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Abstract /Résumé

Aqueous  Dispersions  of  Conducting  Polymers  for
Opto-Electronic Applications

In this work different aqueous dispersions of conducting
poly(3,4-ethylenedioxythiophene) :polyelectrolyte (PEDOT:polyelectrolyte) complexes,
made from anionic polysaccharides and from synthetic bis(sulfonylimide) substituted
polystyrenes, have been synthesized and characterized regarding their doping,
morphology, rheological behavior and opto-electronic properties. A systematic study
revealed, that high molar mass polyelectrolytes with strongly acidic groups and a rigid
backbone structure were favorable for a high doping and an efficient dispersion of
PEDOT and allowed the development of highly conducting PEDOT:polyelectrolyte
complexes. The use of the polyelectrolyte poly(4-styrene
trifluoromethane(bissulfonylimide)) (PSTFSI) as complexing agent for PEDOT resulted
in stable dispersions with gel character, which allowed easy processing by spin coating
and doctor blading. The obtained PEDOT:PSTFSI films were highly transparent,

1

displayed a conductivity of up to 330S.cm™ and were successfully integrated as

electrodes in OLED, OPV and OECT devices.

Key words: transparent electrode, conducting polymer, PEDOT, organic electronics



Dispersions Aqueuses de Polymeres Conducteurs pour les
Applications Opto-Electroniques

Dans ce travail, différentes solutions aqueuses de PEDOT:polyelectrolyte ont été
synthétisées a partir de polymeéres anioniques de types polysaccharides et polystyrénes
substitués par des groupements bis(sulfonylimide). Leurs morphologies, dopages,
comportements rhéologiques ainsi que leurs propriétés opto-€électroniques ont notamment
été caractérisés. Une étude systématique a révélé que les polyélectrolytes de masse
molaire élevée portant un groupement fortement acide et ayant un squelette rigide
permettent d’obtenir un dopage élevé, une dispersion efficace du PEDOT et donc des
compleres PEDOT :polyelectrolyte plus conducteurs.  L’utilisation du polyelectrolyte
PSTFSI en tant qu’agent de complexation pour le PEDOT donne une dispersion stable
montrant les caractéristiques d’un gel, ce qui facilite la fabrication de films minces par
'spin coating’ ou doctor blade. Les films de PEDOT :PSTFSI ainsi obtenus montrent

1

une transparence €levée et une conductivité de 330S.cm™". Ces propriétés ont permis de

les intégrer avec succes comme matériaur d’électrodes dans des dispositifs OLED, OPV

et OECT.

Mots clés: électrode transparente, polymere conducteur, PEDOT, électronique organique

Laboratoire de Chimie des Polymeres Organiques (LCPO), UMR 5629 Allée Geoffroy Saint
Hilaire, Batiment 8, 33615 Pessac Cedex
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General Introduction

Nowadays electronic devices are omnipresent in our daily life and have improved the
standard of living in so many fields, such as communication, entertainment, health and
security, that our modern society can not be imagined without electronics. However,
their production and use bring about an important consumption of resources and energy.
As the stock of fossil fuels and certain raw materials decreases and the environmental
pollution reaches an alarming level, the development of technologies, which allow a
sustainable production of energy, and of highly energy efficient devices, become more
and more important. In addition, emerging technologies create a demand for innovative
materials for applications, which are not accessible with classical electronic devices.
Therefore conducting polymers have attracted a great deal of attention as a new class of
materials since their discovery by MacDiarmid, Shirakawa and Heeger in 1977.
Conducting polymers combine the electronic conductivity of inorganic materials with
the flexibility, chemical stability, low density and solution processability of polymers,
which allows the fabrication of flexible, light weight devices. Especially the development
of aqueous dispersions of conducting polymers, such as PEDOT:PSS, made it possible to
print flexible, transparent and bio-compatible thin films for a wide range of application
in energy |1, 2, 3, 4, 5, 6, 7|, such as solar cells, in entertainment [8, 9, 10, 11, 12|, such
as OLEDs lighting and displays, and in the biomedical field [13, 14, 15]. These organic
devices show very promising performances and some of them, such as OLED
applications, have already been commercialized. However, there is still a need for new
polymeric conducting materials, which allow the development of a new generation of
organic electronic devices with improved stability and higher efficiencies.

A crucial component of all opto-electronic devices is the transparent electrode, which
allows the in/out coupling of light from the device. The criteria for the evaluation of
transparent electrodes and fundamental principles for their characterization are
presented in chapter 1. Furthermore, this chapter contains an overview of different
inorganic and organic materials, which can be used as transparent electrodes, together
with a brief discussion of their respective advantages and drawbacks for the application

in organic electronic devices.
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Due to its good opto-electronic performance, but also due to a lack of alternatives,
the current polymeric material of choice for most organic-electronic applications is
PEDOT:PSS (Poly (3,4-ethylenedioxythiophene): Polystyrene sulfonate). However,
considering the diversity of the potential applications, it is desirable to design
alternative PEDOT:polyelectrolyte systems, which match better the specific needs of the
different applications.

In chapter 2 we present a new approach to stabilize PEDOT in aqueous dispersions by
replacing the polystyrenesulfonic acid by the anionic polymer
poly (4-styrenetrifluoromehtyl (bissulfonylimide)) (PSTFSI), which is known for its
application as polyelectrolyte in Lithium batteries. It was shown, the PEDOT:PSTFSI
complex displays very promising opto-electronic properties. In order to improve the
understanding of the complex system, the polyelectrolyte PSTFSIK and its behavior in
aqueous solution as well as the complex formation upon synthesis of PEDOT in the
presence of PSTFSI was studied. A particular attention was paid to the acid base
behavior of PSTFSI and the pH of the synthesis medium, which were found to greatly
influence the opto-electronic properties of the final PEDOT:PSTFSI complex. The
comprehensive study of the impact of different synthesis parameters, such as the
synthesis temperature and time, as well as the choice of oxidants, on the opto-electronic
properties of PEDOT:PSTFSI allowed the definition of an optimized synthesis protocol.
For the fabrication of thin PEDOT:PSTFSI films the PEDOT:PSTFSI dispersion can
be processed by various coating techniques, such as by spray and spin coating, as well as
by doctor blading. In chapter 3 it was shown, that the opto-electronic properties of the
resulting films were barely affected by the ink concentration or coating conditions.
Furthermore, different approaches for the formulation of PEDOT:PSTFSI with high
boiling point solvents and salts are presented, which allowed the decisive enhancement of
the conductivity of several orders of magnitude. In addition, we developed a method to
fabricate conducting PEDOT:PSTFSI films with extremely high transparency by simple
formulation of PEDOT:PSTFSI with the PSTFSIK polyelectrolyte, which are of

potential interest for the fabrication of composite electrodes.
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For the application and a potential scale up of PEDOT:PSTFSI, a good colloidal
stability of the dispersion and an excellent chemical stability of the dry films are crucial.
Using UV/Vis, Raman and XPS spectroscopy techniques, as well as rheological
characterization the long term stability of the PEDOT:PSTFSI inks was confirmed and
the stability of the opto-electronic properties of PEDOT:PSTFSI under ambient
conditions, as well as at elevated temperatures up to 190°C was demonstrated in
chapter 4.

Owing to their good opto-electronic performance, thin PEDOT:PSTFSI films were
successfully integrated as transparent electrodes in organic light emitting diodes, which
outperformed reference devices with PEDOT:PSS electrodes, as well as in organic solar
cells, which showed promising results. In addition, it was demonstrated in chapter 5,
that PEDOT:PSTFSI can be wused as mixed ion-hole conductor in organic
electrochemical transistors.

To further enlarge the palette of conducting aqueous PEDOT dispersions, several
PEDOT:polyelectrolyte systems based on polysaccharide and polysulfonylimide type
polyelectrolytes were studied in chapter 6. The obtained PEDOT:polyelectrolyte
systems were characterized regarding the doping and the morphology of the polymer
complexes in dispersion, as well as regarding the opto-electronic properties and the
morphology of the dry PEDOT:polyelectrolyte films. Furthermore, the influence of
polyelectrolyte backbone and of the anionic groups on the properties of the resulting
PEDOT:polyelectrolyte complex was investigated. It was shown, that the use of
polysaccharide type electrolytes, such as dextran sulfate, is a promising way to develop
low cost and highly bio-compatible conducting PEDOT complexes, whereas
PEDOT:PSTFSI films displayed the highest transparencies.



12
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Introduction Générale

De nos jours, les appareils électroniques sont omniprésents et ils permettent de faciliter
notre vie quotidienne dans de nombreur domaines, tel que la communication, les loisirs,
la santé et la sécurité. Néanmoins, la fabrication et 'usage de ces dispositifs a pour
conséquence une consommation plus ou moins importante d’énergie et de ressources
primaires. Si on considére que les réserves de pétrole ainsi que de certaines matiéres
premieres risquent de s’épuiser et le fait que la pollution atteint un niveau dangereus
dans certaines régions, le développement de technologies durables et d’appareils a basse
consommation d’énergie devient prépondérant. De  plus, certaines technologies
émergeantes qui ne sont pas accessibles avec des dispositifs électroniques classiques,
créent une demande de matériaur innovants comme des éléments flexibles grandes
surfaces optoélectroniques.

Dans ce contexte et depuis leur découverte par MacDiarmid, Shirakawa et Heeger en
1977, les polymeéres conducteurs sont au centre de [’attention pour le développement
d’une nouvelle classe de matériaux pour l’optoélectronique. Les polyméres conducteurs
combinent la conductivité électronique des matériaur inorganiques avec la fléxibilité, la
stabilité chimique ainsit que la faible densité des polymeéres permettant la fabrication de
dispositifs bas codt, flexibles et légers. FEntre autres, le développement de dispersions
aqueuses de polymeres conducteurs tel que le poly(3,/
éthylénedioxythiophéne):poly(styréne sulfonate) (PEDOT:PSS) rend possible l'impression
de films minces flexibles, transparents et biocompatibles ayant un grand nombre
d’applications dans les dispositifs pour Uénergie [1, 2, 3, 4, 5, 6, 7], tels que le
photovoltaique, les écrans d’affichage [8, 9, 10, 11, 12| et le domaine médical
[13, 14, 15]. Ces dispositifs organiques montrent des performances trés prometteuses et
certains d’entre eux, tels que les OLEDs (diodes électroluminescentes organiques), ont
déja été commercialisés. Néanmoins, le développement d’une nouvelle génération de
dispositifs €lectroniques organiques plus stables et plus efficaces nécessite de nouveaus

matériaur.
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Parmi les composants indispensables pour la  fabrication de  dispositifs
opto-électroniques [’électrode transparente qui permet mnotamment [’émission ou
labsorption de la lumiére sera traitée dans le chapitre 1. Ce dernier fait ainsi un état
de ’art des électrodes transparentes organiques et inorganiques afin de les évaluer selon

leurs avantages et inconvénients en fonction des technologies et applications envisagées.

Parmi les matériauzr de choix pour ces technologies, le PEDOT:PSS qui se trouve sous
forme d’une dispersion aqueuse permet la fabrication de films transparents conducteurs
via des techniques d’impression adaptées aux grandes surfaces ‘plastiques’. Cependant,
pour certaines applications et en fonction des conditions le PEDOT:PSS n’est pas la
panacée. Ainsi, au cours du chapitre 2, je présenterai une alternative consistant
principalement a remplacer le PSS par le polymere anionique
poly(4-styrenetrifluoromethyl  (bissulfonylimide)) (PSTFSI) autrement connu comme
polyelectrolyte dans des accumulateurs lithium. De bonnes caractéristiques
optoélectroniques ont été obtenues pour des films minces a base de dispersions aqueuses
de PEDOT:PSTFSI en faisant ainsi un candidat de choiz pour des applications électrode
transparente dans des dispositifs électroniques. Afin de mieux comprendre ce systéeme
complexe de PEDOT:PSTFSI, les caractéristiques du polyélectrolyte PSTFSI en solution
et la formation du compleze PEDOT:PSTFSI ont été étudiées. Une attention
particuliere a €été accordée au comportement acido-basique du PSTFSI et au pH du
milieu de synthése, qui influencent de maniere importante les propriétés
opto-électroniques du PEDOT:PSTFSI. Enfin, [limpact de différents paramétres de
synthese, tels que la température, la durée de la synthése et les oxydants, sur les
propriétés opto-électroniques ont été examinés.

es dispersions aqueuses de PEDOT:PSTFSI ont permis la fabrication de films
conducteurs et transparents via des techniques d’enduction différentes, comme le ’spin
coating’, le ’‘spray coating’ ou le ’‘doctor blading’. Dans le chapitre 8 [’effet de la
technique d’enduction sur les propriétés opto-électroniques des films PEDOT:PSTFSI a
éte étudié. De plus, il a été montré que les propriétés opto-électroniques des films
PEDOT:PSTFSI peuvent étre modifies par formulation des encres, a partir desquelles

ils sont élaborés.
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Nous avons notamment trouvé que la conductivité peut étre améliorée de plusieurs
ordres de grandeur grdice a la formulation de l'encre avec certains solvants ou sels,
tandis que la transmittance et [’épaisseur des films ont par exemple pu étre augmentées
par la formulation avec du PSTFSI utilisé comme additif.

Dans lobjectif d’une walorisation potentielle de telles encres polymeéres aqueuses de
PEDOT:PSTFSI, nous avons consacré le chapitre 4 a l’étude leurs stabilités colloidale et
chimique. Pour ce faire, nous avons utilisé de nombreuses techniques de caractérisation
de spectroscopie UV/Vis, Raman et XPS, ainsi que des analyses rhéologiques. Par
exemple, il a été montré que les films de PEDOT:PSTFSI étaient stables sous
atmosphere ambiante et a température élevée jusqu’a 190°C.

Dans le chapitre 5, consacré a l'intégration de ces matériauxr dans des dispositifs
opto-électroniques, nous avons montré que les films de PEDOT:PSTFSI pouvaient jouer
le réle d’électrodes transparentes dans des cellules solaires organiques ou des diodes
Electroluminescentes organiques montrant des performances égales ou supérieures a celles
des dispositifs de référence disposant d’une électrode en PEDOT:PSS ou en ITO dans le
cas des dispositifs flexibles. Enfin, les électrodes de PEDOT:PSTFSI ont montré de bons
résultats dans des transistors électrochimiques organiques lorsqu’ils étaient utilisés
comme conducteurs ambivalents de trous et d’ions.

Dans objectif de moduler les caractéristiques opto-électroniques des films a base de
dispersions aqueuses de PEDOT:polyélectrolyte nous avons étudié toute une série de
polyélectrolytes de types polysaccharides et polystyrenes substitués par des groupements
bissulfonylimides.  L’influence du groupement anionique ainsi que l'influence de la
structures/rigidité des polyélectrolytes sur les complexes PEDO T:polyélectrolyte et donc
sur les caractéristiques finales de leurs films minces ont été étudiées dans le chapitre 6.
Il ressort notamment que le complexe de type PEDOT:Poly(4-styrene bissulfonylimide)
donne les meilleurs résultats en terme de compromis transmittance/conductivité
Electronique mais aussi que les complexes bio-sourcés a base de sulfate de dextrane sont
tres prometteurs pour le développement des dispersions PEDOT:polyelectrolyte

biocompatibles et a bas cofit.
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1 Fundamentals of Transparent

Electrodes

Fundamental principles for the characterization of transparent electrodes are introduced. The
properties of different inorganic and organic transparent electrode materials are discussed, as well as

their respective advantages and drawbacks for the application in devices.

Ce chapitre fait un état de ’art d’électrodes transparentes organiques et/ou inorganiques qui sont passées

en revue et évaluées par rapport a leurs avantages et inconvénients selon les technologies envisagées.
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presented by Audi

1.1 Requirements and Characterization

As illustrated in figure 1.1, modern opto-electronic devices such as organic photovoltaics
(OPVs) or organic light emitting diodes (OLEDs) are sandwich structures, comprising
several layers, which allow the optimization of the device performance. Many different
device architectures have been reported, but independently of the exact device
structure, a common crucial component in all opto-electronic devices is an electrode,
which is transparent in the visible regime and allows the in- or out-coupling of light.

Crucial characteristics of transparent electrodes are a low sheet resistance Rg and a
high transmittance 7' in the visible regime, which is commonly measured at 550nm. As
displayed in figure 1.2a, the graphical plot of the transmittance T as a function of the sheet
resistance Rg for different film thicknesses allows the comparison of different transparent
electrode materials. Materials with the "best" opto-electronic performance can be found
in the top left of the graph, as indicated by the green box. For thin conducting films the
sheet resistance Rg and the transmittance T can be related via [2]

188.500@5()\) _9

T(\) = (1+ (1.1)

Rsope

with o,p(x) being the optical conductivity at wavelength A and opc being the direct
current (DC) conductivity. The DC conductivity is frequency independent and relates
the current density 7 with the applied static electrical field ﬁ(w = 0) via the Ohm’s law
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on the trasmittance T and on the sheet resistance Rg
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The optical conductivity is the frequency dependent conductivity o(w) under the
influence of an external alternating electromagnetic field E(w # 0), with w in the
optical frequency range. Using the Lambert-Beer’s law o(w) can be related to the film
transmission.

In order to facilitate the comparison of the opto-electronic properties of different
materials with different film thicknesses the opc /0y ratio can be used as figure of merit

(FoM) for transparent conducting films. Via transformation of equation 1.1 we obtain

opc 188.5
O opt (\/T ) S

which shows that the FoM is maximized for high transmittance at low sheet resistance.

The solid lines in figure 1.2a represent the calculated Rg — 1" values for a constant FoM.
However, it has to be taken into account, that the relation (1.1) was established for free
standing films [2|, whereas in experimental practice most transparent film are measured
on glass or plastic substrates. Furthermore, the FoM diverges per definition for very high
transmittance values >95% and extremely low sheet resistance values, as it is illustrated
in figure 1.2, which shows plots of the dependencies of the FoM on Rg (pink curve) and

on T (black curve).
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Two other thickness independent measures, which are commonly used to characterize
transparent electrodes are the conductivity ¢ and the absorption coefficient a, which can

be calculated using

1
= — 1.4
"= Rd (1.4)
_ A —logi(T)
== 7 (1.5)

with Rg being the sheet resistance, T the transmittance, d the film thickness and A
the absorbance.

Generally speaking, the device performance will be improved for a transparent electrode
with maximum conductivity at minimum absorption. In order to be considered for
industrial application, a transparent electrode material should show a sheet resistance of
less than 100€Q.sq~! at more than 90% transmittance, which corresponds to a FoM of
higher than 34 [3|. However, the specific requirements on the electrode performance
depend strongly on the target application [4, 5|. For the fabrication of OLEDs, for
instance, the decisive criterion is a high conductivity [4], whereas the integration in
OPYV devices necessitates a very high transparency |5].

Besides good opto-electronic properties, another crucial criterion for the integration in
devices is the work function of the electrode material, which should be close to the
HOMO level of the active layer material, in order to ensure efficient hole extraction
(OPV) or injection (OLED), as exemplary illustrated in figure 1.3.

Further criteria are a smooth electrode surface, to avoid short circuits and high leakage
currents, good chemical stability for long device lifetimes, easy and cost efficient processing
as well as flexibility, for the application in flexible devices. The current inorganic bench
mark material for transparent electrodes is the inorganic oxide indium tin oxide (ITO),
which shows excellent opto-electronic properties and a suitable work function, but is costly
in production, toxic and brittle. Therefore, alternative materials to ITO are needed to
enable the large scale and low cost production of flexible organic electronic devices. An
overview of different electrode materials and a brief discussion of their characteristics and

respective advantages for the application in devices is given in the following chapter.
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1.2 Materials
1.2.1 Inorganic Transparent Conducting Films

Oxides

As already mentioned, I'TO is the benchmark material for transparent electrodes. It is
obtained by doping of indium oxide In,O3 with tin (Sn), which substitutes In cations in
the InyO3 cubic bixbyite lattice (see figure 1.4). Upon reaction of tin with oxygen, the tin
impurities can be found in different oxidation states, such as SnO and SnO, and electrons
are released to the conduction band of ITO. This increases the charge carrier density in
the conduction band and leads to an enhancement of the conductivity. Therefore Sn
can be regarded as a n-type donor. ITO shows very high electric conductivity in the
range of 10* S.cm™! and a high charge carrier concentration in the range of 102 cm =2 [8].
Due to a band gap bigger than 3.75eV its transmittance is very high in the visible range
(>80% for 370nm< A <1000nm) 8|, which, together with its high conductivity, results
in a FoM of up to 500. The work function of ITO is measured to be 4.8eV, which is a
suitable value for the use as transparent electrode in organic photovoltaics [9]. In addition
to these outstanding electrical and optical properties, the production of thin ITO films

with controlled thickness and doping can be realized by different methods like sputtering,
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Figure 1.4: Cubic conventional cell of
InpOg, with the blue, gray and red
spheres representing the In', In®> and
O atoms [19], in which In sites are
partially replaced by Sn ions in the case
of ITO

thermal evaporation, ion beam assisted deposition or sol-gel processes [10]. This is why
ITO is mainly chosen as material for transparent electrodes.

However, the use of ITO as transparent electrode involves several drawbacks. Limited
availability of Indium [11] and complex processing render the production of ITO electrodes
expensive [12]. Only recently one pot methods for the synthesis of ITO nano-crystal inks
were reported, trying to render the fabrication of ITO films more simple [10]. Furthermore,
ITO is environmentally hazardous and due to its ceramic nature ITO is not suitable for
the application in flexible devices. Other problems of ITO electrodes in organic electronic
devices are the diffusion of oxygen and indium into the active layer, which leads to the
oxidation and degradation of the active layer material and shortens the lifetime of the
devices |13, 14, 15, 16, 17|, as well as its high surface roughness, which can be directly
related to high leakage currents [18]. For this reasons, alternative materials, which can
replace I'TO as transparent electrodes, are of special interest for the development of flexible
devices with long lifetimes.

