry measurements, the chain length of PEDOT
was estimated to 10 monomer units [122]. Matrix-assisted laser ionization time-of-flight
(MALDI-TOF) measurements of PEDOT:PSS or substituted PEDOT derivatives indi-
cated 6 − 18 monomer units in PEDOT oligomers [123]. Chain lengths between 10 and
20 monomer units have been estimated elsewhere [107].

Regarding PSS-H, it is important to mention that since theMW of PSS-H exceeds typically
50.000 g/mol, its polymerization degree is therefore higher than 200 [124].

Electronic and optical properties of PEDOT:PSS

By comparing the peak intensities in the X-ray photoelectron spectroscopy (XPS) mea-
surements as shown in figure 1.20, the doping level of pristine chemically polymerized
PEDOT:PSS can be determined (note that PEDOT was named "PEDT" by the authors).
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Figure 1.20: XPS measurement (S(2p) signals) of chemically synthesized PEDOT:PSS.
Adapted with permission from [122], © 2003, American Chemical Society.

The peak intensity ratio of the deprotonated sulfonate SO –
3 -EDOT+ couple and the pro-

tonated sulfonate group SO3H of the PSS counterion amounts roughly to 0.3−0.35 which
corresponds also to the doping level of the pristine chemically polymerized PEDOT:PSS,
therefore it can be concluded that 30−35 % of the EDOT monomers are in their oxidized
form [122]. In a recent study by Zozoulenko et al. the unknown reason why the degree
of oxidation in chemically polymerized PEDOT amounts to 33 % was approached with
density functional theory [125]. The calculated Gibbs free energy was obtained to remain
constant after reaching an oxidation level of 33 %, which is explained by the fact that at
this degree of oxidation, all bonds in the backbone can switch from the aromatic to the
energetically favored quinoid form.

Electronic conductivity in PEDOT:PSS

Because it was hoped that PEDOT:PSS and conducting polymers in general could be
utilized for example in transparent electrode devices one day, many efforts have been made
to improve the electronic conductivity of PEDOT:PSS [126]. Two principle strategies
can be distinguished: firstly the additive method, where compounds are added to the
PEDOT:PSS dispersion in prior to processing PEDOT:PSS into films or secondly the post-
treatment method, where PEDOT:PSS films are treated after processing into films. In the
additive method, typically high boiling point organic solvents such as dimethyl sulfoxide
(DMSO), glycerol, sorbitol or EG are utilized [97, 127–130]. By adding 5% DMSO to the
PEDOT:PSS dispersion, conductivities as high as 945 S/cm could be obtained [127]. In
figure 1.21, the UV/Vis near infrared (NIR) absorption spectrum of PEDOT:PSS (1:2.5)
films with and without EG treatment are shown [131].
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1.3 Polymeric mixed conductor materials

Figure 1.21: UV/Vis NIR absorption spectrum of a) a pristine PEDOT:PSS (1:2.5) film
and b) a PEDOT:PSS (1:2.5) film which was dipped in EG. Adapted with
permission from [131], © Royal Society of Chemistry 2014.

Four point probe measurements of the pristine and the EG dipped PEDOT:PSS films
revealed conductivities of 9.6 and 714 S/cm, respectively [131]. Interestingly, the UV/Vis
spectra do not show differences upon EG doping. This is due to the fact that sec-
ondary doping (such as the here reported EG doping) has no impact on the number
of charge carriers in the film [132]. In the post-treatment method, the already deposited
PEDOT:PSS films are treated for example with polar organic solvents or with acids [133–
136]. Especially the treatment of PEDOT:PSS with H2SO4 yields conductivities as high as
4380 S/cm [137]. In figure 1.22, the effects of the acid treatment are shown.

Figure 1.22: Post-treatment of PEDOT:PSS films with H2SO4; a) conductivity as function
of H2SO4 concentration and at 100 vol% H2SO4 concentration as function
of drying temperature and b) X-Ray diffractogram (XRD) pattern of PE-
DOT:PSS films as function of H2SO4 concentration and c) molecular pack-
ing structure of PEDOT:PSS. Adapted with permission from [137], © 2014,
John Wiley and Sons.

In figure 1.22 a) it can be seen that the conductivity of the PEDOT:PSS films increases
with increasing H2SO4 concentration and that subsequent drying at 120°C results in the
highest conductivity. The effect of the acid treatment can be seen in the XRD patterns
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in figure 1.22 b), which gives indication that PEDOT:PSS forms a lamellar stacking be-
tween two distinguishable, alternating orderings of PEDOT and PSS. As shown in case
of H2SO4, the conductivity increases since the π − π-stacking of the PEDOT chains
(figure 1.22 c) is improved and the interactions between the positive charged PEDOT
chains and the negative charged PSS groups is weakened (this effect was also identified to
be responsible for the conductivity increase for other pre- and post-deposition methods).
Additionally, the acid treatment leads to a remove of the excess PSS, which increases the
PEDOT content and therefore the conductivity [138].

In combination with the conventional additive and post-treatment methods, in which
the PEDOT:PSS films are processed by spin coating, also sophisticated deposition meth-
ods were utilized to further increase the conductivity. For example, by adding EG to a
PEDOT:PSS dispersion, subsequent concentrating of the PEDOT:PSS dispersion and
preparing PEDOT:PSS fibers by means of bottom-up wet-spinning, conductivities of
3828 S/cm could be obtained [139]. By preparing PEDOT:PSS films with a solution-
shearing method and subsequent post-treatment with methanol, conductivities as high
as 4600 S/cm could be obtained [140]. According to a very recent publication, with the
help of a PSS brush substrate and subsequent polymerization of PEDOT onto the brush,
conductivities of 5000− 6000 S/cm were reached [141].

Ionic conductivity in PEDOT:PSS

In addition to the examination and following improving of the electronic conductivity of
PEDOT:PSS, attempts were made to determine the ionic conductivity in PEDOT:PSS. As
Crispin et al. noticed, high electronic conductivity of PEDOT materials prevents to mea-
sure the ionic conductivity of these materials [8]. Berggren et al. examined the properties
of PEDOT:PSS containing nano-fabricated cellulose, in which the ionic conductivity of
PEDOT:PSS containing nano-fabricated cellulose could not directly be determined due to
its high electronic conductivity [142]. Therefore, the ionic conductivity of PSS-H contain-
ing nano-fabricated cellulose was measured and the ionic conductivity of the PEDOT:PSS
containing nano-fabricated cellulose was estimated to be the same.

Since the direct measurement of the ionic conductivity of the high PEDOT content PE-
DOT:PSS batches is not feasible, the ionic mobilities were studied instead. These can be
extracted for example with Kelvin probe force microscopy [143]. As further possibility to
extract ionic mobilities, the so called moving front method was developed [144, 145]. The
scheme of the utilized device is shown in figure 1.23 a).
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1.3 Polymeric mixed conductor materials

Figure 1.23: Determination of ionic mobilities in PEDOT:PSS. Scheme of moving front
device a) and drift length of various cations b). Adapted with permission
from [145], © 2013, John Wiley and Sons.

A PEDOT:PSS film is deposited on a glass substrate and encapsulated with an epoxy-
based photoresist, which serves as an ionic barrier [145]. On one side of the PEDOT:PSS
film a gold electrode was deposited and the planar open surface at the other side of the
film was placed in an electrolyte. The electrolyte consists of an aqueous solution with
varying conducting salts and in the electrolyte an Ag/AgCl reference electrode is placed.
The optical transmission of the PEDOT:PSS film is measured spatially resolved through
the glass substrate as function of the time after which a positive potential is applied at the
Ag/AgCl electrode. According to the authors, the positive potential leads to a diffusion
of the cations of the electrolyte into the PEDOT:PSS film and therefore to a concurrent
dedoping (reduction from the oxidized to the neutral state) of the PEDOT:PSS film. The
dedoping can be measured by a change of the optical transmission [146]. From the prop-
agation of the dedoping front, the drift length and the ionic mobility of the respective
cation can be calculated. In figure 1.23 b), the drift lengths of various cations are shown,
in which the drift length is proportional to the ionic mobility. It can be seen that for all
cations, a linear, yet significantly varying relationship between the drift length and the
time can be obtained, which leads to the assumption that different cations move differ-
ently through the PEDOT:PSS material. For all cations except from H+ (no assumption
for the highest drift length in case of H+ was given by the authors), fairly similar drift
lengths are obtained, therefore it might be assumed that the water channels are spacious
enough even for the large choline chloride cation. Interestingly, the here determined ionic
mobilities of the four ions H+, K+, Na+ and C5H14NO

+ in PEDOT:PSS films are larger
than the respective electrophoretic mobility in bulk water, indicating a contribution of
electroosmotic effects in PEDOT:PSS [147].

Rivnay et al. further improved the moving front method and also examined the variation

33



1 Introduction

of the electrical conductivity and the ionic mobility upon adding various amounts of
EG to the PEDOT:PSS dispersion before spin coating [97, 148]. The effect of the EG
treatment on the electrical conductivity and the ionic mobility of PEDOT:PSS films and
the suggested changes of the morphology are shown in figure 1.24.

Figure 1.24: a) Variation of the electrical conductivity and the ionic mobility with EG con-
tent and b) proposed morphological changes upon addition of EG. Adapted
with permission from [97], © 2013, Springer Nature.

In figure 1.24 a) it can be seen that addition of 10 vol% EG increases the electronic
conductivity significantly, however adding of more EG does not lead to a further increase
of the electronic conductivity. In contrast to the increase of the electronic conductivity,
the ionic mobility decreases monotonically with increasing EG content. The proposed
structure-related variation of the electronic conductivity and the ionic mobility is displayed
in figure 1.24 b). In the PEDOT:PSS film with added EG, the PEDOT and PSS rich
domains are further concentrated, so that in the PEDOT domains the maximum PEDOT
to PSS ratio or minimum PSS content to preserve charge balancing is reached and that
the PEDOT content in the PSS rich domains is decreased by 30 % [149]. As previously
discussed, this is accompanied by an increase of the π−π stacking of the PEDOT chains,
which leads to an increase of the electronic conductivity. Whereas the bulk ion transport
is presumed to take place in the PSS rich phase (which is only little affected by the EG
addition), the diffusion of the ions into the PEDOT moieties is increasingly impeded due
to the increased density of the PEDOT moieties as a result of the EG addition. Therefore,
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1.3 Polymeric mixed conductor materials

the ionic mobility of the bulk PEDOT:PSS material decreases. It has to be noted, that
with both Kelvin probe force microscopy as well as with moving front experiments, only
the motion of external ions in the polymer films can be examined [97]. It is important
to mention that the optimization of the electronic conductivity of the polymeric mixed
conductor systems examined in this thesis was not the focus of this thesis, therefore no
EG treatment was utilized.

1.3.2.4 Applications

Due to its superior properties and facile processability, attempts were taken to utilize
PEDOT:PSS in a broad variety of applications, both in energy conversion and energy
storage devices or in flexible and stretchable electronics [150, 151]. Xia et al. summa-
rized all aspects of PEDOT:PSS leading to its potential for various applications: tun-
able conductivities up to 103 S/cm and tunable work functions, high stretchability and
flexibility, long-term stability in air and high transparency [151]. In order to utilize PE-
DOT:PSS in stretchable electronics applications, composite materials of PEDOT:PSS
and soft polymers such as poly(vinyl alcohol) (PVA), poly(acrylic acid) or poly(meth-
acrylic acid) were examined which could combine the good conducting properties of PE-
DOT:PSS and the tensile properties of the soft polymers [152]. It could be seen that high
conductivities such as in pure PEDOT:PSS could be maintained whereas the stretchability
could be improved significantly, in which the stretchability was especially good in compos-
ite materials of PEDOT:PSS and PVA. The conductivity and tensile properties of fibers
and films from PEDOT:PSS and PVA composites were examined previously [153, 154].
Due to their water uptake properties, polyelectrolyte materials are suitable for application
in hydrogels [155]. Hydrogels consist of a network of crosslinked, hydrophilic polymers in
which due to the crosslinks, the hydrogel does not dissolve even at high water uptakes.
Hydrogels can be utilized in a broad range of applications, such as in hygienic products or
in tissue engineering. PEDOT:PSS containing hydrogels were examined, therefore com-
bining the mechanical properties of hydrogels with electrical properties of PEDOT:PSS
[156]. The possible applications of PEDOT:PSS also depend from the PEDOT to PSS
ratio: whereas the high PEDOT content PEDOT:PSS with PEDOT to PSS ratios of
1:2.5 is utilized as active layers in OECTs or as electrode replacement [17, 157], the low
PEDOT content PEDOT:PSS is utilized as interlayers in OSCs or OLEDs [158, 159]. Few
applications of PEDOT:PSS such as cathodes in solid electrolyte capacitors or antistatic
layers in photographic and electronic films could be even industrially established, whereas
applications in OLEDs, in OSCs or in smart windows are still in development [98].
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2 Objectives

The aim of this thesis is to examine thin films of two polymeric mixed conductor systems,
firstly the conjugated polyelectrolyte polythiophene-sulfonate (PTS) and secondly the
well-known conjugated polymer/polyelectrolyte mixture poly(3,4-ethylenedioxy-
thiophene): poly(styrene sulfonate) (PEDOT:PSS). Both material systems contain elec-
tronically conducting conjugated polymer moieties and ionically conducting hydrophilic
polyelectrolyte moieties. At first, properties originating from the electronic properties of
the polythiophene units in the mixed conductor systems, mainly the UV/Vis absorption
properties shall be examined at various doping (oxidation) states. In the second part
of this thesis, the water uptake properties originating from the polyelectrolyte moieties
in both systems at variable atmospheric conditions should be examined. In part three
the electronic and ionic conductivity properties originating from the polythiophene and
polyelectrolyte moieties are examined as function of water uptake. The measurements of
the water uptake, the conductivity and partially also the UV/Vis absorption properties
are measured in self-built setups which allow to conduct the respective measurements in
controlled atmospheric conditions as function of relative humidity.

Absorption characteristics in neutral and doped states

At first the UV/Vis absorption characteristics of PTS with either TBA+ or Na+ as counte-
rions shall be examined. The cation type in anionic conjugated polyelectrolytes is known
to have influence on the self-doping effects, the morphology in thin film and the elec-
trochemical properties [1, 22, 84]. Additionally, the influence of the solvent system from
which PTS is spin coated should be examined, so PTS-TBA and PTS-Na shall be spin
coated from either pure H2O or from a mixture of H2O and THF. PTS was shown to
exhibit different degrees of aggregation in thin films depending on the solvent system
from which the film was spin coated [1, 22]. PTS shall be doped either chemically or elec-
trochemically with the help of spectroelectrochemistry (cyclic voltammetry coupled with
in-situ measurement of the UV/Vis absorption) and the UV/Vis absorption properties of
the neutral and charged states in PTS shall be studied. The neutral and charged states of
PEDOT:PSS should be examined with spectroelectrochemistry and additionally, in-situ
conductance measurements (cyclic voltammetry coupled with in-situ conductance) shall
be utilized to study the conductance in the neutral and the charged states of PEDOT:PSS.
Specifically, the influence of the weight contents of PEDOT and PSS in PEDOT:PSS (PE-
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DOT:PSS ratio) shall be investigated. PEDOT:PSS was shown to exhibit electronic and
optical properties which depend on the PEDOT content in the PEDOT:PSS mixture [103,
119].

Water uptake studies in controlled atmospheric conditions

The water uptake properties of both polymeric mixed conductor systems as function of
relative humidity shall be examined in detail. In literature, the water uptake of various
hydrophilic polyelectrolyte materials as function of relative humidity is mainly determined
using thermogravimetric analysis, weighing with a balance or by measuring the volumetric
water vapor adsorption [5, 62, 160]. In all these methods the water uptake is determined
with the polyelectrolyte materials being present in their bulk form, pressed into pellet
form or as macroscopic, free standing film. In this thesis, the water uptake properties
as function of relative humidity shall be determined with preliminary thermogravimetric
analysis (TGA) measurements and a newly developed quartz crystal microbalance (QCM)
technique in which the polymeric mixed conductor materials are deposited as thin films
on the quartz crystals, which allows to precisely monitor the weight changes due to water
uptake as function of humidity. Since in the conductivity measurements in this thesis the
polymeric mixed conductor materials are also being present in thin films, a reasonable
correlation between the water uptake and the conductivity properties upon variation of
the atmospheric conditions can be achieved. The applicability, validity, reliability and
reproducibility of the newly developed QCM technique shall be discussed in detail.

Conductivity studies as function of water uptake

The influence of the water uptake on the electronic and ionic conductivity properties of
both polymeric mixed conductor systems shall be examined in detail. The ionic conduc-
tivity as function of relative humidity was studied previously in case of polyelectrolytes
materials [6, 61, 63, 160]. On the other hand, the electronic conductivity of PEDOT:PSS
materials as function of relative humidity was examined [4, 161]. The conductivity prop-
erties of the studied polymeric mixed conductor systems in this thesis are examined with
in-depth AC impedance spectroscopy and DC measurements. The fitting procedure of
the AC impedance spectra and the obtained fitting parameters, the extraction of the
ionic and electronic conductivites from the AC impedance and DC measurements and
the obtained dependencies of the conductivities from water content should be discussed.
In case of the PTS systems, chemical doping shall be utilized to increase the electronic
conductivity. The influence of the PEDOT:PSS ratio on the conductivity properties of
the PEDOT:PSS systems should be examined. In addition to PTS and PEDOT:PSS
materials, the conductivity properties of PEDOT:PSS-PVA composite materials shall be
examined as function of water partial pressure.
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3 Experimental

3.1 Materials

3.1.1 PTS

The synthesis of poly(6-(thiophene-3-yl)hexane-1-sulfonate)-tetrabutylammonium (PTS-
TBA) was conducted by Dr. Roman Tkachov at the Institute of Polymer Chemistry
(IPOC) - Chair of Structure and Properties of Polymeric Materials according to the pro-
cedure reported by Brendel et al. [22], the procedure and the respective NMR and gel
permeation chromatography (GPC) structure analysis is also given in [162]. The pre-
cursor polymer poly(3-(6-bromohexyl)thiophene) (P3BrHT) had a molecular weight of
Mn = 15 kg/mol (as determined with size exclusion chromatography in THF with
polystyrene standards), a polydispersity index of 1.1 and regioregularity > 98%. P3BrHT
was reacted with ((C4H9)4N)2SO3 (tetrabutylammonium sulfite) to yield PTS-TBA.

In order to study the influence of a second counterion, a cation exchange from TBA+

to Na+ was conducted, which yielded poly(6-(thiophene-3-yl)hexane-1-sulfonate)-sodium
(PTS-Na). The reaction scheme can be seen in Figure 3.1.

Figure 3.1: Molecular structures of PTS-TBA (left) and PTS-Na (right).

The cation exchange from TBA+ to Na+ was conducted using a Dowex Marathon C from
Sigma Aldrich, which consists of NaPSS grains with particle sizes from 16-40 mm. A 0.5

38



3.1 Materials

mg/ml solution of PTS-TBA in H2O (purified with a Maxima purification system from
USF ELGA) was prepared for the cation exchange. Two cation exchanges were conducted,
in which for the first cation exchange (referred to as cation exchange 1) 40 g NaPSS was
used and for the second cation exchange (cation exchange 2) 100 g NaPSS was used and
the solution was passed 10 times through the column. After conducting the cation ex-
change, the solvent was removed in vacuum and the polymer was freeze dried. In figures
3.2 and 3.3, the 1H nuclear magnetic resonance spectra (NMRs) of the obtained product
after the cation exchanges 1 and 2 are shown, each recorded in a 1:1 D2O:THF-d8 solu-
tion. The NMRs were measured by Yannic Gross in the IPOC - Chair of Structure and
Properties of Polymeric Materials with a BrukerAvance250 spectrometer from Bruker

at 250 Mhz.

Since the signal at 6.9 ppm can solely be assigned to the aromatic thiophene proton
(assuming the complete dissolution of the thiophene backbone) and the signals at 0.9
ppm to the aliphatic protons of the CH3-group in TBA, the remaining share of TBA can
be calculated. Since there is one thiophene proton in every repeating unit, the integral of
the signal at 6.9 ppm can be set to 1. An integral of the CH3-group of 12 would indicate
one TBA cation for every thiophene repeating unit. Since the integral of the CH3-group
after cation exchange 1 (figure 3.2) amounts to 0.87, a conversion of TBA to Na of 93%
can be calculated, thus the material after cation exchange is referred to as PTS-Na 93%.
After cation exchange 2 (figure 3.3), no evaluable signals at 0.9 ppm are observed, thus a
quantitative conversion to Na can be assumed. The resulting materials is referred to as
PTS-Na.
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Figure 3.2: NMR spectrum of PTS-Na 93% (room temperature, 1:1 D2O:THF-d8).
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Figure 3.3: NMR spectrum of PTS-Na (room temperature, 1:1 D2O:THF-d8).
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3.1.2 PEDOT:PSS

Several commercial poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) batches were used in this thesis, the listed information are according to
the data sheets by the respective suppliers. A low conductivity grade batch Clevios PVP
AI 4083 from Hereaus (1.3 wt% in aqueous solution, PEDOT to PSS weight ratio 1 to
6) was used. In order to compare the ionic conductivity of PTS-Na and PEDOT:PSS,
the PEDOT:PSS (1:6) batch was titrated with NaOH to establish predominantly sodium
cations to the counter balancing anionic sulfonate groups in PSS. The titration process
was monitored with a pH-meter and the titration was stopped when a pH value of 7.4
was reached. The Na+ content of the PEDOT:PSS dispersion before and after titration
was determined with atomic emission spectroscopy by Jonas Groos at the IPOC - Chair
of Macromolecular Materials and Fiber Chemistry, in which a Na+ weight content of
1.8 wt% before titration and a Na+ content of 7.8 wt% after titration was obtained. The
Na+ content after titration is lower than the theoretical content of 9.1 wt%, assuming the
PEDOT to PSS ratio to be 1 to 6 and all styrene repeating units to be sulfonated. In
the pristine PEDOT:PSS batches, presumably H+ is mainly present as counterion, traces
of Na+ and Fe+3 are however also assumed to be present due to the chemical synthesis
route. Additionally high conductivity grade PEDOT:PSS batches were used, firstly a
batch from Sigma Aldrich (solid content 1.1 wt% in aqueous dispersion, the PEDOT to
PSS weight ratio was determined with elementary analysis to 1 to 2.2) and secondly Cle-
vios PH 1000 from Hereaus (solid content 1.0− 1.3 wt% in aqueous dispersion, PEDOT
to PSS weight ratio 1 to 2.5). The PEDOT:PSS batches are referred according to the
PEDOT to PSS weight ratio, for example PEDOT:PSS (1:6) denotes the PEDOT:PSS
batch with a PEDOT to PSS weight ratio of 1 to 6.

3.1.3 Chemicals

For cleaning of the substrates, acetone (p.A., ≤ 99.5 %) and isopropanol (p.A., ≤ 99.5 %),
both purchased from Sigma-Aldrich were used. For solutions of PTS, purified H2O (dem-
ineralized H2O was further purified with a Millipore purification system from USF Elga, if
not otherwise mentioned H2O is referred to purified H2O) and THF (from J.T.Baker) were
used. The evaporation bath of the adjustable atmospheric conditions setup (see section
3.3.2) was filled with demineralised H2O from the internal house line. For cyclic voltam-
metric measurements, acetonitrile (p.A., ≤ 99.5 %, purchased from Sigma-Aldrich, MeCN
in the following), tetrabutylammonium hexafluorophosphate (purchased from
Sigma-Aldrich, NBu4PF6 in the following) were used.
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3.2 Sample preparation

3.2.1 Substrates

Depending on the technique to use different types of substrate were required. For UV/Vis
absorption measurements glass (for UV/Vis measurements in transmission) or gold (for
UV/Vis measurements in reflection) substrates were used. The glass substrates were
purchased as slides from Glasbearbeitung Henneberg & Co. Gold slides were prepared
with an internal UNIVEX 350 vapour deposition system from Oerlikon Leybold Vacuum
by coating glass slides with a 5 nm thick chromium adhesion layer and 50 nm thick gold
layer. Glass and gold coated glass slides were cut after cleaning (see below) into pieces of
1 × 1 cm. For Quartz Crystal Microbalance measurements, disk-shaped quartz crystals
from Inficon (AT-cut, on the top side plated with gold, on the back side plated with a gold
anchor structure, see section 3.3.5) with a resonance frequency of 6 Mhz were used. For
AC impedance and DC measurements platinum (Pt) microarray interdigitated electrodes
(in the following referred to as IDE, the IDEs were purchased from Fraunhofer Institute
of Physical Measurement Techniques IPM ) with different channel lengths l and channel
widths w were used. The geometry parameters are listed in table 3.1. The IDEs consist of
a Pt structure evaporated onto a quartz substrate. The Pt structure has a thickness of 220
nm, in which a 5 nm thick tantalum layer contact layer is between the quartz substrate
and the Pt structure. The IDE types are abbreviated according to their channel length
in the following, e.g. 5 µm IDE for an IDE with a channel length of 5 µm.

Table 3.1: Geometry parameters of interdigitated electrodes.
IDE type Number of Digits Channel Length l [µm] Channel Width w [cm]
5 µm 720 5 191.70
10 µm 360 10 95.85
20 µm 180 20 47.95
50 µm 90 50 19.17
100 µm 45 100 9.59

Cyclic voltammetric measurements with in-situ measurement of UV/Vis absorption (spec-
troelectrochemistry) or in-situ conductance measurements were conducted using IDEs or
indium doped tinn oxide (ITO) substrates. The ITO substrates were purchased from
PGO Präzisions Glas & Optik GmbH and had surface resistances of R ≤ 20 Ω/sq. All
substrates were cleaned each for five minutes in isopropanol and acetone with ultrasonifi-
cation. In case of IDEs which were already coated with polymer films, the polymer films
where removed from the IDE by cleaning the IDE with a cotton stick soaked with H2O.
The recycled IDEs were cleaned each for five minutes in H2O, acetone and isopropanol.
Depending on the used substrates, the substrates were subsequently treated with oxygen
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plasma in order to increase the hydrophilicity of the substrate surface. All glass substrates
were exposed to oxygen plasma for 10 minutes. The gold substrates and the IDEs were
exposed to oxygen plasma for only 10 seconds since longer times would result in a fur-
ther oxidation of the metallic substrate. The quartz crystals were not exposed to oxygen
plasma since even slight changes of the gold coating on both sides of the quartz crystal
would probably result in significant changes in the resonance frequency of the crystal.

3.2.2 Film preparation

Polymer films were prepared by spin coating with the help of a WS-400BZ-6NPP/LITE
from Laurell. After applying the polymer solution/polymer dispersion on the substrate,
which is fixed with vacuum in the center of the spin coater chuck, the spin coating was
started. If not otherwise mentioned, all polymer films in this work were prepared with
the identical spin coating parameters. The parameters are listed in table 3.2.

Table 3.2: Spin coating parameters for polymer films.
Step acceleration [rpm/s] rotation velocity [rpm] rotation time [s]
1 10 3000 180
2 60 4000 60

All PTS films were prepared by spin coating PTS-TBA and PTS-Na from 5 mg/ml so-
lution in pure H2O or in 1:1 H2O/THF mixture. In chapter 4.1, films from PTS-TBA
respectively PTS-Na solutions are abbreviated according to the solution from which they
were spin coated, therefore as PTS-TBA from H2O, PTS-TBA from H2O/THF, PTS-
Na from H2O or PTS-Na from H2O/THF. In case the solvent system from which the
PTS material is spin coated is not specifically indicated, PTS was spin coated from
H2O/THF. In order to utilize chemical doping on PTS films, 30 µl of a 0.5 M F4TCNQ
solution in THF were applied onto the PTS films and after a waiting time of 5 sec-
onds, the excess solution was spun off at 3000 rpm for 180 seconds (the doping proce-
dure is referred to as sequential doping) [163, 164]. The PEDOT:PSS films were pre-
pared by spin coating from the respective aqueous dispersion (see section 3.1.2), in which
in the following the PEDOT:PSS films are referred to as PEDOT:PSS (1:2.2) for the
high conductity batch from Sigma Aldrich, PEDOT:PSS (1:2.5) for the Clevios PH 1000
batch from Heraeus, PEDOT:PSS (1:6) for the Clevios PVP AI 4083 batch from Her-
aeus and PEDOT:PSS-Na (1:6) for the Na-exchanged Clevios PVP AI 4083 batch from
Heraeus. Depending on the solution respectively dispersion and depending on the sub-
strate used, different volumes were used. For the glass and gold substrates 15 - 30 µl
were used, for the quartz crystals 20 - 25 µl and for the IDEs 8 - 15 µl were used.
In case of the quartz crystals, additional polymer films were prepared by drop casting
40 µl polymer dispersion onto the quartz crystal and drying for 10 minutes at 75°C. Be-
fore depositing polymer films on the IDEs, the resistance of the IDE was measured with
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a multimeter. Only if no resistance could be measured (which corresponds to a higher
resistance than 250 MΩ, this value is the highest measurable resistance of the multime-
ter), polymer films were deposited on the electrodes, otherwise the electrodes were further
cleaned.

3.3 Methods

3.3.1 In-Situ adjustable atmospheric conditions measurements

The AC impedance and DC measurements (for determining the conductivity properties
of the polymeric materials), QCM and preliminary TGA measurements(for determining
the water uptake properties) and the UV/Vis absorption measurements in transmission
and reflection mode (in order to determine the absorption properties of the polymeric
materials) were conducted in controlled temperature and water partial pressure (denoted
as pH2O) conditions. For the QCM measurements a measurement cell was manufactured,
which allowed to conduct the QCM measurements in controlled atmospheric conditions.
Towards the end of 2017, the adjustable atmospheric conditions setup was newly built up
in the IPOC - Chair of Structure and Properties of Polymeric Materials. Up till then, the
AC impedance and DC measurements and the TGA measurements were conducted in an
identical setup in the Max-Planck Institute of Solid State Research (MPI) by Dr. Rotraut
Merkle. The temperatures in the AC impedance and DC measurements at the MPI were
controlled with a self-made oven which is controlled with a Eurotherm controller. At
the IPOC, the temperature in the QCM and AC impedance and DC measurement cells
were controlled with a R 50/500/12 tube furnace equipped with a B180 controller by
Nabertherm. If not otherwise mentioned, all measurement were conducted at a temper-
ature of 25 ± 1 °C. All measurements were conducted in variable water partial pressure
ranges pH2O from 0− 29 mbar H2O, which corresponds to relative humidity ranges from
0−92% r.h. In prior to the pH2O ramp, in all QCM and AC impedance and DC measure-
ments an initial drying step was conducted via drying the respective samples at 0 mbar
H2O and 40°C. According to equation 2, the relative humidity can be calculated from the
water partial pressure pH2O and the saturated water partial pressure pH2Osat [165]:

relative humidity =
pH2O
pH2Osat

· 100 % [% r.h.] (2)

Due to inaccuracies of the adjustable atmospheric conditions setup, the measured water
partial pressure was observed to be up to 0.7 mbar H2O below the set value, this error is
however not expected to influence the general dependencies of the examined properties.
In the present thesis, the discussion will be lead using water partial pressure instead of
the relative humidity since water partial pressure is a temperature independent quantity.
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3.3.2 Setup

A scheme of the controlled temperature and water partial pressure conditions setup can
be seen in figure 3.4.

Figure 3.4: Scheme of the adjustable atmospheric conditions setup.

In order to set different water partial pressures, two nitrogen gas flows are mixed, in which
one nitrogen gas is dry and one is lead through a water evaporation bath. After saturating
one nitrogen flow in water, the gas flows are mixed again together. The gas flow rates
of both nitrogen gas flows can be set, which results in a variable saturation of the mixed
nitrogen flow which flows into the respective measurement cell. The total gas flow rate
amounts to 40 sccm/min (equals roughly 40 ml/min). The temperature of the evaporation
bath is set to 5°C, 18°C or 24°C, so at temperatures lower than the temperature in the
fumehood (where the atmospheric conditions setup is located) in order to avoid water
condensation in the gas tubes. For all measurements, the measurement takes place in
sealed measurement cells, through which the mixed nitrogen flow with various water
partial pressures is led through. The set water partial pressure was monitored with a
Hygro Clip 2 relative humidity sensor from Rotronic which was installed at the gas outlet
of the measurement chamber. In case of AC impedance and DC measurements and
TGA/QCM measurements, the temperature of the sample can be controlled by setting
the temperature of the oven in which the measurement cell is placed inside, in case of the
UV/Vis measurements the temperature of the sample can be varied by setting different
temperatures of a peltier element heating the polymer film coated sample.

3.3.3 AC impedance and DC measurements

All electrical characterization measurements of the polymeric thin film materials in this
thesis were conducted either in direct current (DC) mode or alternating current (AC)
mode [166]. Impedance spectroscopy is a powerful technique which is also widely used
in battery and fuel cell research [167, 168]. The technique to apply either alternating
currents or alternating potentials [169] with variable frequencies to the system to be an-
alyzed is called AC impedance spectroscopy. It is a powerful tool to study on one hand
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electric properties or conduction mechanisms of solid state materials (as it is the case in
the present study) or on the other hand to study electrochemical systems where redox
reactions and mass transfer processes occur (in this case the technique is called electro-
chemical impedance spectroscopy, EIS) [170]. For example, informations of batteries like
charge state or reaction mechanisms can be analyzed with electrochemical impedance
spectroscopy [167]. In this thesis, AC impedance and DC measurements were conducted
in order to extract the electronic and ionic conductivities of the polymeric mixed con-
ductors. An electrical conductivity σ (both valid for electronic and ionic conductivity) is
defined as the proportional constant between current density j and electrical field strength
E [171]:

σ =
j

E
(3)

The definition can be understood easily: in case of a constant j and a decreasing E, σ
increases since a lower field strength E is required for a constant current density j. In
the following, the calculation of the electronic conductivity σe and ionic conductivity σion
with the help of AC impedance and DC measurements is derived.

Starting with the most simple case of direct current (DC) measurements in case of an
Ohmic resistor, the system to be analyzed is exposed to constant currents. According to
the Ohmic Law, the resistance R, which opposes a direct current flow, can be calculated
from the applied current I and the resulting potential U :

R =
U

I
(4)

The impedance Z opposes current flows in alternating current (AC) circuits. In addition
to Ohmic resistors, also capacitances or inductances can impede the current flow in al-
ternating current circuits. The impedance Z, which can be calculated according to the
equation

Z =
U

I
(5)

can not be determined with DC measurements due to the time-dependency of the capaci-
tance or the inductance. Therefore, in alternating current (AC) impedance measurements,
the system is exposed to sine-shaped potentials of variable frequencies f with a certain
potential amplitude U0 in the following form:

U(t) = U0 · sin(2πft) (6)
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A sinusoidal current in the form

I(t) = I0 · sin(2πft+ φ) (7)

is obtained as response of the excitation signal. In case of no phase shift of the current
signal (φ = 0), the sine-shaped current signal is referred to as "in-phase", whereas in case
of a phase shift (φ 6= 0), the sine-shaped current signal is referred to "out-of-phase". An
exemplary excitation signal with a out-of-phase current response signal can be seen in
figure 3.5.