One approach to replace ITO is the use of other metal oxides, which contain less
Indium or no Indium at all, with the objective to reduce the toxicity of the material.
Like ITO most of these metal oxides are n-type semiconductors.

Among the best studied oxides for replacing ITO are Titanium based oxides, especially
TiOs in the anatase phase. Films made of TiO5 doped with Fluorine (F), Niobium (Nb),
Tantalum (Ta) or Tungsten (W) show resistivities in the range of 107> to 1073 Qcm at
transparencies of about 95%. However, these films have to be produced by epitaxial
growth, which makes them too expensive for broad base application [20, 21, 22, 23|.

Also multi-component oxides based on Zn-In-Sn-O have been investigated [24|. Systems
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such as ZnO-Iny03, InyO3-SnO5 and ZnsIn,O5—IngSnzOq9 displayed film resistivities in
the range of 10™* Qcm and flexible, amorphous Zn-In-Sn-O films showed a sheet
resistance lower 20 2.sq~! at 80% transmittance (FoM~80) [24]. However, by varying
the In content it was shown that the conductivity of Zn-In-Sn-O systems increase with
increasing In,O3 content, leading to the conclusion that ITO shows the highest
conductivity [25].

Transparent electrodes based on non-toxic ZnO display good opto-electronic properties
and ZnO, which is heavily doped with Ga or Al, can even outperform ITO [11]|. The
thin transparent ZnO films can be fabricated by various methods, ranging from vapor
deposition to sol-gel processes |26, 27|. However, the work function of untreated ZnO is
about 4.3eV, which creates injection barriers to most materials in organic electronic
devices. Therefore the ZnO work function has to be modified by surface treatments for
the application of ZnO electrodes in devices [27]. In addition, ZnO is very sensitive to
heat and humidity, which induce rapid degradation of the opto-electronic properties
11, 28, 25].

Furthermore, also metal-metal oxide composite structures have been investigated. For
electrodes based on metal oxide-silver sandwich structures a sheet resistance as low as
3Q.sq ! at 90% transmittance were reported (FoMa1100) [29, 30, 31, 32| and solution
processed transparent films made of Al doped ZnO and silver nanowires showed a sheet
resistance of 11Q.sq~! for a transparency higher than 93% (FoM=2460) [33, 34].

In summary, metal oxide thin films display extremely high conductivities and
transparencies, which makes them attractive as transparent electrode material.
However, they are not suitable for flexible applications, owing to their brittle nature. In
addition, complex processing renders the production of these electrodes expensive. The
non-toxic and solution processable ZnO, shows a too high work function and undergoes

rapid degradation.

Metal grids and nanowires

Metals are known for their high conductivity, which results from the free electron
character of the valence electrons. Furthermore, bulk metals are famous for their
coloured and shiny appearance, which indicates that metals absorb in the visible range

and are therefore not transparent. Therefore only ultra thin metal films with a thickness
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below 10nm become transparent. However, with decreasing thickness the resistivity of
metal films increases due to electron scattering at the surface and grain boundaries [35].
Therefore a compromise between sufficient transparency and conductivity must be found
in order to fabricate transparent metal electrodes.

Gold (Au), Chromium (Cr), Nickel (Ni) and Platinum (Pt) films with the thickness of
some nanometers expose both a high conductivity and a high transparency and can
compete with ITO films [36, 37, 38]. O’Connor et al. [39] reported, that a photovoltaic
cell with a 9nm silver (Ag) electrode displayed even a slightly higher efficiency than the
ITO reference cell (see figure 1.5). Schubert et al. [40] reported, that thin films
evaporated from a Ca:Ag blend displayed a sheet resistance of 27Q.sq™' at 93%
transmittance (FoM~190). OPV devices based on these Ca:Ag electrode showed a
higher efficiency than the ITO reference device, but underwent rapid degradation.
Despite the good performance in devices, the application of ultra-thin metal films as
electrodes faces problems due the fragility, costly production and the relatively high

surface roughness of the thin metallic films.

A simple and cheap way to produce transparent conducting electrodes from metals is
the fabrication of metal nanosize grids by nanoimprint lithography (see figure 1.6). By
varying the thickness and the pattern size of the grid the conductivity and transmittance
of the electrode can be tuned. However, for pattern dimensions in the range of the

wavelength of visible light, interference effects have be considered, which can affect the
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Fig. 1.7: a)Scheme for the fabrication of solution grown Ag nano structures
and b)SEM image of the solution grown Ag network before rapid thermal
annealing (RTA)[45]

transmittance of the electrode |41|. By optimization of the pattern dimensions, values of
70% or 84% transmittance in the visible range with a resistance of 4.79Q.sq~! or 24€.sq 7!,
respectively, can be obtained [42, 43, 44], which corresponds to a FoM of approximately
150. Upon integration in photovoltaic cells, the metal grid based devices exhibited the
same performance as ITO reference cells [42, 43, 44|.

More recently Sciacca et al. [45] reported the fabrication of patterned Ag electrodes,
realized by a combination of soft imprint lithography and solution processing (see figure
1.7), which showed a higher conductivity than thermally evaporated networks. A top
down method for the fabrication of micro structured metal electrodes consists in the
patterning of thin metal films using three beam direct laser interference patterning [46].
With this technique Al electrodes with 25Q.sq ! to 502.sq~! at 81% transmittance were
be obtained [47] (see figure 1.8).

Due to the good opto-electronic performance and cost efficient processing methods, the
main problem for the application of patterned metal electrodes is their extremely high

surface roughness.
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[47]

Another approach to transparent, metallic electrodes is the fabrication of thin films
from metal nanowires [5]. The metal nanowires used for this purpose show high aspect
ratios with typical diameters smaller than 100nm and several micrometers in length. Most
of the them are made of silver or copper, as these nanowires can be easily synthesized
in solution via the reduction of silver nitrate or of copper ion complexes, respectively
[48, 49, 50, 51, 52, 53, 54|. The obtained dispersion can then be directly coated on a
substrate by roll-to-roll techniques, resulting in flexible films with promising electrical
and optical properties, such as a sheet resistance of about 102.sq~! - 13Q.sq~! at 85% to
90% transmittance , corresponding to a FoM of 190 to 280 [55, 56, 57]. OPV devices based
on such Ag nanowire electrodes showed very similar performance to the ITO reference
devices |56]. Owing to their metallic character, the metal wires display high conductivities,
so that the main resistivity of the nanowire films is caused by the resistivity of the inter-
wire junctions [58]|. Therefore, several approaches were developed to increase the film
conductance by improving the wire to wire junction contact. The most common method
is the thermal annealing of the films |56]. Mechanical pressing of the metal nanowire films
results in a decrease in the sheet resistance [58], but is detrimental to the transparency
of the films. Hu et al. reported that the junction resistance in Ag nanowire films was
drastically decreased from > 10G{2 to 450€2 upon deposition of a thin gold layer on the

wire network (see figure 1.9).

Furthermore, it was shown that the resistivity of Ag nanowire films can be decreased
by immersion in graphene oxide dispersion, which supposedly decreased the contact
resistance between the single Ag wires |59] (see figure 1.10). A similar approach was

presented by Stapleton et al. [60], who found, that solution processed films of
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Fig. 1.9: Scheme for the galvanostatic deposition of Au on a Ag nanowire
network and TEM images of the obtained AgNW-Au film

inter-woven Ag nanofibres and carbon nanotubes displayed a sheet resistance between
40.5q7" to 24Q.sq~! at 82% transparency. In these films the carbon nanotubes were
found to wrap around the silver wires (see figure 1.10), which created conductive
interconnections and increased, in addition, the mechanical stability of the film.

Another technique for the production of metal nanowires is electrospinning, which
allows to produce nanowires of different metals with extremely high aspect ratios. By
using a template network of soluble polymer fibers, on which Cu is evaporated,
transparent Cu films with a sheet resistance of 9Q.sq™! at 90% transmittance
(FoM=387) were obtained [61|. Photovoltaic cells with copper nano network electrodes
of 50Q.sq7! at 90% transmittance (FoM=70), produced via annealing of electro-spun
polymer/Cu-precursor fibers, reach efficiencies of 3%, which is comparable to cells with
ITO electrode [62]. Furthermore, Hsu et al. [63] reported that, by combining Ag
nanowire networks with meso scale Cu wires of 1 to 50um, the sheet resistance of Ag

! while a high transmittance

nanowire films was drastically decreased down to 0.36€2.sq~
of 92% was maintained.

In analogy to the patterned metal electrodes, the main drawback for the application of
these highly conducting and transparent metal nanowire films is their high surface
roughness, which hinders good contact of the film to the active layer.

Therefore several approaches have been studied, how the surface can be flattened and
the film adhesion can be increased. By coating of the nano wires with ZnO [64] or ITO
nano-particles [65], the conductivity as well as the mechanical and thermal stability of
the films can be enhanced (AgNW-ITO composite electrode: 30€Q.sq™! at 87%

transmittance, FoM=87). Another common approach is the embedding of the rough

nano-wire networks in polymers, which will be discussed in section 1.2.3.
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Fig. 1.10: SEM image of the Ag nanowire - graphene ozide film [59] (left)
and AFM image of the Ag nanowire - carbon nanotube composite film [60]

1.2.2  Organic Alternatives

Graphene and Carbon Nanotubes

Graphene is a monolayer of graphite in which sp? hybridized carbon atoms form a 2D
honeycomb structure. This bonding situation leads to 2D delocalized electrons which
enable scattering free in plane charge carrier transport [12|, resulting in an extremely
high charge carrier mobility of about 2 - 105 ¢cm?.Vs [66]. Therefore the theoretical sheet
resistance of a single graphene sheet is about 30Q.sq~! [66], which renders graphene
interesting for transparent electrode applications. However, the experimentally
measured sheet resistance of graphene is commonly some hundreds of Ohms per layer,
which is related to defects and grain boundaries in the single sheets. In graphene films
composed of several sheets, the main resistivity arises from the sheet to sheet contacts
[12|. The fabrication of graphene using the famous and simple scotch peel method is not
suitable for the production of graphene on large scales. Therefore, the graphene sheets
used for the fabrication of conducting electrodes are either synthesized by chemical
vapor deposition (CVD) or from organic precursor molecules, which show large

hexagonal carbon structures.

L or higher, a maximum

CVD grown graphene shows a sheet resistance of 230€2.sq~
transmittance of 91% and is highly transparent in the infra-red regime [66]. The specific
electrical and optical properties, however, depend on the synthesis conditions during the
CVD process. It was found, that, for instance, the thickness of the graphene films

increased with increasing process temperature. Choe et al. [67] reported, that graphene
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Fig. 1.11: Chemical structure of hexadodecyl-
substituted superphenalene [72]
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films grown at 1000°C displayed a sheet resistance of 600£2.sq~
87% (FoM=4), whereas films grown at 800°C were thinner and showed a sheet resistance
of 1700Q.sq~! at 91% transmittance (FoM=2). The sheet resistance of CVD graphene
sheets can be further reduced by chemical doping with AuCl;, HNOj3 or SOCI,
[68, 69, 70]. Kim et al. [70] observed a drop in the sheet resistance of graphene of 77%
upon doping with AuCl;z to 150Q.sq~! at 87% transmittance (FoM=17). This trend was
confirmed by Park et al. [69] who found, that the doping of graphene electrodes with
AuCl; resulted in a significant increase in the power conversion efficiency of OPV
devices. More recently, Chen et al. [71] presented carbon enclosed CVD as novel method

for the synthesis of graphene, by which graphene sheets with a sheet resistance of

5Q.sq~! at 93% transmittance (FoM=1020) were obtained.

Transparent graphene films can also be obtained from large organic precursor
molecules, as reported by Wang et al [72]. By thermal annealing of
hexadodecyl-substituted superphenalene (see figure 1.11) at 1100°C on a quartz
substrate under argon atmosphere, graphene films of 4nm and 30nm thickness were
obtained, which displayed a conductivity of 206S.cm~! (Rg(4nm)=1200082.sq*,
Rs(30nm)=1600€2.5q!) and a transmittance of 90% and 55% (at 500nm), respectively,
which corresponds to a FoM of smaller than 1. Furthermore, it was shown that the
conductivity of the obtained graphene was strongly affected by the nature of the
substrate, so that the same process on SiO,/Si resulted in graphene with a conductivity
of 2000S.cm 1.

Solution processing of graphene has been proven to be difficult, owing to its very

stable m-bond system, which leads to strong inter-plane interactions and renders
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Fig. 1.12: Scheme of a carbon nanotubes with different chiralities [78]

graphene indispersible. One possibility to exfoliate and disperse graphene in a solvent is
by functionalization, such as oxidation. = However, graphene oxide shows a high
resistivity, as the large structure of delocalized electrons is destroyed. Therefore,
oxidized graphene films have to be reduced again before being used as electrodes. Films
produced from functionalized graphene can show high transparencies, but due to
incomplete reduction also the post treated films display very high resistivities of
800€Q.8q~ ! - 5kQ.sq~! or more [73, 74, 75]. Thus, OPV devices with electrodes fabricated
by solution processing of graphene oxide displayed poorer performance than ITO
reference devices |74, 75].

Independently of the synthesis method and properties of the graphene, most devices
with transparent graphene electrodes can hardly compete with 1TO reference devices.
This is not only related to the opto-electronic performance of the graphene sheets, but
also to the properties of the electrode - active layer interface |76, 77, 69]. On the one
hand, the graphene layers are rough and very hydrophobic, which leads to
inhomogeneities with the adjacent hole injecting layer, such as PEDOT:PSS. On the
other hand, graphene has a very low work function with respect to the active layer
materials, which leads to poor charge collection and a high electrode resistance. Thus,
the surface of graphene electrodes has to be modified, for instance by the deposition of
MoOQj layers [76, 77|, in order to increase the device performance.

Another form of sp? hybridized carbon similar to graphene, are carbon nanotubes
(CNTs). CNTs are artificial allotropes of carbon and consist of graphene sheets, which
are rolled up to cylinders with an approximate diameter of one nanometer and whose
ends are partly closed by fullerene like structures (see figure 1.12). With an extremely

high aspect ratio up to 1000, CNTs are thought of as one dimensional material.
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Fig. 1.13: Resistivity vs.  transmittance of
different spray coated MWCNT and SWCNT
films and ITO [80]

However, CNTs are heterogeneous materials, which show differences in structure and
opto-electronic properties (see figure 1.13) [78, 79, 80]. One of the main structural
difference for CNTs is the number of sp? carbon sheets, which form the single tube.
There are CNTs, which consist of only one rolled up graphene layer, called single walled
carbon nanotubes (SWCNTs), and CNTs with several graphene layers, which interact
via van der Waals forces, called multi walled carbon nanotubes (MWCNTs).
Furthermore, the hexagonal network of the sp? carbon sheets can be arranged in
different ways around the tube axis, which is described by the so called tube chirality
[78, 79| (see figure 1.12).

Depending on their chirality CNTs display either semiconducting or metallic
behavior.  Metallic CNTs show similar band structures as metals and very high

conductivities up to 105 S.em™!.

However, metallic CNTs show, in analogy to bulk
metals, high absorbance in the optical range, whereas semiconducting tubes are
transparent. Furthermore, the optical transitions vary with the tube diameter, as the
tube diameter is inversely proportional to the band gap of CNTs [81]. As in most
production processes there is no specific chirality, which is preferentially formed,
customary CNT samples contain semiconducting and metallic CNTs in the ratio 2:1.
However, only the use of CNTs, which are monodisperse in electronic type and diameter,
allows the fabrication of films with uniform electrical and optical properties, which are

essential for the successful application in opto-electronic devices. Consequently, much

effort is made to efficiently separate CNTs regarding to their electrical properties and
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their diameter |82, 83, 78, 81, 84, 85].

Another challenge working with CNTs is their limited dispersability, caused by strong
van der Waals forces between the tubes, which renders the fabrication of homogeneous
thin films difficult. Attempts to disperse CNTs by sonication showed, that upon
sonication the nanotubes tend to break into shorter pieces, which lowers the
conductivity of the obtained films [86]. Another approach is to disperse CNTs by
non-covalent functionalization of the CNT surface with surfactants, such as sodium
dodecylsulfonate, or polymers, such as poly(3-hexylthiophene) (P3HT) or sodium
carboxymethyl cellulose (CMC) [87, 86]. However, after film deposition these molecules

are often difficult to remove.

Despite the difficult processing, CNTs are of interest for the fabrication of
transparent electrodes, owing to their extremely high conductivity and a suitable work
function in the range of 4.8¢V to 5.1eV [88, 89|.

The fabrication of transparent electrodes from double walled CNTs (DWCNTs) via
solution processing was reported by Jeon et al. [90]. By optimization of the key factors
of the system, such as the DWCNT length, their dispersion and the concentration of the
dispersant CMC, films with a sheet resistance of 350€.sq~! at 94% transmittance
(FoM=17) and a surface roughness R, of 8 to 10nm were obtained. Electrodes made
from SWCNTs via solution processing with CMC and doped by post-treatment with
nitric acid, displayed a sheet resistance of 50Q.sq~! and 150Q.sq~' at 77% and 85%
average transmittance (400nm - 1800nm) and a FoM of 27 and 15, respectively. The
percolation threshold in these films was calculated to be extremely low with
0.011ug.cm~2. OPV devices based on a 60Q.sq~* SWCNT transparent electrode and a
P3HT:PCBM active layer displayed an efficiency of 3.1% [86].

Kaskela et al. [91] reported the fabrication of transparent SWCNT films by aerosol
chemical vapor deposition, in which SWCNT are formed upon the thermal
decomposition of ferrocene vapor in carbon monoxide atmosphere. After chemical

L at

doping with HNQOj3 the transparent electrodes showed a sheet resistance of 110§2.sq~
90% transmittance (FoM=32). Similar transparent electrodes fabricated by aerosol
chemical vapor deposition were successfully integrated in OPVs and perovskite solar

cells [90, 92|. However, the OPV devices showed only low efficiencies of 1.9% [90].



1. FUNDAMENTALS OF TRANSPARENT ELECTRODES 33

46.8nm

Height (nm)
-2888
w
=

o
N
»
(=
@

-28.2nm Distance (pm) Distance (um)

Fig. 1.1}: AFM images of a SWCNT film prepared by a)spray coating from SDS dispersion [89],
b)ultrasonic spray coating from CMC dispersion and treatment with HNOg [86] and c) vacuum
filtration and membrane transfer from CMC dispersion and treatment with HNOg [86]

The low efficiency of devices with pure CNT electrodes can be explained by the high
surface roughness and porosity of CNT electrodes (see figure 1.14), which causes bad
contact between the electrode and the active layer, as well as diffusion of the active layer
components such as P3HT:PCBM into the CNT film [89, 12|. A common approach to
address this problem is the embedding of CNTs films in conducting polymers, which will

be discussed in detail in section 1.2.3.

Furthermore, also carbon nanotube - graphene hybrid electrodes have been studied.
Tung et al. |93|, for instance, fabricated transparent hybrid films from CNTs and
chemically converted graphene by solution processing, which showed a resistance of
240Q.sq ' at 86% transmittance (FoM—10). Films made from SWCNT and CVD
deposited graphene displayed a similar sheet resistance of 300€2.sq~!, but a much higher
transmittance of 96%, resulting in a FoM of 30 [94]. Similar hybrid films made of
MWCNT and CVD graphene were studied by Kholmanov et al. [95], who showed that
the opto-electronic properties of the hybrid electrodes depended strongly on the process
protocol, such as on the order in which the graphene and CNT layers are deposited. The
integration of a SWCNT - graphene oxide hybrid system in an OPV device with
P3HT/PCBM active layer was reported by Tu et al. [96|. This OPV device, comprising
a SWCNT electrode and separate hole transporting interfacial layer of graphene oxide,
showed power conversion efficiency of 3.1%.

To summarize it can be stated, that, despite the extremely high conductivity of CNTs

and graphene, the opto-electronic properties of thin graphene and CNT films can not
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compete with those of metal or metal oxide based transparent electrodes, which can be
attributed to structural defects and high junction resistances. In addition, the solution
processing of graphene and CNT was proven to be difficult, owing to the poor
dispersability of the chemically inert carbon structure. Furthermore, the obtained
graphene and CNT films show a high surface roughness, which is detrimental for the

integration in devices.

Conducting polymers

Polymers are traditionally known as good insulating materials. Therefore,
(semi)conducting polymers have attracted a great deal of attention as new class of
materials and have been extensively studied since their discovery in the 1970s. The
conductivity in conducting polymers is based on a conjugated 7m-electron system, which
enables charge transport via delocalized electrons along the polymer backbone.
Therefore the electronic properties depend strongly on the chemical structure of the
polymer backbone. Even if the first polymer, in which conductivity was observed, is the
linear polacethylene, most conducting polymers are aromatic, such as polyaniline
(PANI), Polypyrrole (PPy), poly (para-phenylene) (PPP) and polythiophene (PT) and

their substituted derivatives.

The electronic structure of these m-conjugated polymers can be described by a band
structure, in which the energetically lower 7 band is completely filled, whereas the
energetically higher energy band 7* is empty. Therefore most conducting polymers are
actually semiconductors. Via doping of the polymer, for instance by oxidation,
electronic states are generated in the band gap. At low oxidation (doping) levels radical
cations, so called polarons, are formed on the polymer chain and represent localized
states in the band diagram. Upon further oxidation spin-less di-cations, called
bipolarons, are formed, which form, with increasing doping, bipolaronic bands in the
energy gap (see figure 1.15). This doping process does not only render the polymer
conducting, but also affects its optical properties, which become dominated by sub-band
gap transitions. For the doping of a semiconducting polymer several processes can be

used, including photochemical, interfacial or electrochemical reactions.  The big
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Fig. 1.15: Chemical structure of neutral, simple and
double ozidized oligothiophene and schematic of the
corresponding band diagram

advantages of conducting polymers compared to all other classes of conducting materials
are their chemical and mechanical stability, their flexibility, bio-compatibility, and the
possibility to process them on a large scale at ambient temperatures.
One of the most studied conducting polymers is PANI, which exist in several oxidation
and protonation states (see figure 1.16), of which the most stable and conducting form is
the emeraldine salt [97]. The conducting PANT is soluble in common organic solvents
and absorbs in the range of 300nm to 500nm, which gives it a greenish color. Thin PANI
films can be obtained by either chemical oxidation of aniline in acidic aqueous medium
or by electro-polymerization and typically show a conductivity in the range of 5S.cm !
to 20S.cm™! [97, 98, 99, 100]. Especially in the early stages of the research on
conducting polymers several attempts were made to fabricate PANI transparent
electrodes [13, 101, 102, 103]. Heeger and coworkers [101]| fabricated thin PANIT films
with 100Q.sq~! at 70% transmittance at 475nm to 675nm. A simple flexible OLED
devices (PANI/MEH-PPV/Ca) with similar PANI electrodes showed a quantum
efficiency of 1% and a turn on voltage of 1.8V [102]. The performance of the devices was
limited by the low transmittance of electrodes, which leads to a drastic loss on the
device efficiency [103]. In addition, the work function of PANI was reported to be 4.4eV
[101], which is very low compared to commonly used active layer materials and results
therefore in a high energy barrier and a high series resistance in the devices.

A more promising alternative to PANI for transparent electrodes is the substituted

thiophene poly(3,4-ethylenedioxythiophene)(PEDOT) (see figure 1.17), which is highly
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Fig. 1.17: Different ozidation states of poly(3,4-ethylenedioxythiophene) (PEDOT)

conducting and sky blue in the doped state. Doping of PEDOT is obtained by partial
oxidation of the thiophene units and it has been shown that the optimized doping is
reached for about 33% to 36% charged repeating units [104, 105, 97, 106, 107]. To
counter balance the positive charges on PEDOT, anionic counter ions are integrated in
the PEDOT structure. Depending on the nature and size of these counter ions, the

structure and doping of the obtained PEDOT system can be affected [108].

The work function of PEDOT materials is reported to be between 4.8eV and 5.2eV
[9, 109, 110, 111], which is close to the work function of ITO (4.8¢V) and allows the use
of PEDOT films as anode in organic electronic devices. A drawback for the application
is, that PEDOT is not soluble in any known solvent. Therefore three main methods
have been developed which allow the fabrication of conducting PEDO'T films.
One possibility is the electro-polymerization of PEDOT films onto a conducting
substrate. ~ This process allows a good control of the oxidation level and the

incorporation of different small or polymeric counter ions and results in transparent
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films with a conductivity from 50S.cm 1 to 700S.cm~!
[112, 113, 114, 115, 116, 117, 108|. However, electro-polymerization is not possible on
insulating substrates such as poly(ethylene terephtalate) (PET) and is not compatible
with large scale printing production of organic electronic devices.

An alternative process is the oxidative polymerization of EDOT, which has been
described in innumerable protocols, using different oxidants, counter ions, catalysts,
temperatures and synthesis times [118, 119, 120, 121, 122, 123, 124, 125, 126, 106, 105].
One possibility is the in-situ oxidative polymerization of EDOT in liquid phase, for
which the PEDOT film is directly polymerized from a solution containing the EDOT
monomer and the oxidizing agents, such as FeClz, onto the substrate. By using a
solution of EDOT and FeClj in acetonitrile, Hohnholz et al. [127] obtained PEDOT:CI
films with a sheet resistance of 945€.sq~!. However, it was shown that the conductivity
can be significantly increased by choosing Fe(III)p-toluenesulfonate (Fe(Tos)s) as
oxidant, a low molecular weight alcohol, such as butanol, as solvent and by the addition
of a weak base, such as imidazole or pyridine, which slows down the reaction kinetics
[128, 126, 129, 130, 131]. From a solution of EDOT, Fe(Tos)3 and imidazole in methanol
Ha et al. |126] fabricated thin PEDOT:Tos films with a sheet resistance of 150.sq"! at
a transmittance higher than 80% (FoM=11) and a conductivity of 900S.cm~!. More
recently Bubnova et al. reported an even higher conductivity of semi-crystalline
PEDOT:Tos films of 1500S.cm ™! [130].

The same reaction, which is used for the liquid in-situ polymerization of EDOT, can
also be performed in the vapor phase. For this process a substrate coated with a
mixture of the oxidant, e.g. Fe(Tos)s, and a base, such as pyridine, is exposed to EDOT
vapors under ambient conditions or in vacuum [132|, which results in the slow formation
of a PEDOT:anion film on the substrate. In this way PEDOT:Tos films with extremely
high conductivities of up to 3400S.cm~! can be obtained, which show opto-electronic
properties (Rg—45Q.sq 1 at T>80%, FoM—35) that would allow the replacement of ITO
films [133]|. The integration of less conducting vapor polymerized PEDOT:Tos films, for
instance with Rg=215Q.sq! at T>84%, in OPV devices resulted in comparable device
performance as the benchmark devices [134, 135|. An analogous route was presented by
Gleason and co-workers [105], who obtained 100nm thick PEDOT films with a

1

conductivity of 105S.cm~! at 84% transmittance by exposing a substrate coated with
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EDOT monomer to oxidants and pyridine vapors. However, the synthesis of PEDOT
from vapor phase is time consuming and not straight forward to set up.

For the sake of simple processing, aqueous PEDOT dispersions have been developed,
which make it possible to fabricate PEDOT thin films by various coating techniques,
such as spin coating, roll-to-roll coating or printing. In order to stabilize the insoluble
PEDOT in aqueous medium, the EDOT is polymerized in the presence of an anionic
polyelectrolyte, which acts in the same time as counter ion, template and stabilizer for
the doped PEDOT. The polyanion commonly wused for this purpose is
poly(styrenesulfonic)acid (PSS), which is the polymeric homolog of p-toluene sulfonic
acid and which is transparent in the visible range. The resulting PEDOT:PSS dispersion
shows excellent film-forming properties, flexibility, good thermal stability and a high
transparency in the visible range. Upon drying of the PEDOT:PSS films PEDOT rich
domains are formed, which are embedded in a PSS rich phase [136]|. This insulating PSS
phase represents an energy barrier for the charge transport in the film, so that
PEDOT:PSS shows a much lower conductivity than PEDOT:Tos of only about
0.1S.cm™! to 10S.em™! [122, 137, 138]. As this conductivity is far too low for an efficient
application of PEDOT:PSS as transparent electrode in opto-electronic devices, a huge
effort has been made to improve the conductivity of PEDOT:PSS by formulation and
post-treatments.

It is well established that the conductivity of PEDOT:PSS can be enhanced for more
than three orders of magnitude via formulation or post-treatment with high boiling
point solvents, such as ethylene glycol (EG), diethylene glycol (DEG), dimethylsulfoxide
(DMSO), N,N-dimethylformamide (DMF) or sorbitol
[139, 140, 141, 142, 143, 144, 137, 130, 145, 111, 146, 139, 147]. PEDOT:PSS films,
fabricated with different co-solvents showing conductivities of 300S.cm ! to 600S.cm™?
(e.g.  80Q.sq~! at 74% transmittance, FoM=15), were successfully integrated as
transparent electrode in flexible OPV devices [148, 149, 150|. The devices showed an
efficiency of about 3%, which was comparable to the efficiency of the ITO reference
devices [148, 149, 150] and the efficiency of was stable over 300 bending cycles |148].
Ouyang et al. [139] reported the integration of EG treated PEDOT:PSS electrodes
(0=160S.cm™!) in OLEDs, which displayed an power efficiency of 1.5% and similar

characteristics as the I'TO reference device.
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The underlying mechanism, which leads to the increase in conductivity, has been widely
discussed, but is yet not fully understood. However, it was shown that the oxidation
state of PEDOT was not affected and that the change in conductivity is related to
morphological changes on the nanometric and micrometric scale. On the one hand, the
presence of a high boiling point solvent induces a phase segregation of the PEDOT rich
and the PSS rich phase, which leads to the growth of the PEDOT rich domains
[146, 151], better percolation [146, 145, 143, 130, 137, 108] and the reduction of the PSS
rich surface layer [137, 152, 143, 147|. In addition, the co-solvents can act as plasticizer,
which incites the re-arrangement and better packing of the PEDOT chains
[153, 111, 141, 152, 154, 155, 156].

Furthermore, it was reported that the treatment of PEDOT:PSS with certain salts,
zwitterions and ionic liquids can induce a similar increase in the film conductivity
[157, 158, 159, 160, 161, 162, 163|. This was explained by the charge screening effect of
the ions, which weakens the PEDOT - PSS interactions and allow a re-arrangement of
the polymer chains [158, 159, 160]. By using a treatment with methylammonium iodide
in DMF Ouyang and co-workers [162] obtained PEDOT:PSS films with a conductivity
of up to 2200S.cm~!. The integration of such films into OPV devices revealed, that
similar characteristics and performance can be obtained with highly conducting
PEDOT:PSS electrodes as for ITO electrodes. Very similar results were presented by
Badre et al. [163], who obtained PEDOT:PSS films with a sheet resistance of 31.sq™!
at T>96% (0=2084S.cm~!, FoM=295), upon formulation of PEDOT:PSS with the ionic
liquid 1-ethyl-3-methylimidazolium tetracyanoborate. However, potential residual ions
which remain in the films will move through the film under the application of an electric
field, which could influence the device performance.

Another approach to enhance the conductivity of PEDOT:PSS is the post coating
treatment of PEDOT:PSS films with strong acids [157, 164, 165, 166]. Upon repeated
rinsing with sulfuric acid PEDOT:PSS films with conductivities of higher than
3000S.cm~! were obtained, which displayed metallic conduction behavior at room
temperature [157]. OPV devices fabricated with HoSO, treated PEDOT:PSS electrodes
of 109nm thickness with Rg=39Q.sq"! and T>80%, displayed comparable
characteristics and efficiencies as ITO reference devices[157]. However, the treatment

with strong acids is not adapted to large scale processing, owing to the corrosivity of the
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acids, which can damage other material involved in the process and raises safety issues

during processing.

In conclusion, transparent conducting films based on PEDOT show very good

! and very high

opto-electronic properties with conductivities of up to 3000S.cm ™
transparency, which are comparable to the characteristics of metal based transparent
electrodes. In addition, the aqueous dispersion PEDOT:PSS allows the solution
processing of conducting, thin, smooth and flexible films, which display comparable
performance in devices as I'TO reference electrodes. However, the use of PEDOT:PSS in

devices was shown to accelerate device degradation, due to its hygroscopic and corrosive

nature [167, 168, 169].

1.2.3 Composite Materials

A promising approach for high performance transparent electrodes are composite
materials of carbon nanotubes or metal nano-structures and conducting polymers, as
they combine the high conductivity of the nano-structures and the high transparency,
flexibility and smooth surface of polymer films.

The fabrication process of metal nanowire - polymer composites commonly includes
several steps. One possible fabrication method is the deposition of the metal nanowire
film in the first step and the subsequent over-coating of the metal network with the
transparent polymer [170, 171, 172|. Another possibility is the separate preparation of
the two films, which are then laminated onto each other [173, 174, 175, 176]. As metal
nanowire films show a very high conductivity, any transparent and flexible polymer can
be used in the composite film in order to assure the mechanical stability of the electrode.
Therefore several combinations of silver nanowire films with different polymers, such as
polyimides [170]|, polymethacrylate [171], polyvinylacetate (PVA) [172] and polyurethane
urea (PUU) - polydimethylsiloxane (PDMS) [32] have been studied. With these systems,
typical sheet resistances of 82.sq™! to 10Q.sq~! at 80% transmittance (FoM 160 to 200)
have been achieved [171, 176, 170]. By varying the density of the nanowire network it is
possible to play on the transparency and conductivity of the films [176] (see figure 1.18).

In order to reduce the cost of the integrated nanowires, the use of the more abundant
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Cu is of interest. Promising results for the replacement of Ag by Cu nanowires were
presented by Song et al. [174], who reported PDMS - Cu nanowire based composite
electrodes with a sheet resistances of 62Q.sq and 80% transmittance (FoM=26), which
were integrated in highly flexible and stretchable OLED devices (35lm.W ~!, 57Cd.a™?,
10mA.m~2). For all metal nanowire composites, in which insulating polymers are used
as matrix material, it is crucial, that the metal structure is exposed to the surface of the
electrode, in order to ensure good electric contact with the active layer in devices. This
can either be assured by choosing an appropriate fabrication process or by the
post-treatment of the film by plasma etching, which removes polymer on the film surface
[170]. Therefore, the use of insulating polymers as support for metal nanowires films
enhances the mechanical stability of the films, but does not drastically decrease the
surface roughness. However, by using a conducting polymer, such as PEDOT:PSS, as
matrix material, the metal nano-structure can be fully embedded in a smooth film. In
addition, PEDOT:PSS can provide electrical contact at the nanowires junctions, which
allows to omit the thermal annealing step that is commonly used to improve the
electrical contact between the single Ag wires [177|. McGehee and co-workers presented
PEDOT:PSS - Ag nanowire composite elcetrodes, which were obtained by lamination of
a Ag network on PEDOT:PSS films with different thicknesses [173] (see figure 1.19).

L at

These electrodes showed a very good opto-electronic performance with Rg—12 Q.sq~
86% transmittance (FoM=200) and good flexibility. By over-coating of a Ag nanowire
network with PEDOT:PSS, composite electrodes with Rg=14.sq~! - 25 Q.sq~! and
T> 80% were obtained [177, 178|, which were successfully integrated in an A4-size touch
screen panel [177] and OPV devices with an efficiency of 3.1% (ITO reference: 3.5%)
[178].  Similar results were obtained for hydrothermally synthesized Cu nanowires
embedded in PEDOT:PSS, which displayed a sheet resistance of 46Q.sq™! at 93%
transmittance, FoM=111 [179]. Apart from nanowire networks also metal nano-grids
were successfully combined with PEDOT:PSS films. Kang et al. [180], for instance,

L at 78% transmittance

fabricated a transparent composite electrode with Rg—22€).sq™
(FoM=65) by roll-to-roll processing of a nano-imprinted Cu mesh on a PEDOT:PSS

film, which showed comparable performance to I'TO electrodes in OPV devices.

It has to be taken into account, that transparent metal nanowire electrodes are

almost always coated with PEDOT:PSS upon integration into devices, as PEDOT:PSS
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is used as standard hole transport layer. In addition, it smoothens the surface of the
metal film, which reduces the leakage current [172|. Therefore almost all electrodes
presented in literature as metal nanowire electrodes can be actually seen as metal -

conducting polymer composite systems |57|.

Another extensively studied composite material are carbon nanotube (CNT) -
conducting polymer composites. In these systems the CNTs represent the highly
conducting component, whereas the polymer accounts for the processability,
transparency and flexibility of the material. The main resistance of the macroscopic
CNT films is caused by the junctions between the CNTs, which represent an energy
barrier to the charge transport. Therefore the electronic properties of such CNT -
polymer composites are strongly dependent on the concentration of the CNTs in the
polymer matrix, which can be explained by the percolation theory [78]. At low CNT
concentrations there are no continuous highly conducting paths through the film and the
conductivity is dominated by the electrical properties of the polymer matrix. At a
critical CNT concentration, called the percolation threshold, a continuous network of
the highly conducting CNTs is formed and therefore the electrical conductivity of the
composite jumps up. For higher CNT concentrations the conductivity saturates, as
multiple conducting paths have already been formed. By using nano-structures with
high aspect ratios the percolation threshold can be lowered, which is beneficial for the

fabrication of highly transparent films.

A straight forward approach to the fabrication of CNT-polymer composite films is
the mixing of the two components in dispersion, which allows the film fabrication in one
coating step. By using this approach flexible SWCNT-PEDOT:PSS electrodes with
typical sheet resistances of 80Q.sq~! to 130Q.sq~ ! at 75% transmittance (FoM—15) were
obtained [3, 181, 182|. De et al. [3] reported that the opto-electronic performance was
maximized for a SWCNT content of 60%, at which the composite film even
outperformed the pure SWCNT in terms of the FoM (see figure 1.20).
SWCNT-PEDOT:PSS electrodes fabricated by layer-by-layer coating of SWCNT and
pristine PEDOT:PSS displayed a very similar performance [89, 183|, which was strongly
dependent on the quality of the SWCNT dispersion [183]. Despite their higher sheet
resistance, the SWCNT-PEDOT:PSS composite electrodes outperformed the SWCNT
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electrodes in OPV devices, showing a power conversion efficiency of 1.5% and 0.5%,
respectively [89|, which was explained by a smoother electrode-active layer interface.
Flexible OLEDs comprising SWCNT-PEDOT:PSS electrode showed a higher luminance
than the ITO reference device for low driving voltages < 15V, which can be related to
the higher work function of PEDOT:PSS compared to ITO. At higher driving voltage
the composite device displayed lower luminance than the ITO device, owing to the
higher sheet resistance of the SWCNT-PEDOT:PSS electrode [182].

Jo et al. reported that the sheet resistance of a SWCNT film was significantly decreased
from 12509Q.5¢7! to 280€2.s¢~ ! upon vapor deposition of PEDOT:Tos on the SWCNT
network. The beneficial effect of PEDOT:Tos on the film conductivity was explained by
the formation of conducting PEDOT:Tos bridges between the SWCNTs. Via these
bridges, the charge transfer from CNT to PEDOT to CNT allowed effective percolation,

leading to a reduction of the sheet resistance [184] (see figure 1.21).

More recently Cho et al. presented a more complex composite system, composed of
MWCNT, gold and PEDOT:PSS, which showed a far better opto-electronic
performance than the approaches presented above, with a sheet resistance of 51Q.s¢*
at 86% transmittance, resulting in a FoM of 47. For the fabrication of these electrodes,
gold nano-particles (AuNP) were synthesized on MWCNT using a polyol process. The
AuNP covered MWCNT were subsequently dispersed in PEDOT:PSS containing
5%DMSO. After the film deposition by spin coating the films were treated with plasma
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Sample Conductivity;  Sheet resistance at 85%
o (S/em) transmittance; R, {£2/sq.)

SWCNT(1) only 800 1250

SWCNT(2) only 285 3500

SWCNT (1):PEDOT (1:0.8) hybrid 2900 350

SWCNT(2):PEDOT (1:0.8) hybrid 1200 700

Fig. 1.21: a)SEM image, b)TEM image and c)schematic structure of a SWCNT-PEDOT:Tos
composite film and d) SEM image, ¢) TEM image of pure SWCNT film and comparison of the
opto-electronic properties of both systems (bottom) [184]
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Fig. 1.22: a)TEM image of AuNP covered MWCNT, b)SEM image of a AuNP - MWCNT film
after plasma treatment and c) IV characteristics and schematic structure of OPV devices with
MWCNT-Au-PEDOT:PSS or ITO electrode [185]

irradiation leading to the fusion of the AuNP, which formed conducting bridges between

the MWCNTs (see figure 1.22).

Apart from PEDOT:PSS, other conducting polymers have been investigated as
matrix material for CNT composite electrodes.  Both, Polyaniline (PANI) and
polypyrrole (PPy), for instance, are cheap, flexible and show a high conductivity and are
therefore interesting candidates for the fabrication of CNT-polymer composite
electrodes.  Ferrer- Anglada et al. [186] fabricated transparent CNT-PANI and
CNT-PPy electrodes by electro-polymerization of PANI or PPy on CNT films. Upon
the deposition of the conducting polymer layer on the CNT network, the conductivity of
the films increased from 3-20S.cm~! to up to 60S.cm~! for film transmittance between

75% and 90%. Taking into account that the conductivity of the pure polymers is much
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Fig. 1.23: AFM images of a)a pristine CNT film, b) a CNT-P3HT film with PSHT:CNT=15:1
and c¢)the transmittance of CNT-P3HT films in the visible range [187]

poorer than the conductivity of the pure nanotubes, the increasing conductivity of the
composite was attributed to a decreasing contact resistance between the nanotubes.

The conjugated polymer poly(3-hexylthiophene-2,5-diyl)(P3HT), well known as active
layer component in organic solar cells, was found to disperse CNTs in chlorinated
solvents. This allows the solution processing of thin, transparent conducting CNT-P3HT
composite films, as it was shown by Hellstrom et al [187| (see figure 1.23). After a post
treatment with SOCIly, which dopes the CNTs and removes excess polymer, the
composite films displayed a sheet resistance of 170Q.sq~! at 81% transmittance
(FOM—10) and of 80 Q.sq~! at 72% transmittance (FoM—13) for P3HT to CNT ratios

of 15:1 and 5:1, respectively.

1.2.4 Summary and Conclusion

The above presented materials show promising characteristics for the application as
transparent conducting electrode in organic devices. Nevertheless, a breakthrough
material has not been found yet. Metal oxides display excellent opto-electronic
properties, but their brittleness makes them unsuitable for the integration in flexible
devices. Furthermore, the need for low cost solutions and simple processing with high
quality is another limiting factor for the broad base application of metal oxides. Metallic
nano-structures, such as metal grids or metal nano-wires, allow the fabrication of thin
and flexible films with an extremely low sheet resistance and good transparency.
However, their high surface roughness and mechanical fragility renders the application
difficult. Similar problems are encountered for carbon nanotube and graphene films. In

addition, their opto-electronic are poorer, despite the extremely high conductivity of the
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single carbon mnano-structures, caused high junction resistances between the
nano-structures. The big advantage of conducting polymer electrodes, mainly based on
PEDOT, are their solution processability, extremely high flexibility and smooth surface
roughness. For a long time their application was limited due to their insufficient
opto-electronic properties. Recent developments, however, allow the fabrication of
transparent polymer electrodes which can compete with CNT and metal nanowire
electrodes in terms of the figure of merit. By combining metallic nano-structures with
conducting polymers in hybrid films, the outstanding conductivity of the metal
structure and the high transparency and mechanical stability of polymer result in thin
films with excellent opto-electronic performance.