U

Figure 3.5: Excitation potential sinusoidal wave and current response sinus wave.

Information can be obtained from the amplitude of the sinusoidal current signal (I0,
Ohmic contributions to the sample’s total impedance) and phase shift of the sinusoidal
current signal (in case φ 6= 0, capacitive or inductive contributions to the sample’s total
impedance occur) at each analyzed frequency. Using the Euler equation to express the
impedance as complex function, the total impedance can be expressed with the following
equation:

Z =
U ′ + jU ′′

I ′ + jI ′′
= Z ′ + jZ ′′ (8)

The Ohmic contributions are expressed as the real part impedance Z ′ and the capacitive
and inductive contributions are expressed as the imaginary part impedances Z ′′. Plot-
ting the imaginary impedance Z ′′ as function of the real part impedance Z ′, the so-called
Nyquist plot can be obtained. The advantage of the Nyquist plot is that a relaxation
process can be easily identified by the presence of a characteristic semi-circle, in which
the amount of semi-circles allows to identify the amount of relaxation processes in close
proximity. As alternative, in the so called Bode plot the phase shift and the modulus
of the impedance Z are plotted as function of the frequency. This allows for example to
better depict the frequency dependency of the system.

Analysis and fitting of AC impedance spectroscopy data requires establishing of an equiva-
lent circuit, which should describe the physical processes occurring in the analyzed system
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qualitatively as good as possible with as little elements as possible. An equivalent circuit
can contain elements like resistors (circuit element R), capacitances (circuit element C),
inductances (circuit element I) or more complex elements like Warburg elements W (for
long range diffusion processes) or constant phase elements Q (for non-ideal capacitors).
For the present study the circuit elements resistor R, constant phase elements Q and
Warburg Open elements Wo were utilized [172]. In the following, these circuit elements
including the dependency of the circuit elements from the angular frequency ω (ω = 2πf)
are described.

A resistorR contributes to the real part impedance Z ′ and shows no frequency dependence:

Z(ω) = R

Z ′(ω) = R

Z ′′(ω) = 0

(9)

A constant phase element Q describes the capacitive behavior of non-homogeneous and
therefore non-ideal systems with the following equation:

Z(ω) =
1

Q-T · (j · ω)Q-P
(10)

If Q-P = 1, then equation 10 describes an ideal capacitor. An ideal capacitor can be
described as follows:

Z(ω) =
1

Q-T · j · ω
Z ′(ω) = 0

Z ′′(ω) = − 1

ω · C

(11)

Parameter Q-T describes therefore the capacitive contributions, Q-P describes the homo-
geneity of the system.

A Warburg element in general describes mass diffusion from or to an electrode. The
frequency dependence of Wo is given in equation 12.

Z(ω) = W -R · coth[(j ·W -T · ω)]W -P

(j ·W -T · ω)W -P (12)

Here W -T corresponds to the diffusion resistance, W -T corresponds via W -T = L2/D (L
corresponds to the effective diffusion thickness and D the effective diffusion coefficient)
to a diffusion time of the system and W -P corresponds to a coefficient which equals
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P = 0.5 in case of an ideal Warburg element. Two Warburg elements can be utilized in
equivalent circuits: whereas the Warburg Short element Ws describes finite-length diffu-
sion to a transmissive boundary, the above described Warburg Open element Wo desribes
finite-length diffusion to a reflective boundary [173]. In the examined frequency ranges in
this thesis in case of pure ionic conductors, AC impedance spectra were obtained which
resemble the features of spectra which can be modeled with the Warburg Open element.
However, if the spectra would have been measured to lower frequencies, a second semi-
circle would be obtained due to the finite electronic resistance of the polymer films. These
spectra could be fitted with either the equivalent circuit for mixed conductors as shown
in figure 4.35 or with a Warburg Short element instead of the Warburg Open element,
as shown in figure 4.29. The experimentally obtained spectra are fitted using the chosen
equivalent circuit and the required parameters for the circuit elements, which are in the
present study the values for the ionic resistance Rion and/or the electronic resistance Re

can be obtained.

The equivalent circuits utilized to describe the PTS and PEDOT:PSS materials in the
present study and the physical meaning of the obtained parameters for the circuit elements
can be found in section 4.3.1. With the help of the ionic resistances Rion or electronic
resistances Re and with the geometry factor g the electronic and ionic conductivities σion
and σe can be calculated with the following equation:

σion =
1

Rion

· g =
1

Rion

· l

w · h

[
S
cm

]
(13)

σe =
1

Re

· g =
1

Re

· l

w · h

[
S
cm

]
(14)

The geometry parameter g consists of the channel length l, the channel width w and the
average film height h (as determined with profilometry, see section 3.3.8.1). Measuring
the film thickness of theoretically identical prepared films showed an error of ≈ ± 30 %,
which results in errors of the calculated conductivities of ≈ 30 %. Due to the combined
effects of a lack of reproducibility due to the spin coating procedure, the error of the film
thickness determination and device-specific inaccuracies of resistance measurements an
error of a factor of 2− 3 for the conductivity values is estimated.

In the present study, all AC impedance and DC measurements were conducted in a two-
electrode configuration (by contacting both sides of the polymer film coated IDE) with
an IM 6 device from Zahner respectively an Alpha A Analyzer from Novocontrol (the
measurements with the Novocontrol device were conducted at the Max-Planck-Institute
of Solid State Research by Dr. Rotraut Merkle, all other measurements were conducted
at the Institute of Polymer Chemistry). AC impedance measurements were conducted in
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a frequency range from f = 8 MHz – 10 mHz with an excitation voltage amplitude of
U0 = 50 mV. All spectra were fitted with the ZView software from Scribner Associates.
DC measurements were conducted by applying constant currents I for times between
30 seconds and several hours. Afterwards, the relaxation of the potential was measured
without any applied current for the same time as the time of applied current. The cur-
rents were applied in a way that the resulting potential does not exceed U = 100 mV in
order to avoid decomposition of the polymer film. After spin coating, the polymer film
coated IDE was installed in the measurement chamber. In order to initialize the film, the
measurement chamber was set to 45°C and low water partial pressures for six to twelve
hours. After initialization, the chamber was cooled down to 25°C and the impedance
measurements were conducted at this temperature in different water partial pressures, in
which the impedance was measured two hours after setting a new partial pressure. After
increasing the water partial pressure up to the highest partial pressure, the water partial
pressures were decreased to a low water partial pressure in order to prove the reversibility
of the measurements.

3.3.4 Thermogravimetric analysis

All preliminary TGA studies were conducted at the Max-Planck-Institute of Solid State
Research by Dr. Rotraut Merkle and the used device is a STA 449 from Netzsch.
PTS-TBA was examined with TGA in a previous collaboration [160]. The PTS ma-
terials were available in powder form after synthesis (PTS-TBA) respectively after cation
exchange (PTS-Na). In order to obtain solid PEDOT:PSS, 4 − 5 g of PEDOT:PSS dis-
persion was poured in a Petri dish. After drying at 40°C on air, the resulting film was
removed with a spatula from the Petri dish, upon which the film crumbled into small
pieces with lengths of 1−2mm. Typically 30−50mg of the bulk material in powder form
(PTS materials) respectively in crumbs (PEDOT:PSS materials) were placed in a cru-
cible, which was then placed in the measurement chamber of the TGA. After initializing
the sample at 30°C and dry N2 flow in order to obtain the dry polymer mass mpolymer,dry,
in the typical measurement procedure the samples were heated with 0.1 K/min up to the
final temperature and afterwards back to 25°C at a constant water partial pressure of
16.7 mbar H2O in order to obtain the polymer mass with incorporated water mpolymer,wet.
This procedure was utilized for PTS-TBA. Since significant hysteresis effects could be
observed in the heating and cooling sweep in case of PTS-Na, the water contents were not
determined in the heating and cooling sweep, but instead determined at several constant
temperature steps ranging from 25 to 80°C. TGA measurements of PTS-Na were also
conducted at a constant water partial pressue of 16.7 mbar H2O.

The hydration enthalpy constant Khy describes the reaction constant of the reaction of
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the water uptake H2O (gas) <=> H2O (absorbed) [160]:

Khy =
[H2O]abs
pH2O/p0

(15)

Here [H2O]abs is the number of H2O molecules per repeating unit (therefore also per
ionic group) and p0 = 1 mbar is the ambient air pressure. The value for [H2O]abs is
calculated analogous to λ from the water content per mass in equation 17. Since Khy

is constant at every temperature, after calculating one value for [H2O]abs at a certain
pH2O, [H2O]abs at the same temperature and other pH2O can be calculated. The values
for Khy can be obtained by calculating from the respective [H2O]abs and pH2O values at
each temperature in the above described temperature ramp. For PEDOT:PSS, after the
initialization mpolymer,wet was determined at 25°C and various pH2O. The water uptake
as water content per mass and water content per thiophene unit λ (which corresponds to
the amount of water molecules per repeating unit) can be calculated as follows:

water content =
mpolymer,wet −mpolymer,dry

mpolymer,dry
=

mH2O

mpolymer,dry
· 100% [wt%] (16)

λ =
nH2O

nthiophene
=

water content
M(H2O)

100g
M(repeating unit)

(17)

As an example, for a water content of 20 wt% in case of a PTS-Na film, λ can be calculated
as follows:

λ =

20 g
18 g/mol

100 g
245.35 g/mol+22.99 g/mol

= 2.98 (18)

The value for λ can be calculated by assuming 100 g of polymeric material, which results
in a mass of water taken up of 20 g. The molecular mass of H2O is MH2O = 18 g/mol, the
molecular mass of the repeating unit of PTS amounts to MPTS = 245.35 g/mol and the
molecular mass of the Na+ cation amounts to MNa = 22.99 g/mol. Whereas calculating
of λ is simple in case of PTS where only the molecular masses of the repeating unit and
the corresponding cation have to be summed up, calculating of λ in case of PEDOT:PSS
is less trivial due to the presence of the two polymers PEDOT and PSS. The values for
λ were calculated in respect to the sulfonate groups in PSS, since PEDOT is expected
to be in a complex with PSS and therefore not expected to take up water. In order to
calculate the quantity of moles n, the molecular masses of both PEDOT and PSS have
to be weighted according to the weight ratio between PEDOT and PSS in the composite
material PEDOT:PSS which is indicated by the supplier. For calculating the weight
ratio between PEDOT and PSS, several assumptions have to be made. These include
firstly that all polystyrene units are sulfonated. Secondly it is assumed, that only H+

is present in the case of PEDOT:PSS (1:2.2) and PEDOT:PSS (1:6) and only Na+ in
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case of PEDOT:PSS-Na (1:6). Eventually, this leads to a small error since also Fe+3

of the used catalyst in the chemical synthesis of PEDOT:PSS (as described in section
1.3.2.2) might still be present in the PEDOT:PSS dispersion. Also Na+ is still present in
the PEDOT:PSS (1:2.2) and PEDOT:PSS (1:6) dispersion due to adding of the initiator
(as shown with atomic emission spectroscopy measurements, see section 3.1.2). As third
assumption, it has to be taken into account that a certain amount of sulfonate groups
in PSS do not participate in water uptake, since some sulfonate groups are deprotonated
and counterbalance positive charges on PEDOT. According to literature, it was assumed
that every third EDOT unit in PEDOT is oxidized [8]. After taking all assumptions into
account, the weight content of PSS which is not counterbalanced by positive charges on
PEDOT and which is expected to participate in water uptake amounts to 55 wt% in
PEDOT:PSS (1:2.2), to 80 wt% in PEDOT:PSS (1:6) and to 81 wt% in PEDOT:PSS-Na
(1:6).

3.3.5 Quartz Crystal Microbalance

In Quartz Crystal Microbalance measurements, a quartz crystal is brought into oscilla-
tion, utilizing the piezoelectric properties of the quartz crystal. By applying oscillating
potentials at both sides of the quartz crystal, shear oscillation perpendicular to the electri-
cal contacts occurs. Quartz crystals for microbalance measurements are "AT-cut". This
term refers to the specific angle of 35°15’ to the Z-axis of the quartz crystal, in which the
disc-shaped quartz crystal is cut out from the bulk quartz crystal. At this specific angle,
the resonance frequency in the temperature range from 25 ± 10°C changes only by few
ppm [174]. The measurement principle of all quartz crystal microbalance measurements
can be described with the Sauerbrey equation [175]:

∆f = − 2f 2
0

A
√
ρqµq

·∆m = −Cf ·∆m [Hz] (19)

It postulates that a frequency change ∆f of the quartz crystal can be correlated to a
mass change ∆m of the quartz crystal. Since the mass of the oscillating crystal itself does
not change, the mass of the crystal changes for example due to deposition of material
on top of the quartz crystal, assuming the deposited material to have the same rigidity
as the quartz crystal. The further parameters in equation 19 are the resonant frequency
of the quartz crystal f0, the active area of the quartz crystal A and the density ρq and
the shear modulus µq of the quartz crystal. Since these parameters are constant for each
crystal, they are usually summarized in the sensitivity coefficient Cf of the quartz crystal,
which means that ∆f and ∆m are proportional to each other. For a discussion about the
validity of the Sauerbrey equation in the application of the quartz crystal microbalance
technique for the present study see 4.2.2.1.
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In order to determine the water content of the polymer in the present study, first an empty
crystal was inserted into the sensor head, the resonance frequency f0 was measured and the
indicated mass of the empty crystal was set to zero m0 = 0 g. The utilized STM-2 device
from Inficon displays the thickness h of an imaginary deposited layer on the exposed area
of the crystal in [Å], assuming a uniform layer with a density of ρ = 1g/cm3. The h-value
indicated after inserting a new empty crystal in the sensor depends on the set h value
of the previously measured crystal. Due to this and due to the fact that every crystal
displays a unique resonance frequency, the resonance frequency had to be measured and
the indicated mass had to be set to m0 = 0g for every QCM measurement. The thickness
value h can be converted to a mass via m = (π · A2) · h. Here m is the mass of the
polymer film and A is the exposed area of the crystal where deposition can occur. After
removing the crystal from the sensor, the polymer film to be analyzed was spin coated
or drop casted onto the exposed upper side of the crystal (the quartz crystal is plated
with a gold layer on the top and a gold anchor structure on the bottom side for electrical
contacting). After removing polymer residues at the edge of the crystal which might
disturb the contacting of the crystal, the crystal was reinserted to the sensor. In order to
equilibrate the film, the measurement chamber was set to 45°C for six to twelve hours in
a dry N2 flow. After switching back to 25°C, the dry polymer film mass mpolymer,dry could
be determined. In the following, the weight of the polymer film mpolymer,wet at 25°C and
various water partial pressures was measured. The reversibility of the water uptake was
checked by switching back to dry N2. The water contents per mass and per thiophene
unit λ were calculated as for the TGA measurements according to equations 16 and 17.
In case the water contents should be calculated via the frequencies, the following equation
can be utilized:

water content =
fpolymer,dry − fpolymer,wet

f0 − fpolymer,dry
(20)

Equation 20 is equal to equation 16 with the only difference that the frequencies corre-
spond to absolute values. Occasionally the STM-2 software used for controlling the QCM
experiment crashed, which deleted the set thickness h of the crystal that was assigned
to the crystal mass of m0 = 0 g. Therefore, the water content could still be calculated
from the frequencies. As previously done in literature [4, 176], the water adsorption on
the blank surface was taken into consideration by subtracting the water adsorption of
the blank quartz crystal from the water uptake of the polymer film at each water partial
pressure.

3.3.6 UV/Vis in reflection mode

The UV/Vis absorption of polymer films on gold can be measured in reflection mode with
a Zeiss device, which is equipped with a CLH 600 F lamp and a MCS621 VIS II detector.
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The temperature of the polymer films can be varied with a peltier element, on which the
polymer film coated gold substrates are placed on.

3.3.7 Cyclic voltammetry (with in-situ techniques)

3.3.7.1 Cyclic voltammetry

Cyclic voltammetry is a powerful analysis method to study both kinetic and thermody-
namic properties of electron transfer processes in redox-active substances in solution, or
in case of polymer films, of redox-active substances in solid form [46, 177]. All measure-
ments were conducted in a three-electrode configuration with working electrode (WE),
counter electrode (CE) and reference electrode (RE). The electrodes are positioned in an
electrochemical cell, which contains a solvent and an organic salt in order to ensure charge
transport in the electrolyte. All electrodes are connected to a potentiostat, which controls
the cyclic voltammetric measurement. The potential sweep during a cyclic voltammetric
measurement can be seen in figure 3.6 a).

Figure 3.6: a) Potential sweep of cyclic voltammetric measurements and b) typical cyclic
voltammogram of one-electron process.

After starting at a certain start potential Estart, the potential is increased/decreased
linearly with a certain potential change rate per time, the scan rate v. After reaching the
turning potential Eλ, the potential is decreased/increased linearly down to the potential
Estop, which corresponds in most cases to the initial potential. The potentiostat adjusts
the potential between WE and RE in a way that the potential between WE and RE
matches the desired cyclic potential sweep. When current flows between WE and CE,
the potential niveau of the WE changes during the potential sweep, which requires the
potentiostat to readjust the potential between WE and RE. Due to a high resistance,
which is internally toggled between WE and RE, no current can flow between WE and
RE. This prevents changing of the potential niveau of the RE, which allows to separably
control the potential between WE and RE and monitor the resulting current flow between
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WE and CE. The cyclic voltamogram of a typical one-electron transfer redox reaction can
be seen in figure 3.6 b). From the oxidation potential Eox in the oxidation sweep and
the reduction potential Ered in the reduction sweep the half step potential E1/2, which
roughly equals the formal potential E0 can be calculated via equation 21:

E1/2 =
Eox + Ered

2
≈ E0 [V] (21)

Whereas the formal potential E0 allows to obtain thermodynamic information of the re-
dox couple examined, kinetic information can be obtained from the peak currents Iox and
Ired [177, 178]. The half-step potential can only be determined for monodisperse systems
like in the shown cyclic voltammogram of a one-electron redox species. For polydisperse
systems like conducting polymers where many redox states overlap, no half-wave poten-
tial can be determined due to the overlapping of the current waves of the redox states.
Therefore, only the so-called onset potential Eonset can be discussed, which is the poten-
tial where the oxidation or the reduction process initially starts. It is determined by the
intersection of two tangents, one on the basic current and one on the initial slope of the
oxidation or reduction peak.

In the present study, cyclic voltammetric measurements were conducted while measur-
ing the in-situ UV/Vis absorption (referred to as spectroelectrochemistry, see section
3.3.7.2) or while measuring the in-situ conductance and the UV/Vis absorption (referred
to as in-situ conductance measurements, see section 3.3.7.3). For all measurements, an
Autolab PGSTAT101 potentiostat fromMetrohm, the measurement software Nova (ver-
sion 1.10) and a 0.1 M solution of NBu4PF6 in MeCN were used. A platinum plate was
used as CE and polymer films deposited on ITO electrodes (for in-situ UV/Vis absorption
measurements) or IDEs (for in-situ conductance and UV/Vis absorption measurements)
were used as WE. Typical scan rates are between v = 10 − 50 mV/s. Since standard
Ag/AgCl REs are only defined for aqueous electrolytes, an Ag wire coated with AgCl was
used as "pseudo" RE in the organic electrolytes in all cyclic voltammetric measurements.
All experimentally obtained potentials were calibrated after each measurement against
ferrocene/ferrocenium (Fc/Fc+), all discussions are lead according to the potential values
calibrated against Fc/Fc+ [179]. In order to avoid disturbance of the measurements by
oxygen or water, pre-dried chemicals were used and the measurements were conducted in
an inert atmosphere, which was ensured by degassing the electrolyte with argon before
every measurement.

3.3.7.2 In-situ Spectroelectrochemistry

Cyclic voltammetry with in-situ measurement of the UV/Vis absorption (referred to as
spectroelectrochemistry) allows a more in-depth analysis of electron transfer processes
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and the identification of redox species and intermediates [180]. The setup used for spec-
troelectrochemistry measurements can be seen in figure 3.7.

Figure 3.7: Schematic setup of spectroelectrochemistry measurements.

As difference to conventional cyclic voltammetric measurements, an ITO electrode is used
as WE. While conducting the cyclic voltammetric measurement, utilizing the polymer
film coated ITO electrode as WE, the UV/Vis absorption was measured through the
transparent ITO electrode. Therefore, a CLH 600 F halogen lamp was connected to one
side of the electrochemical cell in a way that the light passes through the ITO electrode
in a 90° angle. A MCS621 Vis III detector was connected to the opposite side of the cell
in order to detect the light passing through the electrode. The light paths from lamp and
detector are directed through optic fibers from Ocean Optics to the cell. Both lamp and
detector are located in a spectrometer housing from Zeiss.

3.3.7.3 Cyclic voltammetry with in-situ conductance (and UV/Vis NIR

absorption) measurements

In the in-situ conductance measurements in this thesis, the conductance S of the polymer
film deposited on the WE is measured while conducting the cyclic voltammetric measure-
ment, as introduced in 1989 by Zotti et al. [181]. In general, information like the type
of charge carrier, the conductivity model or other charge and mass transport phenomena
can be obtained [16, 182]. The setup of the in-situ conductance measurements can be
seen in figure 3.8.
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3.3 Methods

Figure 3.8: Schematic setup of the in-situ conductance (and in-situ UV/Vis absorption)
measurements.

The setup used for measuring in-situ conductance comprises two potentiostats. Poten-
tiostat 1 conducts the cyclic voltammetric measurement as in the previously described
conventional cyclic voltammetry and spectroelectrochemistry measurements by recording
the current I1 as function of the applied potential E1, in which an polymer film coated IDE
is used as WE. Potentiostat 2 applies a potential E2 between both sides of the IDE and
by measuring the resulting current I2, the conductance G can be determined according
to the following equation:

G =
I2
E2

[S] (22)

Both potentiostats are connected to a Conductance Interface CIP 2 from HEKA Elek-
tronik Dr. Schulze GmbH. By toggling two resistors in the interface, potentiostat 1 can
use both sides of the IDE as WE, whereas potentiostat 2 (a µStat 400 potentiostat from
Dropsense) can use one side of the IDE as WE and the other side as CE/RE. By mea-
suring the UV/Vis absorption through the IDE as described in section 3.3.7.2, a second
in-situ technique could be measured additionally.
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3.3.8 Further techniques

3.3.8.1 Profilometry

The average thickness h of polymer films was determined with a Dektak 150 surface
profiler from Veeco by averaging over at least three single measurements for each film.
The surface profiler is located in the Mikrostrukturlabor in the 4th Institute of Physics.

3.3.8.2 UV/Vis Lambda

The UV/Vis absorption of polymer films on glass substrates in transmission under ambient
conditions was measured with a Lambda 35 device from Perkin Elmer.

3.3.8.3 Atomic Force Microscopy

Atomic force microscopy (AFM) measurements of thin polymer films on glass substrates
were conducted on a Dimension Icon AFM (from Bruker) in tapping mode.
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In this thesis, the properties of the two polymeric mixed conductor systems poly(6-
(thiophene-3-yl)hexane-1-sulfonate) (PTS) and poly(3,4-ethylenedioxythiophene):
poly(styrene sulfonate) (PEDOT:PSS) have been examined. The structures of the an-
alyzed materials are shown in figure 4.1.

Figure 4.1: Structure of PEDOT:PSS (left) and PTS (right).

The results part is structured as follows: In section 4.1, first the UV/Vis absorption char-
acteristics of both polymeric mixed conductors PTS and PEDOT:PSS materials thin films
are examined in different charged states. In case of PTS, the influence of the counterion,
the solvent system from which PTS is spin coated and the influence of humidity on the
UV/Vis absorption of neutral films is examined. Parts of these studies have been con-
tributed by Michael Herbst in his research project at the IPOC. Furthermore, the UV/Vis
absorption of PTS after chemical or electrochemical doping is examined. PEDOT:PSS is
examined with spectroelectrochemistry and in-situ conductance measurements, in which
in particular the influence of the PEDOT to PSS ratio is examined. Parts of these studies
have been contributed by Qiulin Yu in her master thesis at the IPOC.

In the main parts of this thesis, the water uptake and conductivity properties of thin
films of both polymeric mixed conductors are studied. The water uptake measurements
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are given in section 4.2. Starting with the water uptakes as determined with preliminary
TGA measurements in section 4.2.1, the measurement technique QCM and its general
measurement procedure and further aspects such as its validity are discussed in section
4.2.2.1 and 4.2.2.1. The results for the water uptake measurements of the PTS and PE-
DOT:PSS materials determined with QCM are given in section 4.2.2.

In section 4.3, the conductivity results for the PTS and PEDOT:PSS materials showing
ionic conductivity behavior, mixed conductivity behavior and electronic conductivity be-
havior are discussed. Furthermore, the influence of the utilized interdigitated electrode
and conductivity results for PEDOT:PSS - poly(vinyl alcohol) (PVA) composite materials
are discussed in sections 4.3.4 and 4.3.3. The conductivity and water uptake behavior of
the PTS and PEDOT:PSS materials are published:

Humidity-Controlled Water Uptake and Conductivities in Ion and Electron Mixed Con-
ducting Polythiophene Films, M. Wieland, R. Merkle, C. Dingler, J. Maier, S. Ludwigs,
ACS Applied Materials & Interfaces 2020, 12, 5, 6742-6751

The spectroelectrochemistry and in-situ conductance measurements of PEDOT:PSS (1:2.5)
and PEDOT:PSS (1:6) are published:

Conductance and spectroscopic mapping of EDOT polymer films upon electrochemical dop-
ing, M. Wieland*, C. Malacrida*, Q. Yu, C. Schlewitz, L. Scapinello, A. Penoni, S. Lud-
wigs, Flexible and Printed Electronics 2020, 5, 014016 *both authors contributed equally
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4.1 Absorption characteristics in neutral and doped states

4.1 Absorption characteristics in neutral and doped

states

This chapter of the studies on the UV/Vis absorption characteristics is started with the
UV/Vis absorption behavior and AFM results of neutral PTS under ambient conditions
and under variable atmospheric conditions in section 4.1.1.1. The UV/Vis absorption
was studied with PTS films on glass substrates in transmission mode as well as with PTS
films on gold substrates in reflection mode. This is followed by the UV/Vis absorption
behavior of chemically and electrochemically doped (via spectroelectrochemistry) PTS
in section 4.1.1.2. In section 4.1.2, the spectroelectrochemistry and in-situ conductance
(cyclic voltammetry coupled with in-situ conductance measurements) results of two PE-
DOT:PSS batches are given, in which the influence of different PEDOT to PSS ratios are
discussed. In section 4.1.3 the results of this chapter are summarized. As described in the
experimental section 3.3.2, the results are discussed as function of water partial pressure
(in mbar) and the measurements were conducted in water partial pressure ranges between
0 and 29 mbar pH2O, which corresponds to relative humidity ranges of 0 and 92 % r.h.

4.1.1 PTS materials

4.1.1.1 Neutral state

In the following section, the UV/Vis absorption properties of PTS thin films are discussed.
As described in the experimental part in section 3.2.2, PTS materials with either TBA+ or
Na+ as counterion were examined and the films were spin coated from either a mixture of
H2O and THF or from pure H2O. Therefore two different PTS systems from two solvent
systems are distinguished, so PTS-TBA from H2O/THF, PTS-Na from H2O/THF, PTS-
TBA from H2O or PTS-Na from H2O.

Ambient conditions

In order to examine the influence of the counterion and the solvent from which the PTS
films are spin coated from, the two PTS systems from two solvent systems are spin coated
on glass substrates and the UV/Vis absorption spectra of the pristine films are recorded.
For each PTS system, at least 5 films are spin coated. One exemplary spectrum for each
system can be found in figure 4.2. All spectra were normalized since a quantitative com-
parison of the absorption intensity is not reliable due to the fact that for the same film
mass, PTS-Na contains a higher amount of optically active polythiophene backbone (for
the corresponding discussion see 4.2.1.1).
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Figure 4.2: UV/Vis absorption spectra of PTS-TBA and PTS-Na spin coated from
5 mg/ml H2O or H2O/THF on glass substrates.

Several qualitative differences can be observed in the four spectra: whereas the films spin
coated from the H2O/THF mixture show a featureless absorption band with absorption
maxima at ≈ 480 − 500 nm, the films spin coated from H2O show a vibronic fine struc-
ture with absorption maxima at ≈ 540 − 550 nm and a shoulder at higher wavelengths.
The absorption maxima of the films spin coated from the solvent mixture is at lower
wavelengths compared to the absorption maxima of the films spin coated from pure H2O.
The featureless absorption in case of the PTS films spin coated from H2O/THF resembles
the typical spectra of dissolved, coiled P3HT whereas the spectra of the PTS films spin
coated from H2O resemble the spectra of aggregated P3HT [47, 183]. Accordingly, it can
be assumed that PTS spin coated from H2O/THF is in its unaggregated, coiled form
whereas PTS spin coated from H2O results in rather aggregated films.

Comparing the PTS films with TBA+ as cation and the films with Na+ as cation, it
can be seen that for both solvent systems the films with TBA+ as counterion exhibit
an absorption maximum at shorter wavelengths. This might be explained by the fact
that the smaller, less bulky Na+ cation promotes the aggregation of the polythiophene
backbone while the larger, more bulky TBA+ cation prevents the backbone aggregation.
The wavelength at the absorption maximum, a description of the shape of the spectra
and the colors of the films can be found in table 4.1.

62



4.1 Absorption characteristics in neutral and doped states

Table 4.1: Summary of UV/Vis absorption spectra from figure 4.2.
Wavelength of abs. max. [nm] Comment Film colour

PTS-TBA from H2O/THF 473 Featureless Orange
PTS-Na from H2O/THF 501 Featureless Orange red
PTS-TBA from H2O 539 Shoulder Pink
PTS-Na from H2O 553 Shoulder Violet

Due to the inaccuracies in the measurement technique and typically observed deviations
between identically prepared films, deviations of the UV/Vis absorption maximum wave-
length of below 5 nm can not be discussed. The wavelengths of the absorption maxima
are however separated to a significantly larger extent: the values for the films spin coated
from the solvent mixture are at least 40 nm below the values for the films spin coated
from pure H2O. Also the absorption maxima in dependency of the cation show a no-
table separation of 23 nm for the films spin coated from the solvent mixture and 13 nm
for the films spin coated from H2O, respectively. The differences in the experimentally
determined UV/Vis absorption spectra can also be visibly observed: whereas the PTS
films from H2O/THF exhibited a pale orange color, the PTS films from H2O exhibited a
stronger pink or violet color.

As already mentioned, the PTS films spin coated from H2O exhibit a shoulder at high
wavelengths. In case of P3HT which has the same polythiophene backbone as PTS, this
feature is assigned to a planarization of the polymer backbone induced by aggregation of
the polymer chains [45, 48, 184]. Therefore, in the present studies a strong aggregation
in case of the PTS films spin coated from H2O can be assumed. On the other hand,
in the PTS films spin coated from H2O/THF lower aggregation can be assumed. Since
the absorption intensity of the shoulder in relation to the absorption intensity at the ab-
sorption maximum is higher for PTS-Na (turquoise) compared to PTS-TBA (green), it
can be assumed that the polythiophene backbone in PTS-Na reveals more aggregation
than PTS-TBA. This assumption is also supported by the fact that the aqueous solution
is violet non-transparent, which gives indication for larger aggregate particles, whereas
solving PTS in the H2O/THF mixture results in an orange, transparent solution.

Regarding the UV/Vis absorption spectra of the PTS-TBA and PTS-Na films from H2O
(green and turquoise line), it can be seen that the absorption intensity of the low-energy
shoulder is higher for PTS-Na than for PTS-TBA in relation to the maximum absorption
intensity. According to eq. 1 in introduction section 1.2.1.2, this leads qualitatively to a
decrease ofW and therefore to an increase of the conjugation length. The crystallographic
ion radii of Na+ and TBA+ amount to 102 and 413 pm, respectively [185]. Comparing the
TBA+ and the Na+ cation in terms of the Lewis acidity, Na+ represents a hard cation and
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therefore a strong Lewis acid. On the other hand TBA+ is a soft, non-coordinating cation
since the positive charge is shielded by the surrounding butyl groups, therefore TBA+ is
a weak Lewis acid [186, 187]. Without consideration of significant water uptake (which
is reasonable under ambient conditions and which would lead to larger ion sizes), the
higher conjugation length in PTS-Na can presumably be understood easily: the smaller
ion size of Na+ leads to less disturbance of the thiophene backbone aggregation compared
to the larger ion TBA+. The solvent system and counterion dependency on the absorp-
tion behavior in conjugated polyelectrolytes was observed before: for a series of anionic
conjugated polyelectrolytes with tetramethylammonium (TMA+), tetraethylammonium
(TEA+) and tetrabutylammonium (TBA+) counterions, strongest aggregation in solution
and in thin films was observed in case of the smallest counterion TMA+ [1]. For the par-
ent system PTS-TBA which was also used in the present study, strong aggregation in
solution was observed in H2O, less aggregation in MeOH and no aggregation was detected
in formamide and DMSO [22]. By gradually changing the solvent mixture composed from
H2O and DMSO, the extent of aggregation could be varied gradually.

Interestingly, it was observed that the conjugated polyelectrolytes PTS-TBA and PTS-Na
in the present study showed differences in their solubility in MeOH: whereas PTS-TBA
dissolved in MeOH, PTS-Na did not dissolve in MeOH. This might be explained by the
fact that Na+ is a hard cation whereas TBA+ corresponds to a soft cation. The cationic,
imidazolium bearing CPE PTIm-Br revealed solvent dependent UV/Vis absorption as
well [92]. Bazan et al. examined conjugated polyelectrolytes consisting of alternating
dithiophene and ionic groups containing benzothiadiazole repeating units and observed
counterion dependent UV/Vis absorption, self-doping effects and diode device behavior
[90, 91, 95]. The cation dependency was also observed in solution for several polythio-
phene based conjugated polyelectrolytes [2, 88].