Inspired by the promising results for the conducting polymer PEDOT:PSS and by the
simplicity of its processing, this work focuses on the development of aqueous conducting
PEDOT:polyelectrolyte dispersions. A fundamental study of different the obtained
PEDOT:polyelectrolyte dispersions and films allowed to gain a deeper understanding of

these complex systems and to develop a pomising alternative material to PEDOT:PSS.
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2 Comprehensive Study of poly (3,4-
ethylenedioxythiophene):poly(4-
styrenetrifluoromethyl(bissulfonylimide)

(PEDOT:PSTFSI)

In this chapter it was shown, that the polymer complex PEDOT:PSTFSI displays good
opto-electronic properties and that is therefore a promising candidate for the application as transparent
electrode in organic electronic devices. In order to improve the understanding of the complex system,
the polyelectrolyte PSTFSIK and its behavior in aqueous solution as well as the complex formation
upon synthesis of PEDOT in the presence of PSTFSI was studied. A particular attention was paid to
the acid base behavior of PSTFSI and the pH of the synthesis medium, which were found to greatly
influence the opto-electronic properties of the final PEDOT:PSTFSI complex. Furthermore, the impact
of different synthesis parameters, such as the synthesis temperature and time, as well as the choice of

oxidants, on the opto-electronic properties of PEDOT:PSTFSI were investigated.

De bonnes caractéristiques optoélectroniques ont été obtenues pour des films minces a base de
dispersions aqueuses de PEDOT:PSTFSI en faisant ainsi un candidat de choiz pour des applications
électrode transparente dans des dispositifs électroniques. Afin de mieux comprendre ce systéme complexe
de PEDOT:PSTFSI, les caractéristiques du polyélectrolyte PSTFSI en solution et la formation du
complexe PEDOT:PSTFSI ont été étudiées. Une attention particuliére a été accordée au comportement
acido-basique du PSTFSI et au pH du milieu de synthése, qui influencent de maniére prépondérante les
propriétés opto-électroniques du PEDOT:PSTFSI. Enfin, l'impact de différents parameétres de synthése,
tels que la température, la durée de la synthése et les oxydants, sur les propriétés opto-électroniques ont

été examinés.
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2.1 Introduction

The decisive advantages of conducting polymers are, that they combine electronic
conductivity of inorganic materials with the flexibility, chemical stability, low density
and solution processability of polymers, which allows the fabrication of flexible, light
weight devices. For transparent and flexible electrode applications the current bench
mark material is the conducting polymer complex poly(3,4-ethylenedioxythiophene):
poly(4-styrene sulfonate) (PEDOT:PSS), which is commercially available in the form of
an aqueous dispersion. It is composed of the positively charged, conducting, but
insoluble PEDOT, and of the insulating and water soluble polyanion PSS, which acts as
counter ion for PEDOT and allows the dispersion of PEDOT in aqueous medium.
Owing to its good opto-electronic properties, but also due to a lack of alternatives,
PEDOT:PSS is used for various applications, such as OPVs, OLEDs, anti-static
coatings, electrochromic devices or bio-medical sensors. Given the huge variety of
potential applications it is desirable to design aqueous PEDOT:polyelectrolyte systems
which meet better the specific requirements of each application.

In this work we present a new approach to stabilize PEDOT in aqueous dispersions by
replacing the polystyrenesulfonic acid by the anionic polymer
poly (4-styrenetrifluoromehtyl(bissulfonylimide)) (PSTFSI), which is known for its
application as polyelectrolyte in Lithium batteries. It was shown, that the
PEDOT:PSTFSI complex displays very promising opto-electronic properties, with a
conductivity comparable to the one of synthesized PEDOT:PSS and a much higher
transparency. The comprehensive study of the EPDOT:PSTFSI system and of different
parameters such as composition, monomer dispersion, pH and temperature on the
physical chemical properties of PEDOT:PSTFSI, allowed to gain a deeper
understanding of the complex system. The acquired knowledge helped us to improve
opto-electronic properties of PEDOT:PSTFSI and can also be of use for the

development of new PEDOT:polyelectrolyte systems.
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2.2 The Polyelectrolyte Poly (4-styrenetrifluoromethyl
(bissulfonylimide)) Potassium Salt (PSTFSIK)

Poly(4-styrenetrifluoromehtyl(bissulfonylimide)) potassium salt (PSTFSIK) is an
anionic polyelectrolyte, which consists of a styrenic backbone, to which a trifluoromethyl
bissulfonyl imide group is attached and a potassium cation as counter ion (see figure
2.1). Due to the structural similarity of the functional group to bis(trifluoromethane)
sulfonylimide lithium salt (see figure 2.1), which is known as super acid, it can be
expected to be stable in the anionic form. The PSTFSI lithium salt (PSTFSILi) is well
known for its application as solid electrolyte in lithium batteries and therefore
PSTFSILi has been well characterized in literature regarding its ion conducting
properties in solid state [1, 2, 3]. However, in the function as counter ion and template
for conducting PEDOT, PSTFSIK is used in aqueous solution. Therefore its solubility,
its conformation in aqueous solution and the distribution of negative charges along the
polymer chain are crucial for the interaction with PEDOT and the properties of the
final PEDOT:PSTFSI complex. The following study of PSTFSIK in aqueous medium
was performed to give a fundamental insight in the intrinsic properties of the

polyelectrolyte, before passing to the more complex system PEDOT:PSTFSI.
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Fig. 2.1: Chemical structures of PSTFSI-K* and LiTFSI

The PSTEFSIK polymer used in this work was synthesized by reversible
addition-fragmentation chain-transfer (RAFT) polymerization. A detailed description of
the synthesis protocol can be found in the experimental part page 203.

Upon the use of PSTFSI as template for PEDOT in aqueous dispersion, PSTFSI is
subjected to a highly acidic environment, which is generated during the EDOT
polymerization. This is why the behavior of PSTFSI under highly acidic conditions is of

special interest for this work, as it could influence the complex formation with PEDOT
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Fig. 2.2: Titration curve of PSTFSIH

and affect the properties of the resulting PEDOT:PSTFSI.

Despite the structural similarity of the STFSI unit to the super acid triflic acid, an acid
base reaction of PSTFSIK was observed in acidic conditions. The resulting protonated
PSTFSIH showed a pH of 2.0 in solution (csrpsr= 0.025 mol.I7!) and the pK, of 2.3
was determined by titration (see figure 2.2). The potentially basic nature of PSTFSIK
can be explained by the acidity reducing effect of negative charges on neighboring

repeating units, which has been described for other polyanionic sytems |4, 5.

In order to investigate the charge distribution on PSTFSIK and PSTFSIH in more
detail, XPS measurements were performed (see figure 2.3). The Nls spectrum of the
PSTFSIK salt showed one main peak at 398.6eV, which can be attributed to a
negatively charged nitrogen atom in PSTFSI. For PSTFSIH the highest peak was
located at 400.2eV, which corresponds to a neutral, protonated nitrogen and signifies,
that PSTFSIH is partially protonated and partially in the potassium salt form. The
contributions at around 402eV correspond to very electron poor or positively charged
nitrogen species [6]. This was confirmed by a XPS Nls reference spectrum of a
polyvinylimidazolium:PSTFSI complex, which was formed by mixing of the two
polyelectrolytes in aqueous solution (see figure 2.3). In the spectrum of PSTFSIH this
peak could be explained by potential residues of triethylammonium which is used during
the PSTFSIK synthesis. However, elemental analysis did not confirm the presence of a

nitrogen containing impurity (see table 2.1).

The existence of a positively charged nitrogen in PSTFSI seemed unlikely owing to

its acidic nature and was also excluded by DFT simulations. Durrieu et al. [7] observed
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Cwt%) H(wt%) Nwt%) Swth) Fwth) K(wt%)

STEFSIK {1eo 30.5 2.0 4.0 18.1 16.1 11.0
STESIK exp 30.8 2.0 3.9 18.0 14.9 10.9
PSTFSIK cxp 29.8 21 3.8 16.8 14.2 9.7

Tab. 2.1: Theoretical and experimental composition determined by elemental
analysis of the STFSIK unit and the PSTFSIK polymer

a similar peak at high binding energies in the N1s spectrum of secondary amines due
to hydrogen bonding of the amine functionalities with neighboring groups. In analogy
to these findings we propose a model (see figure 2.4), in which the hydrogen atoms of
protonated STFSIH units interact via hydrogen bonding with neighbouring STFSI groups,
which leads to the appearance of an additional peak in the N1s spectrum.

Furthermore, the comparison of the spectra in figure 2.3 showed, that the interaction of
PSTFSI~ with different counter ions (K™, PEDOT™, polyvinylimidazolium) did not lead
to a clear shift in the XPS N1s peak at around 398.6eV.

The comparison of the XPS Ols spectra of PSTFSIK and PSTFSIH in figure 2.4

shows that the peak of PSTFSIH is broadened towards higher binding energies, which is
another indicator for hydrogen bonding to the oxygen atoms.
DFT simulations of STFSI trimers confirmed the presence of hydrogen bonds between
protonated nitrogen and neighbouring oxygen atoms, which leads to a stabilization of
the protons in the PSTFSI structure (see schematics in figure 2.4 and figure 2.5). The
energy gain owing to hydrogen bonding in the PSTFSI structure can explain the
relatively low acidity of PSTFSI compared to TFSI.

The partial protonation of PSTFSIH was further supported by the comparison of
experimental and simulated infra-red (IR) spectra of PSTFSIK/H. Both simulated and
experimental IR spectra clearly showed the signature peaks of the N-H bond at 750cm ~!
to 900cm™! (S-N-S assymetric mode) and at 1400cm ™' (bulk chain movement), which

qualitatively confirmed the presence of N-H bonds.

Interestingly, ion exchange reactions of different batches of PSTFSIK in 0.05M to 1M
hydrochloric acid all resulted in PSTFSIH with 31% to 41% remaining PSTFSI~ units,

which indicates that an equilibrium state was reached.
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Fig. 2.3: XPS Nls spectra and chemical structures of PSTFSIK, PSTFSIH and a
polyvinylimidazolium:PSTFSI complex
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Fig. 2.4: Structure of PSTFSIH with possible hydrogen bonds
between the protonated STFSI units and XPS Ols spectrum of
PSTFSIK and PSTFSIH

In order to gain more information on the dissociation behavior of PSTFSIK and
PSTFSIH in aqueous solution, the ionic conductivity of the solutions was measured as a
function of the PSTFSI concentration. Strong electrolytes, which are completely

dissociated in solution, obey the Kohlrausch’s law which is

A=Ay — KO (2.1)

with A being the molar conductivity, Ay the limiting molar conductivity, K being the
Kohlrausch coefficient and Cg being the solute concentration [8]. Therefore, the plot of
the molar conductivity versus the square root of the molar electrolyte concentration is

linear for strong electrolytes.

As it can be seen from figure 2.6, the molar ionic conductivity of the aqueous
PSTFSIK solution does not obey the Kohlrausch law, but shows the typical behavior of
a weak electrolyte, for which the molar conductivity increases exponentially for very
dilute solutions.  This is related to an increasing dissociation at low electrolyte
concentrations.

The limiting molar conductivity Ag can be calculated by

with 7; being the moles of ions i created from 1 mole dissolved electrolyte and \;

being the limiting molar conductivity of ion 1.
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as a function of the concentration of anionic functional units and molar ionic conductivity of

PSTFSIK solutions as a function of the molar mass of PSTFSIK for constant molar concentration
of STFSIK units

As expected, PSTFSIH shows a higher ion conductivity due to the higher limiting molar
conductivity of H* (N\(HT)— 350S.cm?mol™!, )\;(KT)= 74S.cm?mol™!) in aqueous
solution. Using the values obtained by fitting of the XPS Nls spectra (PSTFSIK 94%
N-K*, 6% N-H; PSTFSIH 36% N-K*, 64% N-H) the Ay (PSTFSIK) and A,
(PSTFSIH) have been estimated by

Ao(PSTFSIK) = 0.94 x 74S.cm*mol ™ +0.06 x 350S.cm®mol ™" = 91S.cm*mol~* (2.3)

Ao(PSTFSIH) = 0.36 x 74S.cm®mol ™' +0.64 x 3505.cm*mol ~* = 251S8.cm*mol " (2.4)

assuming that the contribution of PSTFSI™ to the ionic conductivity is low and can
be therefore neglected.
Using the method proposed by Hanibah et al. [8] for the determination of the limiting
molar conductivity from experimental data, we found Ay (PSTFSIK)= 51S.cm?mol ™!
and Ag(PSTFSIH)= 141S.cm?mol~! (plots and fitting see figure A.2 in appendix, page
216). Interestingly, both experimentally determined values of Ay are equivalent to 56%
of the theoretical value. Such deviations originate from the differences in dissociation
behavior between monomeric electrolytes and polyelectrolytes. In case of monomeric
polyelectrolytes the functional units can be regarded independently.

In contrast, the

dissociation behavior of polyelectrolytes is strongly influenced by the state of the
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neighbouring groups and screening effects [4, 9, 5].
For monomeric electrolyte solutions the degree of dissociation « can be estimated using

A
o = — . In the case of PSTFSIK this leads to an estimate dissociation of

aroun(jixog?;::ggagél% for PSTFSIK and PSTFSIH at 0.026mol.1 ™! (concentration used
for PEDOT:PSTFSI synthesis), respectively. The higher solubility of the acid PSTFSIH
might be related to an enhanced interaction with the solvent due to the formation of
hydrogen bonding.

For the sake of comparison the same measurements were performed in aqueous PSSNa
solutions, which revealed that PSSNa shows a less strong deviation from the
Kohlrausch’s law. The measured molar conductivity is approximately 55S.cm?mol~!. In
case of complete dissociation of the PSSNa salt and taking into account the
experimental error bar, this is in coherence with the value for the limiting molar
conductivity of Na™ cations of 50S.cm?mol .

From figure 2.6 it can be seen that the ionic conductivity of PSTFEFSIK solutions
decreases for higher molar masses. This can be explained by a lower solubility of
polymers with high molar mass, as well as by a further decrease in mobility of long
polymer chains in solution. The same trend was observed for PSSNa solutions (see
figure 2.6).

The limited solubility of PSTFEFSIK with molar masses higher than 200kDa were
confirmed by optical inspection of the solution, in which tiny fibrils were discernible by
eye. Imaging of these solutions by liquid AFM confirmed the presence of needle like
structures in the solutions (see figure 2.7). The regular shape indicates, that these
micrometer sized objects were not randomly formed agglomerates, but self assembled

structures.

DLS measurements on the PSTFSI solutions confirmed the presence of objects of
some nanometers and of objects of some hundreds of nanometers. Table 2.2 shows the
hydrodynamic radii of PSTFSIK and of PSTFSIH with My, ~350kDa in aqueous solution
(correlation function and fitting see figure 2.8). The decreasing particle size for PSTFSIH
can be either a sign for a better solubility of PSTFSIH or for the collapse of the PSTFSI

chains in acidic solution.

However, taking into account the polydispersity of the scatterers in PSTFSI

solutions, the accuracy of DLS measurements is limited, as the Stokes Einstein model,
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Fig. 2.7: Liquid AFM images of PSTFSIK 350kDa in aqueous solution at two different
magnifications

Polyelectrolyte Radius 1 (nm) Radius 2 (nm)

PSTFSIK 7+ 10 306+ 100
PSTFSIH 0.7£04 150+ 40

Tab. 2.2: Object size determined by DLS for
PSTFSIK and PSTFSIH =350kDa in aqueous

solution
1.0 —
o %R m PSTFSIK
© o PSTFSIH
08 I~ Model DLSg2 (User)

y = Al*exp(-x*t1) + A2*
Equation exp(-x't2) + y0

Reduced 1.51522E-4
Chi-Sqr
Adj. R-Square 0.99627
Value  Standard Erro

o
[}
T

Model DLSg2 (User) yo 0.1952 0.00777
y = Al*exp(-x*t1) + A2* Al 0.7145 0.0073
7| Equation exp(x’12) +y0 Correlation 11 0.48159 0.01259

0.02199 0.00336
114.281 54.20307

| | Reduced 2.52081E-5
Chi-Sqr

Correlation
o
N

Adj. R-Square 0.99749

0 . 2 Value Standard Erro
yo 0.29471 0.00765

L A1 0.03858 0.00244
Correlation t 9.17798 1.25204

0 0 || A2 0.39981 0.00639
N 0.24666 0.01008

1E-4 0.01 1 100 10000
Time (ms)

Fig. 2.8: DLS correlation funtion of aqueous PSTFSIK and
PSTFSIH solutions, Myy ~350kDa
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polyelectrolyte medium Radius 1 (nm) Radius 2 (nm)

PSTFSI 20kDa DI 61 93+ 19

0.1M HCI 5t 1 84+£16

0.06M KOH 11+2 63+12
PSTFSI 350kDa DI 9+ 0.5 450+ 200
0.1M HCI 6t 1 100£30

0.06M KOH 612 250£60

Tab. 2.3: Object size determined by DLS for PSTFSI 20kDa and
350kDa in DI water, 0.1M HCl and 0.05M KOH

which is used for analysis, was developed for monodisperse solutions of spherical
particles.

As the ionic strength and acidity of the solution change during the EDOT
polymerization, the conformational changes of PSTFSIK upon the addition of bases and
acids was investigated. From table 2.3 it can be seen that the measured radius of
PSTFSIK shrank due to the presence of ions in the solution. This is a typical behavior
for polyelectrolytes in solution and commonly explained by a collapse of the
polyelectrolyte chains due to shielding effects [10, 11]. Therefore it can be expected, that
the decrease of the pH during the EDOT polymerization influences the conformation of
the PSTFSIK template polymer.

In conclusion, we can state, that the ionic strength and the pH of the solutions
affects strongly the properties of the PSTFSI polyelectrolyte. As reported for other
polyelectrolytes, the PSTFSIK chains collapse in solutions with high ionic strength. In
highly acidic conditions the PSTFSIK salt reacts as a base and is transformed into a
partially protonated form, bearing 30% to 40% residual, negatively charged functional
groups. It was shown that the protonated form of PSTFSI is stabilized by hydrogen
bonding between the STFSIH functional groups, which explains the rather high pK, of
2.3 and the smaller hydrodynamic radius of PSTFSIH. As the ionic strength of the
PSTFSI synthesis medium changes during the EDOT polymerization, the effect on the

charge distribution on PSTFSI and on its conformation has to be taken into account.

2.3 Study of the PEDOT:PSTFSI Complex Formation

The common method to synthesize aqueous PEDOT:polyelectrolyte dispersions, such as
PEDOT:PSS, is the oxidative polymerization of EDOT in aqueous polyelectrolyte
solution at 20°C to 60°C, using FeCls, Fe(Tos)s, different persulfate salts or a
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Fig. 2.9: Schematic of the ozidative dispersion polymerization of EDOT in aqueous PSTFSIK
solution

combination of them as oxidants [12, 13, 14|. During the polymerization reaction the
EDOT monomer is polymerized to neutral PEDOT, which is then further oxidized into
the positively charged, so called "doped" conducting form of PEDOT [15, 16]. In order
to stabilize the positive charges, the doped PEDOT forms a complex with negatively
charged counter ions. This is where the solubilized anionic polyelectrolyte comes into
play. It acts as counter ion and template for the positively charged PEDOT
oligomers/polymers and allows the formation of stable, water dispersable
PEDOT:polyelectrolyte complexes (see scheme in figure 2.9) [17, 18, 15|. As the EDOT
polymerization, the doping of PEDOT and the complex formation with PSTFSI occur
in the same time, the polymerization conditions strongly affect the doping and the
morphology and consequently the conductivity of the obtained PEDOT:polyelectrolyte
complex.  Therefore, the influence of different synthesis parameters, such as the
temperature, the ratio of the reactants and the dispersion of EDOT on the properties of
PEDOT:PSTFSI was investigated. The objective of this fundamental study was to gain
a better insight in the complexing mechanism of PEDOT:PSTFSI and to define an

optimized synthesis protocol.

The above presented model of the PEDOT:polyelectrolyte complex was confirmed
for PEDOT:PSTFSI by liquid AFM imaging (see figure 2.10), which displayed a three
dimensional network of coiled chains with thick nodal points, which can be interpreted as

PEDOT rich domains in a network of PSTFSI chains. A more detailed discussion of the
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Fig. 2.10: PEDOT:PSTFSI imaged in dispersion by liquid AFM and as dry monolayer by TEM

structure of the PEDOT:PSTFSI complex in dispersion and a comparison to PEDOT:PSS
is given in chapter 6, page 179.

The strength of the interactions between PEDOT and PSTFSI in the PEDOT:PSTFSI
complex were qualitatively tested using capillary electrophoresis. Figure 2.11 displays the
obtained chromatograms, which were recorded at different detection wavelengths, in order
to selectively detect either PSTFSI (230nm) or PEDOT (550nm). It can be seen, that the
main PSTFSI and PEDOT contributions were detected at the same time, which proves
that the complex was not separated in the electric field of the capillary and which is a
sign of strong interactions between PEDOT and PSTFSI. The second peak, which was
detected at 230nm at higher retention times, can be attributed to an excess of negatively
charged PSTFSI. This is coherent to the results presented by Diah et al. |19, 20|, who

found that excess PSS can be separated from the PEDOT:PSS complex by electrophoresis.

The presence of excess polyelectrolyte in the dispersion suggests, that the
concentration of conducting PEDOT in the complex could be increased, with the
objective to obtain higher conductivities. In order to optimize the ink composition,
PEDOT:PSTFSI with different ratios of EDOT to PSTFSI were synthesized and
characterized regarding their complex morphology, opto-electronic properties, doping

and rheology.