At least three films of each of the PTS - solvent system combinations was spin coated.
It could be obtained that the wavelength of the absorption maximum in case of the
PTS films spin coated from H2O were always within an error of 1 − 2 nm at the same
wavelength, whereas the PTS films spin coated from H2O/THF showed strong deviations
between identically prepared films. A possible reason for this might be that THF evap-
orates quickly at room temperature, therefore some THF might be already evaporated
after applying the spin coating solution on the substrate before starting the spin coating
procedure. This might lead to a slightly increased aggregated structure in case of the
PTS films spin coated from H2O/THF.
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4.1 Absorption characteristics in neutral and doped states

Atomic Force Microscopy und ambient conditions

In order to examine the surface morphology of the PTS films in dependence of the solvent
system and the counterion, the two PTS systems from two solvent systems were spin
coated on glass substrates and examined with AFM. The AFM images are shown in
figures A.1 - A.4. In the AFM images, for the PTS films spin coated from the solvent
mixture H2O/THF, a homogeneous and aggregation-free structure can be observed, which
is in accordance with literature [22]. For the PTS films spin coated from H2O, different
structures were expected due to the presence of aggregated PTS as detected with UV/Vis
absorption spectroscopy. However, no aggregation structures were found in the AFM
images of the PTS materials spin coated from H2O/THF and eventually evidence for
slight aggregation is found in case of PTS-Na spin coated from H2O. The AFM image of
PTS-Na spin coated from H2O in figure A.4 is similar to the AFM image of an as cast
P3HT film as shown in figure 1.6, therefore a partially aggregated structure of PTS-Na
from H2O could be assumed. The lateral resolution in AFMmeasurements can be as low as
20 pm [188]. Even though the resolution limit would be low enough to detect aggregates,
no aggregation or eventually only a slight aggregation can be obtained from the AFM
image in figure A.3. Whereas no adding of additives results in amorphous structures,
adding ethylene glycol to PTS solutions is known to result in fiber-like features in film,
in which the resulting fibrilar morphology is observed to promote faster ion transport in
OECT devices [24].

Stability tests of PTS films: Influence of Time

Whereas the UV/Vis absorption for PTS-Na and for PTS-TBA from H2O/THF was
observed to remain constant over weeks, for PTS-TBA from H2O, the absorption profile
was observed to change. The UV/Vis absorption of a PTS-TBA from H2O film at different
times after spin coating is shown in figure 4.3.
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Figure 4.3: UV/Vis absorption spectra of PTS-TBA spin coated from 5 mg/ml H2O on
glass substrates at different times after spin coating.

Directly after spin coating of PTS-TBA from H2O, the typical absorption profile with a
pronounced aggregation shoulder could be detected. Even after two days where the film
was stored in inert atmosphere, the absorption intensity decreased and the absorption
maximum underwent a blue shift (hypsochromic shift), so a shift of the absorption max-
imum to lower wavelengths. After two months, the intensity decreased even further and
the absorption maximum shifted even more to lower wavelengths. Since this observation
was not or only to a very small extent observed for PTS-Na from H2O films, the effect is
explained by the presence of the TBA+ cations. While the presence of TBA+ as counte-
rion results in a PTS film with lower conjugation length already in the as spin coated film,
the aggregated backbone structure might be increasingly disturbed over time due to the
bulkiness of the TBA+ cation. The disturbance of the aggregation by the TBA+ cation
might be increased by a low amount of water remaining in the polymer film. The films
were stored in a desiccator at roughly 30 mbar air pressure, therefore low amount of water
can be assumed in the polymer film. If the films would have been stored at completely
air free atmosphere, the stability might have been better.

Stability tests of PTS films: Influence of temperature

In addition to examination of the PTS films under ambient conditions, studies in con-
trolled atmospheric conditions were conducted. The in-situ UV/Vis measurements on
gold substrates in reflection were recorded at various times during a temperature ramp
at constant pH2O, since presence of atmospheric H2O is known to enable PTS-TBA to
recover to its original aggregated structure whereas dry N2 atmospheres have been shown
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4.1 Absorption characteristics in neutral and doped states

to impede the recovering of the aggregated structures [160]. After initialization (see exper-
imental section 3.3.2), a temperature ramp depicted in figure 4.4 was run while applying
a constant pH2O in the measurement chamber.

Figure 4.4: Temperature ramp applied in in-situ UV/Vis measurements.

In figure 4.5, the UV/Vis absorption spectra of the two PTS systems from two solvent
systems PTS systems which were deposited on gold substrates are shown. The temper-
ature ramp from 20°C to 120°C was conducted while applying 20 mbar H2O and while
recording the UV/Vis absorption spectra. The obtained UV/Vis absorption spectra at
the beginning of the measurement (black curve), at 120°C (red curve) and after decreasing
the temperature back to 20°C (blue) curve are shown in figure 4.5. For the measurement
of the PTS-Na from H2O film a time of 120 min was applied in the cooling sweep instead
of a time of 100 min, the deviation does presumably not change the results.
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Figure 4.5: In-situ UV/Vis absorption spectra of PTS films on gold substrates at a water
partial pressure of 20 mbar H2O recorded at various temperatures during the
temperature ramp. a) PTS-TBA spin coated from 5 mg/ml H2O/THF, b)
PTS-Na spin coated from 5 mg/ml H2O/THF, c) PTS-TBA spin coated from
5 mg/ml H2O and d) PTS-Na spin coated from 5 mg/ml H2O.

Comparing the spectra, which are recorded in reflection with PTS films on gold substrates
with the spectra in transmission on glass substrates (figure 4.5), it can be seen that the
spectra give similar features, but the absorption in the low wavelength range at 400 nm
in relation to the absorption intensity at the absorption maximum is significantly higher
in case of the PTS films on gold substrates. This might be explained by a different
morphology due to the different substrate, however since the trends of the two PTS
systems from two solvent systems that were observed on glass substrates can be detected
also on the gold substrates, it is assumed that only the absorption at low wavelengths
at 400 nm is affected by the substrate. For the PTS films spin coated from H2O in
c) and d), the vibronic fine structure can be observed at the initial room temperature
step. In case of the PTS-TBA film from H2O the vibronic fine structure might already
be slightly decomposed as discussed in figure 4.3. Upon increase of the temperature up
to 120°C, a decrease of the absorption intensity can be detected for all PTS films, which
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4.1 Absorption characteristics in neutral and doped states

could be explained by a decrease of the inter- and intramolecular interactions as it is
occurring in the dissolution process of polythiophenes [183, 189]. Both PTS-TBA films
show a different behavior upon temperature increase than the PTS-Na films: whereas in
the UV/Vis absorption spectra of the PTS-TBA films a notable blue shift (hypsochromic
shift) occurs, no shift of the absorption maximum in the PTS-Na from H2O film and
even a slight red shift (bathochromic shift, shift to higher wavelengths) in the PTS-Na
from H2O/THF film can be observed. This might be explained by the presence of the
TBA+ cation: the bulky structure of TBA+ might lead to a disturbance of the backbone
structure at high temperature due to increased movement of the butyl-side chains. On
the other hand, in case of the small Na+ cation even at high temperature no disturbance
of the backbone structure occurs. After cooling down to 20°C, the spectra of all PTS
films resemble the initial spectra, therefore it could be stated that the vanishing of the
structure at high temperatures is reversible. In figure 4.6, the wavelength of the absorption
maximum and the absorption intensity of the maximum of the UV/Vis spectra recorded
during the temperature ramp is plotted as function of time.
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a)

c)

b)

d)

Figure 4.6: Wavelength of the UV/Vis absorption maximum (black curve) and maxi-
mum absorption intensity at this wavelength (red curve) at a water par-
tial pressure of 20 mbar at various temperatures during the temperature
ramp, extracted from the UV/Vis absorption spectra in 4.5. a) PTS-
TBA spin coated from 5 mg/ml H2O/THF, b) PTS-Na spin coated from
5 mg/ml H2O/THF, c) PTS-TBA spin coated from 5 mg/ml H2O and d)
PTS-Na spin coated from 5 mg/ml H2O.

The scattering of the wavelength at the absorption maximum (black curve) is due to
the limited wavelength resolution of the measurement device. As described previously,
the wavelength shifts and the absorption intensity changes (red curve) are reversible for
the two PTS systems from both solvent systems. The absolute wavelength shift is sig-
nificantly larger for the PTS-TBA materials (figure 4.6 a) and c)) than for the PTS-Na
materials (PTS-Na from H2O/THF shows the opposite trend than both PTS-TBA films
and PTS-Na from H2O). Interestingly, in case of the PTS-TBA films both the wavelength
change and the absorption intensity profile directly correlate with the temperature ramp
profile (strong change up to minute 20 and then slow recovery to the original state up
to minute 120). On the other hand in case of the PTS-Na films, the wavelength does
not show strong dependency from the temperature, the absorption intensity on the other
hand reaches a minimum at the highest temperature, remains constant up to minute 100
for the PTS-Na from H2O/THF film and minute 120 for the PTS-Na from H2O film,
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4.1 Absorption characteristics in neutral and doped states

therefore the absorption intensity changes back to its original state at much lower tem-
peratures than the PTS-TBA films. The difference between the PTS-TBA and PTS-Na
films might be explained by the fact that the disturbance of the TBA+ cation increases
with temperature, whereas in case of the PTS-Na films the disturbance of the backbone
structure might not be explained by an increasing disturbance of the interactions between
backbone moieties at high temperatures.

Very similar trends for the UV/Vis absorption and the variations upon conducting the
temperature ramps were also observed for additional studies on the two PTS systems
from two solvent systems (figures A.9 and A.10). Upon applying temperature sweeps, the
better recovery of the initial state was observed for PTS-TBA from H2O/THF, for the
three further PTS systems presence of water in the atmosphere resulted in a much more
significant change of the UV/Vis absorption spectrum in the temperature sweep compared
to the temperature sweep in dry atmosphere, which might be explained by higher softness
of the PTS films due to incorporated water.

Stability tests of PTS films: Influence of humidity

In addition to the temperature ramp at constant pH2O, a pH2O ramp at a constant tem-
perature of 25°C was applied. In figure 4.7, the UV/Vis absorption spectra of four new
films of the two PTS systems from two solvent systems recorded during the pH2O sweep
at 25°C are shown. For the PTS-Na from H2O film no absorption spectra was recorded
at 16 mbar H2O.
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Figure 4.7: UV/Vis absorption spectra of PTS films on gold substrates during the
water partial pressure ramp at 25°C. a) PTS-TBA spin coated from
5 mg/ml H2O/THF, b) PTS-Na spin coated from 5 mg/ml H2O/THF, c)
PTS-TBA spin coated from 5 mg/ml H2O and d) PTS-Na spin coated from
5 mg/ml H2O.

The UV/Vis absorption spectrum of PTS-Na from H2O shows the typical spectrum of an
aggregated polythiophene backbone as previously observed. Both PTS films spin coated
from H2O/THF and PTS-TBA from H2O show the previously observed non-aggregated
spectrum, in which the non-aggregated spectrum in case of PTS-TBA from H2O might
be due to a deterioration of the aggregated film structure (as shown in figure 4.3). For
PTS-TBA from H2O, PTS-Na from H2O/THF and PTS-Na from H2O in figure 4.7 b), c)
and d) a general trend in the pH2O ramp can be observed: starting with a low absorption
intensity in the dry state at 0 mbar H2O (black line), the absorption intensity increases
with increasing pH2O and reaches its highest absorption intensity at 29 mbar H2O (blue
line). After switching back to 0 mbar H2O (black dashed line), the absorption intensity
decreases back to the previous absorption intensity at 0 mbar H2O. Therefore it can be
stated, that the effect leading to a higher absorption intensity at high pH2O is reversible.
The UV/Vis absorption behavior of the PTS-TBA from H2O/THF film (figure 4.7 a))
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4.1 Absorption characteristics in neutral and doped states

shows only minor dependency of pH2O, in which the reason for the different behavior is
unknown.

In figure 4.8, the absorption intensity of the wavelength of maximum absorption from the
respective UV/Vis spectra in figure 4.7 during the pH2O ramp is shown.
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Figure 4.8: Absorption intensity at the wavelength of maximum absorption at 25°C, ex-
tracted from figure 4.7. a) PTS-TBA spin coated from 5 mg/ml H2O/THF,
b) PTS-Na spin coated from 5 mg/ml H2O/THF, c) PTS-TBA spin coated
from 5 mg/ml H2O and d) PTS-Na spin coated from 5 mg/ml H2O.

As previously mentioned, the absorption intensity of PTS-TBA from H2O/THF (figure
4.8 a)) shows no variation over time, this measurement is therefore not further discussed.
A characteristic behavior can be identified in the absorption intensity trend of PTS-TBA
from H2O, PTS-Na from H2O/THF and PTS-Na from H2O: whereas the absorption in-
tensity increases only slightly in the approximately first 150 minutes of the pH2O ramp
(at this time, 12 mbar H2O is applied), the absorption intensity increases significantly
stronger with every time step or pH2O step in the high pH2O range. This trend resem-
bles therefore the water uptake trend of the PTS materials (section 4.2.2.2 and might
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be explained with a change of the refractive index as observed in literature [4] (see also
the discussion in 4.1.3). In literature, only few examples for relative humidity dependent
UV/Vis absorption and reflection are known, mainly addressing relative humidity sensing
[190, 191].

Stability tests of PTS films: Influence of humidity at temperature ramps

In addition to the in-situ UV/Vis absorption spectroscopy in reflection, the temperature
ramp depicted in figure 4.4 was applied in UV/Vis measurements of PTS-TBA from H2O
and PTS-Na from H2O at various pH2O (with the only difference that the temperature
ramp here was started and stopped at 25°C instead of 20°C), in which the UV/Vis absorp-
tion spectra were measured in transmission on glass substrates. The UV/Vis absorption
chamber with the PTS film was kept under the constant pH2O for several hours in prior
to starting the temperature ramp. In order to prevent the vanishing of the aggregated
PTS structure in case of PTS-TBA, it was taken care to conduct the temperature ramps
directly after spin coating. In figure 4.9, the UV/Vis absorption spectra of PTS-TBA
from H2O at 0 and 29 mbar H2O during the temperature ramp are shown.

a) b)

Figure 4.9: UV/Vis absorption spectra of PTS-TBA on glass substrates spin coated from
5 mg/ml H2O at various temperatures during the temperature ramp depicted
in figure 4.4 at a) 0 mbar H2O and b) 29 mbar H2O.

In the temperature ramp at 0 mbar H2O in figure 4.9 a), changing the temperature from
25°C (black curve) to 120°C (yellow curve) leads to a decrease of the absorption intensity
and a significant blue shift of the wavelength of maximum absorption. This corresponds
to the same trends as observed upon heating in the UV/Vis absorption measurements in
reflection on gold substrates as shown in section 4.1.1.1. Therefore it can be stated that
even though two different substrate types were used (gold or glass), similar film structures
were obtained.
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4.1 Absorption characteristics in neutral and doped states

In the UV/Vis absorption spectra at 29 mbar H2O in figure 4.9 b), firstly it can be
seen that the absorption intensity is in general higher than the absorption intensity at
0 mbar H2O, which can be explained by the fact that the film was stored in an atmo-
sphere of 29 mbar H2O for several hours in prior to starting the temperature ramp, which
leads to an increase of the absorption intensity as shown in figure 4.8. Interestingly, the
UV/Vis absorption spectrum of PTS-TBA at 0 mbar and 29 mbar H2O is similar at
120°C and even resembles with a slight red-shift and a decrease of the absorption inten-
sity the same trend upon cooling down to 82°C. However, in case of the measurements at
29 mbar H2O, after the similar trends upon cooling down to 82°C, the measurements at
0 and 29 mbar H2O vary significantly: whereas the wavelength at 25°C in the mea-
surements at 0 mbar H2O remains significantly blue-shifted as at 120°C, in case of the
measurements at 29 mbar H2O the wavelength of the absorption maximum after switch-
ing back to 25°C corresponds to the wavelength of the absorption maximum prior to
the temperature ramp and also the absorption intensity is almost fully recovered. This
observation indicates that H2O promotes aggregation only at temperatures when water
uptake into the PTS-TBA films becomes significant. The in-situ measurements on glass
substrates in transmission confirm the trends observed in the in-situ measurements in
reflection on gold substrates in reflection: presence of atmospheric H2O allows PTS-TBA
to recover to its initial, aggregated structure. The results confirm therefore also the pre-
viously obtained observations that ambient relative humidity (approximatively 30 % r.h.)
promotes recovery of the UV/Vis absorption spectra of PTS-TBA whereas in dry N2 the
UV/Vis absorption spectrum is not recovered [160].

In figure 4.10, the UV/Vis absorption spectra of PTS-Na from H2O at 0 and
29 mbar H2O at various temperatures during the temperature ramp are shown.

b)a)

Figure 4.10: UV/Vis absorption spectra of PTS-Na on glass substrates spin coated from
5 mg/ml H2O at various temperatures during the temperature ramp depicted
in figure 4.4 at a) 0 mbar H2O and b) 29 mbar H2O.

The UV/Vis absorption spectra reveal at both pH2O the aggregated PTS structure, which
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does for both pH2O not vanish during the entire temperature ramp. This might be
explained by the fact that in spite of an increased temperature, the small ion size of
Na+ or the stable aggregation of PTS-Na from H2O does not lead to a vanishing of
the aggregation. At 0 mbar H2O (figure 4.10 a), the absorption intensity does not vary
significantly during the temperature sweep, whereas at 29 mbar H2O (figure 4.10 b), the
absorption intensity varies significantly. This might be explained by the fact that at 25°C
the absorption intensity is high due to a high water content in the polymer film (see also
the discussion in 4.1.3), therefore the absorption intensity decreases upon going to high
temperatures due to the evaporation of water from the PTS-Na film.

4.1.1.2 Doped states

Chemical doping

In order to examine the variation of the UV/Vis absorption of PTS films upon doping, a
PTS-Na film spin coated from H2O/THF was chemically doped with a sequential doping
procedure as described in 3.2.2. The UV/Vis absorption spectra of PTS-Na from fresh
and aged H2O/THF solution and from fresh solution and subsequent chemical doping
with F4TCNQ can be found in figure 4.11.
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Figure 4.11: UV/Vis absorption spectra of PTS-Na on glass substrates spin coated from
5 mg/ml H2O/THF film from freshly prepared solution (black curve), from
an aged solution which was stored for two months after preparation (green
curve) and from a fresh solution after chemically doping with 0.5 mg/ml
F4TCNQ/THF (red curve).

For all three films, the absorption band with an absorption maximum at around 500 nm
which indicates the neutral polythiophene backbone. The film from the aged solution
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4.1 Absorption characteristics in neutral and doped states

(green curve) shows a slightly red-shifted absorption maximum. This might be explained
by an enhanced aggregation of polythiophene backbones resulting from evaporation of
THF even though the vial was properly sealed, which decreases the concentration of the
polythiophene dissolving THF [160]. Occasionally, but in a very unreproducable manner,
pristine PTS films showed without chemical doping an increased electronic conductivity,
as shown for a PTS-Na film from aged solution (figure A.15). The slight absorption at
900− 1000 nm in case of the PTS-Na film from fresh and from aged solution might give
indication for a slight oxidation of the polythiophene backbone, which could result in
increased electronic conductivites.

In the chemical doping procedure, after spin coating the PTS film on the respective sub-
strate, the F4TCNQ/THF solution was applied on the PTS film and after a waiting time
of 5 seconds, the solution was spun off. In measurements of the UV/Vis absorption, of the
water uptake in QCM measurements or electronic conductivity in AC impedance and DC
measurements big variations for identically prepared films were observed. A reason for
the large variations for identically prepared films might therefore be different spreading of
the F4TCNQ solution on the PTS films. The temperature when the F4TCNQ solution is
applied on the PTS film or in the spin coating step might also have an influence since the
solvent THF is very volatile, an only slightly higher temperature might therefore result in
a significantly higher evaporation of the solvent, which might result in different amount
of dopant molecules on top of the PTS films. Upon sequential doping with F4TCNQ (red
curve), the additional absorption bands at 650 and 950 nm (and eventually an absorption
shoulder at 570 nm) indicate radical cation/polaron states [45]. From literature it is known
that F4TCNQ shows absorption at 350 nm and F4TCNQ radical anions show absorption
at 760 and 870 nm, which superimpose the radical cation/polaron absorption of PTS [160].

Electrochemical doping

In order to compare the chemical doping with electrochemical doping and in order to
identify the electronic species upon doping of PTS, spectroelectrochemistry studies of
PTS-TBA from H2O/THF on glass substrates were conducted. PTS-TBA from H2O/THF
was chosen as an exemplary PTS system since it also can be compared best to previous
studies on PTS-TBA [160]. Due to the fact that the PTS materials are in their undoped
state after spin coating, first the charge sweep (from negative to positive potentials) and
then the discharge sweep (from positive potentials to negative potentials) of the cyclic
voltammogram was conducted. In figure 4.12, three cycles of the cyclic voltamogram and
the in-situ UV/Vis NIR absorption spectra of the first cycle are shown.
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Figure 4.12: Spectroelectrochemistry studies of PTS-TBA from H2O/THF on ITO in
0.1 M NBu4PF6/MeCN with a scan rate of 50 mV/s. a) cyclic voltam-
mogram of the first three cycles, UV/Vis NIR absorption spectra recorded in
the first cycle of the cyclic voltammogram during b) charge and c) discharge
sweep and peak trend of selected wavelengths during charge d) and discharge
sweep e).
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4.1 Absorption characteristics in neutral and doped states

In the cyclic voltammogram in figure 4.12 a) in the initial charge sweep in the first cycle
(black curve), starting at low potentials the baseline current is detected. Upon reaching
higher potentials, a broad oxidation wave with several overlaying redox processes can be
observed. The broad oxidation wave corresponds to the oxidation of the polythiophene
backbone of PTS and is typical for conducting polymers and has also been observed in
the earlier studies of conjugated polyelectrolytes [46, 84]. In the backward sweep, only
low reduction currents can be observed, which means that the conversion back to the
neutral state does not or only partially occur, therefore it can be said that the cyclic
voltammogram is chemically irreversible [177]. The irreversible redox reaction can be also
observed on the decreasing currents from the first to the second and third cycle (red and
green curve) of the cyclic voltammogram. A reason therefore might be overoxidation or
dissolution from the electrode, the irreversibility of the conversion of PTS-TBA in cyclic
voltammetry was observed before [192].

In figure 4.12 b) and c), the UV/Vis NIR spectra recorded during the charge and discharge
sweep in the first cycle of the cyclic voltammogram are shown. Since the polythiophene
backbone is identical to the polythiophene backbone of P3HT, the absorption band at
≈ 465 nm can be assigned to the neutral polythiophene backbone [98, 132, 193–196].
During the charge sweep (in case of initially neutral PTS from the neutral to the oxidized
state, so from negative to positive potentials), the absorption intensity of the neutral
band decreases slightly, whereas the absorption intensity ≈ 750nm and ≈ 1500nm of two
absorption bands increases slightly. This mid- and low-energy absorption band can be
assigned to oxidized states of the polythiophene backbone. Traditionally, the mid- and
low-energy absorption band are assigned to polaron (radical cation) and bipolaron (dica-
tion) species, respectively [37]. Zozoulenko et al. showed that the traditional assignment
of the mid-energy absorption band solely to the polaron band and the low-energy absorp-
tion band solely to the bipolaron band is presumably insufficient [197]. For the sake of
simplicity the assignment to polaron and bipolaron band is however kept. In the discharge
sweep, the absorption intensity of the neutral band increases and the absorption inten-
sities of the charged states decrease, indicating a conversion from the oxidized, charged
state back to the neutral state. Comparing the absorption intensity of the neutral band
at the start of the cyclic voltammogram with the absorption intensity of the same at the
end of the cyclic voltamogramm, it can be seen that the absorption intensity is lower at
the end of the cyclic voltamogram. This can be explained with an irreversible oxidation
process, as can be seen in the cyclic voltamogram by the decrease of the currents from the
first to the third cycle. In figure 4.12, the absorption intensity at 465, 757 and 1551 nm
is shown, the plot is referred to as peak trend. The peak trends help to depict the trends
discussed in the UV/Vis absorption spectra even more clearly: the absorption intensity
of the neutral band decreased upon oxidizing, the absorption intensities of the charged
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states increase. Since the absorption intensity of the neutral band is at all potentials
higher than the absorption intensities of the charged states, it can be stated that only a
partial conversion from the neutral to the oxidized states occurs.

The wavelengths of the UV/Vis absorption bands of the neutral and charged states of the
chemically doped PTS-Na (figure 4.11) and electrochemically doped PTS-TBA (figure
4.12) are listed in table 4.2.

Table 4.2: Wavelengths of the UV/Vis absorption bands of chemically doped PTS-Na und
electrochemically doped PTS-TBA.

Neutral [nm] Charged states [nm]
PTS-Na (chemical doping) 460 750, 1000

PTS-TBA (electrochemical doping) 500 650, 950

Considering the fact that two different PTS-solvent system combinations were examined
and that different setup and device configurations were present in both the chemical and
electrochemical doping of PTS, the UV/Vis absorption bands of the neutral and the
oxidized states in PTS can be identified in both approaches.

4.1.2 PEDOT:PSS

As the second polymeric mixed conductor system in this thesis, PEDOT:PSS materi-
als with two different PEDOT to PSS ratios were examined, the low PEDOT content
batch PEDOT:PSS (1:6) and the high PEDOT content batch PEDOT:PSS (1:2.5) were
investigated. At first, both PEDOT:PSS batches are examined by means of spectroelec-
trochemistry in order to identify the UV/Vis absorption properties at various oxidation
states. Afterwards, in-situ conductance measurements are conducted in order to corre-
late the oxidation states of PEDOT:PSS to its conductivity properties. It is important
to mention that in contrast to the PTS materials, the PEDOT:PSS materials are in the
oxidized state after spin coating, therefore first the discharge sweep (from positive to neg-
ative potentials) and then the charge sweep (from negative to positive potentials) was
conducted. All cyclic voltammetry and in-situ data are data from the second cycle of
each measurement in order to eliminate possible memory effects [198].

4.1.2.1 Spectroelectrochemistry

In the following, spectroelectrochemistry measurements of both PEDOT:PSS batches on
IDE substrates are shown. The cyclic voltammograms of both PEDOT:PSS (1:6) and
PEDOT:PSS (1:2.5) in figure A.5 and A.6 exhibit an indistinct shape and are therefore
not discussed any further.
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Figure 4.13: Spectroelectrochemistry measurements of PEDOT:PSS (1:2.5) on a
5 µm IDE in 0.1 M NBu4PF6/MeCN with a scan rate of 10 mV/s. UV/Vis
NIR absorption spectra recorded in the second cycle during a) discharge and
during b) charge sweep and peak trends during c) discharge and d) during
charge sweep.

In the UV/Vis NIR absorption spectra in figure 4.13 a), at the start of the discharge
sweep (at +0.9V, blue curve), a high absorption of the charged states (polaron and bipo-
laron) and no absorption of the neutral state can be observed. This is in strong contrast
to PTS-TBA, where the absorption intensity of the neutral band is high at the start of
the spectroelectrochemistry measurement. The here measured UV/Vis spectrum at the
start of the cyclic voltammogram resembles the UV/Vis spectrum of pristine PEDOT:PSS
films under ambient conditions as shown in figure 1.21. Upon decrease of the potential to
−1.4 V, the absorption intensity of an absorption band at 630 nm increases whereas the
absorption intensity of broad absorption bands at 950 and 1550 nm decreases. According
to literature, the absorption band at 630 nm is assigned to neutral PEDOT and the broad
absorption bands at 750 and 1550 nm to polaron and bipolaron states of PEDOT [98,
197]. In the case of PEDOT:PSS (1:2.5), at the end of the discharge sweep (−1.4 V) the
absorption intensity of the neutral band exceeds the absorption intensities of the charged
states, therefore it can be said that PEDOT:PSS (1:2.5) can be reduced from its oxidized
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to the neutral state. Comparing the wavelength of the absorption maximum of the neutral
band, it can be seen that PEDOT:PSS shows an absorption maximum at 630 nm and
shoulders at higher and lower wavelengths and PTS-TBA shows an absorption maximum
at 465 nm. The absorption maximum at significantly higher wavelengths in case of PE-
DOT:PSS can be explained by a significantly larger conjugation length in the PEDOT
moieties than in the polythiophene moieties in PTS-TBA.

In the UV/Vis NIR absorption spectra recorded during the discharge sweep of PE-
DOT:PSS (1:2.5) in figure 4.13 a), a decrease of the polaronic and bipolaronic species
and an increase of the neutral band can be observed. In the spectra during the charge
sweep depicted in figure 4.13 b), the opposite evolution of the absorption intensities can
be observed, indicating a good reversibility of the conversion from the charged to the
neutral state and vice versa. In figure 4.13 c) and d), the peak trends of the neutral
(black), polaron (red) and bipolaron (blue) in the discharge or charge sweep are depicted.
During the discharge sweep, the absorption intensity at all three wavelengths remains
constant up to ≈ 0 V, after which the absorption intensities of the polaron and bipolaron
band decrease and the absorption intensity of the neutral band increases, indicating a
conversion from the charged to the neutral state. After reaching −0.7 V, the absorption
intensities of the three bands remain constant. Directly at the beginning of the charge
sweep, the absorption intensity of the neutral band increases and the absorption intensity
of the polaron and bipolaron band increase. After remaining roughly constant up to a
potential of −0.95V, the absorption intensities of the polaron and bipolaron band increase
further and the absorption intensity of the neutral band decreases further. This step-wise
evolution of the absorption intensities in the peak trends was also observed for a further
PEDOT:PSS (1:2.5) film on a glass substrate in spectroelectrochemistry measurements
as depicted in figure A.7. Since the step-wise conversion from the neutral to the charged
state is typically not observed for conducting polymers, it could be explained by the pres-
ence of immobile PSS as counterion which stabilizes the oxidized states in PEDOT [97,
199, 200]. Since oxidized PEDOT is eventually stabilized very well by PSS, the conversion
from the neutral to the oxidized state might occur immediately after starting the charge
sweep, even though the applied potential is still very low. As in the discharge sweep,
the polaron and bipolaron band behave slightly different: at −0.5 V the intensity of the
polaron band remains roughly constant towards the end of the charge sweep, whereas the
intensity of the bipolaron band further increases.
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Figure 4.14: Spectroelectrochemistry measurements of PEDOT:PSS (1:6) on a 5 µm IDE
in 0.1 M NBu4PF6/MeCN with a scan rate of 10 mV/s. UV/Vis NIR ab-
sorption spectra recorded in the second cycle during a) discharge and during
b) charge sweep and peak trends during c) discharge and d) during charge
sweep.

The UV/Vis absorption spectrum in figure 4.14 a) resembles at the start of the cyclic
voltammogram at +1.06 V (blue line) the typical spectrum of oxidized PEDOT:PSS.
Upon decrease of the potential, the polaron and bipolaron bands at 935 nm and 1550 nm
decrease in intensity and the neutral PEDOT band increases in intensity. Together with
the fact that the intensity of the polaron band does not significantly change in intensity
and the fact that the intensity of the bipolaron band exceeds the intensity of the neutral
band at the negative turning potential, it can be assumed that even at a potential of
−1.54 V a remarkable amount of PEDOT moieties is still in its oxidized state. The
obtained differences between the PEDOT:PSS (1:2.5) and PEDOT:PSS (1:6) material can
also be observed in spectroelectrochemistry measurements on ITO substrates as shown in
A.7 and A.8, the trends can therefore be confirmed. Comparing the wavelengths of the
absorption bands of PEDOT:PSS (1:6) and PEDOT:PSS (1:2.5), it can be said that the
absorption bands are at very similar wavelengths, the electronic structure of the PEDOT
moieties in both batches is therefore assumed to be similar. In the spectra recorded during
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the charge sweep in figure 4.14 b), an intensity decrease of the neutral band and intensity
increase of the bipolaron band can be observed, indicating reversibility of the PEDOT
reduction.

4.1.2.2 In-Situ conductance

After examining absorption properties with UV/Vis absorption spectroscopy as function
of the applied potential and therefore as function of charge state, in-situ conductance mea-
surements were conducted in order to investigate the conductance properties as function
of the applied potential. In figure 4.15, the cyclic voltammograms and in-situ conductance
of PEDOT:PSS (1:6) and PEDOT:PSS (1:2.5) are shown.
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Figure 4.15: Cyclic voltammogram (black curve) and in-situ conductance (green curve) of
a) PEDOT:PSS (1:6) und b) PEDOT:PSS (1:2.5) in 0.1 M NBu4PF6/MeCN
with a scan rate of 10 mV/s on 5 µm IDEs.

In the cyclic voltammogram (black curve) in figure 4.15 a), in the discharge sweep (the first
half wave of the cyclic voltammogram) and the subsequent charge sweep (second half of
the cyclic voltammogram) multiple reduction or oxidation waves can be observed. As for
PTS, the abundance of several redox waves is typical for conjugated polymers. In contrast
to the cylic voltammogram of PTS-TBA in figure 4.12, the presence of both oxidation and
reduction waves indicates chemical reversibility of the electrochemical conversion. The in-
situ conductance (green curve) shows a plateau of high in-situ conductance at potential
values superior to −0.3 V in the charge sweep or −0.6 V in the discharge sweep. The
plateau-like in-situ conductance profile is typical for conducting polymers [46, 166].

The cyclic voltammogram in figure 4.15 b) resembles the cyclic voltammogram of PE-
DOT:PSS (1:2.5): an indistinct shape with several overlapping oxidation and reduction
waves can be observed. The in-situ conductance findings are however significantly differ-
ent: in the discharge sweep (green dashed curve), the in-situ conductance reaches after a
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4.1 Absorption characteristics in neutral and doped states

slight initial decrease a local maximum at ≈ −0.4 V. Upon further decrease of the po-
tential, the in-situ conductance decreases. In the charge sweep (green curve), the in-situ
conductance starts to increase at a potential of −0.5 V. After reaching a maximum at
+0.4 V, the in-situ conductance decreases again upon further potential increase. In con-
trast to the plateau-like in-situ conductance of PEDOT:PSS (1:2.5), PEDOT:PSS (1:6)
shows therefore high in-situ conductance values only at distinct potentials.

4.1.3 Discussion and summary of absorption characteristics

Summarizing section 4.1, at first the influence of the counterion and the solvent system
from which the respective PTS film was spin coated on the UV/Vis absorption was exam-
ined. The UV/Vis absorption was observed to be blue shifted for PTS-TBA independent
from the solvent system, which indicates a lower conjugation length of the polythiophene
backbone presumably due to increased disturbance of the polythiophene backbone by
the bulky TBA+ cation. Therefore the properties of PTS depend in general on the type
and size of the counterion as observed previously [1, 2, 90, 91, 95]. For both PTS-Na
and PTS-TBA, using H2O as solvent system instead of H2O/THF resulted in red shifted
UV/Vis absorption spectra of the spin coated films, which can be attributed to the pres-
ence of aggregated PTS in aqueous solution, which are maintained in the film. However
for PTS-TBA spin coated from H2O, the aggregation in film was observed to vanish over
time, which as for the blueshift in case of all PTS-TBA films can be explained by the
bulky TBA+ cation.