Figure 2.12 shows the absorption coefficient, conductivity and FoM as a function of
the ratio of EDOT to STFSI unit. A schematic illustration of PEDOT:PSTFSI complexes
with different EDOT to STFSI ratios is given in figure 2.13.



2. COMPREHENSIVE STUDY OF PEDOT:PSTFSI

71

detector @ 230nm

10-%

—— PEDOT:PSTFSI
—— PSTFSI

Signal (mV)

o
o
[0}
Q
St
©)
(6]
(€]
o
=)
3

TP & M aula A AR S s o A

10 12 14

Retention Time (min)

Fig. 2.11: Chromatogram

of PEDOT:PSTFSI for the detection

wavelengths 230nm (top) and 550nm

(S.cm™)
N
o
T

fficient Conductivity

(10° em™)

Absorption Coe

FoM

o N w A o W RO
—— : .

4 0.5

0.6 0.7 0.8 0.9

molar ratio EDOT/STFSI

Fig. 2.12: Conductivity, absorption coefficient and FoM of
PEDOT:PSTFSI with different molar EDOT to STFSI ratios,
synthesis at 10°C 55rpm under Ng, My, (PSTFSIK)~250kDa
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Fig. 2.13: Schematic illustration of the molar EDOT to STFSI ratio and of the
percolation of PEDOT rich domains in PEDOT:PSTFSI films for different EDOT to
STFSI ratios

The absorption coefficient, measured at 550nm, increased almost linearly with an
increasing ratio of EDOT unit to STFSI repeating unit. This indicates that the
conversion of EDOT was not significantly affected by changes in the composition of the
reactants. Therefore we can state, that an increasing EDOT to STFSI ratio in the
synthesis brings about a higher PEDOT concentration in the final PEDOT:PSTFSI
complex.

Regarding the evolution of the conductivity, two regimes can be distinguished. Up to a
certain concentration of EDOT a gain in conductivity was observed, whereas for a
further increase of the EDOT concentration the conductivity declined.

The FoM was found to be maximized at a EDOT/STFSI ratio of 0.6, at which the
complex shows the highest conductivity and a relatively low absorption.

To elucidate the underlying mechanism of the complex formation, which leads to such
differences in conductivity as a function of composition, the doping as well as the
morphology of the different PEDOT:PSTFSI complexes were studied.

To characterize the doping of the PEDOT:PSTFSI complexes, UV /Vis spectroscopy was

performed. The comparison of the obtained absorption spectra (see figure 2.14)
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Fig. 2.1}: UV/Vis absoprtion spectra of PEDOT:PSTFSI

as a function of the molar EDOT to STFSI ratio, synthesis
at 10°C 55rpm under Ng, My (PSTFSIK)~250kDa

revealed, that the shape of the absorption spectra was unaffected for low EDOT
concentrations, whereas for EDOT to STFSI ratios higher than 0.9, the absorption
spectra were strongly flattened in the bipolaronic absorption regime (A >1100nm). This
indicates, that the doping level was constant for low EDOT concentrations and that the
initial gain in conductivity with increasing EDOT concentrations can be attributed to a
better percolation of the PEDOT rich domains, as illustrated in figure 2.13. For a
further increase of the EDOT concentration the doping level decreased, which explains
the drop of the conductivity.

However, the difference in doping could not be observed by Raman spectroscopy (see
figure A.3, appendix page 217), which indicates, that Raman spectroscopy is less
sensitive to changes in the doping level of PEDOT:polyelectrolyte complexes than
UV /Vis spectroscopy.

In order to get an insight in the charge distribution on PSTFSI in PEDOT:PSTFSI,
PEDOT:PSTFSI with different EDOT to STFSI ratios were studied by XPS (see figure
2.15). In the XPS S2p spectrum two main peak areas can be distinguished. The doublet at
lower binding energies (163eV to 166eV) can be attributed to the sulfur atom in PEDOT,

whereas the broad peak at higher binding energies originates from the overlap of several
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Fig. 2.15: XPS S2p (left) and Nls (right) spectra
STFSI ratios, measured on film

Binding Energy (eV)

of PEDOT:STFSI with different EDOT to

(gi?FQSz})theo (SEY?FOSJ})3$PSZP (SgTFFS;; )exles
0.48 0.30 0.36
0.60 0.33 0.36
0.72 0.38 0.40
0.90 0.52 0.40
Tab. 2.4: Theoretical —and  experimental

composition (determined from XPS S2p spectra)
and percentage of negatively charged STFSI units
in PSTFSI (determined from XPS Nls spectra) of
PEDOT:PSTFSI with varying EDOT to STFSI

ratios

doublets of the sulfur atoms in the sulfonate environment of PSTFSI [21, 22, 23, 24,

25, 26, 27, 28|. By peak fitting and integration of these peaks the increasing PEDOT

content in the complex with increasing EDOT to STFSI ratio was confirmed. However,

the experimental EDOT to STFSI ratios obtained from integration of the XPS peaks

were much lower than the theoretical EDOT to STFSI ratios (see table 2.4). This can be

explained by the segregation of excess polyelectrolyte to the film surface, which has been

described for PEDOT:PSS |29, 18|.

A comparison of the N1s spectra of PSTFSIH and PEDOT:PSTFSI revealed, that

for low PEDOT concentrations the PSTFSI in the PEDOT:PSTFSI complex is found in

the same charge configuration as the pure PSTFSI polyelectrolyte in its acid form,
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Fig. 2.16:  Schematic illustration of the influence of the PEDOT concentration in
PEDOT:PSTFSI on the charge distribution on the polymeric PSTFSI counter ion

bearing 36% to 40% negatively charged STFSI units. As it was shown in section 2.2, a
mixed charged state with about 35% of negative STFSI units is energetically favorable
for the system, due to the minimization of electrostatic repulsion and the formation of
hydrogen bonding between the functional units. Therefore PSTFSI undergoes an acid
base reaction under the acidic conditions of the EDOT polymerization and the partially
charged form of PSTFSI is formed.

From figure 2.15 it can be seen, that for higher PEDOT concentrations the percentage
of protonated STFSI-H units (peak at 400.2eV) decreased with respect to the negatively
charged functionality (peak at 398.5eV). This is a sign for the decrease of excess PSTFSI
(namely STFSI-H) and a higher percentage of mnegatively charged PSTFSI units
interacting with PEDOT (STFSI~-PEDOT™) (see schematic in figure 2.16). However,
the change in the charge distribution of PSTFSI was much less pronounced than the
change in the composition of the PEDOT:PSTFSI complex. This suggests that the
number of negatively charged STFSI units per EDOT unit decreased for higher PEDOT
concentrations.

In order to exclude, that this observation was based on a surface effect, provoked by
the segregation of excess PSTFSI to the film surface, XPS measurements were
performed on PEDOT:PSTFSI powder. The analysis of different probing spots on the
same PEDOT:PSTFSI sample confirmed the heterogeneity of the PEDOT:PSTFSI
system (see figure 2.17 and scheme in figure 2.18). Therefore, the measured composition
of PEDOT:PSTFSI differed strongly from measuring point to measuring point and the
average composition over three probing spots did not reflect the overall composition.
However, by correlating the S2p and Nls spectra of different probing spots, it was
confirmed, that at the given pH the excess PSTFSI adopts a charge configuration with
about 37% negatively charged STFSI units (see figure 2.17 and figure 2.18, "point1").
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Fig. 2.17: XPS S2p and N1s spectra of PEDOT:STFSI, synthesized with EDOT to STFSI ratio
0.9 at 625rpm, measured on powder

Although the percentage of negative charges on PSTFSI increased with higher PEDOT
concentrations (see figure 2.17 and figure 2.18, "point2" and "point3"), peak fitting of
the N1s spectra revealed, that from a certain PEDOT concentration on the percentage
of the negatively charged STFSI units stayed constant at 48% to 49%. This observation
suggests, that the presence of doped PEDOT promotes, the stabilization of negative
charges on PSTFSI. This is in perfect coherence with the results presented by Stoll and
co-workers |30, 31, 32|, who reported, that the percentage of the charged polyelectrolyte
units increases upon the presence of oppositely charged macro-ions or nano-particles.
We can conclude, that in the PEDOT:PSTFSI complex PSTFSI bears negatively
charged functional groups, which act as counter ion for the doped PEDOT, while the
excess PSTFSI is protonated. With increasing PEDOT concentration the percentage of
negatively charged STFSI groups increased until a maximum of negative charges was
reached for about 50% STFSI~ and 50% STFSIH units.

Therefore it can be assumed, that the degree of ionization of PSTFSI at the given pH
and counter ion concentration is an inherent characteristic of the PEDOT:PSTFSI

system.

Using the percentage of negatively charged groups on PSTFSI and the theoretical
EDOT to STFSI ratio, the approximate number of negatively charged STFSI units
(denoted by STFSI™) per EDOT repeat unit can be estimated by
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STFSI~ _ (STFSI~/STFSI)y,
EDOT = (EDOT/STFSIX)iheo

(2.5)

which results in % =041 < % < % = 0.53 for an EDOT to STFSI ratio of

0.9 and 01%317 =034 < % < % = 0.44 for an EDOT to STFSI ratio of 1.1, under
the assumption that 37% to 48% of the STFSI units are negatively charged (as obtained
from XPS fitting, see figure 2.17). Assuming that for an optimized doping of PEDOT
about 35% of the EDOT units are positively charged [28, 33, 34|, the STFSI~ to EDOT
ratio should be at least 0.35 in order to assure sufficient charge compensation. This
approximation shows, that for high PEDOT concentrations in PEDOT:PSTFSI (EDOT
to STFSI ratios >0.9) the estimated STFSI~ to EDOT ratio approaches the critical
theoretical value of 0.35. This indicates, that at these high PEDOT concentrations the
density of negative charges on PSTFSI is not sufficient for an efficient charge
compensation of the PEDOT.

Furthermore, it has been reported for colloidal systems of polyelectrolytes and
surfactants, that the amount of polyelectrolyte, which is necessary for the formation of
stable colloidal polyelectrolyte-surfactant complexes, is higher than the amount of
polyelectrolyte, which leads to the charge compensation of the surfactant micelles [31].
In analogy to these findings the decrease in doping of PEDOT:PSTFSI for EDOT/
STFSI >0.9 could be explained by the insufficient abundance of negative charges on
PSTFSI, caused by the protonation of PSTFSI in the highly acidic synthesis conditions
of PEDOT:PSTFSI with a pH<pK,(PSTFSI).

Therefore we can conclude, that the inherent properties of the PSTFSI polyelectrolyte,
such as its pK,, can affect the doping and the complexation of the PEDOT in
PEDOT:PSTFSI.
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Fig. 2.19: TEM images of PEDOT:PSTFSI with molar EDOT/STFSI ratio
of a)0.48, b)0.60, ¢)0.72 and d)0.90

In order to investigate, if the morphology of the PEDOT:PSTFSI complex was

affected by the changing EDOT to PSTFSI ratios, the dispersions where characterized
by microscopy, electrophoresis and rheology experiments.
TEM images of PEDOT:PSTFSI with an EDOT to STFSI ratio of 0.48 showed
aggregates of round particles with an approximate diameter of 70nm to 100nm (see
figure 2.19). For higher EDOT concentrations, the agglomerate size increased and for
EDOT/STFSI>0.72 no distinct particles could be observed. This is a sign for the
saturation of the PSTFSI template with PEDOT, which resulted in heterogeneous
agglomerates of PEDOT:PSTFSI.

As already mentioned, capillary electrophoresis allows to separate the
PEDOT:PSTFSI complex from the excess PSTFSI in the dispersion. The analysis of
PEDOT:PSTFSI dispersions with different compositions (see figure 2.20) confirmed,
that the amount of excess PSTFSI was reduced with increasing PEDOT content. By
peak integration it was found, that the relative peak area of the peak corresponding to
the PEDOT:PSTFSI complex (indicated as P1 in figure 2.20) correlated with the EDOT
to STFSI ratio (see table 2.5). However, this correlation did not hold for EDOT to
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Fig. 2.20: Electro chromatogram of PEDOT:PSTFSI dispersions
with molar EDOT to STFSI ratios of 0.48, 0.6, 0.72 and 0.9;
detection wavelength 230nm

: EDOT PeakAreaP1
Molar Ratio STFSI TotalPeakArea

0.48 0.48
0.60 0.65
0.72 0.72
0.90 0.77

Tab. 2.5: Molar EDOT to STFSI ratio and
percentage of the peak area corresponding to the
PEDOT:PSTFSI complex

STFSI ratios of 0.90, for which the detected amount of PEDOT:PSTFSI was lower than
the one expected. This supports, that for EDOT to STFSI ratios of 0.9 or higher the
PSTFSI complexing agent becomes saturated with PEDOT. However, even at high
EDOT concentrations a certain amount of excess PSTFSI was found in the dispersion,

indicating, that a perfectly efficient complexation between PEDOT and PSTFSI was not

reached.

The rheological characterization of the PEDOT:PSTFSI dispersions gave a further
insight in the structure of the PEDOT:PSTFSI complexes. The PEDOT:PSTFSI

dispersions displayed the typical behavior of shear thinning viscoelastic fluids, in which
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a higher loss modulus G” than storage modulus G’ and the absence of a plateau of G’ at
low frequencies signifies weak colloidal forces and a low degree of internal structure (see
figure 2.21). However, the presence of a low yield stress of 0.02Pa (see figure A.4,
appendix page 218), which corresponds to the critical stress to make the dispersion flow,
confirmed a certain degree of internal structure. With increasing EDOT concentration
the absolute value of the moduli and of the viscosity increased slightly (see figure 2.21
and figure A.4, appendix page 218) and at an EDOT to STFSI ratio of 0.9 a change in
the rheological properties was observed. At this concentration the dispersion showed a
more elastic behavior at low strain (<5%) (see figure 2.21), indicating higher colloidal
forces and a higher degree of internal structure at rest. However, this structure was

1

easily disrupted for shear strains >1.5% and frequencies >40rad.s~! and the absence of

a yield stress affirmed the low structural strength (see figure A.4, appendix page 218).

The increase of the viscosity and of the degree of internal structure with increasing
PEDOT concentration up to an EDOT to STFSI ratio of approximately 0.72 can be
explained by the assumption, that the doped PEDOT interacts with several PSTFSI
stabilizer chains and forms PEDOT rich domains, which represent nodal points in a
three dimensional PEDOT:PSTFSI network. Therefore, a higher concentration of
PEDOT corresponds to a higher degree of crosslinking in the network, resulting in
higher viscosity and a higher degree of solid-like behavior. At a critical PEDOT
concentration the soluble PSTFSI stabilizer becomes saturated with insoluble PEDOT,
which explains the development of rheological instabilities and the eventual precipitation
of the complexes from the dispersions.

This is in coherence with the decrease in doping of PEDOT observed in the
PEDOT:PSTFSI complexes with EDOT to STFSI ratios of 0.9 or higher. Therefore, the
colloidal stability and the doping of the PEDOT:PSTFSI system depend in equal
measure on the complex composition and are determined by the inherent stabilization

capacity of PSTFSI.

For the sake of comparison, a corresponding study was performed on synthesized
PEDOT:PSS. As is can be seen from figure 2.22 the absorption coefficient of

PEDOT:PSS increased proportionally to the EDOT concentration, in analogy to the
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Fig. 2.21: Storage and Loss Moduli of PEDOT:PSTFSI with EDOT to STFSI
ratios of 0.48, 0.6, 0.72 and 0.9 as a function of shear frequency at 2% strain
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behavior observed for PEDOT:PSTFSI. However, the absolute value of the absorption
coefficient of PEDOT:PSS was considerably higher than the one of PEDOT:PSTFSI at
the same ratio of EDOT to polyelectrolyte unit and the same synthesis conditions. An
increase in the absorption coefficient could either be explained by a higher conversion of
EDOT, or by a different scattering of the film, as light scattering effects were not taken
into account for the measurement of 7" and the calculation of the absorption coefficient
a.

Regarding the evolution of the conductivity with the complex composition, PEDOT:PSS
shows a comparable behavior as PEDOT:PSTFSI. For low EDOT concentrations the
conductivity increased with the EDO'T content, which can be attributed to a better
percolation of the conducting PEDOT rich domains in the PEDOT:polyelectrolyte films
with increasing PEDOT concentration. For molar ratios of EDOT to PSS units >1 a
decrease in the conductivity was observed, which is in analogy to the behavior of the
PEDOT:PSTFSI system. The highest FoM was reached for a molar EDOT/SS ratio of
about 0.5 to 0.6, which corresponds to a weight ratio of PSS/PEDOT between 2.3 and
2.6. This ratio is in perfect agreement with the EDOT/SS ratios, which are reported for
highly conducting PEDOT:PSS in literature [35, 25, 36, 37, 38, 39, 40].

In conclusion, it was shown, that the ratio of PEDOT to PSTFSI does significantly
influence the opto-electronic properties of the resulting PEDOT:PSTFSI complex. On
one hand, the PEDOT concentration has to be high enough to allow the formation of a
percolated conducting network in the PEDOT:PSTFSI film. On the other hand, at a too
high PEDOT concentration a saturation of PSTFSI with PEDOT is reached. This leads
to a decrease of the colloidal stability of the dispersion, a decrease of the doping level of
PEDOT and a drop of the conductivity. The stabilization capacity of the PSTFSI
polyelectrolyte was found to be influenced by its acid-base behavior and the charge
distribution on the STFSI units in the acidic medium during the EDOT polymerization.
The highest FoM for PEDOT:PSTFSI was found for a EDOT to STFSI ratio of 0.6.
The comparison to PEDOT:PSS revealed, that the evolution of the opto-electronic

properties as a function of the PEDOT concentration is very similar in both systems.
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Fig. 2.22: Conductivity, absorption coefficient and FOM
of PEDOT:PSS (Mw(PSS) =200kDa) and PEDOT:PSTFSI
(Myw (PSTFSIK) =~300kDa) as a function of the molar ratio
EDOT /polyelectrolyte repeating unit, synthesized at 10°C and
magnetic stirring at 625rpm

2.4 The Role of the pH During the PEDOT:PSTFSI

Synthesis

It has been reported in literature, that the reaction kinetics of the oxidative
polymerization of EDOT and the opto-electronic properties of the resulting PEDOT
complexes are susceptible to changes in the pH. For the in situ polymerization of
PEDOT, for example, bases such as pyridine or imidazole are widely used to slow down
the reaction kinetics, which leads to a drastic enhancement of the film conductivity
[41, 42, 43|. In contrast, the presence of acids in the synthesis medium was reported to
accelerate the polymerization kinetics of PEDOT and to favor the formation of EDOT
dimers and trimers [15]. As these observations concern the synthesis of PEDOT in non
aqueous medium, our objective was to investigate whether the pH of the aqueous
PSTFSI synthesis medium influences the reaction kinetics of the EDOT polymerization
and opto-electronic properties of the resulting PEDOT:PSTFSI.
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2.4.1 Synthesis of PEDOT:PSTFSI in Basic Conditions

In order to investigate if the beneficial effect of organic bases on the conductivity of
in-situ PEDOT:Tos can be transferred to the aqueous dispersion polymerization of
EDOT, PEDOT:PSTFSI was synthesized in the presence of imidazole. Table 2.6
displays the opto-electronic properties of PEDOT:PSTFSI, synthesized with different
concentrations of imidazole in the aqueous synthesis medium. It can be seen that the
conductivity was suppressed due to the presence of the base. Upon the addition of
imidazole in a molar ratio of imidazole/FeS+ higher than 13 the polymerization was
completely inhibited.

The corresponding UV /Vis spectra (see figure 2.23) show that the presence of imidazole
resulted in a decrease of the bipolaronic absorption in PEDOT:PSTFSI, which can be
interpreted as a lower degree of doping. A closer look on the spectrum of
PEDOT:PSTFSI synthesized with a high imidazole concentration reveals the presence of
two atypical kinks, at 950nm and at 1120nm, for which no explanation was found.

It is known that under basic conditions iron hydroxide complexes, e.g. FeOHjs or
[Fe(OH)5(H50)4|", are formed, which are insoluble and form a brownish precipitate in
the solution. Therefore, the addition of a base to the synthesis medium leads to the
precipitation of Fe®" complexes, which rendered the synthesis medium slightly
yellowish-brown. This precipitation simply corresponds to a decreasing concentration of
the oxidizing specie and results in lower doping of PEDOT or, in the extreme case, in
the quenching of the reaction. An inhibited reaction could be re-initiated upon the
addition of excess FeClz or upon the neutralization of the solution with acid. This
reversible inhibition of the polymerization was also observed upon the addition of other
inorganic bases, such as NaOH, or ion exchange resins with proton accepting
functionalities, which confirms that this effect is caused by the strong presence of
hydroxide ions and was not specifically linked to the molecule imidazole.

Therefore we can conclude that the presence of a base shows a detrimental effect on the

doping and conductivity of dispersion polymerized PEDOT:PSTFSI.
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Molar Ratio Molar Ratio . .. ap Absorption u
Imidazole/EDOT Imidazole/FeClj; Conductivity™ Coefficient® FoM
(S.em™) (10% em™)
0 0 95=EH 1.7£0.4 5£0.5
1 3.6 1+0.5 2.1+£0.4 0.7 £0.2
2 7.1 0 2.7£0.5 0
4 14.2 - - -

¢ average on & measurements or more b determined by 4-point measurements

Tab. 2.6: Opto-electronic performance of PEDOT:PSTFSI synthesized with different
concentrations of Imidazole, at 10°C, My, (PSTFSIK)~20kDa, stirring 100rpm

0.3
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Fig. 2.23: UV/Vis spectra of PEDOT:PSTFSI films,

synthesized with different concentrations of Imidazole at

10°C, PSTFSIK 20kDa, stirring 100rpm
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2.4.2  Synthesis of PEDOT:PSTFSI in Acidified Solution

Unlike the decelerating effect of bases on the PEDOT reaction kinetics, the presence
of acids was reported to accelerate the EDOT polymerization and to stabilize PEDOT
in the dimeric and trimeric form [15]. To investigate if this applies to the synthesis of
PEDOT:PSTFSI, EDOT was polymerized in acidified PSTFSI solutions and the reaction
kinetics were studied by monitoring of the UV /Vis absorption.