Additionally, the influence of temperature and relative humidity on the UV/Vis absorp-
tion was examined. For PTS-TBA, a blue shift at high temperatures was observed, which
might be explained by an increased disturbance of the polythiophene aggregation due to
the movement of the butyl moieties in the alkyl side chains of TBA+ at high temperatures.
Presence of humid atmospheres was observed to lead to a recovery of the aggregation of
PTS which can be observed at room temperatures after heating, whereas dry N2 atmo-
spheres prevented recovery of the aggregation. In case of PTS-Na, high temperatures
were not observed to lead to changes in the shape of the UV/Vis absorption spectrum,
which might be explained by a stable aggregation due to the small ion size of Na+. Vari-
ations of the relative humidity lead also only to a variation of the absorption intensity.
The UV/Vis absorption at room temperature as function of water partial pressure was
observed to increase slowly in the low water partial pressure range and increase steeply
in the high water partial pressure range, therefore showing similar trends as the QCM
water uptake as function of water partial pressure as shown in section 4.2.2. The amount
of light absorbing particles is however constant and independent from the water uptake,
therefore other reasons such as a variation of the refractive indices of the water rich and
the PTS moieties and accordingly higher reflection or variation of the exctinction coeffi-
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cient as observed in literature could be assumed [4]. Both the counterion and the solvent
system did not seem to influence the morphology as observed in the AFM images.

Regarding the in-situ conductance measurements of PEDOT:PSS, PEDOT:PSS (1:2.5)
exhibits a plateau-like in-situ conductance whereas PEDOT:PSS (1:6) shows a more bell-
shaped in-situ conductance profile. In literature, presence of the plateau-like in-situ con-
ductance is typically observed for conjugated polymers and is traditionally explained with
the presence of multiple, overlapping mixed redox states that are each passed upon charg-
ing of the polymer [46]. On the other hand, the bell-shaped in-situ conductance profile is
known for mixed valence conductivity behavior, for example in case of polymers based on
tetraphenylbenzidine units or terthiophene-functionalized dendrimers [201–203]. Accord-
ing to the theories in literature, PEDOT:PSS (1:2.5) would be assigned to a conducting
polymer, whereas PEDOT:PSS (1:6) would correspond to a polymer possessing mixed
valence conductivity. The difference between both materials is however only the PEDOT
to PSS ratio, and the fact that the absorption maximum of the neutral band for both
PEDOT:PSS materials is at around ≈ 630 nm presumably indicates that the electronic
structure of the PEDOT moieties is in both materials similar. Therefore it is suggested
that both PEDOT:PSS materials behave according to the mixed valence model, in which
the higher amount of PEDOT in PEDOT:PSS (1:2.5) (29 wt% PEDOT in PEDOT:PSS
(1:2.5) vs. 14 wt% PEDOT in PEDOT:PSS (1:6), see also the discussion in section 4.2.2.3)
leads to a better connectivity between the PEDOT moieties, accordingly to more valence
states which can be passed upon charging or discharging and therefore to a broader po-
tential window where PEDOT:PSS (1:2.5) is in its highly conducting state. In the in-situ
conductance trend of PEDOT:PSS (1:2.5) in figure 4.15 b), a small decrease of the in-situ
conductance can be observed at very high potentials, which might indicate that the in-
situ conductance behavior of PEDOT:PSS (1:2.5) is actually not plateau-like but rather
bell-shaped as in PEDOT:PSS (1:6), in which the bell-profile is significantly widened.
This observation supports the assumption that the underlying conductance mechanism
is for both PEDOT:PSS materials the same. The decrease of the in-situ conductance at
very high potentials was also observed in literature [204, 205].

The worse connectivity between the PEDOT moieties in case of PEDOT:PSS (1:6) com-
pared to PEDOT:PSS (1:2.5) might be additionally concluded from four further experi-
mental observations. Firstly it can be seen in the hysteresis of the forward and backward
scan in the respective in-situ conductance trends: whereas the curves are separated by
≈ 0.2 V in case of PEDOT:PSS (1:2.5), the potentials of maximum conductance are sep-
arated by ≈ 0.7 V in case of PEDOT:PSS (1:6). Small hysteresis in in-situ conductance
measurements indicate fast and reversible charge/discharge processes [182]. Also increas-
ing the film thicknesses is observed to increase the hysteresis effects [206]. Secondly, the
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higher tilt of the baseline in the cyclic voltammogram of PEDOT:PSS (1:6) might indicate
a higher internal resistance than in PEDOT:PSS (1:2.5) [207]. Thirdly, also in the spec-
troelectrochemistry observations of PEDOT:PSS (1:6) and PEDOT:PSS (1:2.5) on IDEs
indications for better connectivity between the PEDOT moieties in PEDOT:PSS (1:2.5)
can be assumed: whereas a full conversion between the neutral and the charged states
can be obtained in case of PEDOT:PSS (1:2.5), the conversion to the neutral state can be
achieved only to a small extent in case of PEDOT:PSS (1:6) (the differences between the
PEDOT:PSS batches can also be obtained on ITO substrates, therefore confirming the
observations on IDEs). Therefore, in PEDOT:PSS (1:6), a significantly worse accessibility
of charged states compared to PEDOT:PSS (1:2.5) can be assumed. It has to be noted
however that the reliability of the measurements of PEDOT:PSS (1:6) might be reduced
by significant dissolution of the polymer films during the spectroelectrochemistry mea-
surements. Fourthly, the worse connectivity can also be seen by comparing the electronic
conductivities of the high and low PEDOT content PEDOT:PSS materials (as observed in
[103] and see section 4.3.5 of this thesis): the high PEDOT content PEDOT:PSS (1:2.2)
batch shows electronic conductivities in the range of 1 S/cm (PEDOT:PSS (1:2.5) and
PEDOT:PSS (1:2.2) are expected to have very comparable properties), the low PEDOT
content PEDOT:PSS (1:6) shows electronic conductivities in the range of 10−5−10−4S/cm.

As a summary of the characterization of PEDOT:PSS and PTS with spectroelectrochem-
istry and in-situ conductance measurements, different results were obtained for the PE-
DOT:PSS materials: PEDOT:PSS (1:2.5) showed a reversible conversion from the oxi-
dized to the neutral state, whereas PEDOT:PSS (1:6) showed only slight, fairly irreversible
conversion towards the oxidized state. For PEDOT:PSS (1:2.5) a large potential window
where the polymer is in its highly conducting state was found (plateau-like in-situ con-
ductance profile), whereas PEDOT:PSS (1:6) showed maximum in-situ conductance at
one specific potential value (bell-shaped in-situ conductance profile). These results might
indicate that high connectivity between the conjugated polymer moieties is necessary for
a high amount of accessible redox states and high conductivity.
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4.2 Water uptake studies in controlled atmospheric

conditions

After studying the UV/Vis absorption properties of the PTS and PEDOT:PSS systems
as function of the doping state in the previous chapter, the following chapter deals with
the water uptake measurements (the water uptake is calculated as mass of water per
mass polymer in wt% and amount of water molecules per repeating unit in λ, for de-
tails about the calculation method see section 3.3.4) at different water partial pressure
and temperature conditions. Throughout this thesis, the terms water uptake and water
content refer both to the water uptake per mass and in λ. If not otherwise mentioned
in the following section and in the conductivity section 4.3, all PTS materials were spin
coated from H2O/THF. In section 4.2.1, the water uptake measurements of bulk materials
determined with preliminary thermogravimetric analysis (TGA) studies are shown and in
section 4.2.2 the water uptake measurements of thin films using quartz crystal microbal-
ance (QCM) measurements are discussed. For both techniques, a discussion about the
validity and applicability of the respective technique is included. In section 4.2.3, the
results are discussed and summarized.

4.2.1 Preliminary Thermogravimetric Analysis

At first, the water uptakes determined with preliminary TGA studies are discussed. As
mentioned in the experimental part in section 3.3.4, the water uptake was determined
with the PTS material in bulk form, whereas the PEDOT:PSS materials are measured in
the form of small film crumbs.

4.2.1.1 PTS materials

In figure 4.16, the calculated water uptake per mass (in wt%) and in λ of pristine PTS-
TBA as function of pH2O at various temperatures and in figure 4.17, the water uptake per
mass (in wt%) and in λ of pristine PTS-Na as function of pH2O at various temperatures
is shown. The data for PTS-TBA are determined in an identical way as the data for PTS-
Na in figure 4.17 and are taken from [160]. Due to the identical measurement procedure
and in order to easily compare them to the respective water uptake data of PTS-Na, the
water uptake data for PTS-TBA are shown here. As described in experimental section
3.3.4, the water uptake in wt% is defined as mass of taken up water per mass polymer
and the water uptake in λ is defined as number of taken up water molecules per repeating
unit or per PSS repeating group in case of PEDOT:PSS. As also mentioned, in order to
be able to compare the water uptake values of the PTS materials determined with TGA
with the respective values determined with QCM, the water uptake values of the PTS
materials are extrapolated with the help of the hydration enthalpy constant Khy based
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on the measured water uptake at 16.7 mbar H2O, assuming a linear increase of the water
content with increasing pH2O. This assumption was shown to be valid for data from
literature for PTS-TBA and the cationic conjugated polyelectrolyte PTImBr [160], for
the TGA measurements of PEDOT:PSS in section 4.2.1.2 and approximately also for the
water uptake measurements with QCM (see section 4.2.2) up to water partial pressures
of 20 mbar H2O.
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Figure 4.16: Extrapolated water uptake of PTS-TBA determined with TGA in wt% and

λ at various temperatures as function of water partial pressure. Adapted
with permission from [160], © 2019, Elsevier.

Regarding the water uptakes at a certain pH2O as function of temperature, it can be
seen that the water uptake decreases with increasing temperature [160]. The temperature
dependency can be explained with the fact that with increasing temperature at a constant
pH2O, the relative humidity of the atmosphere decreases. Therefore, more water evapo-
rates from the polymer material. The maximum water uptake of PTS-TBA amounts to
4.8 wt% or λ ≈ 1.3 at 25°C and 20 mbar H2O. In figure 4.17, the water uptake of PTS-Na
as function of pH2O at various temperatures is shown.
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Figure 4.17: Extrapolated water uptake of PTS-Na determined with TGA in wt% and λ
at various temperatures as function of water partial pressure.

The water uptake of PTS-Na shows the same dependency as PTS-TBA: with increasing
temperature, the water uptake decreases. The values of the water uptake per mass (water
content in wt%) are however different compared to PTS-TBA: at 25°C and 20 mbar H2O,
the water content amounts to 4.8 wt% in case of PTS-TBA, whereas at the same atmo-
spheric conditions the water content of PTS-Na amounts to 7.8 wt% (even the actually
measured water uptake values at 16.7 mbar H2O show the same relative deviation between
PTS-TBA and PTS-Na). This effect can be explained with the molecular weights of the
components of PTS-TBA and PTS-Na: the repeating unit of PTS without cation has
a molecular weight of 245.35 g/mol, TBA+ has a molecular weight of 242.47 g/mol and
Na+ has a molecular weight of 22.99 g/mol. Therefore, processing of the same masses of
polymer results in higher shares of polymer backbone and therefore also to higher shares
of side chains or ionic groups in the bulk material in case of PTS-Na. Even though not
the same mass of polymer is used in each TGA measurement, due to the calculation of
the water uptake per mass or per repeating unit, the water uptake is "normalized" with
respect to the polymer mass or polymer weight. For the same mass of material, the
amount of ionic groups is around 80 % higher in PTS-Na. Regarding the different water
uptakes per weight, it can be seen that PTS-Na takes up around 60 % more water than
PTS-TBA. Therefore, the higher share of ionic groups might be the reason for the higher
water uptake per weight in case of PTS-Na. Regarding the water uptake in λ, it can
be seen that PTS-TBA at 25°C and 20 mbar H2O takes up around 1.3 water molecules,
whereas PTS-Na at the same conditions takes up around 1.2 water molecules. The small
difference might be explained by measurement inaccuracies or to a partial shielding of
ionic moieties in PTS-Na due to higher aggregation in PTS-Na. In general, the amount
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of water molecules per repeating unit is similar for both PTS materials. As described in
section 4.1.1.1, TBA+ corresponds to a soft cation whereas Na+ corresponds to a hard
cation. However, since the different character of the cations does apparently not result
in different water uptake per repeating unit, it can be assumed that mostly the ionic
character of the SO –

3 group rather than the specific properties of the cation are relevant
for the water uptake.

4.2.1.2 PEDOT:PSS materials

In the following, the water uptake values for PEDOT:PSS materials as measured with
TGA are shown. The previously examined PEDOT:PSS (1:6) low PEDOT content batch
is examined, as high PEDOT content PEDOT:PSS batch PEDOT:PSS (1:2.2) was ex-
amined. Since the PEDOT to PSS ratio is not significantly different in the PEDOT:PSS
(1:2.5) and PEDOT:PSS (1:2.2) batch, both PEDOT:PSS batches are assumed to be very
comparable. In figure 4.18, the water uptake of PEDOT:PSS as water content per weight
at 25°C as function of pH2O is shown. Whereas the previously shown water uptake for
PTS-TBA and PTS-Na was extrapolated from the water uptake at 16.7 mbar H2O to
other pH2O, the water uptakes of the PEDOT:PSS materials were directly determined at
various pH2O steps in a water partial pressure range up to 16.7 mbar H2O.
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Figure 4.18: Water uptake of PEDOT:PSS materials determined with TGA at 25°C as
function of water partial pressure. a) PEDOT:PSS (1:6), b) PEDOT:PSS-Na
(1:6) and c) PEDOT:PSS (1:2.2).

The experimental trend of the water uptake of the PEDOT:PSS materials shows the trend
expected also for the PTS materials: the water content per mass increases with increasing
pH2O. In the water partial pressure from 2−3 to 16.7 mbar H2O, it seems that the water
content increases linearly with pH2O. In contrast to the moderate increase in the water
partial pressure range between 2 − 3 and 16.7 mbar H2O, the water content increases
significantly upon switching from dry N2 (0 mbar H2O) to 2 − 3 mbar H2O. The high
increase at low pH2O might be explained by the fact that in addition to the water up-
take into the bulk material, water is adsorbed at the surface of the bulk material. Going
towards higher pH2O, the surface of the bulk material is already saturated, therefore the
water content increases only moderately with pH2O since water is increasingly taken up
in the bulk material.

Comparing the water uptakes of the different PEDOT:PSS materials, it can be seen that
at 16.7 mbar H2O, PEDOT:PSS (1:6) shows with 14 wt% the highest water content, PE-
DOT:PSS (1:2.2) shows with 12 wt% the second highest water uptake and PEDOT:PSS-
Na (1:6) shows with 10 wt% the lowest water uptake. The highest water uptake for
PEDOT:PSS (1:6) could be explained by the high weight content of PSS in the material
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mixture PEDOT:PSS, as described in section 3.3.4. In case of PEDOT:PSS (1:2.2) the
lower water uptake might be explained by the lower content of PSS, which leads to a total
decrease of the hydrophilic moieties. The lowest water uptake of PEDOT:PSS-Na (1:6)
might eventually be explained by the fact that the hydrophilicity of the SO –

3 -Na+ ion
pairs is lower than the hydrophilicity of the SO –

3 -H+ ion pair. Worth noticing is that the
cationic conjugated polyelectrolyte PTImBr shows similar water uptakes as PTS-TBA in
spite of a similar ion concentration per volume as PTS-Na [160]. The reason therefore
could be the lower hydrophilicity of the cationic imidazolium moiety compared to the
sulfonate group.

In general, the water uptakes of the PEDOT:PSS materials at in wt% and λ are by
around a factor of 2 higher than the water uptakes of the PTS materials. This finding
is unexpected, since in both materials SO –

3 groups are present and as could be shown
by comparing the λ values for PTS-Na and PTS-TBA, the water uptake is rather not
dependent of the cation. It could be assumed that the difference between the TGA mea-
surements of PTS and PEDOT:PSS might be explained by the fact that the PEDOT:PSS
materials are present in form of small crumbs originating from polymer films with thick-
nesses of few micrometer, which are expected to have a very high surface area whereas
on the other hand, the PTS materials are present in powder form with particle diameters
of few millimeters. All water uptake measurements in this thesis were conducted in a
way that at least one hour was set for equilibrating (so that the water uptake reaches its
equilibrium state) after a new atmospheric condition was set. The lower water uptake for
the PTS materials can therefore not be explained by the fact that the equilibration time
was not sufficiently high enough and the absorbed water could not reach the inner parts
of the PTS particles, but rather by the fact that due to the particle form of the PTS
materials some hydrophilic moieties are isolated and can not take up water. In addition
to that, a second factor are the temperature conditions of the TGA measurements. After
conducting all measurements, it was found out that the temperature which was thought
to be set at 25°C in all measurements amounted actually to roughly 28°C. Therefore, since
the water uptake was observed to decrease with increasing temperature, the actual water
uptake at 25°C is estimated to be higher.

Since all conductivity and UV/Vis absorption measurements were conducted with the
polymer materials in film form, a QCMwas established during the PhD thesis to determine
the water uptake of the polymer materials in film form. The QCM results are discussed
in the following section.
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4.2.2 Quartz Crystal Microbalance

In sections 4.2.2.1, the general measurement procedure and the applicability and limits of
the technique are discussed. After that, the results for the PTS and PEDOT:PSS materials
are discussed in sections 4.2.2.2 and 4.2.2.3. A summary of the results, a comparison to
the TGA results and the discussion in respect to the materials characterization of PTS
and PEDOT:PSS is given in section 4.2.3. All QCM measurements were conducted if not
otherwise mentioned at 25°C as function of pH2O.

4.2.2.1 General discussions

General measurement procedure

In figure 4.19, the frequency and the calculated weight trend (for details about the calcu-
lation see section 3.3.5) of a polymer coated QCM crystal in a typical QCM measurement
including the initialization step and the reversibility check, here in the case of a PE-
DOT:PSS (1:2.5) film, is shown.
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Figure 4.19: a) Frequency and b) weight trend during a typical QCM measurement.

As can be seen, increasing pH2O leads to a decrease of the frequency (4.19 a) and a
concurrent increase of the crystal mass (4.19 b). The contrary trend can be explained
with the fact that upon water uptake, the oscillation frequency decreases since the polymer
film mass is increasing. At the start of the QCM measurement, the initial mass amounts
to 9.25 µg. Before spin coating the polymer film onto the QCM crystal, the crystal is
installed in the measurement cell and the resonance frequency of the empty crystal is
measured and the depicted mass, which is an arbitrary number, is set to m0 = 0 µg.
The initial mass corresponds therefore to the mass of the polymer film (since the empty
crystal was set to m0 = 0 µg) with water still remaining in the polymer film after spin
coating. During the initialization step of the QCM measurement, a dry N2 stream is lead
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through the measurement chamber and the chamber is heated up to 45°C for a short time.
As consequence, all water remaining in the polymer film after spin coating is evaporated
from the polymer film. The weight of the polymer film decreases therefore during the
initialization and the polymer film weight in its dry state mpolymer,dry is obtained, in the
shown weight trend mpolymer,dry = 8.2 µg. After the initialization, the temperature of
the measurement chamber is set to 25°C and the pH2O is step-wise increased, applying
equilibration times of 90 minutes. As can be seen in the weight trend, the stepwise
increase of pH2O leads to a stepwise increase of the QCM mass. Since the indicated
mass corresponds to the polymer film with water taken up, the mass is referred to as
mpolymer,wet. Due to the fact that after setting a new pH2O, which results initially in
a strong increase of mpolymer,wet, the value for mpolymer,wet does not further change after
longer waiting times, it can be said that an equilibration time of 90 minutes is sufficient.
At 23 mbar H2O, the QCM mass is decreasing after the initial increase, even though
pH2O was kept constant. This effect is in the depicted mass trend only observed at
this high pH2O and was also observed in further QCM measurements in this thesis at
23 mbar H2O and higher pH2O. For a discussion about the validity of the Sauerbrey
equation at high pH2O see the discussion about the applicability and validity in section
4.2.2.1. After reaching the highest pH2O which is in the shown measurement 23 mbar H2O,
dry N2 (0 mbar H2O) is applied. Due to the fact that the QCM mass decreases back to the
same value which was reached at 0 mbar H2O at the initial drying step, it can be said that
the water uptake is reversible. With the mpolymer,wet values at each pH2O and with the
help of equations 16 and 17 in the methods part 3.3.4, the water uptake in water content
per mass polymer film (in wt%) and as number of water molecules per repeating unit (in
λ) can be calculated. The water uptake results for the PTS and PEDOT:PSS materials
can be found in sections 4.2.2.2 and 4.2.2.3. In the following section, the applicability and
validity of the QCM technique is discussed.

Applicability and validity

As could be seen in the QCM mass trend of the water uptake measurement of
PEDOT:PSS (1:2.2) (figure 4.19) at the pH2O step of 23 mbar H2O before switching
back to 0 mbar H2O, a drop of mpolymer,wet during the time of constant pH2O can be
observed. This effect occurred only at high pH2O and was observed in several QCM
measurements conducted in this thesis. The mass trend drop during the time of con-
stant pH2O is likely to correspond to the fact that the validity of the Sauerbrey equation
is not fulfilled anymore. Developed in 1959, in the first years the QCM technique was
mainly used for precise determining of thicknesses of metal layers deposited on the QCM
crystals [175]. The maximum thickness of a deposited aluminium layer up to which the
Sauerbrey equation is still valid was determined to 300 kÅ and the maximum frequency
change between the bare crystal and the metal covered crystal was determined to 15 %
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[208, 209]. The film thicknesses of the studies in this thesis, as calculated from the weight
of the polymer film mpolymer,wet in the QCM measurements, are usually below 1 kÅ (ex-
cept for the drop casted PEDOT:PSS films, see section 4.2.2.3) and the frequency change
between the blank QCM crystal and the polymer film with high water uptake amounts at
maximum to 0.05 ≈ %, which would indicate that the validity of the Sauerbrey equation
can presumably still be assumed, which was also assumed in other water uptake measure-
ments of polymeric thin film materials with QCM [210]. However, the materials in this
thesis are soft polymeric materials whereas the above mentioned limitations of QCM were
examined in case of rigid and stiff metal coatings.

When a viscoelastic material is brought into oscillation, the oscillation is damped due a
dissipation of energy. A measure of the dissipated energy is the dissipation factorD. QCM
measurements can be conducted with an in-situ monitoring of this dissipation factor, the
technique is therefore called QCM-D [211]. Typically, QCM-D is utilized in measuring
the dissipation in solutions. The water uptake of polyelectrolyte films in liquid water was
shown to exhibit significant dissipation, whereas only minor dissipation was observed in
case of water uptake from humid atmosphere, therefore the validity of the Sauerbrey equa-
tion is not influenced [176]. Vogt et al. examined the dissipation of polyelectrolyte films
with varying film thicknesses at different humidities [212]. They observed viscoelastic be-
havior for polyelectrolyte films with film thicknesses of more than 900 Å and water uptakes
of more than 100 wt%. At these conditions, the Sauerbrey equation was found to be not
valid anymore. As already mentioned, the film thicknesses for most of the polymer films in
this thesis are below 1 kÅ and the maximum water uptakes on the other hand amounted
to ≈ 90 %. Therefore, the validity of the Sauerbrey equation in the present study is as-
sumed, even though deviations from the Sauerbrey equation at high water uptakes might
still be existent, which could be seen by the previously described deviations at high pH2O.

A further issue which was observed in the measurements was the change of the resonance
frequency of a QCM crystal upon removing the crystal from the sensor and reinstalling
the same crystal in the sensor again. This effect was also observed in literature before
[176]. The frequency change upon inserting and reinserting of the crystal amounts to
≈ 10 ppm (parts per million, so 10−4%). A possible explanation for this effect might
be different orientations or rotational positions of the crystal in the sensor head. Since
the frequency changes between the dry polymer film mpolymer,dry and the wet polymer
film mpolymer,wet were typically between 150 and 300 ppm and the deviations between wa-
ter uptake measurements of identically prepared films were observed to be significantly
higher than 10 ppm, this inserting and reinserting error was not further elucidated. In
the QCM experiments in this thesis it could also be observed that crystals, which theo-
retically should be manufactured equally, showed deviations of the resonance frequency
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up to 1000 ppm. This underlines the necessity to determine the resonance frequency of
each individual crystal.

A third consideration is the temperature in the measurement cell, at which the QCM
measurements are conducted. As described in section 4.2.1, the TGA measurements
were conducted at temperatures of up to 90°C. QCM crystals are piezoelectric quartz
crystals, which are cut in the so-called AT-Cut from the seed crystal. In the AT-Cut,
the crystal disk is cut out in an angle of 35°15’ with respect to the optical z-axis from
the seed crystal [174]. At this specific angle, the temperature coefficient of the resonance
frequency shows an inflection point at 25°C, which means that QCM measurements can
be conducted in the range of room temperatures at 25°C±15°C without relevant change
of the resonance frequency. Outside this range, small temperature changes of only 1°C
(which might occur due to fact that the oven utilized for controlling the temperature in the
atmospheric conditions setup could only heat and not cool the measurement cell) could
lead to changes of the resonance frequency which are higher than the frequency change
due to water uptake. Due to this, QCM measurements were conducted at only 25°C and
not conducted in a temperature range up to 90°C as for the TGA measurements. For
PTS-Na, one QCM measurement was conducted at 25°C and one at 35°C (see figure 4.21).
The observed slight frequency instability at 35°C can be explained by the temperature
fluctuations resulting from the aforementioned shift of the resonance frequency.

Reliability and reproducibility test

Due to the fact that the QCM was newly set up in a laboratory as a method to determine
the water uptake of polymer materials in thin films, several test measurements were con-
ducted initially to confirm the reliability and reproducibility of the QCM technique and
measurement procedure.

In order to test the functionality of the QCM sensor, a fresh QCM crystal was installed in
the sensor and according to the STM-2 manual, as a test it was breathed heavily onto the
crystal [213]. The indicated mass increased, which is due to adsorbed water originating
from the exhaled air. Since the increase was in the indicated range, the functionality of
the sensor utilized for this thesis was confirmed.

In order to examine the water uptake behavior of a pure polyelectrolyte material, the
water uptake of poly(sodium 4-styrenesulfonate) (PSS-Na) at 25°C as function of water
partial pressure was measured (figure A.11). The water uptake trend is similar to the
PTS and PEDOT:PSS materials in this thesis (which will be discussed in sections 4.2.2.2
and 4.2.2.3), therefore the polyelectrolyte behavior of both material classes can be con-
firmed. Comparing QCM measurements of PTS-TBA and PTS-Na, it could be observed
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that PTS-Na shows significantly higher water uptakes per weight (water content in wt%),
but comparable water uptakes per repeating unit (in λ). The same trend was observed
in the TGA measurements, therefore the QCM measurements can be regarded as reli-
able. Several QCM measurements were repeated with new, identically prepared films in
order to examine the reproducibility of the measurements. It could be observed that the
general trends could be reproduced well (for example that the chemically doped PTS-Na
films showed lower water uptakes than the pristine PTS-Na films (section 4.2.2.2), or the
pristine film weights of films from PEDOT:PSS materials showed significant deviations
depending on the utilized PEDOT:PSS dispersion (section 4.2.3)). The deviation between
the measurements was determined to be as high as 20% at 29 mbar H2O (see figure 4.24),
in the water partial pressure range up to 20 mbar H2O the deviation was typically below
5%. This might be explained by slight deviations in the temperature or water partial
pressure in the measurement cell or different polymer film morphologies or film surfaces
resulting from the general issues of irreproducability in the spin coating procedure.

In the following, the water uptake results for the PTS and PEDOT:PSS materials in
various pH2O ranges are given. For some measurements, the results were validated by
conducting identical measurements and calculating the average water uptake values. For
all QCM measurements in this thesis, the dry polymer film masses mpolymer,dry was de-
termined (in case several identical measurements were conducted the average mpolymer,dry

values are given). The values will be given and discussed in table 4.3 in the summary
section 4.2.3.

4.2.2.2 PTS materials

As PTS materials, pristine PTS-Na and PTS-TBA films and chemically doped PTS-Na
and PTS-TBA films were examined.

PTS-Na

In figure 4.20, the water uptake of PTS-Na at 25°C as function of pH2O can be seen.
For determining the water uptake, measurements over 5 films were averaged. As for all
QCM measurements shown in this thesis, the averaged values are given together with the
standard deviation (indicated by error bars).
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Figure 4.20: Water uptake of PTS-Na at 25°C as function of water partial pressure.

Regarding the trend of the water uptake as function of pH2O, it can be seen that after
a step increase up to 1.8 mbar H2O, the water uptake increases moderately with pH2O.
The steep increase at very low H2O was seen in the TGA measurements of PEDOT:PSS
in section 4.2.1.2 and in further QCM measurements. Upon increase of pH2O to higher
values than 16 mbar H2O, the slope of the water uptake increase is getting steeper. The
trends in the water uptake of PTS-Na were also observed for PSS-Na as shown in figure
A.11, which confirms the polyelectrolyte properties of PTS-Na. The trends of the water
uptake for all PTS and PEDOT:PSS materials is discussed in section 4.2.3.

Comparing the water uptake at 20 mbar H2O determined with QCM with the water
uptakes determined with TGA (figure 4.17), it can be seen that the values determined
with QCM (≈ 30 wt% or λ ≈ 4) are around three to four times higher than the values
determined with TGA (≈ 8 wt% or λ ≈ 1.2). This significant difference can be explained
with the fact that in case of the QCM measurements, the polymer material is charac-
terized in form of thin films, whereas in the TGA measurements the polymer material is
characterized in powder form. The thin films seem to be therefore much more accessible
for water.

PTS-Na temperature test

In figure 4.21, the water uptake of a pristine PTS-Na film at 25°C and 35°C as function
of water partial pressure is shown. The frequency trend of the measurement at 25°C and
35°C can be seen in figure A.12.
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Figure 4.21: Water uptake of PTS-Na at 25°C (black symbols) and 35°C (red symbols).

According to the supplier specifications of the QCM crystals, QCM measurements can be
conducted at 25±15°C, so measurements at temperatures 35°C of should be possible [213].
The larger the difference of the measurement temperature to 25°C is, the more noisy the
resonance frequency signal of the QCM crystal is (see also the previous discussion about
the QCM technique in section 4.2.2.1). As can be seen in the frequency trend in figure
A.12, the frequency change at 35°C with pH2O variation is smaller than the frequency
changes at 25°C. Therefore, the error in extracting the frequency and therefore also the
error in the value for mpolymer,wet gets larger. Due to this, the water uptake values at
35°C might be partially incorrect. Regarding the trend of the water uptake at 25°C, it
can be seen that the water uptake shows a strong increase at very low pH2O, a moderate
increase at up to 12 mbar H2O and a steeper increase towards the highest pH2O and
therefore the same trends as the averaged water uptakes of PTS-Na in figure 4.20. At
35°C (red symbols), the water uptake values decrease with ≈ 7 wt% at 23 mbar H2O to
less then a fifth compared to the water uptake of ≈ 40 wt% at 25°C and 23 mbar H2O.
The decrease of the water uptake with increasing temperature is therefore significantly
higher than in the TGA measurements of PTS-Na (figure 4.17), where the water uptake
at a temperature of 45°C was the half of the water uptake at 25°C. As discussed in section
4.2.1.2, due to the powder form of the PTS material placed in the TGA measurement
chamber, hydrophilic moieties might not be accessible for water. When switching from
25°C to 35°C in case of the PTS-Na film in QCM measurements as shown in figure 4.21,
the water uptake values might therefore decrease significantly.
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PTS-TBA

In order to compare PTS-Na and PTS-TBA, the water uptake of a PTS-TBA film was
determined with QCM in the water partial pressure range from 0 − 23 mbar H2O. In
figure 4.22, the water uptake of PTS-TBA at 25°C as function of pH2O is shown.
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Figure 4.22: Water uptake of PTS-TBA at 25°C as function of water partial pressure.

Comparing the water uptake of PTS-TBA with the water uptake of PTS-Na (figure 4.20),
it can be seen that PTS-TBA shows a water content of around 25% at 23 mbar H2O,
whereas PTS-Na shows a water content of ≈ 37 wt% at 23 mbar H2O. The water uptake
per repeating unit amounts to λ ≈ 7 for PTS-TBA and λ ≈ 6 for PTS-Na. Therefore,
it can be said that very comparable trends could be obtained in the water uptake mea-
surements of PTS-TBA and PTS-Na with QCM as for the water uptake measurements of
PTS-TBA and PTS-Na with TGA: at 20 mbar H2O the water uptake per mass (in wt%)
is significantly higher for PTS-Na (≈ 8 wt% for PTS-Na and ≈ 5 wt% for PTS-TBA),
the water uptake per repeating unit is however comparable (λ ≈ 1.2 for PTS-Na and
λ ≈ 1.4 for PTS-TBA). Therefore, the same differences in the water uptake behavior
between PTS-TBA and PTS-Na are obtained with both techniques, which again confirms
the reliability of the QCM technique.

Chemically doped PTS

In addition to the pristine PTS-Na and PTS-TBA films, the water uptake of chemically
doped PTS films is determined. Chemical doping is utilized in this thesis to increase the
electronic conductivity of PTS films (see section 4.3.1). In figure 4.23, the water uptake of

101



4 Results

chemically doped PTS-Na and chemically doped PTS-TBA at 25°C as function of pH2O
is shown. For both PTS materials, the water uptake was averaged by measuring the water
uptake of two films.
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(a) PTS-Na
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(b) PTS-TBA

Figure 4.23: Water uptake of PTS after chemically doping with 0.5 mg/ml F4TCNQ/THF
at 25°C as function of water partial pressure.

As can be seen from the standard deviation of the water uptake measurements of the
chemically doped PTS films, the measurements were not very reproducible, as discussed
for UV/Vis measurements of chemically doped PTS films in section 4.1.1.2) and as also
observed for AC Impedance and DC measurements of chemically doped PTS films (see
section 4.3.1). Due to the different content of polythiophene in PTS-Na and PTS-TBA as
discussed in section 3.3.4, the degree up to which the PTS films are doped might vary in
PTS-Na and PTS-TBA. This might also lead to different water uptakes of PTS-Na and
PTS-TBA. In general, the water uptakes of the chemically doped PTS films show lower
water uptakes than the pristine PTS films. This might be explained by the fact that
hydrophilic moieties might be shielded due to the chemical doping. Eventually, F4TCNQ
molecules or F4TCNQ

·– radical anions are not only located in the polymer film, but also
to a large extent on top of the polymer film. Therefore, the water uptake into hydrophilic
moieties in the PTS film might be inhibited. Nevertheless, a time-delayed water uptake
due to inhibition of the water uptake can be excluded, since for every pH2O step a reaching
of the plateau value of mpolymer,wet was obtained.
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4.2.2.3 PEDOT:PSS materials

In the following section, the water uptake of PEDOT:PSS materials determined with QCM
are discussed. At first, the Na-exchanged PEDOT:PSS-Na (1:6) is examined in which,
similar to PTS-Na, Na+ counterions are predominantly present (see also 3.1.2). After that,
the pristine PEDOT:PSS (1:6) and the high PEDOT content
PEDOT:PSS (1:2.2), both mainly with H+ counterions, are examined. The section is
finalized with water uptake studies of drop casted PEDOT:PSS films.

PEDOT:PSS-Na (1:6)

In figure 4.24, the water uptake of PEDOT:PSS-Na (1:6) at 25°C as function of water
partial pressure is shown. The water uptake of PEDOT:PSS-Na (1:6) was obtained by
averaging over three films.
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Figure 4.24: Water uptake of PEDOT:PSS-Na (1:6) at 25°C as function of water partial
pressure.

The water uptake of PEDOT:PSS-Na (1:6) shows the same trends as the PTS materi-
als and PSS-Na (figure A.11), therefore the polyelectrolyte properties of PEDOT:PSS
can be confirmed. In comparison with the water uptake of PTS-Na, which was also de-
termined by averaging over several measurements and which was also conducted up to
29 mbar H2O, the trend of elevated increase of the water uptake at low pH2O, moderate
increase at medium pH2O and a steeper increase at high pH2O can be identified even
more clearly. The water uptake at 29 mbar H2O is with ≈ 90 wt% or λ ≈ 13 even higher
than the value for PTS-Na at 29 mbar H2O(≈ 70 wt% or λ ≈ 11), even though the
error at 29 mbar is quite high. The significant error at high pH2O might be explained
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by deviations of the Sauerbrey assumption at high pH2O as discussed in section 4.2.2.1.
At 20 mbar H2O, the water uptake of PEDOT:PSS-Na (1:6) amounts to ≈ 25 wt% or
λ ≈ 3.5, whereas the water uptake of PTS-Na amounts to ≈ 30 wt% or λ ≈ 4. At
this medium pH2O, where no errors due to deviations from the validity of the Sauerbrey
equation are expected, the similar water uptakes might be explained by the fact that for
both materials Na+ is present as counterion.

PEDOT:PSS (1:6)

In figure 4.25, the water content of PEDOT:PSS (1:6) at 25°C as function of water partial
pressure can be seen. The water uptake of PEDOT:PSS (1:6) was obtained by averaging
over two films.
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Figure 4.25: Water uptake of PEDOT:PSS (1:6) at 25°C as function of water partial pres-
sure.

Regarding the trend of the water uptake as function of pH2O, the previously described
steep increase at low pH2O values can be recognized. The steeper increase of the water
uptake, which could be observed in the previously shown water uptake trends and which
was observed to start at pH2O values of 16 or 20 mbar H2O can not be recognized. If
the water uptakes of PEDOT:PSS (1:6) would have been determined up to higher pH2O
than 23 mbar H2O, a steeper increase of the water content might have been obtained
eventually. Comparing the water uptakes of PEDOT:PSS (1:6) to the water uptakes of
PEDOT:PSS-Na (1:6), it can be seen that the water contents are very comparable. At
20 mbar H2O, PEDOT:PSS-Na (1:6) takes up ≈ 27 wt% H2O and PEDOT:PSS (1:6)
takes up ≈ 32 wt% H2O. Also the λ values are with λ ≈ 4 comparable. The reason for

104



4.2 Water uptake studies in controlled atmospheric conditions

the very similar water uptake values is that the same material is examined, the different
counterion or the dilution of the PEDOT:PSS dispersion seems not to make a significant
difference.

PEDOT:PSS (1:2.2)

In addition to the low PEDOT content PEDOT:PSS batches, the water uptake of high
PEDOT content PEDOT:PSS materials were investigated as well. The here studied
PEDOT:PSS (1:2.2) materials shows significantly higher electronic conductivites than
the PEDOT:PSS (1:6) materials (see section 4.3.2). In figure 4.26, the water uptake of
PEDOT:PSS (1:2.2) at 25°C as function of water partial pressure is shown. The water
uptake of PEDOT:PSS-Na (1:2.2) was obtained by averaging over two films.
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Figure 4.26: Water uptake of PEDOT:PSS (1:2.2) at 25°C as function of water partial
pressure.

The water uptake of PEDOT:PSS (1:2.2) shows a similar water uptake trend as the pre-
viously discussed PEDOT:PSS batches. Regarding the water uptake values, PEDOT:PSS
(1:2.2) shows at 23 mbar H2O a water uptake per mass of ≈ 40 wt% and λ ≈ 7.5 whereas
both PEDOT:PSS (1:6) and PEDOT:PSS-Na (1:6) show at 23 mbar H2O water uptakes
of 35 − 40 wt% and λ ≈ 4 − 5. Both the water uptake per mass and in λ is therefore
slightly higher compared to the PEDOT:PSS-Na (1:6) and PEDOT:PSS (1:6) batches,
which is rather unexpected due to the lower PEDOT content in PEDOT:PSS (1:2.2).
As described in section 3.3.4, the PSS weight content which is expected to participate
in water uptake amounts to 55 wt% in the PEDOT:PSS (1:2.2) batch, to 59 wt% in
the other high PEDOT content batch PEDOT:PSS (1:2.5) (which was examined with
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spectroelectrochemistry and in-situ conductance measurements in section 4.1.2.1) and to
80 − 81 wt% in the PEDOT:PSS (1:6) and PEDOT:PSS-Na (1:6) batches. Conversely,
the PEDOT contents in the high PEDOT content batches PEDOT:PSS (1:2.2) and PE-
DOT:PSS (1:2.5) amount to 29 − 31 wt% and in the low PEDOT content batches PE-
DOT:PSS (1:6) and PEDOT:PSS-Na (1:6) to 13 − 14 wt%. The PSS content which is
expected to participate in water uptake in the 1.2.2 batch is therefore lower than in the 1:6
batches, the content of hydrophilic moieties is accordingly also lower. Therefore also the
water uptake of the PEDOT:PSS (1:2.2) batch should be lower. Considering a standard
deviation between identically conducted QCM measurement of approximatively 10−20%

(for example at the values of the water uptake of PEDOT:PSS-Na (1:6) at 23 mbar H2O
in figure 4.24), this deviation is lower than the 40 % lower PSS contents in the (1:2.2)
batch compared to the (1:6) batches, therefore there might be other reasons than the stan-
dard deviation or error between identically conducted measurements for the higher water
uptake of the PEDOT:PSS (1:2.2) batch. The morphology of the PEDOT:PSS (1:2.2)
batch might also be different due to the higher PEDOT content, eventually larger PE-
DOT rich moieties might be present due to the higher PEDOT:PSS ratio. Additionally
the synthesis procedure might influence the PEDOT:PSS dispersion and therefore also
the morphology of the PEDOT:PSS films resulting from this dispersion. Furthermore
the PDI or the molecular weight of PSS-H is also not known (typically in the range of
MW ≈ 75.000 g/mol, [214]).

Drop casted PEDOT:PSS

In order to examine if the water uptake is mostly occurring on the surface or as expected
in the volume of the polymeric material, two PEDOT:PSS films were prepared by drop
casting 40 µl PEDOT:PSS dispersion onto the quartz crystal, which was followed by
drying at 75°C. The film weights of the drop casted films were approximately two orders
of magnitude higher than the film weights of the spin coated films (see also section 4.2.3
for further discussion). In figure 4.27, the water uptake of a drop casted PEDOT:PSS
(1:2.2) film and a drop casted PEDOT:PSS (1:6) film at 25°C as function of water partial
pressure can be seen. Since significant deviations from the step-like decrease of the QCM
frequency were obtained at pH2O > 20 mbar H2O (as shown in figure 4.19), which might
be explained by significant viscoelastic damping (as discussed in section 4.2.2.1), the
measurements were only evaluated up to 20 mbar H2O. Strong increase of the water
uptake would have been obtained probably as observed in the previously shown QCM
measurements that were measured up to 29 mbar H2O.
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(a) PEDOT:PSS-Na (1:6)

0 4 8 1 2 1 6 2 00
5

1 0
1 5
2 0
2 5
3 0
3 5
4 0
4 5

Wa
ter

 co
nte

nt 
[wt

%]

p H 2 O  [ m b a r ]
0 . 0
0 . 8
1 . 6
2 . 4
3 . 3
4 . 1
4 . 9
5 . 7
6 . 5
7 . 3

λ

(b) PEDOT:PSS (1:2.2)

Figure 4.27: Water uptake of drop casted PEDOT:PSS at 25°C as function of water partial
pressure.

Regarding the trend of the water uptake as function of pH2O, the previously described
trend can be observed as well, so a steep increase at low pH2O, moderate increase at
medium pH2O and a steeper increase towards higher pH2O. In spite of the significantly
higher polymer film mass and presumably also different morphology, which is due to
the casting procedure, the PEDOT:PSS materials still show the typical polyelectrolyte
behavior. Considering the level of the water uptake, the drop casted PEDOT:PSS-Na
(1:6) films shows a water content of ≈ 25 wt% and λ ≈ 3.5 at 20 mbar H2O. The spin
coated PEDOT:PSS-Na (1:6) films (as shown in figure 4.24) reveal with ≈ 27 wt% and
λ ≈ 3.7 almost identical water uptake values. For the drop casted PEDOT:PSS (1:2.2)
film, a water content of 39 wt% and λ ≈ 6 at 20 mbar H2O is obtained. The values
obtained for the spin coated PEDOT:PSS (1:2.2) films (as shown in figure 4.26) are with
≈ 35 wt% and λ ≈ 5 slightly lower. In general, for the drop casted PEDOT:PSS films
very comparable water uptake trends and values were obtained as for the spin coated
PEDOT:PSS films, therefore it could be assumed that water uptake occurs also for the
spin coated films mainly in the volume and not only on the surface of the polymer films.
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4.2.3 Discussion and summary of water uptake studies

Summing up the previous section concerning the water uptake studies of PTS and PE-
DOT:PSS materials utilizing TGA or QCM, in case of the preliminary TGAmeasurements
very low water uptake values for the PTS materials and higher values for PEDOT:PSS
materials were obtained. The lower water uptake might be explained by the fact that the
PTS materials are present in powder form which might limit the accessibility for water.
Conversely, in the QCM measurements in general higher water uptakes than in the TGA
measurements were obtained, which might be due to the fact that the polymer materials
are measured as thin films, which seems to facilitate the water uptake. In both the TGA
and the QCM measurements, PTS-Na shows significantly higher water uptake per mass
than PTS-TBA due to the higher ion content, but comparable water uptake per repeating
unit. This might be due to the fact that the water uptake is less governed by the ion char-
acter of the cation but rather by the hydrophilicity of the sulfonate group, which is the
same in both PTS-TBA and PTS-Na. In the QCM measurements of PEDOT:PSS, the
PEDOT:PSS (1:6) materials showed unexpectedly lower water uptake values compared
to PEDOT:PSS (1:2.2), which might eventually be explained by a different synthesis pro-
cedure or by different film morphologies.

For measurements of PTS-Na and PEDOT:PSS-Na (1:6) that were conducted in a water
partial pressure range from 0 to 29 mbar H2O (which corresponds to a relative humidity
range between 0 and 92 % r.h.) and that were averaged over several measurements, a
typical water uptake trend could be identified: after a steep increase up to water contents
of 5−10 wt% at ≈ 3 mbar H2O, the water content increased moderately to water contents
of 15 − 20 wt% at ≈ 16 mbar H2O. Going to higher water partial pressures, the water
uptake values increase significantly up to values of 70 − 90 wt% at 29 mbar H2O. The
same water uptake trend (determined in polymer film mass) as function of water partial
pressure was also observed for PEDOT:PSS (1:2.5) films in QCM measurements [4] and
for Nafion materials [3], the validity of the water uptake trends can therefore be confirmed.
Interestingly, the water uptake trend resembles type II sorption isotherms, which implies
that the water uptake occurs on internal interfaces, presumably the interfaces between
hydrophilic moieties where the sulfonate groups are located and the more hydrophobic
PEDOT moieties [215]. Water uptake as function of water partial pressure solely at the
surface of the polymer film can be excluded due to the fact that the water uptake of drop
casted polymer films (which are approximately two orders of magnitude thicker than the
spin coated films, see table 4.3) is very similar to the water uptake of spin coated films
and that the conductivity and UV/Vis absorption properties vary significantly as function
of water partial pressure (which correspond to a variation of the properties of the bulk
polymer films). For various polyelectrolyte materials, in a recent publication very compa-
rable water uptakes as for the polyelectrolyte materials in this thesis were obtained, the
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reliability of the QCM measurements can be therefore further confirmed [54].

The moderate increase of the water content at low and medium pH2O and the steeper
increase at high pH2O was also observed for water uptake measurements of PEDOT:PSS
using volumetric sorption measurements [5]. In the QCM measurements in this thesis at
27 mbar H2O, PEDOT:PSS shows a water uptake of 87 wt%, which is very comparable to
the values obtained for PEDOT:PSS-Na (1:6). As could be obtained in [5], the sorption
enthalpy decreases from QST = 55 kJ/mol at very low water contents to QST = 44 kJ/mol
at high water contents, which corresponds to an approaching of the sorption enthalpy of
pure water. This observation can be explained with sorption into very hydrophilic, undis-
sociated sulfonate-cation moieties at low water contents and sorption into practically pure
water at high water contents. Therefore, the formation of water-rich moieties at high wa-
ter contents can be proven.

In table 4.3, the dry polymer film masses of all QCM measurements are listed. For
all measurements which were repeated identically, an averaged value including standard
deviation is indicated.

Table 4.3: Dry polymer film masses.
Material mpolymer,dry [µg]
PTS-Na 2.6± 0.3

PTS-TBA 2.6
PTS-TBA, PTS-Na chemically doped 3− 4

PEDOT:PSS (1:6) 3.7± 0.5

PEDOT:PSS-Na (1:6) 2.13± 0.01

PEDOT:PSS (1:2.5) 8.2

PEDOT:PSS (1:2.2) 15± 1

PEDOT:PSS-Na (1:6) drop casted 208.5
PEDOT:PSS (1:2.2) drop casted 228.0

Both the pristine PTS-TBA and PTS-Na films reveal dry polymer film masses of 2.6 µg.
This might be explained by the same concentrations of both spin coating solutions, which
presumably results in similar viscosities. Upon chemical doping, the values for mpolymer,dry

slightly increase, which is presumably due to the addition of F4TCNQ molecules or
F4TCNQ

·– radical anions into or on top of the PTS films. The average dry polymer film
of the PEDOT:PSS (1:6) amounted tompolymer,dry = 3.7 µg, whereas the average dry poly-
mer film mass for the Na-exchanged PEDOT:PSS-Na (1:6) amounted to mpolymer,dry = 2.1

µg. This significant difference could be explained by the presumably higher viscosity of
the pristine PEDOT:PSS (1:6) dispersion. The titration of the PEDOT:PSS (1:6) disper-
sion in order to replace the H+ cations by Na+ cations (see also section 3.1.2) corresponds
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to a dilution of the dispersion, therefore the viscosity of the PEDOT:PSS (1:6) dispersion
is expected to be higher than the viscosity of the PEDOT:PSS-Na (1:6) dispersion. For
the PEDOT:PSS (1:2.5) and PEDOT:PSS (1:2.2) material, the dry film weights amount
to mpolymer,dry = 8.2 µg and mpolymer,dry = 15 µg (averaged), respectively, which is 2 − 7

higher than the weights obtained for the PEDOT:PSS-Na (1:6) and PEDOT:PSS (1:6)
materials, respectively. The viscosity of the PEDOT:PSS (1:2.2) dispersion is around
6 to 7 times higher than the viscosity of the PEDOT:PSS (1:6) dispersion [216, 217].
Therefore, the PEDOT:PSS (1:2.2) dispersion might not be spun off as quickly from the
accelerating substrate in the spin coating procedure as the PEDOT:PSS (1:6) dispersion,
which might result in higher amount of material remaining on the substrate after spin
coating and therefore to higher dry film weights. The dry polymer film weight amounted
to mpolymer,dry = 208.5 µg for the PEDOT:PSS-Na (1:6) film and mpolymer,dry = 228.0 µg
for the PEDOT:PSS (1:2.2) film, respectively. The dry film weights of the drop casted
films are therefore 1−2 magnitudes higher than the values for the spin coated films. This
can be explained by the different film deposition procedure, since no polymeric material
is spun off the crystal as in the spin coating procedure.

The water uptake values were calculated as water uptake per repeating unit in λ. As
discussed in section 3.3.5, calculating λ requires several assumptions (see also section
3.3.4). For example in case of PEDOT:PSS the assumption that only one type of cation
is present might be partially incorrect, which could lead to an error in λ. Furthermore,
the precisely indicated weight ratio between PEDOT and PSS or the assumption that
exactly one third of all EDOT repeating units are oxidized might could be wrong, there-
fore resulting in a further error of λ. The informative value of the water uptake might
be questioned by a further issue: whereas the water uptake in wt% or λ is calculated for
the entire mass or every repeating unit, respectively, this does not take into account that
water is presumably taken up preferably in the hydrophilic, polyelectrolyte rich moieties.
Zozoulenko et al. showed in a recent publication with molecular dynamic simulations on
PEDOT:PSS materials that the water uptake occurs predominantly in hydrophilic, PSS-
rich moieties [218]. Calculation of the distribution of water molecules into hydrophobic
and hydrophilic moieties and the weight or volume fraction of the hydrophilic moieties in
the bulk material, which might help to calculate more interpretable water uptake values,
was not feasible.

In section 4.1.2.1, differences in the spectroelectrochemistry and in-situ conductance be-
havior in dependence of the PEDOT to PSS ratio were obtained. In the water uptake
measurements, at 23 mbar H2O a water uptake of ≈ 40 wt% for PEDOT:PSS (1:2.2) and
a water uptake of ≈ 35 wt% for PEDOT:PSS (1:6) were obtained, which can be consid-
ered with respect to the measurement errors as very similar. The significant differences
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obtained in the spectroelectrochemistry and in-situ conductance measurements (for these
measurements, PEDOT:PSS (1:2.5) was used, which is expected to behave similar as PE-
DOT:PSS (1:2.2)) and similar results in the water uptake measurements might indicate
that the water uptake is governed mainly by the content of the PSS groups which are
expected to participate in water uptake, which is for both PEDOT:PSS materials roughly
comparable (55 wt% and 80 wt% weight content of PSS which is expected to participate
in water uptake in PEDOT:PSS (1:2.5) and PEDOT:PSS (1:6), respectively). The redox
activity and in-situ conductance behavior on the other hand is presumably governed by
the content of PEDOT moieties and the connectivity or the percolation between these
PEDOT moieties (see also the discussion about percolation effects in 4.3.5), which is
expected to be remarkably different between both PEDOT:PSS batches.
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4.3 Conductivity studies as function of water uptake

After examining the water uptake behavior of the PTS and PEDOT:PSS mixed conductor
systems as function of water partial pressure in the previous chapter, the conductivity
properties as function of water content are studied in the following chapter. All conduc-
tivity studies were conducted with the polymer films on interdigitated electrodes (IDEs)
using a combination of AC impedance and DC measurements, as described in the methods
part section 3.3.3. All measurements were conducted in a variable pH2O range from 0−29

mbar H2O and were, if not otherwise mentioned, conducted at 25°C. All water uptake
or water content values are taken from the QCM measurements as described in section 4.2.

In section 4.3.1, the three different cases of conductivity properties and its corresponding
AC impedance and DC measurement findings are shown for the example of PTS materi-
als: in section 4.3.1.1 undoped (pristine) PTS-Na is shown which shows ionic conductivity
behavior, in sections 4.3.1.2 and 4.3.1.3 chemically doped PTS is discussed which either
shows mixed conductivity or electronic conductivity behavior. Furthermore, PTS-Na 93%

is discussed which shows mixed conductivity at elevated temperatures.

It is important to mention that all polymeric mixed conductor materials examined in
this thesis possess at the entire examined water content range, at all doping degree con-
ditions or in case of the PEDOT:PSS materials for both examined PEDOT:PSS ratios
both electronic and ionic conductivity properties (also see the discussions in 4.3.1.2 and
4.3.1.3). However, depending on the mentioned conditions, either one of both conductiv-
ity mechanism (electronic or ionic conductivity) or both conductivity mechanisms (mixed
conductivity) are dominating the electrical properties of the polymeric mixed conductor
material. The sections of the PTS materials are indicated according to the dominating
conductivity mechanisms.

In the following chapter, the conductivity results of the PEDOT:PSS materials are given
in section 4.3.2, in which the batches PEDOT:PSS (1:6), PEDOT:PSS-Na (1:6) and PE-
DOT:PSS (1:2.2) were compared. In a collaboration with the group of Professor Myung-
Han Yoon at the Gwangju Institute of Technology (Republic of Korea), the conductivity
properties of PEDOT:PSS-PVA composite materials are studied, which are shown in sec-
tion 4.3.3 and the comparison of all different IDEs geometries can be found in section
4.3.4. All conductivity results are discussed and summarized in section 4.3.5.

112



4.3 Conductivity studies as function of water uptake

4.3.1 PTS materials

4.3.1.1 Pristine PTS-Na: ionic conductivity behavior

AC Impedance spectroscopy

At first, a pristine PTS-Na film was examined with AC impedance spectroscopy in a
water partial pressure range of 0.9 − 29 mbar H2O. The measurements at 0.9 − 9 mbar
H2O were conducted using a 5 µm IDE, whereas the measurements at 12− 29 mbar H2O
were conducted using a 20 µm IDE. For the conductivity studies conducted in this thesis,
IDEs with different electrode geometries were used. In section 4.3.4, it is shown that the
same conductivities can be obtained independent from the IDE type. The 5 µm IDE
allows to measure high ionic resistances in the low pH2O range whereas the 20 µm IDE
allows to measure low ionic resistances at high pH2O. In figure 4.28, representative AC
impedance spectra of pristine PTS-Na at 25°C and 16 and 23 mbar pH2O can be seen.
Since the real-part resistances Z ′′ are relevant for the discussions in this thesis, all AC
impedance spectra are shown in the Nyquist plot since they allow to easily display the
relevant resistances.
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Figure 4.28: AC impedance spectra of undoped PTS-Na at 25°C on a 20 µm IDE at a)
23 mbar pH2O and b) 16 mbar pH2O.

The spectra consist of a high-frequency semi-circle (the impedance at high frequencies ω is
displayed at the origin of the Nyquist plot, the impedance at low frequencies is displayed
at the right side of the Nyquist plot) and a sloping response at lower frequency. According
to literature, the high frequency semi-circle can be assigned to the total resistance of the
sample, which consists of contributions of both electronic and ionic resistances [219]. The
low-frequency response (the part of the AC impedance spectra at frequencies lower than
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the frequencies where the high-frequency semi-circle occurs) consists in the initial part of
a straight line with a degree of 35− 45°. Going to lower frequencies, the slope of the line
increases.

Fitting of AC Impedance spectra

Since the sloping low-frequency response can be detected down to low frequencies, it can
be assigned to the so called Warburg impedance [220, 221]. In general, the Warburg
impedance can be observed for systems with electrodes that block either the ionic or
electronic charge carriers [222]. The presence of the sloping low-frequency corresponds to
the fact that in close proximity only ionic charge carriers contribute to the high-frequency
semi-circle. In figure 4.29, the equivalent circuit for fitting ionically conducting materials
is shown (the equivalent circuit is chosen according to literature [160]).

Figure 4.29: Equivalent circuit for fitting of AC impedance spectra of ionically conducting
samples.

The equivalent circuit consists of a parallel RQ-element for the semi-circle at high fre-
quencies. Since mainly ionic charge carriers contribute to the relaxation (response of the
polymeric mixed conductor system to the application of current), the resistance of the
RQ-element is assigned to an ionic resistance Rion. A constant phase element Q instead
of a capacitor element C was chosen to fit the high-frequency response, since constant
phase elements allow to fit non-perfect capacitance behavior, whereas capacitor elements
only allow to represent pure capacitive behavior [223]. For the low-frequency response, a
Warburg element W is utilized. The fits of the AC impedance spectra are shown in figure
4.30 and the corresponding fit parameters are listed in table 4.3.
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Figure 4.30: AC impedance spectra from fig-
ure 4.28 at a) 23 mbar H2O
and b) 16 mbar H2O and cor-
responding fits.

23 mbar H2O 16 mbar H2O
Rion [Ω] 3249 165144
Q− T [F] 5.7 · 10−11 1.15 · 10−10

Q− P 1 1
W − R [Ω] 8508 550760
W − T [s] 0.01 2.39
W − P 0.46 0.45

Table 4.4: Fitting parameters of fits from fig-
ure 4.30.

Since the resistances of the high-frequency semi-circles (the Z ′ value at the local minimum
of Z ′′, therefore referred to as high-frequency resistance RHF) in figure 4.28 are assigned to
approximately pure ionic resistance, the ionic resistances values correspond to the diame-
ter of the semi-circles and can be therefore read out directly from the impedance spectra
from the Z ′ value at the local minimum of the spectra. In the spectrum at 23 mbar H2O
in figure 4.30, the Z ′ value at the minimum of the spectrum between the high-frequency
semi-circle and the sloping low-frequency signal amounts to 3.5kΩ. Fitting the spectrum,
a value of 3.2 kΩ was obtained for Rion. For the spectrum at 16 mbar H2O, a value of
178 kΩ could be read out whereas a value of 165 kΩ could be obtained from fitting the
spectrum. The deviation between the value that can be read out and the value obtained
after fitting is neglectable since the values for σion of polyelectrolyte materials vary over
several orders of magnitude as function of pH2O or water uptake. For ionically conduct-
ing samples the values for Rion are read out directly from the impedance spectrum in all
further measurements. For the parameter Q − P, values of 1.06 and 1.02 were obtained
initially, but since values which exceed 1 are theoretically not possible, the values were set
to Q−P = 1. If Q−P equals 1, the corresponding relaxation process can be assigned to
pure capacitive behavior. In case Q−P equals 0, the process can be assigned to pure re-
sistive behavior. The capacitance Q−T of the high-frequency semi-circle is in the 10−10 F
range, thus it can be assigned to the (parasitic) geometrical capacitance originating from
the IDE substrate. The fact that Q − T is at both pH2O roughly equal (the deviation
between both fits might result from fitting errors) can be explained by the fact that the
geometric capacitance is independent from pH2O or the water content of the polymer film.
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For the parameter W −T a decrease is obtained when decreasing pH2O from 23 mbar to
16 mbar H2O. In the diffusion interpretation, W − T = L2/D (L corresponds to the
thickness of the diffusion layer and D corresponds to the diffusion coefficient of the corre-
sponding particle), therefore W −T corresponds to a "diffusion time" of the ionic charge
carriers [223]. Therefore, the increase of W − T can be interpreted as an increase of the
long-range diffusion time of the ionic charge carrier towards the ion-blocking electrode.
For the parameter W − P, independent of pH2O a value of W − P = 0.45 was obtained,
which is close to 0.5 in case of an ideal Warburg element.

Conductivities

With the ionic resistance Rion values, the geometric parameters l = 5 µm and
w = 191.70 cm for the 5 µm IDE and l = 20 µm and w = 47.95 cm for the
20 µm IDE, the film thickness h = 56 nm (for the PTS-Na film on the 5 µm IDE a
thickness of 57 nm and for the PTS-Na film on the 20 µm IDE a thickness of 56 nm
was determined) and using eq. 13, the ionic conductivities σion are calculated. The ionic
conductivity of undoped PTS-Na σion as function of pH2O and as function of water con-
tent is shown in figure 4.31. Over the course of this chapter the conductivities (which
are determined with the help of AC impedance and DC measurements) are plotted as
function of the applied water partial pressure on the bottom x-axis and the water uptake
(in case the water uptake was determined and reproducible and reliable values could be
obtained) on the top x-axis.
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Figure 4.31: Ionic conductivity of undoped PTS-Na at 25°C as function of water par-
tial pressure and as function of water content, the measurements at
0.9 − 9 mbar H2O were conducted using a 5 µm IDE, the measurements
at 12− 29 mbar H2O were conducted using a 20 µm IDE.

Starting from σion in the range of 10−10 S/cm at 0.9 mbar H2O (which corresponds to
3 % r.h.) or 1 wt% water content, values in the range of 10−2 S/cm are reached at
29 mbar H2O (which corresponds to 92% r.h.) and 70 wt% water content. This means that
σion can be significantly increased over 8 orders of magnitude. In the low water content
range, σion increases significantly from 10-10 S/cm up to 10-6 S/cm upon increasing the
water content to 10 wt%. At high water contents on the other hand, σion increases from
10-3 S/cm up to 10-2 S/cm upon increasing the water content from 40 wt% to 70 wt%.
The values for σion increase therefore much more significantly at low water contents than
at high water contents. The dependency of σion from the water content was explained for
Nafion with the presence of percolation paths [3]. In case of Nafion, at low water contents
taking up of water molecules leads to an increase of the dissociation of protons from the
SO –

3 groups. No ionic conductivity can be measured until a percolating network of water
cluster forms. After the initial formation of the percolating network, further water uptake
leads to an increase of the ionic conductivity. However, after a certain water uptake further
water uptake does only slightly increase the ionic conductivity since the additional water
uptake leads only to the formation of domains with water moieties. In case of PTS-Na
in figure 4.31 and in case of PTS-TBA [160], σion values could be determined even at the
lowest water uptakes and no minimum water uptake was necessary, which might indicate
that the formation of percolation paths is less relevant for σion (percolation effects were
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however assumed in the electronically conducting phases, see section 4.3.5). The plateau-
like σion values at high water contents could however also be observed for the PTS and
PEDOT:PSS materials in this thesis, the presence of water moieties could therefore also
be assumed.

4.3.1.2 Chemically doped PTS-Na: mixed conductivity behavior

AC Impedance spectroscopy

For PTS-Na films from aged solutions, so solutions that were left standing for several weeks
after preparation, measurable electronic conductivities in the range of
σe ≈ 10−6 S/cm were observed (A.13−A.15). This effect might be explained by a slight
oxidation due to the so-called auto-doping effect, which is known for conducting polyelec-
trolytes [75]. For conducting polyelectrolytes with different counterions it could be shown
that the auto-doping effects is more pronounced for smaller counterions [90]. In order to
obtain increased electronic conductivities in a reliable way, a PTS-Na film was chemically
doped via sequential doping with a 0.5 M solution of F4TCNQ in THF (see experimental
part section 3.2.2). This was done by sequential doping with F4TCNQ as reported in
literature [163, 164]. The AC impedance spectra of a chemically doped PTS-Na film as
function of pH2O at 25°C can be seen in figure 4.32.
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Figure 4.32: AC impedance spectra of PTS-Na doped with 0.5 M F4TCNQ/THF on a
5 µm IDE as function of water partial pressure at 25°C.

At 18 mbar H2O (black symbols), the spectrum consists of a high-frequency semi-circle
with high-frequency resistance of RHF = 8 · 102 Ω. Instead of a sloping low-frequency
response (as was observed for the low-frequency response in the AC impedance spec-
tra of undoped PTS-Na in figure 4.28), the spectrum consists of two overlaying semi-
circles with a low-frequency resistance of RLF = 7.2 · 103 Ω (intercept of the spectrum
with the x-axis). Decreasing pH2O to 16 mbar H2O (red symbols) and further down to
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14 mbar H2O (green symbols), the resistance of the high-frequency semi-circle increases
to RHF = 6 ·103 Ω. Simultaneously, the resistance of the low-frequency semi-circle slightly
increases to RLF = 7.6 · 103 Ω. Decreasing pH2O further down to 9 mbar H2O (blue
symbols), instead of two semi-circles, only one semi-circle with a low-frequency resistance
of RLF = 6.9 · 103 Ω can be observed. Further decrease of pH2O to 3 mbar H2O (turquoise
symbols) and 0.9 mbar H2O (pink symbols) leads to a decrease of the resistance of the
low-frequency signals to RLF = 6.1 · 103 Ω and RLF = 5.5 · 103 Ω.

DC measurements

In order to extract the Re and Rion values (which are required for calculating σe and σion)
from the RHF and RLF values obtained in the AC impedance measurements, at first supple-
mentary DC measurements were conducted. A constant current of
I = 10 µA was applied so that the resulting potential did not exceed 100 mV (as de-
scribed in section 3.3.3). The potential trends of the DC measurements can be seen in
figure 4.33.
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Figure 4.33: DC measurements of PTS-Na doped with 0.5 M F4TCNQ/THF on a
5 µm IDE at 25°C as function of water partial pressure.

During the time when a constant current is applied between the electrodes, both elec-
tronic and ionic charge carriers move through the polymer film. Whereas the Pt electrode
structure is permeable for electronic charge carriers, ionic charge carriers are blocked at
the electrode. Since ionic charge carriers are the more blocked at the electrodes the longer
a constant polarization is applied between the electrodes, the potential at the end of the
time of the applied current (end of the polarization time) corresponds to the resistance
when only electronic charge contributes to current conduction. Since the potential trend
at the end of the polarization approaches constant values, it corresponds to a steady
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state potential Usteady state. With the help of Usteady state, the applied current I and with
the Ohmic Law as given in eq. 4, the electronic resistance Re can be calculated. The
electronic conductivities σe can be calculated from Re and the geometric parameters. As
can be seen in the potential trends, in the measurements at 18 and 14 mbar H2O (black
and green curve) the potential decreases slightly during the time of the applied current of
I = 10 µA. The slight decrease of the potential was only observed for chemically doped
PTS films and might therefore be related to unknown influences from the chemical doping
procedure. After switching off the constant current, very low potentials around 0 mV can
be measured, since no resistance towards current flow occurs any more. However, as can
be seen at the potential trend at 60 seconds, the potential does not directly fall back to 0
mV, but only after 61 seconds a potential of 0 mV is reached. This relaxation effect can
not be further elucidated in this measurement since a time resolution (time between the
potential measurements) of 1 second was set, in the DC measurements of PEDOT:PSS in
chapter 4.3.2 the relaxation is studied in further detail.

In order to examine the physical origin of the low-frequency resistance RLF in the AC
impedance spectra, σe was also calculated utilizing the RLF. In figure 4.34, σe calculated
either from RLF in the AC impedance spectra or the electronic resistance Re extracted
from Usteady state from the DC measurements is shown.
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Figure 4.34: Electronic conductivities of PTS-Na doped with 0.5 M F4TCNQ/THF on a
5 µm IDE determined from AC impedance spectra and DC measurements.

Comparing the values for σe it can be seen that with both AC impedance as well as DC
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measurements very comparable values can be obtained. The deviations between both
measurements, which are below 5 %, could be explained with instrument specific inac-
curacies. The fact that RLF corresponds to the steady-state resistance (at the end of
the polarization time) in the DC measurements can be explained with the fact that the
sine-wave in a AC impedance measurement at a frequency of 15 mHz corresponds to a DC
measurement with a polarization time of roughly 33 seconds since one sine-wave with a
frequency of 15 mHz keeps the direction of its polarization for roughly 33 seconds. In the
following, the low-frequency resistance in the AC impedance spectra at the intercept with
the real-part axis is referred to as electronic resistance Re. If not otherwise mentioned,
all σe values are calculated with Re from DC measurements.