From figure 2.24 it can be seen, that the conductivity of PEDOT:PSTFSI
synthesized in acidified solution (in 0.01M HCl: PEDOT:PSTFSI yci0.011 and in 0.1mM
HCl: PEDOT:PSTFSI gcio.1mar, respectively) was about 50% lower than the one of the
reference sample, independently of the acid concentration. In contrast, the absorption
coefficient of PEDOT:PSTFSIycio.1mam was equal to the absorption coefficient of
PEDOT:PSTFSL, ¢ ference; Whereas the synthesis in 0.01M HCI PSTFSI solution gave rise
to a 1.5 fold increase in the absorption coefficient.  Resulting from the loss in
conductivity and the rise of the absorption, the FoM decreased drastically as a function
of the acid concentration (FoM~ o and FoM~ 1).

In order to study the influence of the pH on the reaction kinetics, the absorption of
PEDOT:PSTFSI was monitored during the EDOT polymerization. Figure 2.25 displays
the temporal evolution of the absorption at 550nm, 720nm and 1300nm of
PEDOT:PSTFSI during the EDOT polymerization in neutral and in acidified PSTFSI
solution. As the UV /Vis monitoring was performed under the standard conditions, and
not in dilute medium, the absorption of the dark blue dispersion reached the saturation
of the instrument after 15 minutes of synthesis.

In contrast to the expected behavior, the polymerization kinetics were not significantly
affected by the presence of the acid. Thus, the drastic change in opto-electronic
performance can not be explained by changing reaction kinetics.

The comparison of the corresponding UV /Vis spectra (see figure 2.26) points out,
that the change in the opto-electronic performance can be explained by a change in
doping. With an increasing acid concentration in the synthesis medium the typical
features correlated to poor doping were observed, namely a decrease in the bipolaronic
absorption and a rise of the polaronic absorption of PEDOT:PSTFSI. In addition,
PEDOT:PSTFSI gci0.010 showed a non negligible absorption in the high energy regime
of the spectrum. This could confirm the findings of Kirchmeyer et al. [15], who claimed
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Fig. 2.2/: Opto-electronic properties of PEDOT:PSTFSI
synthesized in different pH, PSTFSIK solution at 9¢.17',
equivalent to 0.025mol.I"" STFSI nuits

that acids stabilize short oligomeric forms of PEDOT, which shows a characteristic
absorption at 400nm and below. Therefore the observed drop in conductivity can be
attributed to poor doping and possibly to the more important concentration of short

PEDOT oligomers.

In order to clarify, if the changes in the opto-electronic properties of PEDOT:PSTFSI
were really related to the acidity of the synthesis medium or to the general presence of
ions in the solution, PEDOT:PSTFSI was synthesized from PSTFSIK solutions containing
NaCl (PEDOT:PSTFSI yu¢;). Figure 2.27 displays the opto-electronic properties of the
obtained PEDOT:PSTFSI dispersions.

Similarly to the PEDOT:PSTFSI synthesized in acidified solution (PEDOT:PSTFSI y¢),
also PEDOT:PSTFSIy.c; showed a decrease in conductivity, which was independent of
the ionic concentration. However, the drop of the conductivity to around 75% of the
initial value, due to the presence of NaCl, was considerably smaller than the drop caused
by the presence of acid (55% of initial value). In contrast to the observation made for

PEDOT:PSTFESI ¢, the absorption coefficient of PEDOT:PSTFSI y,c; was unaffected

over a wide range of salt concentrations. The marginal rise in the absorption coefficient of
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Fig. 2.26: UV/Vis spectra of PEDOT:PSTFSI films

synthesized from PSTFSIK solutions with different

concentrations of HCl; My (PSTFSIK) =250kDa,

PSTFSIK solution at 9¢.17', equivalent to 0.025mol.l~
STFSIK units

PEDOT:PSTFSIj2ayect can be explained by the whitish aspect of the films, which was

attributed to residual salt and which reduced the film transparency due to scattering.

The probing of PEDOT:PSTFSIn.c; by UV/Vis spectrometry (see figure 2.28)
revealed a decrease of the bipolaronic absorption compared to the standard
PEDOT:PSTFSI. Therefore, the loss of conductivity caused by the presence of NaCl in

the synthesis medium can be attributed to a slight decrease of the doping level of

PEDOT.

This leads to the conclusion, that high ion concentrations in the synthesis medium
cause a decline of the doping level in PEDOT:PSTFSI. A possible explanation is the
collapse of the PSTFSI chains in solutions with high ionic strength, which renders the
formation of PEDOT on the PSTFSI template more difficult. In addition, the strong
presence of ions could shield the electrostatic interactions between the STFSI~ units and
PEDOT, leading to a decrease in doping. Acidic synthesis conditions showed an even
more drastic influence on the doping and conductivity of PEDOT:PSTFSI. Especially
the increasing absorption of PEDOT:PSTFSI at 400 nm suggests, that acidic conditions

favour the formation of PEDOT trimers, which further decreases the conductivity.
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Fig. 2.27:  Opto-electronic properties of PEDOT:PSTFSI
synthesized in  PSTFSIK solutions containing  different
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Fig. 2.28: UV/Vis spectra of PEDOT:PSTFSI dispersions
synthesized  from  PSTFSIK  soultions with  different
concentrations of NaCl; PSTFSIK solution at 9 g¢.17',
equivalent to 0.025mol.I"t STFSIK units
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To summarize, it was shown that the pH and the ion concentration of the PSTFSIK
synthesis medium greatly affect the opto-electronic properties of the resulting
PEDOT:PSTFSI. For PEDOT:PSTFSI synthesized in acidified PSTFSIK solutions, a
drastic decrease of the conductivity was observed. It was shown that the lower pH did
not affect the synthesis kinetics, however, the degree of doping was significantly lowered
and signs for the presence of short PEDOT oligomers were found. Further investigations
revealed that a similar decrease of the doping was observed upon the addition of NaCl
to the synthesis medium. Therefore we can state, that high ion concentrations in the
synthesis medium have a detrimental effect on the conductivity PEDOT:PSTFSI, which
could be provoked by a change in the conformation of the PSTFSI chains and
electrostatic screening effects that hinder the interaction of STFSI groups with PEDOT.

2.4.3 Synthesis of PEDOT:PSTFSI from Acidic PSTFSI

Solution

As the polyelectrolyte PSTFSI shows an acid-base behaviour (see section 2.2), the pH of
the synthesis medium can not only be lowered by the addition of an acid, but also by
changing the counter ion of PSTFSI from potassium to hydrogen. In this way an acidic
synthesis environment is created, without the presence of supplementary ions. The
synthesis of PEDOT:PSTFSI from neutral PSTFSIK solution and from PSTFSIH
solution at pH 2 allowed the comparative study of the kinetics, doping and morphology
and their influence on the opto-electronic performance of the resulting PEDOT:PSTFSI.
In addition, the properties of PEDOT:PSTFSI, synthesized from the potassium salt and
from the acid form of PSTFSI, were compared to the ones of PEDOT:PSS, synthesized

from the sodium salt or from the acid form of PSS.

Table 2.7 summarizes the opto-electronic properties of PEDOT:PSTFSI and
PEDOT:PSS, synthesized from the salt and acid forms of the respective polyelectrolytes.
PEDOT:PSTFSIH showed an average conductivity of 327S.cm !, which corresponds to
2.4 fold increase in conductivity with respect to PEDOT:PSTFSIK. As the absorption
coefficient was found to be constant within the error bar, the FoM jumped from about

10 to almost 24. In case of PEDOT:PSS the use of the acidic form PSSH was beneficial
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as well, and resulted in a 1.6 fold increase of the conductivity compared to
PEDOT:PSSNa, from 196S.cm~! to 305S.cm~!. Together with a non negligible decrease

in the absorption coefficient this led to a doubling of the FoM.

Conductivity®® Absorption Coefficient®  FoM®

(S.em™!) (103 cm™)
PEDOT:PSTFSI K 134415 2.1£0.3 10.1£1.5
PEDOT:PSTFSI H 327+21 2.240.2 23.7+1.9
PEDOT:PSS Na 196418 3.240.3 9.840.6
PEDOT:PSS H 305+19 2.5+0.2 19.0£2.1

% average on 8 measurements or more b determined by 4-point measurements

Tab. 2.7: Opto-electronic properties of PEDOT:PSTFSI and PEDOT:PSS dispersions,
synthesized from the salt and acid form of the respective polyelectrolyte, under N,
625rpm mechanical stirring, at 10°C
In a first step it was investigated if the difference in counter ion of PSTFSI persisted
in the PEDOT:PSTFSIH and PEDOT:PSTFSIK complex, as the presence of K* ions
could affect the properties of PEDOT:PSTFSIK. The study of the literature regarding
the presence of Na®™ in PEDOT:PSSNa does not allow to draw a clear conclusion on the
question, as different results have been reported [28, 44]. In order to examine
PEDOT:PSTFSIK for potential residual potassium ions, the Kls signal in the XPS
spectra of PEDOT:PSTFSIK was analyzed. In PSTFSIK the K1s signal at 296 eV was
clearly present, in PSTFSIH it was very low and it was absent in PEDOT:PSTFSIK/H,
which indicates that the potassium concentration in both PEDOT:PSTFSI complexes

was negligible (see figure 2.29).

The comparison of the XPS Nls spectra showed, that the spectra of
PEDOT:PSTFSIK and PEDOT:PSTFSIH were almost congruent (see figure 2.29). By
peak fitting it was found, that the peak at 398.5 eV, attributed to negatively charged
STFSI groups, represented 38% and 36% of the total nitrogen atoms in
PEDOT:PSTFSIK and in PEDOT:PSTFSIH, respectively (see table 2.8). This confirms
the results discussed in the sections 2.2 and 2.3 of this work, which show, that under
acidic conditions the polyelectrolyte stabilizes in a partially anionic and partially neutral
state with approximatively 38% STFSI~ units. Therefore the difference in counter ions
of the PSTFSI template polymer can be considered as negligible in the PEDOT:PSTFSI

complex and can be excluded as reason for the changing opto-electronic properties.
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Fig. 2.29: XPS Cls/K2pl1/2 spectra of PSTFSIK, PSTFSIH,
PEDOT:PSTFSIK and PEDOT:PSTFSIH (left) and XPS Nls
spectra of PEDOT:PSTFSIK and PEDOT:PSTFSIH with peak

fitting

Peak Position

FWMH

Area

PEDOT:PSTFSIK PEDOT:PSTFSIH PEDOT:PSTFSIK PEDOT:PSTFSIH PEDOT:PSTFSIK PEDOT:PSTFSIH

398.6 398.4 1.3 1.4 38% 36%
400.0 400.1 1.6 1.7 51% 53%
401.9 401.9 1.4 1.3 11% 11%

Tab. 2.8: Peak positions, Full Width at Mazimum Height (FWMH) and integrated area of the

XPS Nl1s peak fit of PEDOT:PSTFSIK and PEDOT:PSTFSIH
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One possibility to study the reaction kinetics of EDOT in the PSTFSI solution is the
monitoring of the pH of the synthesis medium. As the polymerization of EDOT implies
the generation of acidity, the pH is expected to decrease during the PEDOT synthesis.
In a first step the oxidants were added to the PSTFSI solution, which caused a drop in
the pH from 5.53 to 2.46 for the PSTFSIK solution and from 2.03 to 1.91 for the
PSTFSIH solution. After the stabilization of the pH the EDOT monomer was added
and the pH was monitored during the polymerization. Figure 2.30 displays the evolution
of the pH during the EDOT polymerization in the aqueous solution of PSTFSIK and
PSTFSIH. Upon the addition of the EDOT monomer the pH decreased steadily during
200min in both systems. Afterwards the pH stayed constant at around 2.07 in the
PEDOT:PSTFSIK solutions, apart from small fluctuations within the measuring
precision. In the case of PEDOT:PSTFSIH the pH stabilized first at pH 1.72 and at 800
min of polymerization time the pH decreased again until it stabilized at 1.65.

In order to explain this behavior the following hypothesis was developed using the
assumption that the EDOT conversion was about 80% under the used polymerization

conditions [45, 46]. From a EDOT concentration of 0.014 mol.1™!
0.014mol.l~" - 2-0.08 = 0.022mol .l (2.6)

of free HT will be generated. The PSTFSIK present in the solution will act as base for
a pH smaller than its pK,, which is 2.3. From the results presented in section 2.2 it is
known that PSTFSI tends to stabilize in a partly protonated state comprising about 38%
STFSI~ units and 62% STFSI-H units. At the given concentration of 0.023 mol.1 =1 STFSI

functional units in the reaction medium, this results in

. mol.[”" -0.62 = 0. mol.[™ 2.
0.023mol.l1"' - 0.62 = 0.014mol.l" 7

potentially basic STFSI™ units. Upon the neutralization of these units with the generated

protons an excess of

0.022mol.I~* — 0.014mol.l"* = 0.008mol.I"" (2.8)
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protons will be present in solution. The pH of such solution amounts to

pH = —log(cy+) = —1og(0.008) = 2.10 (2.9)

This estimated pH correlates very well with the experimentally measured value.

In the case of PSTFSIH the polyelectrolyte is already in the stable, partially protonated
state, comprising about 38% of negatively charged STFSI~ units and 62% protonated
STFSI-H units, of which approximatively 11% are stabilized by strong inter-functional
hydrogen bonding. As mentioned earlier in this chapter, the charge distribution on
PSTFSI was not altered upon the synthesis of the PEDOT:PSTFSI complex. Therefore
we assumed that no further acid base reaction takes place, which leaves the additional
0.022mol.17! of HT, generated during the polymerization of EDOT, un-neutralized. The

pH of the solution can be estimated by

pH = —log(cy+) = —log(0.022) = 1.66 (2.10)

which is coherent with the experimentally measured final pH of 1.65. However, this does

not explain the stepwise change in the pH between 700min and 1200min.

In order to get a deeper insight in the reaction kinetics, the UV /Vis absorption of
the PEDOT:PSTFSIK and PEDOT:PSTFSIH dispersions was monitored during the
EDOT polymerization. The figure 2.31 shows the temporal evolution of the absorption
spectra of PEDOT:PSTFSIK and PEDOT:PSTFSIH. To facilitate the analysis, the
absorption of PEDOT:PSTFSIK and PEDOT:PSTFSIH at fixed wavelengths were
plotted as a function of time (see figure 2.32). This allows a direct comparison of the
absolute value of absorption, as well as of the rate of the change in absorption

(O(absorption)/0t), which is related to the polymerization kinetics.

After an initially very slow increase of the absorption, correlated to the slow kinetics
of the EDOT radical cation formation and the subsequent dimerisation |[15|, the
absorption increased faster during fast chain growth. For PEDOT:PSTFSIK and
PEDOT:PSTFSIH the evolution of the absorption was the same up to approximately
200min of synthesis, which shows that the initial reaction kinetics were not affected. At
synthesis times longer than 250min (~ four hours) the absorption of PEDOT:PSTFSIH
deviated from the absorption of PEDOT:PSTFSIK. During the EDOT polymerization



96 2. COMPREHENSIVE STUDY OF PEDOT:PSTFSI

e EDOT polymerization in PSTFSIK
24 e EDOT polymerization in PSTFSIH

1.6

0 500 1000 1500 2000 2500
Time (min)

Fig. 2.30:  FEwolution of the pH during the EDOT
polymerization in aqueous PSTFSIK and PSTFSIH
solution; t=0min: EDOT monomer is added to the
PSTFSI-oxidants solution

4 PEDOT PSTFSIK 10°C , PEDOT PSTFSI H 10°C
TR
T
ol ",‘5’ i [‘\
~ 3t 1’”" W‘
= -
© 3
~ ©
c 5
Re) c
o 2
S s
£
< <
0 _ . . A 1 0 ———— 5 i 1 I
600 800 1000 1200 600 800 1000 1200
Wavelength (nm) Wavelength (nm)

Fig. 2.31: UV /Vis absorption during the EDOT polymerization in PEDOT:PSTFSIK (left) and
PEDOT:PSTFSIH (right) in dilute dispersion at 10°C
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in PSTFSIK the absorption saturated after approximately 700min (=& 12 hours) of
synthesis, whereas for PEDOT:PSTFSIH the reaction proceeded at the same rate and
show a saturation only after about 1200min (=~ 20 hours)(see figure 2.31 and figure
2.32). Thus, PEDOT:PSTFSIH showed a higher absolute value of absorption than
PEDOT:PSTFSIK. This difference in absorption was particularly pronounced in the
bipolaronic absorption regime (A > 1100 nm), which indicates that it was the doping,
that was further increased in PEDOT:PSTFSIH, whereas the conversion of EDOT was

not significantly affected.

This was supported by the XPS S2p spectra, which did not display any difference in
the composition of PEDOT:PSTFSIK and PEDOT:PSTFSIH (see figure 2.33). Therefore
the higher conductivity of PEDOT:PSTFSIH can be attributed to a significant improve of
doping. It is noteworthy, that this increase in bipolaronic absorption in PEDOT:PSTFSIH
is observed simultaneously to the stepwise drop in the pH (compare figure 2.30). However,

at this point no pertinent explanation for this phenomenon was found.

In PEDOT:PSS the same trends were observed (see figure 2.32 and figure A.8,
appendix page 221). The initial reaction kinetics were not affected by the counter ion of
PSS, on the long term, however, the absorption of PEDOT:PSSNa saturated earlier at a
lower absolute value than for PEDOT:PSSH. However, the comparison of the
PEDOT:PSS systems to PEDOT:PSTFSI revealed, that the reaction kinetics of the
PEDOT synthesis were by far slower in PSS than in PSTFSI solutions and that the

saturation was attained much later, at more than 4000min of synthesis.

In order to confirm the differences in doping, Raman spectroscopy with different
excitation wavelengths was performed. Garreau et al. [47] reported, that due to
resonance effects, the signatures of undoped PEDOT appear stronger in Raman spectra
recorded at an excitation wavelength around 500nm, at which neutral PEDOT absorbs,
whereas the signature of doped PEDOT are enhanced upon probing at higher
wavelengths in the regime of polaronic and bipolaronic absorption. Therefore Raman
spectra of PEDOT:PSTFSI and PEDOT:PSS were recorded at 532nm and at 785nm.
The Raman spectra recorded at 532nm excitation wavelength of PEDOT:PSTFSIK and
of PEDOT:PSTFSIH (see figure 2.34a) display the same main band at 1420cm ~! and at
1250cm ™!, which can be attributed to the symmetric C,=Cjy stretching mode and the
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Fig. 2.833: XPS S2p spectrum of PEDOT:PSTFSIK and
PEDOT:PSTFSIH

Cqo-C, stretching mode, respectively. However, PEDOT:PSTFSIH showed lower bands
in the regime of the asymmetric C,—Cgz stretching at 1540cm™"! and at 1575¢cm™" (see
figure 2.34b). Studies of electro-polymerized PEDOT in literature showed that low
assymmetric C,=Cg bands can be correlated to high doping [47, 48], which confirms a
higher degree of doping in PEDOT:PSTFSIH compared to PEDOT:PSTFSIK. The
same trend can be seen in the Raman spectra recorded with an excitation wavelength of
785nm, in which PEDOT:PSTFSIH displayed a less pronounced shoulder at around
1529¢cm~! than PEDOT:PSTFSIK (see figures 2.34b). The fact that the bands between
1500cm ™! and 1600cm ™! were more pronounced upon probing at 532nm, confirms that
these bands are related to the undoped form of PEDOT. Therefore the less intense
Raman bands of PEDOT:PSTFSIH in this regime are a sign for a higher degree of
doping, which is perfectly in coherence with the conclusions drawn for UV/Vis
spectroscopy.

The Raman spectrum (Aegeitation=735nm) of PEDOT:PSSH is very similar to the
spectrum of PEDOT:PSTFSIH, indicating a similar doping as in PEDOT:PSTFSIH. At
532nm excitation wavelength the Raman spectra of PEDOT:PSS showed different
characteristics in the asymmetric C,=Cpg stretching regime than PEDOT:PSTFSI,

1 1

namely a more important peak at 1500cm™ and lower bands at 1540cm™" and



100 2. COMPREHENSIVE STUDY OF PEDOT:PSTFSI

Sample Radius 1 (nm) Radius 2 (nm)
PEDOT:PSTFSIK 96 £+ 15 082 £+ 27
PEDOT:PSTFSIH 53 £ 10 607 £ 89

Tab. 2.9: Particle sizes in PEDOT:PSTFSIK and
PEDOT:PSTFSIH dispersions, determined by dynamic
light scattering

1575cm ™! (see figure A.9, appendix page 222). In addition, the main absorption band of
PEDOT:PSTFSIH was shifted to higher wavenumbers, which was attributed to an
increasing degree of doping of PEDOT in literature [47].

This proves that the use of the acidic polyelectrolyte results in a higher degree of doping
of PEDOT:PSTFSIH, which is developed after more than 10 hours of polymerization.