Fitting of AC Impedance spectra

In addition to the extraction of the electronic resistances from DC measurements, the
ionic resistances Rion need to be extracted from the AC impedance spectra. In literature,
mixed conductors are described with the Maxwell’s model [8, 221, 224]. The equivalent
circuit can be seen in figure 4.35.

Figure 4.35: Equivalent circuit for fitting of AC impedance spectra of mixed conducting
samples.

The equivalent circuit consists of two resistors, one for the electronic resistance Re and one
for the ionic resistance Rion. Both resistors are toggled in parallel, since both resistances
contribute in parallel to the total current conduction. One constant phase element Qgeo is
in parallel to both resistors and accounts to the (parasitic) geometrical capacitance of the
electrode. A second constant phase element Qchem is in series with Rion and is attributed
to the chemical capacitance of the polymer film, originating from the mixed conducting
properties and ion-blocking electrodes [219]. Maier et al. derived an equivalent circuit
for a inorganic mixed conductor system sandwiched between two electrodes, in which the
thickness of the mixed conductor is large compared to the Debye length [225]. They found
that the chemical capacitance determines if the AC impedance spectrum shows Warburg
impedance. Additionally the influence of the carrier concentration, the carrier mobility
and the rate constants of both the electronic and ionic charge carriers on the impedance
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spectrum were additionally examined by the authors. The simplified equivalent circuit in
figure 4.35 can be deduced from the model of Maier et al. [225].

The Debye length is a measure for the distance by which two opposite charges are sepa-
rated in liquid electrolytes [226]. Initial water uptake in the polyelectrolyte moieties of the
mixed conductor systems in this thesis is assumed to lead to a dissociation of the mobile
cations from the immobile sulfonate groups. The mean distance of the cations from the
sulfonate groups presumably increases upon further water uptake until the Debye length
is reached, which might roughly correspond to the Debye length in liquid electrolytes.
Further increase of the mean distance of the opposite charges upon uptake of more wa-
ter might be not favored thermodynamically, therefore the water is taken up in water
rich moieties between the screened mobile cations. Eventually, the reaching of the Debye
length might be observed in the dependency of the ionic conductivity σion as function of
water uptake (as in figure 4.31 or 4.61): starting at low water uptake, σion might increase
significantly as function of water uptake until the Debye length is approximately reached.
After reaching the Debye length, further water uptake might only lead to minor increase
of σion since the water is predominantly taken up in water rich domains. The Debye length
in the present polyelectrolyte systems can be estimated to be in the range of 1 nm [227].

In the shown AC impedance spectra of the mixed conductor (figure 4.36 at 18 mbar H2O),
both Re and Rion contribute to the high-frequency resistance RHF according to eq. 23
(according to [8, 224, 225]):

RHF =
Re ·Rion

Re +Rion
(23)

In order to extract the values for Rion from RHF and Re, the equation can be rearranged:

Rion =
Re ·RHF

Re −RHF
(24)

In case of Re >> RHF, Rion corresponds approximatively to RHF:

Rion ≈
Re ·RHF

Re
≈ RHF (25)

If the impedance spectra of undoped PTS-Na in figure 4.28 would be measured down to
very low frequencies in the mHz range, a second semi-circle with a very high resistance
would be obtained due to the finite electronic resistance of the undoped PTS-Na. In
this case, since a low-frequency resistance or an electronic resistance could be determined
as well, the equivalent circuit for the mixed conductors could be applied as well and
eq. 24 would simplify to eq. 25. The high-frequency resistance of the first semi-circle
RHF and the electronic resistance Re can be obtained from the impedance spectrum at
18 mbar H2O as indicated in figure 4.36:
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Figure 4.36: AC impedance spectra of PTS-Na doped with 0.5 M F4TCNQ/THF on a
5 µm IDE at 25°C and a water partial pressure of 18 mbar H2O with indicated
resistances.

Whereas the high-frequency response consists clearly visible of one semi-circle, the low-
frequency response consists as already mentioned not from one, but from two overlaying
semi-circles. This might occur due to the presence of grain boundaries between the elec-
tronically conducting PTS backbone moieties. By adding more circuit elements to the
equivalent circuit in figure 4.35, the two overlaying semi-circles could be fitted properly,
but since the reason or physical meaning of the overlaying semi-circles can not be further
elucidated, no further circuit elements are added. An equivalent circuit which could be
used to describe the mid-frequency features can be seen in figure A.16.

Whereas the AC impedance spectra at 14 mbar H2O and higher pH2O show a high-
frequency semi-circle and a low-frequency response and are fitted with the equivalent
circuit for mixed conductors (figure 4.35, the respective fits are shown in figure 4.46),
the AC impedance spectrum at 9 mbar H2O and lower pH2O, the AC impedance spectra
in figure 4.32 consist of one semi-circle. In general, an AC impedance spectrum that
shows one semi-circle in the Nyquist plot, can be fitted with one parallel RQ-element. In
figure 4.37, the equivalent circuit to fit the spectra with one semi-circle can be seen.
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Figure 4.37: Equivalent circuit for fitting of AC impedance spectra of electronically con-
ducting samples.

Since it could be already confirmed that the low-frequency resistance of the semi-circle
can be assigned to Re, the R-element of the equivalent circuit can be assigned to Re.
The Q-element in parallel to Re is assigned as for the mixed conductor to the geometrical
capacitance Qgeo.

After establishing equivalent circuits for the two different types of AC impedance spectra
(either the mixed conducting behavior for the AC impedance spectra at 14 mbar H2O
and higher pH2O or the electronic conducting behavior at 9 mbar H2O and lower pH2O),
the AC impedance spectra can be fitted. In figure 4.38, exemplary fits and in table 4.5
the obtained fit parameters are shown. It is important to mention that the Qchem − T

values do not correspond to actual capacitance values. In order to obtain the actual ca-
pacitance values, the Qchem − P values have to be taken into consideration (for Qgeo the
Qgeo− T values are equal or very close to 1, therefore the Qchem−T values correspond to
the actual capacitance values) [228]. The existing model in literature to recalculate the
actual capacitance values is however only valid for one parallel R-CPE equivalent circuit
(such as in figure 4.37), calculation of the capacitance values for the Qchem element in the
equivalent circuit for mixed conductors (figure 4.35) is not possible. Calculating the actual
capacitance values with the parallel resistance Re, values which are in between one order
of magnitude with the Qchem − T values obtained from the fits are obtained. Therefore,
small deviations of the Qchem values between different samples or upon variation of pH2O
can not be discussed. However, since the obtained values for Qgeo −T and Qchem −T (as
shown in table 4.5) are differentiating over several orders of magnitude, the magnitude of
Qchem − T can be discussed.
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Figure 4.38: AC impedance spectra of PTS-Na doped with 0.5 M F4TCNQ/THF from
figure 4.32 with exemplary fits.

As can be seen by comparing the spectrum and the fit result in case of the spectra at
14 mbar, 16 mbar and 18 mbar H2O, the high-frequency response is modeled with high
accuracy. This could be explained by the fact that solely the geometrical capacitance
can be assigned to this relaxation process. The low-frequency response, especially the
measurements at 18 and 16 mbar H2O, are on the other hand not well modeled in the
AC impedance spectra. This might result from the fact that in the measurements at 18
and 16 mbar H2O, the low-frequency response is composed of two-overlaying processes,
in which the reason for the overlaying processes is as discussed not known. In table 4.5,
the fit parameters are given.

Table 4.5: Fit parameters of fits in figure 4.38.
Circuit parameter 18 mbar H2O 16 mbar H2O 14 mbar H2O 0.9 mbar H2O

Re [Ω] 7161 7307 7658 5450
Qgeo − T [F] 3.4 · 10−10 1.4 · 10−10 3.4 · 10−10 2.6 · 10−10

Qgeo − P 0.98 1 0.97 1
Rion [Ω] 850 2495 25069

Qchem − T [F] 4.6 · 10−6 3.5 · 10−6 1.2 · 10−6

Qchem − P 0.58 0.55 0.68

The obtained values for Re decrease in the order 18− 0.9 mbar H2O, which corresponds
to the RLF values from the AC impedance spectra and which is consistent with the values
obtained from the DC measurements. For Qgeo−P values close to 1 were obtained as for
the fits in table 4.5, which corresponds to a pure capacitive behavior. Values for Qgeo−T
in the range of 10−10− 10−11 F were obtained, which is typical for geometric capacitances
[8, 160]. On the other hand, Qchem − T in the range of 10−6 F were obtained, which is
around four orders of magnitude higher than the capacitance values obtained for Qgeo−T
and which is typical for chemical capacitance values [160].
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For the Qgeo-element in the equivalent circuit of the AC impedance spectrum with one
semi-circle, the obtained Qgeo − T and Qgeo − P parameters are very similar as for the
values of the Qgeo-element in the fits with the mixed conductor equivalent circuit in case
of the AC impedance spectra with two semi-circles. This can be explained with the fact
that the geometric stray capacitance is independent from the conductivity properties and
independent from the water partial pressure or water uptake. All obtained AC impedance
spectra in this thesis showing one semi-circle resulted in Q − T in the range of 10−10 F
and Q − P values equal to or close to 1 and are therefore not discussed any further. In
table 4.6, the values forRion of the AC impedance spectra at 18, 16 and 14 mbar H2O either
calculated via eq. 24 and with the help of RHF (as obtained from AC impedance spectra)
and Re (which can be determined from the steady-state resistance in DC measurements
or RLF from AC impedance spectra) or obtained from the fits in table 4.5 are listed.

Table 4.6: Comparison of resistance values obtained either via calculation or fitting.
Spectrum Rion [Ω]-calculated Rion [Ω]-obtained from fit

18 mbar H2O 938 850
16 mbar H2O 2994 2495
14 mbar H2O 26403 25069

Comparing the calculated and the fitted values, it can be seen that within a maximum er-
ror of 10%, the values match well. Therefore, for all following evaluations of AC impedance
spectra of mixed conductors, Rion was calculated with the read-out value RHF and Re from
the DC measurements. Additionally further AC impedance spectra were fitted in order
to validate the utilized approach.
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4.3 Conductivity studies as function of water uptake

Conductivities

The calculated electronic and ionic conductivities of the chemically doped PTS-Na film
at 25°C as function of pH2O are shown in figure 4.39.
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Figure 4.39: Electronic and ionic conductivity of PTS-Na on a 5 µm IDE doped with
0.5 M F4TCNQ/THF at 25°C as function of water partial pressure.

Whereas the electronic conductivity σe of the chemically doped PTS-Na film can be de-
tected over the entire examined pH2O range, the ionic conductivity σion can only be
determined at pH2O of equal and higher than 12 mbar H2O since only at these pH2O
steps the high-frequency semi-circle in the AC impedance spectra can be utilized to de-
termine σion. Starting at σe ≈ 10−4 S/cm, σe decreases slightly upon increasing pH2O to
14 mbar H2O and remains nearly constant until 20 mbar H2O. The ionic conductivity on
the other hand changes significantly as function of pH2O: starting at σion ≈ 10−5 S/cm
at 12 mbar H2O, σion increases monotonically until a value of σion ≈ 10−3 S/cm at
20 mbar H2O is reached. The increase of σion with increasing pH2O can be explained
as for the undoped PTS-Na with an increase of the free Na+ concentration caused by an
increasing dissociation of the Na+ cation from the immobile SO –

3 units. The observation
that σe varies inconsistently (at low pH2O decrease with increasing pH2O, at higher pH2O
increase with increasing pH2O) was not observed in the measurement of σe as function
of pH2O for any other material in this thesis and might be explained by the unknown
influence of F4TCNQ molecules or F4TCNQ

– anions in or on top of the polymer film.
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4.3.1.3 Chemically doped PTS-TBA: electronic conductivity behavior

AC Impedance spectroscopy

For comparison, PTS-TBA was chemically doped by sequential doping with a 0.5 M solu-
tion of F4TCNQ in THF. The obtained AC impedance spectra can be seen in
figure 4.40.
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Figure 4.40: AC impedance spectra of PTS-TBA doped with 0.5 M F4TCNQ/THF on a

5 µm IDE at 25°C and various water partial pressures.

Interestingly, the AC impedance spectra of the chemically doped PTS-TBA show at all
pH2O one semi-circle. This is in contrast to the chemically doped PTS-Na, which showed
at low pH2O one semi-circle, but from medium pH2O up to at high pH2O a distinguishable
high-frequency semi-circle and a low-frequency response. Since no high-frequency semi-
circle is obtained, no Rion can be determined for the chemically doped PTS-TBA film.
The electronic resistance Re of the semi-circle (which is also the low-frequency resistance)
is in the range of 100 Ω, whereas for the chemically doped PTS-Na, Re is in the range of
10 kΩ. In figure 4.40, it can be seen that the AC impedance spectra do not start at the
origin of the Nyquist plot, but at real-part impedances of Z ′ = 30 Ω. This offset might be
explained with wiring resistances (the sum of all resistances from the measurement device
over the wires to the polymer film coated IDE) or contact resistances, which occur in the
electrical circuit between the electrode walls and the polymer film. For calculating σe, the
value of the offset was therefore subtracted from the Re values. The wiring resistance of
the electrical circuit of the measurement system was determined to 8 Ω with the help of a
short-circuited IDE. As can be seen in figure 4.40 at the start of the semi-circle from the
resistance of Z ′ = 30 Ω, it can be seen that not only the 8 Ω wiring resistance contributes
to the x-axis offset of the AC impedance spectra. The remaining ≈ 20Ω might result from
contact resistances between the IDE and the PTS film. Since the contact resistance can
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not be determined in the utilized two-point measurement, the IDE type for all measure-
ments in this thesis were chosen in a way that the determined resistances are not in the Ω

range but rather in the kΩ range (see section 4.3.4 for the discussion about the choice of
the suitable IDE). This was done because the relative contribution of the wiring resistance
or the contact resistance to the resistance values of the polymer film becomes smaller with
increasing resistances of the polymer film, assuming that the wiring resistance and contact
resistance are constant. This assumption can be seen when comparing the AC impedance
spectra in figure 4.32 and 4.40: whereas no offset can be seen in figure 4.32 since the re-
sistances are in the kΩ range, the offset can be observed in figure 4.40 since the resistance
values are in the Ω range. For polymer films with resistance values below 50 Ω, IDEs
with a higher channel lengths were choosen, which results in higher resistances values and
which leads to a decrease of the influence of the wiring resistance and contact resistance.
In case of resistance values lower than 50 Ω and already the highest channel length IDE
(100 µm IDE), the offset value was subtracted from the resistance values. In case of
resistances in the kΩ or MΩ range were obtained, the offset value was not taken into
consideration since the relative influence of the offset value is below the measurement
uncertainty.

DC measurements

In figure 4.41, the DC measurements of the chemically doped PTS-TBA are shown.
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Figure 4.41: DC measurements of PTS-TBA doped with 0.5 M F4TCNQ/THF on a
5 µm IDE at 25°C and various water partial pressures.

Regarding the potential trends of the DC measurements, in the measurement at
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20 mbar H2O (black curve) the potential decreases slightly during the time of the ap-
plied current (polarisation time). At the measurements at 12 and 0.9 mbar H2O (red
and blue curve), no change of the potential during the time of the applied current can
be observed. The slight decrease of the potential at high pH2O was also observed in the
DC measurements of the chemically doped PTS-Na in figure 4.33 and might be therefore
explained by the influence of F4TCNQ molecules or F4TCNQ

– anions in or on top of the
PTS-TBA film.

Conductivities

In figure 4.42, the calculated σe of the chemically doped PTS-TBA film at 25°C as function
of pH2O is plotted.
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Figure 4.42: Electronic conductivity of PTS-TBA doped with 0.5 M F4TCNQ/THF on a
5 µm IDE at 25°C as function of water partial pressure.

As can be seen from the trend of σe, the values decrease first strongly at pH2O < 12 mbar
H2O and are rather constant at pH2O ≥ 12 mbar H2O. This trend is similar as for the
chemically doped PTS-Na (figure 4.39) and might therefore be explained by the influence
of the chemical doping procedure. Considering the level of σe, it can be understood why
no high-frequency semi-circle or no σion can be determined for this material: the maximum
σion of the undoped PTS-TBA at 20 mbar H2O was determined to 8·10−5S/cm (according
to literature [160]), which is lower than the σe values in the range of ≈ 10−3 S/cm for
the chemically doped PTS-TBA. The chemical doping of PTS-Na on the other hand led
to σe in the range of 10−4 S/cm, which is lower than the maximum σion of the undoped
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PTS-Na (5 · 10−4 S/cm at 20 mbar H2O, figure 4.31), therefore σion of the chemically
doped PTS-Na can be determined at 20 mbar H2O whereas no σion can be determined for
the chemically doped PTS-TBA. It is important to note that even though only electronic
conductivity behavior can be found for chemically doped PTS-Na at low water partial
pressures and for PTS-TBA in the entire applied water partial pressure range, both mate-
rials still possess ionic conductivity properties in the entire water partial pressure range.
The electronic conductivity is however just short-circuiting the ionic conductivity when
it is approximately at least one order of magnitude higher than the ionic conductivity.
This can be explained according to the equivalent circuit of the mixed conductors in
figure 4.35: When the ionic resistance Rion is at least one order of magnitude higher than
Re, all current flows over the Re branch, therefore leaving out the Rion - Qchem branch
entirely. Therefore the equivalent circuit would simplify to the equivalent circuit for elec-
tronic conductors in figure 4.37. Chemical doping of PTS films with identical procedures
was observed to result in large variations of the resulting electronic conductivities (also
see the discussion in section 4.1.1.2), the variations of σe between the chemically doped
PTS-Na and PTS-TBA can therefore not be discussed.

4.3.1.4 Pristine PTS-Na at elevated temperatures: Mixed conductivity behavior

Since it is known that the electronic conductivity of insulators and semiconductors in-
creases with increasing temperature [29], pristine PTS-Na 93% was examined at various
temperatures. The water uptake of PTS-Na 93% as function of pH2O was not determined,
but since only 7% TBA+ remain in PTS-Na 93%, similar water uptake values as for the
quantitatively exchanged PTS-Na can be expected. At first, AC impedance spectroscopy
is conducted to analyze the dependence of the ionic conductivity as function of water
partial pressure. In figure 4.43, σion of undoped PTS-Na 93% at various temperatures as
function of pH2O is shown.

131



4 Results

0 4 8 1 2 1 6 2 0
1 0 - 1 1

1 0 - 1 0

1 0 - 9

1 0 - 8

1 0 - 7

1 0 - 6

1 0 - 5

1 0 - 4

1 0 - 3

1 0 - 2

 2 5 ° C
 3 5 ° C
 4 5 ° C
 6 5 ° C
 9 0 ° C

Ion
ic c

on
du

ctiv
ity 

σ ion
 [S

/cm
]

p H 2 O  [ m b a r ]

Figure 4.43: Ionic conductivity of undoped PTS-Na 93% on a 5 µm IDE at various tem-
peratures as function of water partial pressure.

It can be seen that the trend of σion at 25°C (blue symbols) follows the same trend
as for the quantitatively exchanged PTS-Na in figure 4.31: starting from low σion val-
ues in the range of 10−11 − 10−10 S/cm at 0.9 mbar H2O, σion increases up to around
10−3 S/cm at 20 mbar H2O. Differences of the conductivities by a factor of 3− 4, which
are relatively small on a conductivity scale ranging over several orders of magnitude, are
observed for all identically conducted measurements in this thesis and might be attributed
to variations in the film morphology or small variations of pH2O or the temperature. The
variations in the film morphology might also result from the rather unreproducible spin
coating procedure. The remaining amount of 7% TBA+ in PTS-Na 93 % is not expected
to have a significant influence since the cation with the higher expected conductivity, so
the Na+ cation, is the predominantly present species. Considering the conductivities of
PTS-Na 93% in figure 4.43, σion shows the strongest dependency of pH2O at 25°C, since
the water uptakes are in general highest at 25°C (the temperature dependency of the wa-
ter uptakes is also discussed in detail in section 4.2.1). With increasing temperature, σion
at 20 mbar H2O decreases since the water uptake decreases with increasing temperature.
At low pH2O values such as 9 or 12 mbar H2O, the decrease of σion with increasing tem-
perature is smaller, since the water content is lower compared to 20 mbar H2O, therefore
also the dependency from the temperature is smaller. At pH2O= 0.9 mbar, σion increases
with increasing temperature presumably due to a thermally induced mobility of the mo-
bile Na+ cations. The measurements at 65°C (red symbols) deviate from the trend due
to unknown effects.
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In figure 4.44, the calculated σion of PTS-Na 93% at various water partial pressures as
function of temperature is shown.
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Figure 4.44: Electronic and ionic conductivity of undoped PTS-Na 93% on a 5 µm IDE
at various water partial pressures as function of temperature.

Regarding σion at 20 mbar (blue symbols), it can be seen that the values first decrease
when going from a high temperature of 150°C to medium temperatures of 90°C (left to
middle in figure 4.44), which can be explained by a decrease of the thermally induced
dissociation between Na+ cations and SO –

3 groups. Decreasing the temperature fur-
ther (further right in figure 4.44), σion increases due to an increasing water uptake. At
0.9 mbar H2O, σion continuously decreases due to the decrease of the thermally induced
dissociation between Na+ cations and SO –

3 groups [229].

At high temperatures, AC impedance spectroscopy measurements were measured down to
very low frequencies of 1 mHz. Only at temperatures above 90°C (black symbols), bending
of the low-frequency response was observed, indicating a second-semi circle which allowed
to estimate the electronic resistance Re from the diameter of the second semi-circle (see
section 4.3.1.2). From these estimated Re values the electronic conductivity σe could be
calculated. For pristine PTS-Na 93%, it is therefore only at temperatures of 90°C and
higher temperatures possible to determine the electronic conductivity. With values of σe
in the range of 10−10 − 10−9 S/cm, the values are significantly lower than σion and also
several orders of magnitude lower than the electronic conductivity of the PTS-Na film
doped with 0.5 M F4TCNQ/THF.
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4.3.2 PEDOT:PSS materials

As second polymeric mixed conductor system PEDOT:PSS was studied. In section 4.3.2.1
and 4.3.2.2 the results for the pristine PEDOT:PSS (1:6) and PEDOT:PSS-Na (1:6) are
discussed and in section 4.3.2.3 the results for the high PEDOT content
PEDOT:PSS (1:2.2) are shown.

4.3.2.1 PEDOT:PSS (1:6)

AC Impedance spectroscopy

As first PEDOT:PSS system, PEDOT:PSS (1:6) was examined with AC impedance/DC
measurements at 25°C in a water partial pressure range from 0 − 20 mbar H2O. In
figure 4.45, the AC impedance spectra of PEDOT:PSS (1:6) are shown.
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Figure 4.45: AC impedance spectra of PEDOT:PSS (1:6) on a 50 µm IDE at 25°C and

various water partial pressures.

Regarding at first the high-frequency response, at 20 mbar H2O (black symbols), the
high-frequency response resembles a semi-circle with a resistance of RHF = 6.9 kΩ. De-
creasing pH2O to 16 mbar H2O (red symbols), 12 mbar H2O (green symbols) and 9 mbar
H2O (blue symbols), the high-frequency resistance increases continuously from 42 kΩ over
131 kΩ to 216 kΩ. Whereas at 20 mbar H2O only a slight bending of the low-frequency
response can be observed, the low-frequency response evolves to a second semi-circle upon
decreasing pH2O down to 9 mbar H2O. At 6 mbar H2O (turquoise symbols), the spec-
trum consists of only one semi-circle with a resistance of Re = 203 kΩ. Decreasing pH2O
further down to 0 mbar H2O, the resistance of the semi-circle decreases to Re = 87 kΩ.
Regarding the trends in the AC impedance spectra upon varying pH2O, PEDOT:PSS
(1:6) shows similar trends as chemically doped PTS-Na (figure 4.39). This can be ex-
plained with the fact that both materials are polymeric mixed conductors, in which the
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increased values for σe in case of PTS-Na were only obtained after chemical doping whereas
PEDOT:PSS (1:6) shows increased σe already in its pristine state. This is due to the
chemical synthesis route of PEDOT:PSS, which yields PEDOT in its oxidized state after
synthesis.

Fitting of AC Impedance spectra

Selected AC impedance spectra with corresponding fits (according to the equivalent circuit
of mixed conductors in figure 4.35) of PEDOT:PSS (1:6) at selected pH2O are shown in
figure 4.46.
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Figure 4.46: AC impedance spectra of PEDOT:PSS (1:6) on a 50 µm IDE at 25°C and

various water partial pressures with fits.

As it could be observed for the fits of the chemically doped PTS-Na (figure 4.38), the high-
frequency response (high-frequency semi-circle) can be described well with the utilized
equivalent circuit. On the other hand, the low-frequency response is not modelled as
properly, especially for the fit of the AC impedance spectra at 16 mbar H2O (red line).
The origin of the additional process, which appears to occur at the higher frequencies of
the low-frequency response, can not be further elucidated. In table 4.7, the parameters
of the fits in figure 4.46 are listed.
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Table 4.7: Fit parameters of fits in figure 4.46.
Circuit parameter 16 mbar H2O 12 mbar H2O 9 mbar H2O

Re [Ω] 717990 606280 290880
Qgeo − T [F] 1.2 · 10−10 2.1 · 10−10 1.4 · 10−10

Qgeo − P 1 0.97 0.99
Rion [Ω] 44713 164030 802320

Qchem − T [F] 5.3 · 10−6 5.2 · 10−6 2.1 · 10−6

Qchem − P 0.7 0.49 0.57

Whereas the obtained values for Re decrease with pH2O, the values for Rion increase with
increasing pH2O. As for the fit parameters for the chemically doped PTS-Na, the high-
frequency response can be modelled with a pure capacitive behavior with Qgeo − P ≤ 1

and with capacitances in the range of 10−10 F. For the low-frequency response, non-ideal
capacitive behavior with Qchem − P values in the range of 0.5 − 0.7 is obtained. Due to
the fact that the fit parameters of the Qgeo and Qchem elements for the chemically doped
PTS-Na and PEDOT:PSS (1:6) are very similar, it can be stated that the electrode -
polymeric mixed conductor system properties are comparable for both materials.

DC measurements

The DC measurements of PEDOT:PSS (1:6) are shown in figure 4.47. As described in
section 3.3.3, the currents I in the DC measurements were set in a way that the resulting
potentials did not exceed 100 mV in order to avoid decomposition of the PEDOT:PSS
films. At low potentials currents of I = 500nA could be applied, whereas at higher pH2O
lower currents of I = 200 nA and I = 100 nA had to be applied to keep the resulting
potential under 100 mV, the significant increase of Re with increasing pH2O could therefore
already be seen during the measurements.
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Figure 4.47: DC measurements of PEDOT:PSS (1:6) on a 50 µm IDE at 25°C and low
(left) and medium to high water partial pressures (right).
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4.3 Conductivity studies as function of water uptake

The effect that Re increases with increasing pH2O as observed in DC measurements is
therefore consistent with the trend that can be observed in the AC impedance spectra re-
garding the low-frequency resistance. Comparing the measurements at 3 and
0 mbar H2O (left graph in figure 4.47) and at 16 and 9 mbar H2O (right graph in figure
4.47), it can be seen that the DC measurements at low pH2O show no change of the
potential during the polarization, whereas the measurements at high pH2O show a change
of the potential during the time of the applied current. The presence and the absence of
the potential changes in the DC measurements coincide therefore with the presence of the
high-frequency semi-circle in the AC Impedance spectra: at low pH2O no high-frequency
semi-circle can be distinguished from the low-frequency response, whereas at high pH2O
the high-frequency semi-circle can be observed. As a result, it can be concluded that as
soon as σion can be determined from the high-frequency semi-circle in the AC impedance
spectra, the potential increase during the polarization in the DC measurements can be
observed. The presence of the potential changes in the DC measurements at high pH2O
can be explained as follows: upon switching on the constant current, both electronic and
ionic charge carriers contribute to current conduction. During the time when the current
is switched on, the ionic charge carriers become increasingly blocked at the ion-blocking
electrode, in this case the combs/walls of the IDE. After the ions are blocked at the
electrode, only the electronic charge carriers can contribute to current conduction and
the potential reaches the steady-state potential Usteady state. After the constant current is
switched off (relaxation), differences in the DC measurements can be seen as well: whereas
the potential in the DC measurements at low pH2O immediately reaches 0 mV, the po-
tential slowly decreases in case of the DC measurements at high pH2O. This effect can
as well be explained by the movement of the mobile ions: after switching off the current,
the ions distribute over the whole volume of the polymer film back to the state before the
polarization. The increasing potential during the time when the current is switched on
is referred to as polarization effect in the following and the slow decrease of the potential
after the current is switched off is referred to as relaxation effect in the following. The
DC measurements of the chemically doped PTS in figure 4.33 and 4.41 showed a decrease
of the potential at high water partial pressures, which contradicts the here given expla-
nation and might be explained by further influences of the chemical doping of the films.
Comparing the DC measurements at 16 mbar H2O (red curve) and at 9 mbar H2O (blue
curve), it can be seen that the polarization/relaxation effects are pronounced differently.
At 9 mbar H2O, the steady state is approximately reached after 10 seconds whereas in
the measurement at 16 mbar H2O the steady state is approximately reached only after
40 seconds. Also the relaxation in the DC measurement at 16 mbar H2O is slower com-
pared to the measurement at 9 mbar H2O. As a consequence, it can be concluded that
the polarization/relaxation effects increase with increasing pH2O (hence also the water
content). This might be explained with the higher degree of dissociation at high water
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contents, which leads to an increase of the free ion concentration and so to an increase of
the amount of ions which contribute to current conduction.

Conductivities

In figure 4.48, the calculated σe and σion of PEDOT:PSS (1:6) at 25°C as function of pH2O
and water content determined with QCM are plotted.
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Figure 4.48: Electronic and ionic conductivity of PEDOT:PSS (1:6) on a 50 µm IDE at
25°C as function of water partial pressure and water content.

While σe can be detected over the entire pH2O and water content range, σion can be
determined only at pH2O equal or higher than 9 mbar H2O or 17 wt% water content.
Consequently, it can be concluded that PEDOT:PSS (1:6) shows similar behavior as
chemically doped PTS-Na (figure 4.39), in which for chemically doped PTS-Na σion could
be determined only at pH2O equal or higher than 12 mbar H2O. Starting at values
in the range of 10−4 S/cm, σe decreases to around 10−5 S/cm upon going to 20 mbar
H2O. On the other hand, σion increases more significantly from 10−5 to 10−4 S/cm upon
increasing pH2O from 9 to 20 mbar H2O. The similarity of the conductivity trends between
chemically doped PTS-Na and PEDOT:PSS (1:6) can be explained by the similarity
between both materials, which both contain ion-conducting polyelectrolyte moieties and
electron-conducting polythiophene moieties.
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4.3 Conductivity studies as function of water uptake

4.3.2.2 PEDOT:PSS-Na (1:6)

AC Impedance spectroscopy

As second PEDOT:PSS material, the Na+ exchanged PEDOT:PSS-Na (1:6) was exam-
ined. AC impedance and DC measurements were conducted at 25°C in a pH2O range
from 0− 29 mbar H2O (note that PEDOT:PSS (1:6) was only examined in a pH2O range
from 0− 20 mbar H2O). All conductivities in the pH2O range from 0− 23 mbar H2O and
the electronic conductivities at 27 and 29 mbar H2O were determined utilizing a 20 µm
IDE, the ionic conductivities at 27 and 29 mbar H2O were determined on a 50 µm IDE
(see also the discussion about different IDEs in section 4.3.4). Exemplary AC impedance
spectra in the pH2O range between 0.9 and 16 mbar H2O are shown in figure 4.49.
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Figure 4.49: Exemplary AC impedance spectra of PEDOT:PSS-Na (1:6) on a 20 µm IDE

at 25°C and various water partial pressures.

The AC impedance spectra of the Na-exchanged PEDOT:PSS-Na (1:6) show very similar
trends as the pristine PEDOT:PSS (1:6): at low pH2O only one semi-circle can be observed
whereas at medium and high pH2O two-semi-circles can be observed. For the pristine
PEDOT:PSS (1:6) the high-frequency and low-frequency signal could be distinguished at
pH2O equal or higher than 9 mbar H2O, for PEDOT:PSS-Na (1:6) after the high-frequency
semi-circle a slight low-frequency response can be recognized already at 6 mbar H2O (blue
symbols). The general trends are however the same: the high-frequency resistance RHF

increases when going from 16 to 6 mbar H2O and the low-frequency Rlf decreases when
decreasing pH2O from 12 to 0.9 mbar H2O. Also the DC measurements in figure 4.50
show the same trends as the DC measurements of the pristine PEDOT:PSS (1:6).
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Figure 4.50: Exemplary DC measurements of PEDOT:PSS-Na (1:6) on a 20 µm IDE at
25°C and various water partial pressures.

The DC measurements resemble the same trend as the DC measurements of the pristine
PEDOT:PSS (1:6): the steady state potential increases with increasing pH2O. Also the
potential trends show the same behavior: at low pH2O no polarization/relaxation effects
can be observed and starting at 6 mbar H2O (blue line), polarization/relaxation effects
can be recognized which intensify with increasing pH2O.
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In figure 4.51, the calculated σe and σe as function of pH2O and water content are shown.
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Figure 4.51: Electronic and ionic conductivity of PEDOT:PSS-Na (1:6) at 25°C as func-
tion of water partial pressure and water content. All conductivities in the
water partial pressure range from 0 − 23 mbar H2O and the electronic con-
ductivities at 27 and 29 mbar H2O were determined using a 20 µm IDE, the
ionic conductivities at the water partial pressures of 27 and 29 mbar H2O
were determined using a 50 µm IDE.

The values for σion at 27 and 29 mbar H2O were determined with a PEDOT:PSS-Na film on
a 50 µm IDE since only the measurements on the 50 µm IDE resulted in a high-frequency
semi-circle because the measurements on the 20 µm IDE would lead to a resistance of the
high-frequency semi-circle which is too low to be determined (see also the discussion in
section 4.3.4). The DC measurements for the determination of σe at very high pH2O had
to be repeated twice with new films on 20 µm IDEs since in the first two attempts no
steady state was reached which could have allowed the determination of a value for Re.
Only for the third film, a steady state in the DC measurements could be obtained.

Whereas the conductivities for the pristine PEDOT:PSS (1:6) were conducted in a pH2O
range from 0−20 mbar H2O, the conductivities for PEDOT:PSS-Na (1:6) were determined
in a range from 0−29 mbar H2O. In the pH2O range from 0−20 mbar H2O, PEDOT:PSS-
Na (1:6) shows very similar behavior as PEDOT:PSS (1:6): σe decreases from ≈ 10−4 to
10−5 S/cm and starting at 6 mbar H2O, σion increases from ≈ 10−6 S/cm to low values
in the range of 10−3 S/cm at 20 mbar H2O. Upon going to the highest pH2O range up to
29 mbar H2O, σion increases only slightly up to 10−2 S/cm, therefore resulting in a plateau
value of σion. In contrast to that, σe decreases significantly down to 10−7 S/cm. The
strong decrease of σe might be explained with the strong increase of the water con-
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tent from ≈ 40 wt% at 23 mbar H2O to ≈ 90 wt% at 29 mbar H2O, which might
result in a significant increase of the distance between electronically conducting PE-
DOT moieties. The electronic conductivity σe shows therefore a very similar depen-
dency from pH2O as the water uptakes (as can be seen in figure 4.24): whereas σe de-
creases only slightly and the water uptake increases only slightly in the pH2O range up to
23 mbar H2O, σe decreases substantially and the water uptake increases considerably
upon going to 29 mbar H2O. This strong correlation between σe and the water uptake
could be explained with the fact that σe depends on the distance between the electroni-
cally conducting moieties and this distance increases most significantly at high pH2O or
water uptakes [4, 8]. On the other hand, the minor increase of σion upon switching from
23 mbar H2O to 29 mbar H2O could be explained with the fact that at 23 mbar H2O, the
dissociation of the Na+ cation from the SO –

3 group is already high and further water up-
take does not lead to significantly more dissociation. All conductivity values as function
of water content are depicted in section 4.3.5.

Analysis of transient behavior

As can be seen in the DC measurements shown in figure 4.50, the polarization/relaxation
effects are more significant when the system transforms from a predominantly electronic
conductor towards a predominant ionic conductor, which means that the factor σion/σe
becomes larger [219]. Regarding the conductivity values in figure 4.51, this is the case
when pH2O becomes larger.

The transient behavior was evaluated for the DC measurement at each water partial
pressure. From the steady state potential Usteady state at the end of the polarization time,
the potential at each time U(t) and the start potential Ut=0 from the potential trend in
the DC measurements, the normalized voltage can be calculated according to Unorm =

ln((Usteady state − U(t))/(Usteady state − Ut=0) [230, 231]. From the plot of Unorm versus t,
the long time limit of the slope of the regression line can be obtained. The slope of
the regression line corresponds to the characteristic time τ = L2/(π2Dδ), from which
together with L as the electrode distance, the chemical diffusion coefficient Dδ of the
blocked carrier (here the ions that are blocked at the electrode walls) in combination
with its compensating carrier (electrons) can be calculated [160, 219]. In figure 4.52, the
diffusion coefficient Dδ as function of pH2O is shown.

142



4.3 Conductivity studies as function of water uptake

1 2 1 4 1 6 1 8 2 0 2 2 2 43 x 1 0 - 9

4 x 1 0 - 9

5 x 1 0 - 9

6 x 1 0 - 9

7 x 1 0 - 9

8 x 1 0 - 9

9 x 1 0 - 9

 

 

D�  [c
m2 /s]

p H 2 O  [ m b a r ]

Figure 4.52: Analysis of the transient behavior of the DC measurements of
PEDOT:PSS-Na (1:6) in figure 4.50: diffusion coefficient Dδ as function of
water partial pressure.

Initially one would assume that Dδ increases with pH2O since σion increases with pH2O
or Rion decreases with pH2O. Regarding the dependency of the chemical diffusion coef-
ficient Dδ from pH2O, it can however be seen that Dδ decreases with increasing pH2O.
The chemical diffusion coefficient is limited by the charge carrier with the lowest trans-
ference number. At high pH2O, the electronic carrier has the lowest transference number.
Therefore, the general tendency is that Dδ decreases with increasing pH2O.
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4.3.2.3 PEDOT:PSS (1:2.2)

DC measurements

In addition to low-PEDOT content PEDOT:PSS batches with a PEDOT to PSS weight
ratio of 1 to 6, a high PEDOT content PEDOT:PSS batch with a PEDOT to PSS ratio
of 1 to 2.2 was examined. Since AC impedance measurements showed inductive signals
at very low resistance values, which presumably result from contributions from the cable
system, no AC impedance spectra were recorded. The DC measurements of PEDOT:PSS
(1:2.2) at 25°C at various pH2O are shown in figure 4.53.
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Figure 4.53: DC measurements of PEDOT:PSS (1:2.2) on a 50 µm IDE at 25°C as function
of water partial pressure.

In the potential trends of all depicted DC measurements, no polarization/relaxation effects
can be seen. All previously shown DC measurements had to be conducted with constant
currents in the nA to µA range in order to prevent the resulting potential from exceeding
over 100 mV. The DC measurements of PEDOT:PSS (1:2.2) however could be conducted
with constant currents of I = 2 mA, which results in low Re values. In spite of the large
pH2O range up to 23 mbar H2O, the resulting potential does increase only very slightly
when going from 0.9 mbar H2O (green line) to 23 mbar H2O (black line).
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Conductivities

The electronic conductivity σe as function of pH2O and water content is shown in
figure 4.54.
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Figure 4.54: Electronic conductivity of PEDOT:PSS (1:2.2) on a 50 µm IDE at 25°C as
function of water partial pressure and water content.

The values of σe for PEDOT:PSS (1:2.2) are in the range of 1 S/cm, which is consistent
with the literature data for high PEDOT content PEDOT:PSS batches like
PEDOT:PSS (1:2.5) without further treatment [134]. PEDOT:PSS (1:2.2) shows there-
fore values for σe which are four to five orders of magnitude higher than the values of
σe for PEDOT:PSS (1:6) and PEDOT:PSS-Na (1:6). This significant difference can be
explained with the higher content of PEDOT in the PEDOT:PSS (1:2.2) material as de-
scribed in section 4.2.2.3. One possible consequence of this might be that the connection
between the electronically conducting PEDOT moieties in the PEDOT:PSS (1:6) mate-
rials (the different morphology models about the phase separation of PEDOT and PSS
moieties are summarized in [106]) is significantly worse than in the PEDOT:PSS (1:2.2)
materials. The dependency of σe as function of pH2O or water content is also different
between the 1:6 and the 1:2.2 PEDOT:PSS batches: for the PEDOT:PSS (1:6) mate-
rials σe changes by around one order of magnitude upon increasing pH2O from 0.9 to
23 mbar H2O. On the other hand, σe of PEDOT:PSS (1:2.2) changes by only around
50% in the pH2O range from 0.9 to 23 mbar H2O. This effect could be explained with the
PEDOT to PSS ratio as well: the uptake of water leads to a decrease of the already weak
connection between the PEDOT moieties in the PEDOT:PSS (1:6) materials even more,
whereas on the other hand the good connectivity between the PEDOT moieties in the
PEDOT:PSS (1:2.2) material is not significantly disturbed by additional water. The low
decrease of σe for high PEDOT content PEDOT:PSS with increasing water uptake was
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also observed previously in literature [4, 161]. As discussed for chemically doped PTS-
TBA in section 4.3.1.3, it is important to note that PEDOT:PSS (1:2.2) still possesses
ionic conductivity behavior, the ionic conductivity behavior is however observable due to
the high electronic conductivity of PEDOT:PSS (1:2.2).

4.3.3 PEDOT:PSS-PVA composite materials

In a collaboration with the Bio-Electronics Laboratory of Professor Myung-Han Yoon at
the Gwangju Institute of Technology (Republic of Korea) the conductivity behavior of
films consisting of composite materials from PEDOT:PSS and poly(vinyl alcohol) (PVA)
were examined as function of the composition and water partial pressures. The structure
of PVA is shown in figure 4.55.

Figure 4.55: Chemical structure of poly(vinyl alcohol).

For PEDOT:PSS, the pristine dispersion of either PEDOT:PSS (1:2.5) or
PEDOT:PSS (1:6) was used and for PVA, a 1 vol% solution of PVA (MW = 146000 −
186000 kg/mol, purchased from Sigma Aldrich) in water was utilized in order to prepare
the composite materials. All films from PEDOT:PSS-PVA mixtures are prepared accord-
ing to literature [137]. At first, a fixed volume of either PEDOT:PSS or PVA dispersion
is mixed with a small volume of PVA or PEDOT:PSS. The resulting composite materials
are referred to as according to the contents of the spin coating solution. For example, in
order to prepare "PEDOT:PSS/PVA 10%" or "PVA/PEDOT:PSS 2%", a fixed volume
of PEDOT:PSS is mixed with 10% PVA solution of this volume or a fixed volume of PVA
solution is mixed with 2% of this volume of a PEDOT:PSS dispersion, respectively. After
vigorous stirring of the solution, films are spin coated onto the IDE substrates at 1500
rotations per minute. Chemical crosslinking between PEDOT:PSS and PVA is provided
by heating the films at 120°C for four hours.

Two different composition types were analyzed: firstly either PEDOT:PSS - PVA com-
posite materials with high PEDOT:PSS contents and low PVA contents (therefore re-
ferred to as PEDOT:PSS/PVA in the following) and secondly composite materials with
high PVA and low PEDOT:PSS contents (therefore referred to as PVA/PEDOT:PSS
in the following). For the high PEDOT:PSS content composite materials PEDOT:PSS
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(1:6) was used, for the high PVA content composite materials PEDOT:PSS (1:2.5) was
used. Both compositions were examined in order to determine the minimum required
PEDOT:PSS content which is required to maintain the conductivity properties of pure
PEDOT:PSS since PVA corresponds to an electronically and ionically insulating mate-
rial. The low PEDOT:PSS content composite materials were analyzed since it is known
that tissues made from PVA materials (due to their water uptake properties referred
to as hydrogels) have potential for biomedical applications and show high transparency,
in which PEDOT:PSS was added in the present study to add also conducting proper-
ties to the hydrogels [232, 233]. For the high PEDOT:PSS content PEDOT:PSS/PVA
composite materials, four different PEDOT:PSS - PVA mixture ratios with PVA con-
tents of 0%, 10%, 30% and 50% were utilized. The resulting composite materials are
referred to as PEDOT:PSS (1:6)/PVA 0%, PEDOT:PSS (1:6)/PVA 10%, PEDOT:PSS
(1:6)/PVA 30% and PEDOT:PSS (1:6)/PVA 50% in the following. For the high PVA con-
tent PVA/PEDOT:PSS, PEDOT:PSS (1:2.5) contents between 2 and 6% in PVA were
utilized, the resulting composite materials are referred to as PVA/PEDOT:PSS (1:2.5)
3%, PVA/PEDOT:PSS (1:2.5) 5% and PVA/PEDOT:PSS (1:2.5) 7%.

4.3.3.1 PEDOT:PSS/PVA

With the help of AC impedance and DC measurements, the conductivities of the afore-
mentioned PEDOT:PSS/PVA materials (PEDOT:PSS (1:6) was utilized) with different
PVA contents were determined, in which the measurements were conducted at 27°C. The
AC impedance and DC measurements resemble the same features as the previously shown
measurements for PEDOT:PSS (1:6) and PEDOT:PSS-Na (1:6), the AC impedance and
DC measurements are therefore not shown. The obtained film thicknesses decrease from
40 ± 1 nm obtained for PEDOT:PSS (1:6)/PVA 0% over 25 ± 7 nm for PEDOT:PSS
(1:6)/PVA 10% and 25 ± 3 nm for PEDOT:PSS (1:6)/PVA 30% to 24 ± 0 nm for PE-
DOT:PSS (1:6)/PVA 50%. This might eventually be explained by a decreasing viscosity
of the PEDOT:PSS/PVA mixture with increasing PVA content or a variation of the hy-
drophilicity of the mixture. In figure 4.56 and 4.57, σe and σion of PEDOT:PSS (1:6)/PVA
as function of pH2O is shown.
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Figure 4.56: Electronic conductivity of PEDOT:PSS (1:6)/PVA composite materials with
various PVA contents on 10 µm IDEs at 27°C as function of water partial
pressure.

Comparing σe for the different PEDOT:PSS/PVA materials in figure 4.56, it can be seen
that σe strongly depends on the PVA content. At 0% PVA content (black symbols), the
PEDOT:PSS film shows σe in the range of 10−4 S/cm, which is very comparable to the
values obtained for the previously shown PEDOT:PSS (1:6) and PEDOT:PSS-Na (1:6) in
figures 4.48 and 4.51. Increasing the PVA content to 10% (red symbols), σe increases for
around one order of magnitude up to 10−3 S/cm. This could be explained by the fact that
PVA increases the phase separation between PEDOT and PSS rich moieties. Increasing
the PVA content further up to 30% and 50% (green and blue symbols), σe decreases for
two orders of magnitude down to values of 10−5 S/cm. This decrease might be explained
with the increasing amount of electronically insulating PVA, which leads to a decrease
of σe of the composite material as was observed in literature [149, 154, 234]. It has to
be noted however that in literature only PEDOT:PSS/PVA composite materials with the
PEDOT:PSS (1:2.5) batches were examined.

Comparing the dependency of σe from pH2O, it can be seen that σe of
PEDOT:PSS (1:6)/PVA 10% decreases only for around 50% when switching from the
lowest to the highest pH2O in the examined pH2O range. In contrast to that, σe of
PEDOT:PSS/PVA (50%) changes by a factor of 3 in the examined pH2O range. The
different dependency of σe from pH2O was observed for the PEDOT:PSS (1:6) and PE-
DOT:PSS (1:2.2) batches as well, therefore the same explanation can be used here as
well: the higher σe already is, the lower the dependency from pH2O seems to be. This can
be explained with the fact that if the connectivity between the electronically conducting
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PEDOT moieties is good, water uptake does disturb the connectivity only slightly. On
the other hand, if the connectivity is already not sufficient in case of low σe values, water
uptake disturbs the connectivity significantly.
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Figure 4.57: Ionic conductivity of PEDOT:PSS (1:6)/PVA composite materials with var-
ious PVA contents on 10 µm IDEs at 27°C as function of water partial pres-
sure.

Comparing the values for σion for the different PEDOT:PSS (1:6)/PVA compositions, it
can be seen that the values are only slightly dependent from the PVA content. This is
in significant contrast to the strong dependency of σe from the PVA content as shown
in figure 4.56. The obtained σion values are for all compositions very comparable. The
observation that σion shows only a very small dependency from the composition might be
explained by the fact that the PEDOT:PSS content and therefore also the cation content
is except from a decrease by 50%, which is in the range of the measurement error of the
conductivities, constant.

Considering the fact that on the one hand σe shows a strong dependency from the PVA
content, whereas on the other hand σion shows only a minor dependency from the PVA
content, it could be assumed that different effects influence the two conduction mecha-
nisms. For the electronic conductivity, the percolation between the electronically con-
ducting PEDOT moieties might be significantly disturbed by the presence of PVA in the
composite material (at PVA contents of 30% and 50%), the electronic conductivity is
therefore assumed to be dependent on macroscopic percolation of the PEDOT moieties
in the PEDOT:PSS/PVA material. For the ionic conductivity on the other hand, the
decrease of the ion concentration in the composite material due to a decrease of the con-
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centration of the ion containing PEDOT:PSS (assuming constant film thicknesses) leads
to a decrease of the ionic conductivity by roughly the same factor. Therefore, it can be
assumed that the ionic conductivity results from microscopic properties of the material
since it originates from the concentration of ions in the PEDOT:PSS/PVA composite
material. The water uptake was neither determined for PEDOT:PSS (1:6)/PVA nor for
pure PVA which might have allowed to examine the variations of σion and σe further.

4.3.3.2 PVA/PEDOT:PSS

For the films from PVA/PEDOT:PSS mixtures (for these composite materials high vol-
umes of PVA solution were mixed with low volumes of PEDOT:PSS (1:2.5) disper-
sion), significantly different film thickness values than for the low PVA content PE-
DOT:PSS/PVA composite materials were obtained. Whereas for the PEDOT:PSS/PVA
films thicknesses in the range between 25−40 nm were obtained, film thicknesses ranging
from 4 − 7 µm were obtained for the PVA/PEDOT:PSS (1:2.5) films. A film thickness
of 220 nm was assumed for calculation of the conductivities, since it was assumed that
only the polymer material in between the combs (the interdigitated Pt structure has a
thickness of 220 nm) contributes to the current conduction. The contribution of the part
of the polymer material which is above the Pt structures remains unknown, therefore the
conductivities might be error containing. A second issue in determining the conductivities
was that the obtained resistance values amounted to 30 Ω and lower. The contributions of
the wiring and contact resistances are therefore unknown, which makes the calculation of
the conductivities even more difficult. In figure 4.58, the electronic and ionic conductivity
of PVA/PEDOT:PSS (1:2.5) composite materials at 25°C as function of water partial
pressure is shown.
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Figure 4.58: Conductivities of PVA/PEDOT:PSS (1:2.5) composite materials with various
PEDOT:PSS contents on 20 µm IDEs at 25°C as function of water partial
pressure.
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Regarding σe as shown in figure 4.58a, a clear increase of σe with increasing PEDOT:PSS
content can be observed. Whereas the PVA/PEDOT:PSS (1:2.5) materials with PE-
DOT:PSS contents of 3% (black symbols) and 5% (red symbols) show electronic conduc-
tivities in the range of σe ≈ 10−6 − 10−5 S/cm, the PVA/PEDOT:PSS (1:2.5) composite
material with a PEDOT:PSS content of 7% (blue symbols) shows significantly higher
values in to the range of ≈ 10−1 S/cm. In case of the 7% PEDOT:PSS sample, the PE-
DOT:PSS content might be sufficiently high enough to provide good connectivity between
the electronically conducting PEDOT moieties, whereas in the 3% and 5% PEDOT:PSS
content samples no connectivity seems to be possible. For P3HT-polyethylene copolymers
with various P3HT contents a similar effect could be observed: whereas for the entire
P3HT content range of 10% or higher the field effect mobility µef is roughly constant, for
P3HT contents below 10% µef decreases significantly [235]. A similar explanation might
also be taken for the dependency of σe from pH2O: whereas the 3% and 5% PEDOT:PSS
content samples expose already a weak connectivity which is further weakened by water
taken up (note the strong decrease of σe at pH2O above 20 mbar H2O), the good con-
nectivity in the 7% PVA/PEDOT:PSS (1:2.5) material is not significantly disturbed by
absorbed water. Even though σe of PEDOT:PSS (1:2.2) (as shown in section 4.3.2.3) was
not analysed at pH2O values higher than 23 mbar H2O, it might accordingly not be ex-
pected that σe decreases significantly at 26 or 29 mbar H2O, a more pronounced decrease
compared to the slight decrease at low pH2O might eventually still be observable. As for
the PEDOT:PSS (1:6)/PVA materials, also for the PVA/PEDOT:PSS (1:2.5) materials
no water uptake was determined, which might have allowed to discuss the variations of
σe upon variation of pH2O further.

Considering σion as depicted in figure 4.58b, it can be seen that no values could be deter-
mined for the 7% PVA/PEDOT:PSS (1:2.5) material. This can be explained by the fact
that σe is at all pH2O higher than σion. Starting at 16 mbar H2O in case of the 5% PE-
DOT:PSS containing composite material and at 20 mbar H2O for the 3% PEDOT:PSS
containing composite material, values for σion can be determined. As typical polyelec-
trolyte behavior, σion increases with pH2O. Comparing the values for σion at a given
pH2O, the 5% PEDOT:PSS containing composite material shows higher values than the
3% PEDOT:PSS composite material, which can be explained by the higher ion content.

4.3.4 Comparison of different interdigitated electrode geometries

During the course of the present study, IDEs with different geometrical parameters were
used as substrates for the polymeric mixed conductor systems to determine their con-
ductivity properties (as listed in table 3.1). Theoretically, the calculated electronic and
ionic conductivities (according to equations 13 and 14) are independent of the geometrical
factor g (g = l/(w · h), here h corresponds to the film thickness, l to the channel length
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and w to the channel width) of the IDE, since the analyzed material with its conductivity
properties is the same in each case. According to the equations, this would mean that
an increase of g by a certain factor would result in an increase of Rion or Re by the same
factor, so that the calculated conductivity is the same in each case. For example, the
5 µm IDE has a channel length of l = 5 µm and a channel width of w = 191.70 cm, on
the other hand the 10 µm IDE has a channel length of l = 10 µm and a channel width
of w = 95.85 cm. Switching from the 5 µm to the 10 µm IDE results thus in an increase
of g by a factor of 4 since the channel length in the nominator of g doubles and the
channel length in the denominator of g is halved. In order to prove the assumption that
the determined conductivities are independent of the utilized IDE geometry, PEDOT:PSS
(1:6) was spin coated on IDEs with each of the 5 different geometries (as listed in table
3.1). AC impedance and DC measurements in ambient conditions, so without applying
certain temperature or water partial pressure conditions. The AC impedance spectra re-
semble the high- and low-frequency semi-circle typical for mixed conducting samples as
for the chemically doped PTS-Na or the PEDOT:PSS (1:6) materials and are therefore
not shown. In table 4.8, the values determined for Rion and Re for each IDE type are
listed. Additionally, the factors by which Rion and Re increase with respect to the re-
sistance values obtained for the 5 µm IDE are listed in brackets after the corresponding
resistance values. Furthermore, the increase of the geometry factor g in relation to the
5 µm IDE are listed.

Table 4.8: Obtained resistances for comparison measurements on the different IDE types.
IDE type Rion [Ω] (incr. factor) Re [kΩ] (incr. factor) incr. factor of g
5 µm 206 - 5 - -
10 µm 699 (3.4) 21 (4.1) 4
20 µm 2662 (12.9) 71 (13.9) 16
50 µm 22813 (110.7) 465 (91.4) 100
100 µm 106906 (518.9) 1825 (358.5) 400

Comparing the increase factors of the resistances in table 4.8 (in brackets in columns 2 and
3) to the increase factors of g (column 4), it can be seen that the values fit with a deviation
of up to 30 %. The deviation might result for example from the deviations due to the spin
coating procedure, due to variation of the film thickness h or from varying coverages of
the IDEs and can thus be estimated to be present for all films in the present study. Since
the increase factors of the resistances equal the increase factors of g, it can be stated that
the same conductivities can be calculated on all different IDE types. Due to technical
limitations of the utilized spectrometer device (here the IM6 device from Zahner), the
resistance values that can be measured have a lower and upper detection limit. The lower
detection limit at low resistance values, roughly 300 Ω for AC impedance measurements
and 20 Ω for DC measurements, results from the presence of inductive effects in case of
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AC measurements and contact resistances (resistance from the electrical contact at the
interface between the Pt combs of the IDE and the polymer film) and wiring resistances
(resistance of summed up electrical contacts in the electrical circuit from measurement
device till polymer film) for both AC impedance and DC measurements. The influence of
both, the inductive effects and the contact and wiring resistances, is difficult to be elimi-
nated, thus proper choice of the IDE type is important. For example, if the high electronic
conductivity of a polymer film results in Re values of 10 Ω on a 5 µm IDE which is in the
range of the contact and wiring resistances and can therefore not be evaluated, Re values
of 1000 Ω would be obtained using a 50 µm IDE which is much larger than the contact
and wiring resistances. The relative contribution of the inductive effects and the wiring
resistance to the measured resistance value becomes therefore smaller. The upper limit
on the other hand, which is in the low GΩ range, is due to technical device limitations.
Lower resistance values can be obtained by choosing IDE types with a lower channel length
instead of higher channel lengths. Resistances in AC impedance and DC measurements
can be determined best if the resistance values are in the kΩ and the low to mid MΩ range.

As it was already mentioned, for all 5 pristine films, both AC impedance as well as DC
measurements were conducted. The DC measurement were conducted with a polarization
time and a relaxation time of each 30 seconds. The normalized potential trends can be
found in figure 4.59.
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Figure 4.59: DC measurements of pristine PEDOT:PSS (1:6) films at 25°C on different
IDE types.

Comparing the potential trends on the different IDE types, it can be seen that in case
of the 5 µm IDE the time until the steady state is reached is after around 1 second. At
higher channel lengths, the time until the steady state is reached increases, e.g. for the
20 µm IDE the steady state is reached after around 10 seconds. For the 100 µm IDE, the
steady state is not even reached after 30 seconds. This can be explained with the fact that
the time until the ions reach the ion-blocking electrode walls increases with the distance
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that the ions need to cover, so the time until the steady state is reached increases with
increasing channel length. Therefore, with the dependency of the steady state time from
the channel length the ion movement through films of the polymeric mixed conductor
PEDOT:PSS can presumably be detected.

4.3.5 Discussion and summary of conductivity studies

The conductivity chapter is discussed and summarized with various data of σion and σe for
the different studied materials as function of water content. In figures 4.60 and 4.61, σe and
σion of pristine PTS-Na, chemically doped PTS-Na, pristine PTS-TBA (the data are taken
from [160]), chemically doped PTS-TBA, PEDOT:PSS (1:6), PEDOT:PSS-Na (1:6) and
PEDOT:PSS (1:2.2) are shown as function of water content. Additionally, σion as function
of λ is displayed in figure 4.62. It is important to mention that firstly the water partial
pressure ranges at which the water contents and conductivities were determined varied
and secondly that the water uptake differed significantly between the various materials,
the respective conductivities cover therefore significantly different ranges of the displayed
water content ranges. Subsequently, the percolation theory is discussed in order to relate
various in-situ conductance and conductivity observations in this thesis to percolation
effects.

Electronic conductivity as function of water uptake in wt%
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Figure 4.60: Electronic conductivity of various polymer materials at 25°C as function of
water content.
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As previously described, PEDOT:PSS (1:2.2) (black symbols) shows σe in the range of 1
S/cm and no significant decrease upon increase of the water content. On the other hand,
both the pristine and the Na-exchanged PEDOT:PSS-Na (1:6) materials (red and green
symbols) show σe values in the range of 10−4 S/cm in the dry state and a decrease to 10−5

S/cm upon increase of the water content. The four order of magnitude smaller values of
σe can be explained with the lower PEDOT content in the PEDOT:PSS (1:6) materials.
The PEDOT content dependent electronic conductivity was also observed in a series of
PEDOT:PSS materials with varying PEDOT to PSS ratios from 1:1 to 1:30 in literature
[103]. For a variety of PEDOT materials, Wang et al. found for materials with high PE-
DOT content (like PEDOT doped with tosylate) AC impedance spectra which consisted
of one semi-circle with low resistances [8]. For pristine PEDOT:PSS with a PEDOT to
PSS weight ratio of 1:4 two semi-circles and for PEDOT:PSS mixed with poly(sodium
4-styrenesulfonate) (PSS-Na, pure PSS-Na was not examined in this thesis however) one
semi-circle with high resistance values (a slopping response was presumably not obtained
since the AC impedance spectra were recorded only down to 5 Hz) was obtained. These
results are therefore in accordance with the results in this thesis. Rolland et al. studied
PEDOT materials with computational models and revealed that the crystallization of the
PEDOT units is independent from the water content, whereas the connectivity between
different crystallites strongly decreases with the water content [236]. This could mean
that the different electronic conductivity behavior of the high and low PEDOT content
PEDOT:PSS materials in this thesis could be explained by varying interactions between
the PEDOT moieties rather than different properties of the PEDOT moieties itself.

The spectroelectrochemistry and in-situ conductance studies of PEDOT:PSS batches in
section 4.1.2.1 and 4.1.2.2 with two different PEDOT to PSS ratios support this assump-
tion: the wavelength of maximum absorption of the neutral PEDOT band is for both
PEDOT:PSS batches at ≈ 630 nm, which indicates that the electronic structure of the
PEDOT moieties or PEDOT crystallites is in both batches comparable. The in-situ con-
ductance observations also support this assumption: due to a high connectivity in the
PEDOT moieties in PEDOT:PSS (1:2.5) the amount of accessible redox states is high,
which leads to a broad potential window where PEDOT:PSS (1:2.5) is in its highly con-
ducting state. On the other hand, the limited interactions in PEDOT:PSS (1:6) lead to
a very small potential window where PEDOT:PSS is in its highly conducting state. It
was also found that PEDOT:PSS (1:6) (PEDOT:PSS is in its oxidized, conducting state
after spin coating) could not be reduced to its neutral, non-conducting state, so conver-
sion between the redox states appears to be inhibited. On the other hand, PEDOT:PSS
(1:2.5) could be reduced to its neutral state. Also this observation might be related to
the worse connectivity of the PEDOT moieties in PEDOT:PSS (1:6) compared to PE-
DOT:PSS (1:2.5).
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In literature, for PEDOT:PSS batches which were chemically synthesized at different pH
conditions of the reaction mixture, ≈ 50% higher conductivities were obtained for the
batch which was synthesized at a pH≈ 3 compared to the batch synthesized at pH≈ 11

[237]. This is explained by the presence of hydroxyl ions OH– which disturb the interac-
tions between PEDOT and PSS. Increase of pH from 1.7 to 13 was even observed to cause
a decrease of the electronic conductivity by six orders of magnitude and increase of the pH
value of the spin coating dispersion was observed to cause an effect similar to dedoping
of PEDOT:PSS as detected by optoelectronic properties [238, 239]. The slightly lower
electronic conductivity of PEDOT:PSS-Na (1:6) could therefore also be explained by an
increase of the pH of the dispersion from which the film is spin coated, even though the
difference between the PEDOT:PSS (1:6) and PEDOT:PSS-Na (1:6) is in within the error
of the measurements. For the PEDOT:PSS-Na (1:6) dispersion a pH of 7.4 was obtained
after titration (as described in 3.1.2, for the pristine PEDOT:PSS (1:6) dispersion a pH
of 1− 2 is indicated [217].

As can be seen in figure 4.60, the chemically doped PTS-TBA (brown symbols) shows
σe values in the range of 10−3 S/cm, whereas the chemically doped PTS-Na shows one
order of magnitude lower values of σe. Several identical sequential doping procedures for
chemical doping of PTS films resulted in σe values which deviated for one to two orders
of magnitude, therefore the level of σe of the shown PTS-Na and PTS-TBA can not be
further discussed. However, the level of σe allows to predict if the ionic conductivity σion
can be determined (σion as function of water content in [wt%] and λ is shown in figures
4.61 and 4.62): since the maximum values for σion for pristine PTS-TBA are in the range
of 10−4 S/cm which is lower than σe for the chemically doped PTS-TBA no σion can be de-
termined. On the other hand, pristine PTS-Na shows maximum σion values in the range of
10−3 S/cm which is higher than σe for the chemically doped PTS-Na, therefore σion of the
chemically doped PTS-Na can be determined. If the AC Impedance/DC measurements of
the chemically doped PTS-TBA would have been conducted at higher water contents than
9 wt% (or pH2O higher than 20 mbar H2O), a high-frequency semi-circle might have been
observed. The values for σe of both chemically doped PTS materials decrease only slightly
in the examined water content range. The σion values of the chemically doped PTS-Na
show the same values as the pristine PTS-Na (see pink symbols in figure 4.62), but the
values are reached at significantly lower water contents. Together with the fact that the
chemically doped PTS materials show significantly lower water uptakes than the pristine
PTS materials (as shown in section 4.2.2), it could be assumed that the sequential doping
results in a considerable change of the film morphology, which was not further elucidated
in this thesis. Few F4TCNQ dopant molecules could also be attached on the film surface
and might inhibit further water uptake. Since values for σion in the range of 10−3 S/cm
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were obtained for both the pristine and the chemically doped PTS-Na at 20 mbar H2O
(as shown in figure 4.61), comparable water uptakes were expected. However as can be
seen in figure 4.23a, the water contents at 20 mbar H2O are around 30 wt% for pristine
PTS-Na but only around 10 wt% for the chemically doped PTS-Na. A possible explana-
tion therefore might be that structural changes occur due to the chemical doping, which
facilitate ion conduction so that comparable σion can be observed at lower water uptakes.

Ionic conductivity as function of water content in wt%

In figure 4.61, σion as function of water content is shown for the pristine PTS-Na and
PTS-TBA (the values for σion are taken from [160]), the chemically doped PTS-Na and
both PEDOT:PSS (1:6) and PEDOT:PSS-Na (1:6).
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Figure 4.61: Ionic conductivity of various polymer materials at 25°C as function of water
content, the ionic conductivity values of PTS-TBA were taken from [160].
Adapted with permission from [160], © 2019, Elsevier.

Regarding the trend of σion as function of water content for the pristine PTS and the
PEDOT:PSS (1:6) materials, it can be seen that upon increasing the water content up to
10 wt%, σion increases significantly from 10−10 to 10−6 S/cm. Increasing the water content
further up to 30 wt%, the values for σion increase moderately up to 10−3 S/cm. For all
materials, reaching of the plateau of σion above water contents of 30 wt% is therefore
clearly recognizable. Upon further increase to very high water contents of 70-90 wt%, σion
increases only slightly up to 10−2 S/cm. The obtained dependency of σion from the water
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content is typical for polyelectrolyte materials [3, 6, 7]. Pristine PTS-Na (blue symbols)
and PTS-TBA (dark yellow symbols) appear to show very comparable σion values as
function of water content. However, it should be taken into consideration that both
materials show different water uptake per mass (in wt%) as function of pH2O, but very
similar values for the water uptake per repeating unit (in λ, see section 4.2.3). Therefore,
σion as function of λ for both pristine PTS-Na and PTS-TBA and PEDOT:PSS (1:6)
and PEDOT:PSS-Na (1:6) is shown in figure 4.62. For the pristine PTS materials and
the PEDOT:PSS materials it is assumed that the water uptake occurs mainly in the
hydrophilic moieties, therefore the amount of water molecules per repeating unit can be
calculated. For the chemically doped PTS materials, this assumption can not be made
since the morphology of the chemically doped PTS films was not further elucidated,
therefore the water uptake in λ is not determined for the chemically doped PTS materials.
Also the fact that chemically doped PTS-Na shows at the same water contents more than
one order of magnitude higher σion values compared to the pristine PTS films can not
further be elucidated due to the unknown morphology of the chemically doped PTS films.

Ionic conductivity as function of water uptake in λ
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Figure 4.62: Ionic conductivity of various polymer materials at 25°C as function of λ, the
ionic conductivity values of PTS-TBA were taken from [160]. Adapted with
permission from [160], © 2019, Elsevier.