Besides a good doping, also the morphology of the PEDOT:PSTFSIK and
PEDOT:PSTFSIH complexes and films was studied. As the conformation of the
polyelectrolyte is affected by the pH and its counter ion, such that PSTFSIH shows a
smaller hydrodynamic radius in solution than PSTFSIK (see section 2.2), it was
investigated if the different conformations of the polyelectrolyte template persisted in
the morphology of the PEDOT:PSTFSI complex. In DLS experiments scattering from
objects with a diameter of several hundreds of nanometers and from smaller scatterers
with a diameter of 50nm to 100nm was observed for both PEDOT:PSTFSIK and
PEDOT:PSTFSIH dispersions (see table 2.9). While the size of the bigger scatterers
was about 600nm in both systems, the smaller particles in PEDOT:PSTFSIH were
approximately half of the size of the ones in PEDOT:PSTFSIK.

Liquid AFM imaging on the dispersed complexes (see figure 2.35) revealed, that both,
PEDOT:PSTFSIK and PEDOT:PSTFSIH, complexes were composed of long entangled
polymer chains with thick nodal points. The diameter of the entangled complexes was in
the sub-micrometer range and correlated well to the size of the bigger objects observed
by DLS. A closer look on the shape of the polymer chains gave the impression that the
chain segments in PEDOT:PSTFSIK were less straight and more randomly oriented than
those of PEDOT:PSTFSIH. However, no experimental method was found to confirm this

impression quantitatively.

In order to gain more information on the potential morphological differences of

PEDOT:PSTFSIK and PEDOT:PSTFSIH films, the charge transport behavior was
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Fig. 2.35: a)PEDOT:PSTFSIK and b)PEDOT:PSTFSIH, imaged in aqueous
dispersion by liquid AFM

studied with the help of temperature dependent resistance measurements. In both
PEDOT:PSTFSI systems a decrease of the resistance with increasing temperature was
observed, which was very pronounced in the low temperature regime (see figure 2.36).
This corresponds to the commonly observed behavior of conducting polymers, in which
the charge transport occurs by hopping between the highly conducting sites.

The plot of the reduced activation energy W,

_ OIn(a(T))

W = Fin(T) (2.11)

over the temperature T in figure 2.36, shows that W decreases with increasing
temperature (0W /0T < 0). Therefore the charge transport in both PEDOT:PSTFSI
systems was in the insulating regime, as it was also reported for PEDOT:PSS in
literature [25]. The plot of R(T) was fitted with the one-dimensional variable range
hopping model

T «
R = Ryeap(=2) (2.12)
T
with o« = 0.5 and R being the resistance, T being the temperature,

16
kpN(Ep)LjL1
density of states at the Fermi level, and Ly (L) the localization length of the charge

T, =

being the energy barrier between localized states, N(FEpg) the

carriers in the parallel (perpendicular) direction with respect to the measurement

direction.
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This allowed the extraction of the Tf, which corresponds to the effective energy barrier
between two localized states [25, 49]. For PEDOT:PSTFSIK and PEDOT:PSTFSIH a
Ty of 359K and of 70K was found, respectively. This indicates, that the hopping barrier
in PEDOT:PSTFSIH was drastically lower, which correlates to the higher conductivity
in PEDOT:PSTFSIH. With the help of the VRH model developed by Shklovskii and
Efros [50], the localization length @ was calculated from Ty to be 180nm for

PEDOT:PSTFSIH and 35nm for PEDOT:PSTFSIK, using

2.8¢?

- 2.13
dregekpa ( )

The localization length of 35nm obtained for PEDOT:PSTFSIK corresponds well to
the grain size of 40nm, visualized by AFM imaging of PEDOT:PSTFSIK films, on which
the phase segregated PSTFSI layer was removed by one minute of CF, plasma etching
(see figure 2.37). The calculated localization length of 180nm for PEDOT:PSTFSIH
indicates, that the percolation of the PEDOT rich domains was improved. However, the
change in localization length can not be correlated to the apparent grain size of
PEDOT:PSTFSIH, which was identical to the grain size observed in the topographic
AFM images of PEDOT:PSTFSIK.

In order to investigate the crystallinity of the PEDOT:PSTFSI systems differential
scanning calometry was performed. From the DSC data (see figure A.10, apeendix page
222) no melting with corresponding re-crystallization peak was observed, which is a sign
for the absence of crystallinity.  This was confirmed by GIWAXS analysis on
PEDOT:PSTFSIK thin films, which showed the characterisic scattering for amorphous
materials in form of a broad halo (see figure D.7, appendix page 232). However,
GIWAXS analysis has not been performed on PEDOT:PSTFSIH, but should elucidate if
its higher conductivity is related to a higher degree of crystallinity.

In summary, we can assume the presence morphological differences between
PEDOT:PSTFSIK and PEDOT:PSTFSIH, which lead to different charge transport
characteristics in the PEDOT:PSTFSI films. This is supported by the differences in the
object size observed by DLS and the qualitative differences in the morphology observed
by liquid AFM imaging.

In conclusion, it was shown that the counter ion of the PSTFSI polyelectrolyte

strongly affects the properties of the resulting PEDOT:PSTFSI complex. Upon the
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films after 1min CF etch
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polymerization of EDOT in the solution of the acidic PSTFSIH template polymer, a

' for PEDOT:PSTFSIH was obtained, which

conductivity of about 330S.cm™
corresponds to a 2.4 fold increase compared to PEDOT:PSTFSIK. The study of the
synthesis kinetics revealed that the initial reaction kinetics, corresponding to the
monomer oxidation and dimer formation, were not affected. However, the kinetics in
PEDOT:PSTFSIH deviated after several hours of synthesis, which resulted in a drastic
increase in doping. In addition, charge transport studies revealed a lower energy barrier
for the charge transport in PEDOT:PSTFSIH, which is an indicator for better
percolation of the conducting pathways in PEDOT:PSTFSIH. Therefore the gain in
conductivity was correlated to a higher degree of doping and to a better percolation in
the PEDOT:PSTFSIH films. However, the exact mechanism for the enhanced doping

and the nature of the morphological changes could not be fully uncovered.
2.5 Optimization of the Synthesis Conditions

2.5.1 Oxidants

Based on the synthesis protocol for PEDOT:PSS patented by Bayer [12], for the
synthesis of PEDOT:PSTFSI the EDOT monomer was dispersed in aqueous PSTFSI
solution and polymerized using a mixture of FeCl; and (NH4)25,05 as oxidants (details
see experimental section 203). Peroxides such as (NH4)25,0g are very strong oxidizing
agents and will oxidise EDOT in aqueous solution. However, they also tend to oxidise
the sulfur atom on the thiophene unit, which breaks the conjugation in PEDOT and
limits its conductivity [51]. In contrast, FeCl; is able to oxidise EDOT only in the
presence of PSTFSI, which acts a surfactant and lowers the oxidation potential of
EDOT [52, 53, 54, 55, 56|. For better illustration, an overview of the oxidation
potentials of the involved species in given in figure 2.39 [52, 53, 54, 55, 56].

The synthesis of PEDOT:PSTFSI with only FeCl; lead to an inhomogeneous two-phase
system of dark blue agglomerates in an almost colorless aqueous medium. In contrast,
the polymerization with only (NH4)5S,0g resulted in a grayish blue dispersion with low
viscosity. The strong aggregation of the polymer particles upon synthesis with FeCl3 can
be explained by the charge compensation of the anionic polyelectrolyte functionalities by
the iron cations, which decreases the colloidal stability of the system [46] (see scheme in

figure 2.38).
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Fig. 2.38: Illustration of the decrease of the colloidal stability of
PEDOT:PSTFSI due to the high concentration of Fe3t /Fe*t ions
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By using a binary oxidant system of Fes™ and S,0s?" the concentration of iron can
be limited for the sake of colloidal stability and the conductivity and overall conversion
is improved [46, 14|. The reactions during the EDOT polymerization using a mixture of
iron and persulfalte salts can be described as in equations 2.14 and 2.15, in which Fes™

serves as oxidant for the EDOT and is then regenerated due to a redox reaction with

82082 :

2Fe®t + 2EDOT — 2Fe*" + EDOT gimer +2HT (2.14)
82082_ + 2 Fe2+ — 2 Fe3+ + 2 SO42_ (215)

In order to optimize the molar ratio of FeCly and (NHy)2S,0g for the synthesis of
PEDOT:PSTFSI the oxidant composition was varied, while the molar ratio between
oxidants and EDOT monomer was kept constant at 2.3. This oxidant concentration was
chosen for two reasons. First, it allows, that every EDOT monomer is oxidized two
times, which leads in theory to a continuous growth of the PEDOT chains and full
conversion. Second, the excess oxidant allows the oxidation of about one third of the
PEDOT repeat units, which corresponds to the optimal doping level of PEDOT
[28, 33, 34|.
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Molar Ratio Molar Ratio Conductivity®b* Absorption Coefficient®* FoM®*
S90% /Fe3*  Fes" /EDOT (S.em™1) (10%cm™~1)
wo DMSO/with DMSO wo DMSO/with DMSO
16.0 0.07 0.5/158 2.5 0.03/10
4.9 0.21 1.2/252 2.5 0.07/16
2.7 0.35 2.6/240 2.5 0.14/15
1.8 0.49 4.0/263 2.6 0.21/17

c

@ average on 8 measurements or more > determined by 4-point measurements ¢ standard deviation of value ~10%

Tab. 2.10: Opto-electronic performance of PEDOT:PSTFSI systems, synthesized with different
molar ratios of ammonium persulfate to iron(I1)chloride at 10°C, PSTFSIK 250kDa

The opto electronic properties of the obtained PEDOT:PSTFSI complexes are

summarized in table 2.10. For pristine PEDOT:PSTFSI films the conductivity increased
with higher FeCls concentrations. Upon the addition of a co-solvent, such as DMSO, the
differences in conductivity were cancelled out, except for PEDOT:PSTFSI synthesized
with the smallest amount of FeCls, which showed lower conductivity. Taking into
account that high boiling point solvents are known to induce morphological changes in
the PEDOT:PSTFSI films, this indicates that the differences in conductivity were
caused by different morphologies of the pristine PEDOT:PSTFSI complexes. A possible
scenario is, that the higher iron concentration resulted in the formation of bigger or
agglomerated particles due to the attractive electrostatic interactions and charge
screening effects between Fe®™ and PSTFSI~. With increasing size of the PEDOT
particles in the PEDOT:PSTFSI film the hopping barriers are reduced and therefore the
macroscopic conductivity should be increased. Upon the addition of DMSO this effect is
wiped out by the induced morphology changes. However, imaging techniques and DLS
measurements did not provide any conclusive information on this point.
From the UV/Vis absorption spectra (see figure 2.40) and the calculated absorption
coefficients it can be seen, that the doping level and the degree of conversion of EDOT
were scarcely affected by the changing oxidants ratio, which confirms that the
differences in conductivity were not related to the degree of doping.

Furthermore, a combination of (NH4)2S20g and Fe(Tos); was tested as oxidant.
Fe(Tos); was chosen, as it is widely used as oxidant for the preparation of in-situ
polymerized PEDOT, in which the tosylate anions act as counter ion for the doped
PEDOT. Therefore it was investigated, if the use of Fe(Tos); was beneficial for the
doping of PEDOT in PEDOT:PSTFSI. However, the obtained conductivities were about
60% of the conductivities obtained with (NH,)2S;0s and FeCls for the same
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Fig. 2.40: UV/Vis absorption spectra of PEDOT:PSTFSI
dispersion synthesized with different oxidant ratios

polyelectrolyte and under the same synthesis conditions (see table 2.11).

Fe?™ JEDOT  Conductivity®®  Absorption Coefficient® FoM®

(S.em™1) (103 em™1)
0.6 o7 £ 5 20=x0.3 4.7+£04
0.8 64 £ 6 22+£0.3 4.7+£04
0.9 54 £ 5 20=£0.3 42 +£04
1.1 35 £ 4 20+£0.3 3.1 £0.3

? average on 8 measurements or more > determined by 4-point measurements

Tab. 2.11: Opto-electronic properties of PEDOT:PSTFSI synthesized with
(NHy)2850g and Fe(tosylate)s with Fe3t to EDOT ratios of 0.6 to 1.1, at
10°C, PSTFSIK 100kDa
The Raman spectra of PEDOT:PSTFSI synthesized with Fe(Tos)s (see figure 2.41)
showed more important bands at 1550cm ! and 1575cm ™!, which are assigned to the
asymmetric C,=Cg stretching in PEDOT. It has been shown in literature, that these
bands are dominantly present in PEDOT with a low degree of doping [47, 57|. The lower
degree of doping of PEDOT:PSTFSI synthesized with Fe(Tos) 3 was confirmed by UV /Vis
spectroscopy (see figure 2.41), which showed no shoulder at the polaronic absorption and

lower bipolaronic absorption. Therefore, the lower conductivity of PEDOT:PSTFSI upon

synthesis with Fe(Tos)s can be related to a lower degree of doping.
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Fig. 2.41: Raman spectra and UV /Vis spectra of PEDOT:PSTFSI synthesized with FeCls or
Fe(Tos)s
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Fig. 2.43: Radii of objects in PEDOT:PSTFSI
dispersion synthesized with different Fe(Tos)s
concentrations, determined by DLS

In order to investigate if the doping could be improved by higher oxidant
concentrations, the Fe(Tos)s concentration was stepwise increased, while the persulfate
concentration was kept constant. From table 2.11 it can be seen that the polymerization
was robust to changes of the iron concentration up to a Fe*" to EDOT ratio of 0.9 and
decreased upon further increase of the iron concentration. As the UV /Vis spectra of
these inks do not show a clear difference for different iron concentrations (see figure
2.42), it can be assumed that the change in conductivity is not related to a change in
doping, but to a change in morphology or particle size of PEDOT:PSTFSI. However,
analysis of the PEDOT:PSTFSI dispersions by DLS did not reveal significant differences
in the object size as a function of the Fe(Tos); concentration (see figure 2.43, correlation

functions figure A.11 | appendix page 223).

It has been reported for several PEDOT systems [14], that the nature and
concentration of the oxidants affect the size and conductivity of PEDOT particles.
However, no global trend for all PEDOT systems can be established, as the particle size
and morphology do not only depend on the oxidants, which are used, but also on the
nature of the polyelectrolyte and other synthesis conditions. In the case of FeCl; and
Fe(tosylate)s the differences in doping of PEDOT:PSTFSI could be related to different
acidity of HCI (pK, -6.5) and p-toluenesulfonic acid (pK, -2.8), which are present within
the system upon the polymerization of EDOT, slight changes in the oxidation potentials
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of the polymerization system or to the different size of the chloride and tosylate anions.

However, no pertinent explanation for the differences in doping has been found.

In summary, we found that the binary oxidant system of Fe*" and (NH,),S,05 allows
the synthesis of homogeneous, conducting PEDOT:PSTFSI dispersions. Furthermore, it
was shown that the synthesis is robust to small changes in the oxidant ratio and in the
Fe*" concentration around a molar (NH4)3S3,0g : FeCly : EDOT ratio of 3.5 : 1 : 3.5,
which was defined as standard composition for the PEDOT:PSTFSI synthesis.

2.5.2 Dispersion of the EDOT Monomer

As already mentioned, the PEDOT:PSTFSI complex is synthesized by polymerization of
the EDOT monomer in an aqueous solution of PSTFSIK. The quality of the EDOT
dispersion is supposed to considerably influence the monomer droplet size and thus to
influence the interface between EDOT and the PSTFSI counter ion. This could affect
the interaction between PEDOT and PSTFSI, the PEDOT:PSTFSI complex
morphology, as well as the doping of PEDOT. As it is shown in chapter 6 all these
characteristics are decisive for the opto-electronic properties of the PEDOT:PSTFSI
polymer. Therefore, the influence of the dispersion of EDOT in the aqueous PSTFSIK
solution on the doping, complex morphology, rheology and opto-electronic properties of
PEDOT:PSTFSI has been studied by variation of the stirring speed during the
synthesis. Furthermore, the influence of the EDOT dispersion on the optimum EDOT to
PSTFSI ratio was investigated.

Figure 2.44 displays the opto-electronic properties of PEDOT:PSTFSI synthesized with

different stirring speeds from 55rpm to 625rpm.

Independently of the stirring speed, all PEDOT:PSTFSI systems showed an increase
of the absorption coefficient with increasing EDOT concentration, as it has been shown in
section 2.3. Also the evolution of the conductivity was very similar for all stirring speeds,
showing an initial increase with increasing EDOT concentration, attributed to better
percolation of the conducting PEDOT rich domains, follow by a drop of the conductivity,
which results from a saturation of the stabilizer PSTFSI with PEDOT (discussion see
section 2.3). However, for high stirring speeds a three-fold increased of the maximum

conductivity was observed, as well as a shift of the maximum conductivity to a higher

EDOT to STFSI ratio (from 0.6 to 0.9).
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Fig. 2.44: Absorption coefficient and conductivity of PEDOT:PSTFSI and PEDOT:PSS
dispersions, synthesized at different stirring speeds under No for 50 hours

UV /Vis spectroscopy revealed, that the synthesis at higher stirring speeds, which was
linked to a better dispersion of EDOT in PSTFSI, lead to a considerably higher bipolaronic
absorption of the resulting PEDOT:PSTFSI dispersion (see figure 2.45). This indicates
an improved doping of the PEDOT:PSTFSI complex upon good EDOT dispersion and is

in coherence with the observed increase in conductivity.

Furthermore, the influence of the stirring speed on the complex morphology was
investigated by microscopy. By scanning transmission electron microscopy (STEM) of
PEDOT:PSTFSI with low EDOT concentrations, big and sponge like objects of up to
lpm in diameter were visualized (see figure 2.46a). These big objects contained very
small particles (< 10nm) with higher contrast, which can be interpreted as PEDOT rich
areas. This morphology is fundamentally different from the agglomerated particles of
about 100nm, which were observed for PEDOT:PSTFSI complexes synthesized at low
stirring speeds (see figure 2.19, in section 2.3, page 78). For PEDOT:PSTFSI with high
PEDOT concentrations (EDOT to STFSI ratio of 1.10), the objects appeared denser
and less well defined (see figure 2.46b). This is analogous to the observations made for

PEDOT:PSTFSI which high PEDOT
the critical PEDOT

synthesized at low stirring speeds, for

concentrations resulted in ill-defined complexes. However,

concentration, at which the formation of these ill-defined complexes was observed, was
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Fig. 2.45: UV/Vis absorption spectra of
PEDOT:PSTFSI with EDOT to STFSI ratio of
0.7 synthesized at 55rpm and 625rpm stirring,
respectively

higher upon faster stirring. This indicates that a higher degree of dispersion of the
EDOT monomer was favorable for an efficient stabilization of PEDOT by PSTFSI.

The difference of the PEDOT:PSTFSI complex morphology as a function of the
EDOT dispersion was confirmed by rheological characterization.
PEDOT:PSTFSI dispersions with a low PEDOT concentration (EDOT/STFSI<0.6)
synthesized at 625rpm stirring displayed the characteristics of a viscoelastic fluid, which
is composed of weakly interacting separate colloidal particles (see figure 2.47 and figure
A.6, appendix page 220). The measured rheological properties were similar to those of
PEDOT:PSTFSI with low PEDOT concentrations synthesized at low stirring speed.
This indicates, that for low PEDOT concentrations the dispersion of the EDOT
monomer did not decisively influence the rheological properties of PEDOT:PSTFSI.
For higher PEDOT concentrations (EDOT/STFSI>0.6), however, the PEDOT:PSTFSI
synthesized at 625rpm showed the characteristics of a gel, for which G’ and G” are
independent of the frequencies and G’>G” (see figure 2.47). This is an indicator for
strong colloidal forces or the formation of three dimensional network. In addition, the
yield stress was determined to be 0.06Pa (see figure A.5, appendix page 219), which is
three times higher than the yield stress measured for PEDOT:PSTFSI synthesized at
slow stirring, and affirms the higher structural strength. The observed gel character is in

perfect coherence with the three-dimensional network structure of these complexes
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Fig.  2.46: STEM images of PEDOT:PSTFSI with a)EDOT/STFSI—0.70 and
b)EDOT/STFSI=1.10, synthesized at 625rpm

observed by imaging (see figure 2.46a).

A further increase of the EDOT to STFSI ratio (EDOT/STFSI>0.9) resulted in a loss
of viscosity (see figure A.5, appendix page 219) and in the destabilization of the
dispersions, for which the gel character is lost upon application of 0.2% shear strain (see

1 (see figure

figure A.6, appendix page 220) or shear frequencies higher than 20rad.s™
2.47). This indicates, that the PSTFSI poyelectrolyte is saturated with PEDOT, which
results in the destabilization of the solution and which is coherent with the formation of
ill-defined complexes imaged by STEM (see figure 2.46b).

Independently of the EDOT to STFSI ratio or the stirring speed, no or negligible
thixotropy was observed in the PEDOT:PSTFSI systems (see figure A.7, appendix page

221), which indicates that after its break down the structure was not recovered with

time.

The strong influence of the monomer dispersion on the rheology of the final ink can
be explained by changes in the complex morphology. In the case of big monomer
droplets the interface with the PSTFSI stabilizer is small and PEDOT is stabilized in
form of few big, separated agglomerates, which are surrounded by PSTFSI. Therefore
these PEDOT:PSTFSI inks show the viscous flow behavior of dispersed, weakly
interacting latex particles. Good dispersion of EDOT leads to a high interface with
PSTFSI and many small PEDOT rich domains in a three dimensional network of
PSTFSI are formed (see scheme figure 2.48). These PEDOT rich domains act as nodal
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Fig. 2.47: Storage and Loss Moduli as a function of angular frequency at 2%
shear strain of PEDOT:PSTFSI with different EDOT to STFSI ratios and
stirring at 55rpm and at 625rpm
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Fig. 2.48: Scheme illustrating the influence of the
EDOT monomer dispersion on the morphology of the
PEDOT:PSTFSI complex

points between several PSTFSI chains and a three dimensional PEDOT:PSTFSI
network is formed. Hence, the rheology of these dispersions is dominated by the elastic
properties of the interconnected polymer gel. This is in coherence with the structural
differences imaged by TEM (see figure 2.19, page 78, figure 2.46, page 116 and figure
2.10, page 70).