The trend of σion as function of λ shows a similar trend as σion as function of wt%: whereas
the water uptake in a very dry state leads to a significant increase of the dissociation from
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the immobile SO –
3 groups, further water uptake at high water contents leads only to a

slight increase of σion. This could be explained with the fact that at high water contents,
Na+ cations are already complexated in solvation shell with 5-6 or more H2O molecules
(λ ≈ 5 − 6), further water uptake would not increase the amount of water molecules in
the solvation shell of the cations but add more water molecules only in water rich moieties
of the ion channels [3]. For Nafion membranes, it is also known that upon increasing the
water content in the ion channels above λ ≈ 10, the ion concentration in the center of
the ion channel starts to be lower than in the proximity of the channel walls [7]. This
could be explained with the fact that at high water contents further water molecules are
incorporated in the center of the ion channels and do not affect the solvated cations.
It has to be mentioned however, that the given references and the majority of studies
on Nafion examine H+ as mobile cation. For H+ an exceptional conducting mechanism
in aqueous media and in case of Nafion membranes more than one order of magnitude
higher ionic conducitivties compared to other cations (TBA+ was not examine) at equal
λ values could be obtained [67, 240]. Therefore, the general trends and mechanisms might
be therefore only partially valid for the Na+, H+ and TBA+ containing polyelectrolyte
materials in this thesis.

Discussion of water uptakes in λ

When comparing the dependency of σion as function of λ, it has to be stated however that
the ion concentrations in the different polymeric mixed conductor systems are however
not the same as can be seen in table 4.9.

Table 4.9: Calculated ion concentrations of polymer materials utilized in this thesis.
Material c [mol/cm3]
PTS-TBA 0.00205
PTS-Na 0.00373

PEDOT:PSS (1:2.2) 0.00301
PEDOT:PSS (1:6) 0.00396

PEDOT:PSS-Na (1:6) 0.00432

For calculating the ion concentration no water uptake was assumed, a density of the
polymer film of 1 g/cm3 and taking the positive charges of EDOT into account which
partially counterbalance the negative charges instead of cations in case of PEDOT:PSS
materials. The ionic conductivity σion is related to the ion concentration c as follows [171]:

σion = µion · c · z · F (26)

here µion corresponds to the ion mobility, z to the ionic charge, F to the Faradaic constant.
While assuming the ion mobility to be constant (effective ion mobilities in the range of
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10−8 − 10−7 cm2V−1s−1 at 25°C and varying water content were obtained for PTS-TBA
and PTImBr [160]), variation of the ion concentrations in the different polymeric mixed
conductor materials as listed in table 4.9 leads therefore to a variation of σion of approxi-
mately a factor of 2. However, the conductivity measurements contain an error of a factor
of ≈ 2− 3, the different ion concentrations might therefore lead to only a minor error.

Comparing σion of the pristine PTS materials as function of λ, it can be seen that PTS-
TBA shows even higher values than PTS-Na at low λ values. This might be explained
by the stronger association between cation and SO –

3 group in case of Na+, which might
be due to the smaller and "harder" ion character of the Na+ cation. At λ > 1 however,
σion is higher for PTS-Na than for PTS-TBA and at λ ≈ 5, σion of PTS-Na is around one
order of magnitude higher than the σion for PTS-TBA. Due to the smaller and less bulky
ion size of Na+, sufficient water uptake in case of PTS-Na might lead to higher σion values
than for PTS-TBA. The same trend was observed for Nafion membranes with different
cations [67], conducting polyelectrolytes bearing either TBA+ or Br– ions [160] and PSS
with either H+ or Na+ counterions [61, 63]. At medium λ values of ≈ 5, the PEDOT:PSS
(1:6) materials show higher σion than PTS-Na. This might eventually be explained by an
increased phase separation into PEDOT rich and PSS rich (polyelectrolyte rich) phases
in case of PEDOT:PSS, whereas the PTS materials might not show significant phase sep-
aration due to the fact that these materials where spin coated from H2O/THF mixtures.

As it was mentioned in the section 4.2.3, the values for λ might be misleading since
they only quantify the mean amount of water molecules per repeating unit. Formation of
water-rich hydrophilic moieties and water-poor hydrophobic moieties is not taken account
in the λ values. Also the ion concentrations could be error-containing: especially at low
water contents, it might not be taken for granted that the entirety of the cation-sulfonate
pairs are in their dissociated form, which would lead to a lower effective ion concentration.
Furthermore it might be also unclear if during the process of water uptake, the polymeric
material is equally swelling.

According to Maier et al., transition from an impedance spectrum with predominant ionic
conductivity to an impedance spectrum with predominant (but not only) electronic con-
ductivity (as can be seen for example in figure 4.45 when decreasing pH2O from 16 mbar
H2O to 9 mbar H2O) results from both a decrease of the ionic charge carrier mobility com-
pared to the electronic charge carrier mobility as well a decrease of the ionic charge carrier
concentration compared to the electronic charge carrier concentration [219]. Therefore,
it is difficult to quantify only one of both effects, so on the one hand the change of the
carrier mobility or on the other hand the change of the carrier concentration.
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Further discussions

Since the IDEs with the highest channel length of 100 µm still does not allow to measure
polymer materials with electronic conductivities with approximately more than 10 S/cm
(see also the discussions in 4.3.4), new electrode with channel lengths of far more than 100
µm and channel widths of less than 12 cm might be examined. The usability of the poten-
tial new electrode can be recognized from resistance values, which strongly changes with
water partial pressure. A strongly varying resistance means that this resistance is mainly
determined by the water content, so a resistance originating from the intrinsic properties
of the polymer material. On the other hand, only slightly varying resistance values espe-
cially in the resistance value range below 100 Ω would hint to significant contribution of
contact and/or wiring resistances. If the geometry of the potentially new electrodes could
not be changed further (for example due to the confined space in the measurement cell),
changing from the utilized two point measurements to four point measurements might
help to measure conductivities of more than 10 S/cm since contact resistances can be
eliminated in four point measurements.

The stray capacitance originating from the substrate and the chemical capacitance orig-
inating from the mixed conducting properties of the polymer material were typically in
the range of 10−10 F and 10−6 F, respectively. In case of AC impedance spectra which
showed mixed conductivity behavior (high- and low-frequency semi-circles), the chemical
capacitance originating from the mixed conducting properties and ion-blocking electrodes
could be determined. Increase of the water partial pressure or water uptake was observed
to result in only minor increase of the chemical capacitance, which could be explained
by a stronger contribution of ionic charge carriers at high water contents. For future
investigations the chemical capacitance could be investigated in more detail, for exam-
ple the dependency of the chemical capacitance from the water content or the ion content.

Relation of in-situ conductance and conductivity observations to percolation

effects

With the help of the percolation theory, critical phenomena in various fields such as
bottlenecks in traffic systems or population density thresholds for spreading of plagues
can be described [241–244]. Usually percolation theory is explained by using the model
of a square network grid consisting of vertex points (black points in figure 4.63 a) of a
random subgraph in a indefinitely large grid. With a certain probability p, the edges
between each vertex point are open (p = 1, a connection between vertex points exists)
or closed (p = 0, no connection exists). The so-called percolation function Θ, which is
defined as the probability that infinitely many vertex points can be reached over open
bonds between the vertex points from one fixed starting vertex point is a function of p.
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The dependency of Θ from p is displayed in figure 4.63 b).

Figure 4.63: a) Two-dimensional percolation network of vertex points in a square grid and
b) percolation function Θ as function of p. Adapted with permission from
[241].

From the dependency of Θ as function of p it can be seen that a critical value of p has
to be reached in order to provide a non-zero probability that all vertex points in the sub-
graph can be reached. The conductivity behavior of a system which consists of randomly
distributed metallic and dielectric phases has been modeled successfully with the help
of the percolation theory [245]. It could be shown that the system shows a transition
to a metallic-like conductivity behavior after reaching a threshold volume fraction of the
metallic phases. After exceeding the volume content of carbon nanotubes over a critical
volume content threshold, the electrical conductivity of polymer/carbon nano tube com-
posites was observed to increase over several orders of magnitude [246].

Several observational findings in this thesis might eventually be explained by the pres-
ence of percolation effects in the studied polymeric mixed conductor systems. The higher
content of PEDOT in the high PEDOT:PSS batches eventually leads to a high amount
of interactions between the PEDOT moieties in the PEDOT:PSS material, which might
correspond to the case when many connections between the PEDOT moieties exist (ver-
tex points) in the matrix of electronically insulating PSS (area between the vertex points)
exist as visualized in figure 4.63 a), whereas in the low PEDOT content PEDOT:PSS
batches only few connections might exist. Firstly, this might lead to a high amount of
redox states which can be surpassed during electrochemical cycling and therefore to a
broad electrochemical window of high in-situ conductance (as shown in figure 4.15). Sec-
ondly also the significantly higher electronic conductivity (≈ 1 S/cm) in the dry state
of the high PEDOT content PEDOT:PSS (1:2.2) batch compared to the lower electronic
conductivity of PEDOT:PSS (1:6) (10−4 S/cm) might be explained by better percolation
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between conducting PEDOT moieties (figure 4.60). Thirdly, also the significantly differ-
ent dependency of the electronic conductivity from the water content for the high and
low PEDOT content PEDOT:PSS batches (almost no decrease of σe for PEDOT:PSS
(1:2.2), but decrease of more than one order of magnitude for PEDOT:PSS (1:6) when
increasing the water content up to ≈ 40 wt%, as shown in figure 4.60) might give indi-
cation for the presence of percolation effects: the low decrease of σe might correspond to
a small decrease of the propability p values (starting from high p values) in figure 4.63
b), whereas the stronger decrease of the electronic conductivity in case of PEDOT:PSS
(1:6) might correspond to a signifant decrease of p (starting at already lower p values)
towards p values close to the threshold value of p. Finally, also the significant decrease of
the electronic conductivity with increasing PVA content (as shown in figure 4.56) might
correspond to a significant decrease of the percolation between electronically conducting
PEDOT moieties. Percolation effects in PEDOT:PSS composite materials were proposed
due to the dependency of the conductivity as function of insulating filler content, as ob-
served for composite materials consisting of PEDOT:PSS and polystyrene nanospheres or
PEDOT:PSS and PVA [154, 247]. Molecular dynamic simulations on PEDOT:PSS ma-
terials showed that in spite of the phase separation into PEDOT and PSS rich moieties,
PEDOT connections exist between PEDOT-rich moieties, therefore forming percolating
networks [218]. Percolating networks of conductive phases as requirement for macroscopic
conductivity were also proposed in case of electropolymerized PEDOT [205].
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5 Conclusion and outlook

In the present thesis the polymeric mixed conductor systems PTS and PEDOT:PSS were
examined according to their UV/Vis absorption properties in the neutral and doped state,
water uptake at variable atmospheric conditions and conductivity properties as function
of water uptake. Several variations of mixed conductor systems were examined, in case of
PTS two different counterions, namely TBA+ and Na+ were studied. Additionally, PTS
was spin coated from two different solvent systems, either from pure H2O or from a 1:1
H2O/THF mixture. Two different types of the mixed conductor system PEDOT:PSS were
examined, namely the high PEDOT content PEDOT:PSS (1:2.2) or PEDOT:PSS (1:2.5)
batches and the low PEDOT content PEDOT:PSS (1:6) batch. An important difference
between the PTS and PEDOT:PSS materials is that PTS is in its neutral (undoped),
non-conducting state upon deposition whereas PEDOT:PSS is in its oxidized (doped),
electronically conducting state due to the chemical synthesis route. All examinations
(except from the thermogravimetric measurements) in this thesis are conducted with thin
films of the polymeric mixed conductor materials.

Absorption characteristics in neutral and doped state

In order to examine the influences of the counterion of PTS and the solvent system from
which PTS is spin coated on the UV/Vis absorption properties, both PTS-TBA and
PTS-Na were spin coated from either H2O or H2O/THF and the UV/Vis absorption was
recorded under ambient conditions, as shown in figure 5.1.
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Figure 5.1: UV/Vis absorption spectra of PTS-TBA and PTS-Na spin coated from
5 mg/ml H2O or H2O/THF on glass substrates.

It could be shown that using pure H2O as solvent system leads to an UV/Vis absorption
spectrum with an absorption maximum at lower wavelengths structure and an aggrega-
tion shoulder compared to the featureless absorption spectra of PTS films spin coated
from the solvent mixture H2O/THF. This means that higher conjugation and aggregation
of the polythiophene backbone are present in the PTS spin coated from H2O, from which
can be concluded that more interchain and intrachain interactions are present. Also the
counterion had influence on the UV/Vis absorption spectrum: for both solvent systems.
For PTS-Na the absorption maximum was at lower wavelengths, which might indicate
that Na+ facilitates backbone aggregation. The absorption intensity increase in water
partial pressure ramps showed with a moderate increase at low water partial pressures
and a steep increase at high water partial pressures similar trends as the water uptake
trends measured with QCM, which might be explained with variations of the refractive
index or the extinction coefficient of the PTS films. During temperature ramps at various
water partial pressures, the increased disturbance of the PTS structure by the TBA+

cation was observed by a significant blue shift of the absorption maximum upon heating
the PTS films, which was not observed in case of the PTS-Na films. Conducting tem-
perature ramps in either dry or at very high water partial pressure conditions, it could
be seen that a dry N2 atmosphere results in a rather amorphous structure at the end of
the temperature ramp (back at room temperature) whereas at high water partial pressure
recovering of the aggregated PTS structure after cooling down can be observed. This can
be explained with the fact that presence of water in the PTS materials might lead to
increased flexibility of the polymer chain segments.
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5 Conclusion and outlook

In order to examine the UV/Vis absorption characteristics of the polymeric mixed con-
ductor systems as function of doping state, spectroelectrochemistry measurements of one
high PEDOT content PEDOT:PSS batch (PEDOT:PSS (1:2.5)) and of one low PEDOT
content PEDOT:PSS batch (PEDOT:PSS (1:6)) were conducted. The UV/Vis absorption
spectra recorded during the discharge sweep (from oxidized to neutral state) in spectro-
electrochemistry measurements are shown in figure 5.2.
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Figure 5.2: UV/Vis absorption spectra during the discharge sweep in spectroelectrochem-
istry measurements on 5 µm IDEs in 0.1 M NBu4PF6 of a) PEDOT:PSS (1:2.5)
(second cycle, scan rate of 10 mV/s) and b) PEDOT:PSS (1:6) (second cycle,
scan rate 10 mV/s).

Upon decrease of the potential, the absorption intensity of the neutral bands increases and
the absorption intensities at wavelengths of the polaron and bipolaron bands decreases,
which can be explained by a conversion from the neutral towards an oxidized state. The
UV/Vis absorption bands at ≈ 650 nm for both PEDOT:PSS films indicate the absorp-
tion band of the neutral PEDOT moieties. However, differences between the materials
can be observed: the absorption intensity of the neutral band of PEDOT:PSS (1:6) is
low compared to the absorption intensity of the charged states. On the other hand, in
PEDOT:PSS (1:2.5) the absorption intensity of the neutral state is significantly higher
compared to the absorption intensities of the charged states. This can be explained with
the fact that PEDOT:PSS (1:2.5) was reduced to a higher extent to its neutral state
whereas PEDOT:PSS (1:6) is even at a more negative potential of -1.54 V partially in its
oxidized state.

In addition to the UV/Vis absorption characteristics upon electrochemical doping, in-
situ conductance measurements (in-situ measurement of the conductance during electro-
chemical cycling of the polymer film) were conducted in order to examine the conduc-
tivity behavior as function of doping state. Hereby significantly different behavior of
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the PEDOT:PSS materials depending on the PEDOT to PSS ratio was found: whereas
PEDOT:PSS (1:2.5) showed a broad potential window of high in-situ conductance, PE-
DOT:PSS (1:6) showed a bell-shaped in-situ conductance profile, as shown in figure 5.3.
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Figure 5.3: Cyclic voltammogram (black curve) and in-situ conductance (green curve) of
a) PEDOT:PSS (1:6) und b) PEDOT:PSS (1:2.5) in 0.1 M NBu4PF6/MeCN
with a scan rate of 10 mV/s on 5 µm IDEs.

The differences could be explained by higher amount of interactions in the high PEDOT
content PEDOT:PSS material, leading to more accessible redox states and therefore to
a broader potential window over which PEDOT:PSS (1:2.5) is in its highly conducting
state. Since the electronic structure of the PEDOT moieties is presumably similar due
to comparable UV/Vis absorption features of the neutral PEDOT moieties (as shown in
figure 5.2, it could be assumed that in-situ conductance is a macroscopic material prop-
erty, which relies on sufficient interactions between the electronically conducting PEDOT
moieties.

Concluding, it can be stated that for PEDOT:PSS (1:2.5) full conversion between the
redox states as observed in spectroelectrochemistry measurements and an in-situ con-
ductance plateau over a broad potential window can be observed, on the other hand
PEDOT:PSS (1:6) can be converted only partially to the neutral state and shows high
conductance only at a very narrow potential window (bell-shaped in-situ conductance
profile). Interestingly, the electronic conductivity as measured with DC measurements on
IDEs appears to correlate with this trend: whereas high σe in the range of 1 S/cm were
found for PEDOT:PSS (1:2.5), significantly lower σe in the range of 10−5 − 10−4 S/cm
were found for PEDOT:PSS (1:6). It might be therefore assumed, that a high content of
electronically conducting moieties as in PEDOT:PSS (1:2.5) leads to both high values for
σe and good accessibility of the redox states, whereas lower PEDOT contents or eventually
worse connectivity between the electronically conducting moieties lead to lower values for
σe and lower accessibility of the redox states.
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Water uptake studies in controlled atmospheric conditions

Since the PTS and PEDOT:PSS materials examined in this thesis contain hydrophilic
polyelectrolyte moieties, the water uptake of thin films of both materials at various at-
mospheric conditions was investigated. The water uptake per mass in [wt%] and per
repeating unit in λ was determined for the PTS and PEDOT:PSS materials as function
of water partial pressure and temperature with preliminary TGA studies and QCM mea-
surements. Using TGA to determine the water uptakes, extrapolated values of 8 and 5
wt% for PTS-Na and PTS-TBA and 10 − 15 wt% for the PEDOT:PSS materials at 20
mbar H2O are obtained. The higher water uptake of the PEDOT:PSS materials might be
explained by the fact that PEDOT:PSS was present in form of thin film crumbs, whereas
the PTS materials were present in bulk powder form.

In order to determine the water uptake of the polymeric mixed conductors in the form
of thin films as examined in the AC impedance and DC measurements, a QCM setup
was newly established. The general measurement procedure was listed in detail, the
applicability and the validity were examined and the reliability and reproducibility were
studied. For PTS and PEDOT:PSS materials, a typical trend could be identified: after a
step increase of the water uptake at low water partial pressures, the water uptake increases
moderately at medium water partial pressures. Upon switching to higher water partial
pressures, the water uptake increased more significantly. The obtained trends are very
comparable to polyelectrolyte materials such as PSS or Nafion and with maximum water
uptake values of λ ≈ 10 − 15, the values are very similar to Nafion. A typical water
uptake trend as function of water partial pressure, here the water uptake of PEDOT:PSS-
Na (1:6), can be seen in figure 5.4.
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Figure 5.4: Exemplary water uptake of a polymeric mixed conductor thin film material
at 25°C, here PEDOT:PSS-Na (1:6).
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The water uptake trend can be explained as follows: at low water contents the counterions
dissociate from the immobile SO –

3 group and solvated cations are present. In the medium
water partial pressure range, multiple solvation shells form around the cation and in the
high water partial pressure range, bulk-like water moieties are formed. In case of the PTS
materials, higher water uptakes per mass were obtained for PTS-TBA than for PTS-Na,
which can presumably be explained by the higher ion content in PTS-Na. However, similar
water uptakes per repeating unit were obtained, which might be explained by a similar
hydrophilicity of the cation-sulfonate group for both PTS materials. The water uptake
of PTS films which were chemically doped with the strong electron acceptor F4TCNQ
after spin coating were observed to be lower than for the pristine PTS films, which might
be due to the shielding of hydrophilic moieties in the polymer films. The water uptake
of PEDOT:PSS materials was not observed to show a dependency from the PEDOT to
PSS ratio, which might be due to different morphologies in the high and low PEDOT
content PEDOT:PSS materials. Drop casted PEDOT:PSS films showed similar water
uptake values as the spin coated films, from which might be deduced that the water
uptake occurs mainly in the volume of the polymer film rather than just on the surface.

Conductivity studies in controlled atmospheric conditions

The conductivity behavior of the polymeric mixed conductors systems was studied with
a combination of AC impedance and DC measurements. In AC impedance spectroscopy
measurements of pristine PTS-Na a high-frequency (high ω values, left side of the
impedance spectrum) semi-circle and a slopping low-frequency response was obtained.
The high-frequency resistance (diameter of the high-frequency semi-circle) was observed
to increase with decreasing water partial pressure. The conductivities at each water par-
tial pressure could be coupled to water uptake (water content) values at the same water
partial pressure since both the conductivity as well as the QCM measurements to deter-
mine the water uptake were conducted in the same water partial pressure and temperature
conditions. In case of pristine PTS-Na, it can be therefore said that the high-frequency
resistance increases with decreasing water uptake. Since the high-frequency semi-circle
can be assigned predominantly to the ionic resistance, an increase of the high-frequency
resistance corresponds to a decrease of the ionic conductivity. In figure 5.5, the AC
impedance spectra at two water partial pressures and the ionic conductivity as function
of water partial pressure and water content is shown.
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Figure 5.5: AC impedance spectra and corresponding fits of pristine PTS-Na at a)
23 mbar H2O and b) 16 mbar H2O and c) ionic conductivity as function
of water partial pressure and as function of water uptake as determined with
QCM measurements at 25°C.

The ionic conductivity was observed to increase from 10−10 S/cm up to 10−2 S/cm upon
increasing the water partial pressure from 0.9 to 29 mbar H2O. Coupling the conductivity
measurements with QCM measurements to determine the water uptake, a very strong in-
crease of the ionic conductivity up to 10−3 S/cm upon an increase of the water content up
to 30 wt% can be observed. The strong increase of the ionic conductivity can be explained
with an increase of the dissociation between the mobile Na+ cation and immobile SO –

3

groups, which leads to an increase of the mobility of the Na+ cation. However, the ionic
conductivity increases only further up to 10−2 S/cm when the water content increases
significantly up to 70 %. This plateau value of the ionic conductivity can presumably be
explained by the fact that water is taken up only in bulk-like water moieties, which does
increase the cation mobility only marginally.

An increased electronic conductivity was obtained for chemically doped PTS films. Similar
trends as for the chemically doped PTS were obtained for the PEDOT:PSS (1:6) materials.
The AC impedance spectra of PEDOT:PSS-Na (1:6) at various partial pressures are shown
in figure 5.6.
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Figure 5.6: AC impedance of PEDOT:PSS-Na (1:6) on a 20 µm IDE at 25°C as function
of water partial pressure.

Whereas the AC impedance spectra of the undoped PTS-Na consisted of a high-frequency
semi-circle and a sloping low-frequency response, in the AC impedance spectra of
PEDOT:PSS-Na (1:6) in addition to the high-frequency semi-circle an additional semi-
circle at low frequencies could be obtained for the spectra equal or higher than 6 mbar
H2O. As for undoped PTS-Na, the resistance of the high-frequency semi-circle increased
with decreasing water partial pressure. In contrast to the high-frequency semi-circle, the
resistance of the low-frequency semi-circle decreased upon decreasing the water partial
pressure. Below 6 mbar H2O, only the low-frequency semi-circle can be detected. In
addition to the AC impedance measurements, DC measurements were conducted which
are shown in figure 5.7.
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Figure 5.7: DC measurements of PEDOT:PSS-Na (1:6) on a 20 µm IDE at 25°C as func-
tion of water partial pressure.

At low water partial pressures, the potential remains constant over the time of the ap-
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plied current. In the DC measurements at 6 mbar H2O and higher water partial pressures,
a more and more pronounced potential increase during the time of the applied current
can be observed. This polarization effect can be explained with the contribution of both
electronic and ionic charge carriers at the start of the DC measurement, which leads to
a low resistance and therefore to a low potential. Whereas the ionic charge carriers are
increasingly blocked at the electrode and can not contribute to current conduction any
more, the electronic charge carriers contribute to current conduction over the entire time.
Accordingly, from the steady state potential at the end of the time of constant current the
electronic resistance can be calculated. The strong contribution of ionic charge carriers to
current conduction at high water partial pressures can therefore be concluded from DC
measurements.

From the observations that the presence of polarization effects in the DC measurements
can be observed when the low-frequency semi-circles can be seen in the AC impedance
spectra it can be concluded that PEDOT:PSS-Na (1:6) shows mixed conductivity at
water partial pressures equal or higher than 6 mbar H2O. At lower pH2O, the presence
of one semi-circle in AC impedance spectra and the absence of polarization effects in the
DC measurements can be explained by the fact that only electronic conductivity can be
detected. The electronic resistance as calculated from the steady state potential in the
DC measurements corresponds to the resistance of the low-frequency semi-circle in the
AC impedance spectra, therefore it can be shown that the resistance of the low-frequency
semi-circle corresponds to the electronic resistance. Whereas the high-frequency resistance
in the AC impedance spectra of the undoped PTS-Na could be approximately assigned
to ionic resistance, the high-frequency resistance of the mixed conducting PEDOT:PSS-
Na (1:6) corresponds to the total (ionic + electronic) resistance, from which the ionic
resistance can be extracted by taking the electronic resistance into account. In figure 5.8,
the electronic and ionic conductivity as function of water partial pressure and by coupling
with QCM measurements also as function of water content are shown.
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Figure 5.8: Electronic and ionic conductivity of PEDOT:PSS-Na (1:6) on a 20 µm IDE
at 25°C as function of water partial pressure.

The electronic conductivity decreased moderately for around one order of magnitude upon
increasing the water partial pressure up to water contents of ≈ 40 wt%, which can be
explained by an increase of the distance between the electronically conducting PEDOT
moieties. Increasing the water partial pressure further up to ≈ 90 wt%, the electronic
conductivity decreases significantly for more than two orders of magnitude. This can be
explained by the fact that the percolation between the PEDOT moieties gets significantly
weakened. The ionic conductivity can be determined only for water partial pressures
equal or higher than 6 mbar H2O since the electronic conductivity up to these water
partial pressures is more than one order of magnitude higher than the ionic conductivity.
Similar to pristine PTS-Na, after a strong increase of the ionic conductivity at water con-
tents up to ≈ 40 wt%, the ionic conductivity increases slightly further at water contents
up to ≈ 90 wt% which might be explained by the fact that further water uptake increases
the dissociation of the mobile cations only slightly or that additional water is taken up in
pure water moieties.

For PEDOT:PSS (1:2.2) with higher PEDOT contents, a several orders of magnitude
higher electronic conductivity was obtained, which can be explained with the higher
amount of electronically conducting PEDOT, which presumably leads to better perco-
lation between PEDOT moieties. The electronic conductivity was observed to show low
dependency from the water uptake, which might be explained by the fact that the good
percolation in case of the high PEDOT content PEDOT:PSS is not significantly disturbed
by water uptake. Since the electronic conductivity exceeds in the entire applied water
partial pressure or water content range typical values for the ionic conductivity of the
ionic conductors or the mixed conductors, no ionic conductivity could be determined.
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Outlook

Whereas PTS films spin coated from pure H2O were already examined with UV/Vis ab-
sorption spectroscopy, the spectroelectrochemistry and in-situ conductance behaviour, the
water uptake and conductivity properties of PTS films spin coated from H2O could also be
examined. The increased aggregation in the PTS materials spin coated from H2O might
result in different observations in the spectroelectrochemistry and in-situ conductance
measurements. It might be also interesting to investigate the water uptake properties
since the presence of aggregated polythiophene moieties in PTS films spin coated from
H2O might change the amount of accessible ionic groups and might therefore change the
water uptake properties. It might also be worth investigating the conductivity properties
of PTS materials further since presence of aggregated polythiophenes shows higher wave-
lengths of the absorption maximum and therefore higher conjugation lengths. Eventually,
the different aggregation of the polythiophene backbones could also result in different
structures of the the hydrophilic moieties, therefore also the ionic conductivity might be
also different as for the PTS films spin coated from H2O/THF. However, the structure
change caused by switching from the solvent mixture H2O/THF to pure H2O would need
to be large enough that it causes differences in the conductivity behavior which is larger
than the error of the conductivity measurements, so larger than a factor 2− 3. The con-
ductivity properties of PTS materials spin coated from H2O were already investigated,
but no remarkable differences to PTS materials spin coated from H2O/THF were ob-
tained. Eventually, the aggregation of the PTS backbones would have to be increased in
order to obtain measurable differences, for example by conducting temperatures ramps
(as shown in 4.4) at high water partial pressure conditions. Use of the solvent mixture
H2O/THF for PTS materials resulted in dissolution of both the hydrophilic pendant side
groups as well as dissolution of the polythiophene backbone moieties, whereas use of only
H2O resulted in the dissolution of the hydrophilic side groups and formation of polythio-
phene aggregates. Despite trying out various solvents, no organic solvent was found which
showed dissolution of only the PTS backbone due to formation of "inverse" micelle-like
aggregates. If such organic solvent could be found, different conductivity behavior would
be expected since the ionic groups would be shielded.

Investigation of PTS with further counterions with different ionic radii than TBA+ or
Na+ counterions might be interesting. This could lead to different aggregation tendencies
which might be observed with UV/Vis absorption spectroscopy and which might eventu-
ally result in different water uptake properties (even though it was found that the water
uptake in λ showed no dependency of the counterion) or conductivity properties. A fur-
ther cation exchange of PTS has not been conducted yet since the available amount of
PTS material was too low, therefore at first new PTS would have to be synthesized.
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The assumption of insufficient connectivity between the PEDOT moieties in PEDOT:PSS
(1:6) might be further elucidated by conducting spectroelectrochemistry and in-situ con-
ductance measurements with several further PEDOT:PSS batches with different PEDOT
to PSS ratios (which would have to be synthesized), for example PEDOT:PSS (1:4) or
PEDOT:PSS (1:10). Determination of the water content in dependence of the PEDOT
to PSS ratio might also help to elucidate the influence of the PSS content on the wa-
ter content. The connectivity of the PEDOT moieties in the PEDOT:PSS batches with
other PEDOT to PSS ratios might be also further investigated according to the level of
the electronic conductivity and the dependency of the electronic conductivity from the
water content.

In order to measure not only the water uptake as function of water partial pressure with
quartz crystal microbalance measurements, mechanical properties like the viscoelasticity
of the polymeric mixed conductor films could be examined with quartz crystal microbal-
ance measurements with dissipation monitoring (QCM-D). This would for example allow
to determine the water uptake at which the films start to become viscoelastic or would
eventually allow to identify different water swelling behaviors of the PTS and PEDOT:PSS
materials.

Whereas with the QCM measurements water uptake of the polymer mixed conductor ma-
terials from humid atmospheres could be proven, no information could be obtained about
the moieties into which water is taken up or the dimensions of these moieties. The pres-
ence of water-rich hydrophilic moieties could only be strongly assumed due to similarities
of the water uptake trends as function of humidity and the trends of the ionic conductivity
as function of water uptake to trends in literature. Therefore, one possibility to further
elucidate the water uptake of the polymer mixed conductor films might be to freeze the
films in states of high water uptakes and examine the films with cryogenic transmission
electron microscopy [248].

The studies in the present thesis might help to improve the utilization of polyelectrolyte
materials in various applications. In general, variation of the conductivity properties as
function of solvent content might also be helpful to improve energy storage systems such
as batteries where both electronic and ionic conduction is necessary. Furthermore, in
materials which require electronic conductivity and which consist of electronically con-
ducting and electronically insulating moieties, the results of this thesis might help to
find the minimum required amount of electronically conducting moieties in order to pro-
vide macroscopic electronic conductivity. Balancing of the ionic conductivity properties
as function of water content is also crucial in Nafion membranes in polymer electrolyte
membrane fuel cells. The variation of the mixed conductivity properties as function of
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5 Conclusion and outlook

water content might help to improve the performance of polymeric mixed conductors in
organic electrochemical transistors, since an optimal water content might be found (if
the water content can be set) at which ions can diffuse fast from the electrolyte into the
polymer film but electrons can still be removed efficiently from the polythiophene back-
bones in order to result in a variation of the current flowing through the polymeric mixed
conductor material.
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7 Appendix

(a) Height image. (b) Phase image.

Figure A.1: AFM images of PTS-TBA on glass substrate spin coated from 5 mg/ml
H2O/THF.

(a) Height image. (b) Phase image.

Figure A.2: AFM images of PTS-Na on glass substrate spin coated from 5 mg/ml
H2O/THF.
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(a) Height image. (b) Phase image.

Figure A.3: AFM images of PTS-TBA on glass substrate spin coated from 5 mg/ml H2O.

(a) Height image. (b) Phase image.

Figure A.4: AFM images of PTS-Na on glass substrate spin coated from 5 mg/ml H2O.
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Figure A.5: Cyclic voltammogram of PEDOT:PSS (1:6) on a 5 µm IDE in
0.1 M NBu4PF6/MeCN with a scan rate of 10 mV/s.
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Figure A.6: Cyclic voltammogram of PEDOT:PSS (1:2.5) on a 5 µm IDE in
0.1 M NBu4PF6/MeCN with a scan rate of 10 mV/s.
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Figure A.7: Spectroelectrochemistry studies of PEDOT:PSS (1:2.5) on a glass substrate
in 0.1 M NBu4PF6/MeCN with a scan rate of 50 mV/s. a) and b) in-situ
UV/Vis NIR spectra recorded during charge and discharge sweep, c) and d)
peak trend of selected wavelengths during charge and discharge sweep.
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Figure A.8: Spectroelectrochemistry studies of PEDOT:PSS (1:6) on a glass substrate
in 0.1 M NBu4PF6/MeCN with a scan rate of 50 mV/s. a) and b) in-situ
UV/Vis NIR spectra recorded during charge and discharge sweep, c) and d)
peak trend of selected wavelengths during charge and discharge sweep.
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Figure A.9: In-situ UV/Vis absorption spectra on gold substrates during the tempera-
ture ramp at 0 mbar H2O of a) PTS-TBA from H2O/THF, b) PTS-Na from
H2O/THF, c) PTS-TBA from H2O and d) PTS-Na from H2O.
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Figure A.10: In-situ UV/Vis absorption spectra on gold substrates during the temperature
ramp at 29.8 mbar H2O a) PTS-TBA from H2O/THF, b) PTS-Na from
H2O/THF, c) PTS-TBA from H2O and d) PTS-Na from H2O.
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Figure A.11: Water uptake of PSS-Na at 25°C as function of water partial pressure.
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Figure A.12: Frequency trend of the water uptake measurement of PTS-Na at 25°C and
35°C.
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Figure A.13: AC impedance spectra of PTS-Na on a 5 µm IDE spin coated from aged
solution at 25°C and various water partial pressures.

Figure A.14: DC measurements of PTS-Na on a 5 µm IDE spin coated from aged solution
at 25°C and various water partial pressures.
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Figure A.15: Electronic and ionic conductivities of PTS-Na on a 5 µm IDE spin coated
from aged solution at 25°C as function of water partial pressure.

Figure A.16: Equivalent circuit for fitting AC impedance spectra with mid-frequency fea-
ture.
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