In addition, the larger interface between PEDOT and PSTFSI is most likely
favorable for better PEDOT-PSTFSI interactions, which can explain the higher degree
of doping upon improved dispersion. Furthermore, a multitude of small PEDOT rich
domains should be advantageous for the formation of a percolated conducting network
in the PEDOT:PSTFSI films. As both, doping and percolation, are decisive factors for
the conductivity of a film, this could explain the drastic increase in conductivity upon
better dispersion of the EDOT monomer.

The important influence of the stirring speed during the PEDOT synthesis on the
conductivity of the PEDOT:PSTFSI complex was confirmed by supplementary

experiments, which are summarized in table 2.12 (see page 120).

In conclusion, it was found, that a good dispersion of the EDOT monomer is crucial for
a good complexation, stabilization and doping of the PEDOT by PSTFSI and influences

decisively the morphology, rheology and conductivity of the PEDOT:PSTFSI system.
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Upon improved dispersion of the EDOT monomer the PEDOT:PSTFSI inks displayed
a strong gel character and a three-fold increase in conductivity of the PEDOT:PSTFSI

films was observed.

2.5.3 Temperature

The temperature is a crucial parameter for most chemical reactions as it affects the
thermodynamics and kinetics. In radical polymerizations the dissociation of certain
initiators, such as persulfates, is thermally activated and consequently the initiation step
is accelerated at high temperatures. Therefore increasing synthesis temperatures result
in polymers with higher dispersity and a lower average chain length. In most protocols
for the synthesis of aqueous PEDOT:PSS dispersion, the polymerization of EDOT is
performed at room temperature [58]. However, the patents hold by Bayer for the
synthesis of pi-conjugated water soluble polymers [12| and processing of polythiophenes
[51] cover temperature ranges from 20°C to 100°C. Corradi and Armes [59] and Jiang et
al. |45] reported, that by increasing the synthesis temperature the yield of the oxidative
polymerization of EDOT in water using Fes salts could be improved. However, the
faster reaction kinetics resulted in lower colloidal stability of the PEDOT particles,
which caused a drop of their conductivity. Therefore the influence of the temperature on

the doping, kinetics and opto-electronic properties of PEDOT:PSTFSI was investigated.

From figure 2.49 it can be seen, that the FoM decreased exponentially with
increasing synthesis temperature. The comparison of the opto-electronic properties of
PEDOT:PSTFSI dispersions synthesized at 13°C and at 23°C shows, that the drop of
the FoM with increasing temperature is caused by a loss of conductivity and a
concurrent rise of the absorption (see table 2.12). For temperatures below 13°C (lowest
temperature studied: 9°C) no further change of the opto-electronic properties was

observed.

The beneficial effect of low synthesis temperatures on the conductivity of
PEDOT:PSTFSI can be related to the slower reaction kinetics and the formation of
longer PEDOT chains, which are crucial for good doping and charge transport. This is
confirmed by the comparison of the UV /Vis spectra of PEDOT:PSTFSI synthesized at
13°C and at 23°C in figure 2.49b, in which the PEDOT:PSTFSI synthesized at lower

temperatures clearly shows a stronger bipolaronic absorption, which is a sign for a high
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Fig. 2.49: a)Dependancy of the FoM on the polymerization temperature and b)UV/Vis spectra
of PEDOT:PSTFSI synthesized at 15°C and at 23°C

Stirring Speed Temperature Conductivity®® Absorption Coefficient®  FoM®  Particle Size®

(rpm) (°C) (S.em™1) (cm™) (nm)
55 13 39+4 2.54+0.4 2.54+0.3 297 + 37
200 13 5546 2.5+0.3 3.44+0.3 288 £+ 16
625 13 131410 2.84+0.4 7.1+0.4 294 + 90
100 23 11+3 440.4 0.5+0.1 380 £ 90
375 23 33+£5 7+0.6 0.7£0.2 304 £ 11
750 23 4645 7+0.5 1.04+0.2 360 £ 13

¢ average on & measurements or more b determined by 4-point measurements

¢ bigger diameter of bimodal scattering determined by DIS, correlation function see figure A.13 in appendix page 225

Tab. 2.12: Opto-electronic properties of PEDOT:PSTFSI synthesized at 15°C and at 25°C and
at different stirring speeds
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degree of doping and a good delocalization of the charges. However, no experimental
method was found, which allowed the determination of the chain length of PEDOT in
the PEDOT:PSTFSI.

The increased absorption coefficient for higher synthesis temperatures could be
explained by an increase in the EDOT conversion [59, 45]. Also the formation of big,
agglomerated complexes, caused by fast reaction kinetics, could lead to a decreasing
transparency of the PEDOT:PSTFSI films due to increased scattering. However, it can
be seen from table 2.12, the particle size of the PEDOT:PSTFSI complexes was not
drastically affected by the increase in temperature.

Furthermore, an increase in the dispersity of the PEDOT:PSTFSI complexes could be
expected with increasing synthesis temperature. However, this could not be confirmed
by DLS analysis or imaging.

In order to confirm the influence of the synthesis temperature on the kinetics of the
EDOT polymerization, the UV /Vis absorption of the PEDOT:PSTFSI dispersion was
monitored during the EDOT polymerization at different synthesis temperatures (see
figure A.12, appendix page 224). To facilitate the analysis, the absorption at a fixed
wavelength (800 nm, 1100 nm and 1300 nm, respectively) and for a constant
temperature (10°C, 25°C and 50°C, respectively) was traced as a function of time (see

figure 2.50a-c).

From these plots it can be seen that, at first, the absorption increased fast and
linearly with time, until after a certain time a saturation of the absorption was reached.
The rate of the change in absorption (equal to the slope O(absorption)/0t of the plots
2.50a-c) was used to compare the reaction kinetics of the PEDOT formation. As it can
be seen from figure 2.50d, the absorption rate increased almost linearly with
temperature, which confirms the acceleration of the reaction kinetics with increasing
temperatures.

However, the absorption spectra obtained during the monitoring of the synthesis (see
figure A.12, appendix page 224) and the spectra of the PEDOT:PSTFSI systems,
synthesized under standard conditions (see figure 2.49 for instance), show completely
different features. This can be explained by the special experimental conditions of the
UV /Vis monitoring, which had to be performed in a ten times diluted system compared

to the standard and without stirring. Therefore we can conclude, that the doping of
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PEDOT:PSTFSI is indeed affected by the temperature, but depends in equal measure
on other synthesis parameters.

In conclusion it was shown that the synthesis temperature has a drastic influence on the
opto-electronic performance of the PEDOT:PSTFSI complexes. The highest
conductivities were obtained for a synthesis temperatures between 10°C and 13°C. A
possible explanation is, that the slower reaction kinetics at low synthesis temperatures
lead to the formation of longer PEDOT chains, which are favourable for good doping
and charge transport. However, this assumption could not be proven by experimental

data.

2.5.4 Synthesis Time

Once the oxidants and the synthesis temperature for the standard synthesis protocol of
PEDOT:PSTFSI were defined, the influence of the synthesis time on the opto-electronic
properties was investigated. The right choice of the synthesis time is crucial to ensure that
a sufficiently high degree of EDOT conversion has been reached. In order to study the
temporal evolution of the opto-electronic properties and the doping of PEDOT:PSTFSI,
samples were taken from the same batch of PEDOT:PSTFSI at different times of the
synthesis.

Figure 2.51 displays the opto-electronic properties of PEDOT:PSTFSI dispersion, which

were purified and characterized after 17 hours to maximum 234 hours of reaction time.

For the further discussion it is important to remember, that the absorption
coefficient takes only into account the absorption at 550nm, which corresponds to the
absorption of neutral PEDOT, and is not affected by changes in the polaronic and
bipolaronic absorption regime.

As it can be seen from figure 2.51 the FoM increased until roughly 70 hours of synthesis
and decreased then for synthesis times longer than 200 hours. The initial increase in the
FoM was caused by a simultaneous gain in conductivity and a drop in the absorption at
550nm. This is related to an increasing degree of polymerization of EDOT and a
increasing degree of doping, as it can be seen from the UV /Vis spectra in figure 2.51.
For longer synthesis times the absorption coefficient stayed constant, which indicates
that the polymerization of EDOT did not proceed further. The conductivity, however,

decreased for synthesis times longer than 150 hours. From the UV /Vis spectrum (see
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Fig. 2.51: Conductivity, absorption coefficient (at 550nm), FoM and UV/Vis spectra of
PEDOT:PSTSFI at different times of the synthesis at T=10°C
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figure 2.51) it can be seen, that the polaronic absorption at 800nm increased drastically
for long synthesis times, whereas the absorption in the bipolaronic regime decreased
slightly. Therefore, the decrease in conductivity for reaction times longer than 150 hours
was attributed to a change in doping. This change could be either explained by an
over-doping of PEDOT, which would result in a high density of more and more localized
charges, or by the formation of sulfate functionalities on the PEDOT due to side
reactions with persulfate radicals, which would lead to a break of the conjugation and
therefore to a confinement of the charges. To clarify this question, XPS spectroscopy
could be performed, which should give information on the presence of sulfate
functionalities on PEDO'T.

In summary, it was shown, that for the synthesis of PEDOT:PSTFSI at 10°C, the
dispersion should be purified after 48 to 70 hours, in order to obtain the maximum
conductivity and Figure of Merit. It was found that for shorter synthesis times the
EDOT polymerization and doping was not completed, whereas for longer synthesis time

degradation of the PEDOT doping was observed.

2.6 Conclusion

In conclusion we can state, that PEDOT:PSTFSI is a complex system, whose
opto-electronic properties are highly dependent on intrinsic properties of the PSTFSI
polyelectrolyte and at the same time on multiple synthesis parameters. It was shown,
that the opto-electronic properties of PEDOT:PSTFSI are decisively influenced by the
molar ratio of EDOT to STFSI units. On one hand, the PEDOT concentration has to
be high enough to allow the percolation of conducting pathways in the film. On the
other hand, the PSTFSI template polymer becomes saturated with PEDOT at molar
EDOT to STFSI ratios higher than 0.9, which leads to a decrease in doping and
colloidal instability. It seems, that the saturation behavior can be correlated to the
amount of negative charges on PSTFSI, which can act as a base and becomes partially
protonated in acidic medium, with an equilibrium at approximately 38% STFSI~ units
and 62% STFSIH units. As acidity is generated upon the polymerization of EDOT, the
PSTFSI polyanion is partially neutralized during the PEDOT synthesis, which lowers
the density of negative charges on the PSTFEFSI and affects its ability for charge
compensation of PEDOT.
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Parameter Major Influence On Best Opto-Electronic Performance For
- Conductivity, Transparency, Omazat EDOT/STFI=0.9
Composition PEDOT/PSTESI Rheology e FoM,,at EDOé‘/STFI:O.G
pH - Counter Ton of PSTFSI Conductivity PSTFSI-H
pH- Additional Base/Acid/Salt Conductivity no additional Base/Acid/Salt
Oxidants Conductivity (NH,4)2S,05:FeCl3 at 3.5 : 1
Monomer Dispersion Conductivity, Rheology good dispersion (stirring >625rpm)
Temperature Conductivity, Transparency 10°-13°C
Synthesis Time Conductivity 50 hours

The synthesis of PEDOT:PSTFSI from the acid form of PSTFSI lead to an increase of
the doping of PEDOT and morphological changes in the PEDOT:PSTFSI films, which
resulted in a 2.4-fold increase of the conductivity. As the acidification of the synthesis
medium with HCI did dot show the same effect, this could be caused by a different
conformation or dissociation of PSTFSIH compared to PSTFSIK and changes in the
chain growth of PEDOT. However, the underlying mechanism was not uncovered.
Furthermore it was found, that a good dispersion of the EDOT monomer in the PSTFSI
solution is crucial for the efficient stabilization and doping of PEDOT through PSTFSI,
as well as for the formation of a highly structured PEDOT:PSTFSI network with gel
characteristics. By improvement of the dispersion of the EDOT monomer a three-fold
increase of the conductivity was obtained.

The optimization of the synthesis parameters showed that the highest conductivity of
about 330S.cm~! (absorption coefficient=2200cm ™!, FoM=24) was obtained for
PEDOT:PSTFSIH (My (PSTFSIH)~350kDa) after about 50 hours of synthesis at 10°C
under magnetic stirring at 625rpm by using a binary oxidant system of FeCls and
(NHy4)2S20g with a molar ratio between oxidants and EDOT monomer of (NH)2S,05 :
FeCl; : EDOT ratio of 3.5 : 1: 3.5. PEDOT:PSS (M (PSSH)=1000kDa), which was

3

synthesized using exactly the same protocol, displayed a conductivity of 305S.cm !, an

absorption coefficient of 2500cm ! and a FoM of 19.
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3 Formulation and Processing of

PEDOT:PSTFSI

From the aqueous PEDOT:PSTFSI dispersions, transparent and homogeneous conducting films can
be fabricated using different coating techniques such as doctor blading, spin coating or spray coating.
By formulation of the PEDOT:PSTFSI dispersions the opto-electronic properties of the resulting inks
can be decisively influenced. Tt was found, that the conductivity could be drastically enhanced by the
addition of high boiling point solvents or salts, whereas the transparency was increased through
additional PSTFSIK polymer. Furthermore, the influence of the ink concentration and composition, as
well as the influence of coating parameters such as temperature and blading speed on the film

properties were investigated.

Les dispersions aqueuses de PEDOT:PSTFSI ont permis la fabrication de films conducteurs et
transparents via des techniques d’enduction différentes, comme le ’spin coating’, le ’spray coating’ ou le
“doctor blading’. Les propriétés opto-électroniques des films PEDOT:PSTFSI peuvent étre modifiées par
formulation des encres, a partir desquelles ils sont élaborés. Il a été montré que la conductivité peut étre
améliorée de plusieurs ordres de grandeur grice & la formulation de l’encre avec certains solvants ou
sels, tandis que la transmittance et [’épaisseur des films ont par exemple pu étre augmentées par
formulation avec du PSTFSI utilisé comme additif. En outre, l'influence de la concentration et de la

composition de l’encre, ainsi que l'influence des parameéetres d’enduction ont été étudiées.
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3.1 Introduction

One of the key advantages of conducting polymers as electrode materials, compared to
thin metal films or inorganic oxides, is their printability. The easy processing of
conducting inks at low temperatures and on large scales allows the cost efficient
production of electronic devices. Nonetheless, the printability of polymer dispersions
depends strongly on their rheological behavior, such as viscosity, drop formation, or
filament break up, as well as their wetting behavior on the subjacent layer. These
characteristics are affected by the polymer structure, molecular weight, the solvent and
the concentration of the ink, but they can be adjusted by formulation with additives. In
addition, it is known, that pristine PEDOT:PSS shows a conductivity of less than
1S.ecm™!, which is not sufficient for the application as transparent electrode. However,
by formulation with high boiling point solvents, which are miscible with water, such as
DMSO or EG, the conductivity of the PEDOT:PSS films can be increased for more than
two orders of magnitude [1, 2, 3, 4, 5, 6, 7, 8, 9, 10]. Therefore the effect of different
additives and co-solvents on PEDOT:PSTFSI was studied, in order to define a
formulation which allows the fabrication of homogeneous thin PEDOT:PSTFSI films

with high conductivities on glass and plastic substrates.

3.2 Increasing the Conductivity by Formulation with
Small Molecule Additives and High Boiling Point

Solvents

Exactly as in the case of PEDOT:PSS, the conductivity of the pristine PEDOT:PSTFSI
films is rather low with about 1S.cm ™ (see table 3.1), but can be drastically increased by
the treatment with high boiling point solvents. Upon the the addition of 5% DMSO (or
EG) as co-solvent and drying at 120°C an almost 200-fold increase of the conductivity
was observed, while the absorption coefficient of the films was not affected (see table 3.1).

Therefore the Figure of Merit of the films was drastically increased (see table 3.1).

For higher concentrations of DMSO co-solvent, the opto-electronic properties stayed

unchanged (see table 3.1). However, the film roughness increased slightly, as it can be
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Concentration DMSO  Conductivity®® Absorption Coefficient® R, ¢
(wt%) (S.cem™1) (10% ecm™1) (nm)

0 0.7£ 0.5 23£ 0.1 0.1£0.05 0.6

5 130+ 13 24+ 0.1 8.0x 0.5 1.0

10 1224 10 22+ 0.1 8.3+ 0.5 1.1

15 1234 12 2.3+ 0.1 8.2+ 0.6 1.4

¢ average on 8 measurements or more b determined by 4-point measurements ¢ determined from AFM height images

Tab. 3.1: Opto-electronic properties and surface roughness of PEDOT:PSTFSI cast with different
concentrations of DMSO co-solvent, My, (PSTFSIK)~200kDa, synthesis at 11°C, ~400rpm

seen from AFM height images in figure 3.2. Thus, we chose to work with 5% DMSO
co-solvent, which also allowed good processing and minimized the potentially residual
DMSO in the films. In literature the effect of high boiling point solvents on PEDOT:PSS
is commonly explained by a phase separation of PEDOT and PSS, leading to a growth of
the PEDOT rich domains [3, 4, 5|, better percolation [6, 3] and an increase in crystallinity
[7, 8,9, 10]. The mechanism leading to this phase separation is not fully understood, but
is probably related to the high dipole moments of the solvents, which interact with the
charged PEDOT and PSS moieties, softens the electrostatic interactions between PEDOT
and PSS and facilitates the rearrangement of the chains [11].

AFM phase images of PEDOT:PSTFSI films without and with DMSO (see figure 3.2)
confirmed a change in the surface structure of PEDOT:PSTFSI films, which could be
attributed to a phase separation of PEDOT and the PSTFESI polyelectrolyte.

Surface analysis of pristine films and DMSO containing films by XPS revealed, that the
surface composition is affected by the DMSO co-solvent. In the XPS S2p spectrum (see
figure 3.1) it can be seen, that due to the use of DMSO co-solvent the intensity of the
doublet at 163.6eV, which is assigned to the sulfur atoms in polythiophenes, increased,
whereas the intensity of the peak at around 168eV, which corresponds to sulfur atoms in
sulfonyl groups, decreased. This signifies an increasing PEDOT concentration at the film
surface of PEDOT:PSTFSI deposited with DMSO co-solvent, which is coherent with the
results presented for PEDOT:PSS in literature [6, 12, 5|.

Furthermore, it has been reported that the use of high boiling point solvents leads to
an increase in crystallinity of PEDOT:PSS |7, 8, 9, 10]. This was not confirmed for
PEDOT:PSTFSI. In the case of of PEDOT:PSTFSI (M, (PSTFSI)>10kDa) DSC and
GIWAXS analysis did not show any sign of crystallinity for both pristine and DMSO



134 3. FORMULATION AND PROCESSING OF PEDOT:PSTFSI

2x10*

—— PEDOT:PSTFSI pristine
—o— PEDOT:PSTFSI 5% DMSO
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Fig. 8.1: XPS S2p spectrum of films cast from pristine
PEDOT:PSTFSI and from PEDOT:PSTFSI with 5%
DMSO co-solvent

treated PEDOT:PSTFSI (see figure D.7, appendix page 232, and figure B.1, appendix
page 226).

Ouyang and co-workers reported, that the conductivity of PEDOT:PSS can also be

increased by the addition of certain salts [13]. Furthermore, a synergetic effect of the
treatment with high boiling point solvents and salts was observed [14]. In analogy to the
mechanism discussed for polar solvents, this effect could be explained by the charge
screening of the salt ions, which helps the rearrangement of polymer chains.
For this work, we chose to study the formulation of PEDOT:PSTFSI with lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and with para toluene sulfonic acid
(pTSA). LiTFSI could be seen as the monomeric equivalent to the STFSI functional
unit of PSTFSI and pTSA is known as good counter ion for in situ polymerized PEDOT
and has been studied as plasticizer in poly(4-vinylpyridine) [15]. Therefore these small
ionic molecules are supposed to be well miscible with the PEDOT:PSTFSI system and
to interact with charged PEDOT.

Upon the addition of pTSA to PEDOT:PSTFSI, a drastic increase in its conductivity
was observed, which surpassed the conductivity obtained upon formulation with DMSO
(see table 3.2). However, the presence of pTSA made the films appear whitish, which
was attributed to microscopic inhomogeneities in the film caused by domains of

crystallizing pTSA and which lead to a decrease of the film transparency. Therefore, the
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2.3 nm 8.7 *

-2.2 nm -6.5°
0.0 Height Sensor 500.0 nm

3.3 nm 98°*

-3.2 nm -12.3°
0.0 Height Sensor 500.0 nm

4.1 nm 109 °

-3.7 nm -17.9°
0.0 Height Sensor 500.0 nm

4.6 nm 85°

-4.7 nm -12.1°
0.0 Height Sensor 500.0 nm 0.0 Phase 500.0 nm

Fig. 8.2: AFM height images (left) and phase images (right) of pristine
PEDOT:PSTFSI films and films cast with 5%, 10% and 15% DMSO (from
top to bottom,)



136 3. FORMULATION AND PROCESSING OF PEDOT:PSTFSI

DMSO Conductivity®® Absorption Coefficient®

Salt (vol%) (S.em™1) (103 cm™1) FoA®
0 140.3 3.740.5 <1
) 5 151418 3.8-0.4 6.4-0.6
. 0 11012 2.640.0 6.440.5
LITEST 133411 3.841.0 6.341.2
TSA 0 191423 38406 77403
5 930442 4.340.9 8.1-0.6

¢ average on & measurements or more b determined by 4-point measurements

Tab. 3.2: Opto-electronic properties of PEDOT:PSTFSI formulated with DMSO
and/or with 6g.17" LiTFSI or 14g.1"* pTSA

FoM of pTSA formulated films was not much higher than the FoM of DMSO formulated
films, despite their higher conductivity. The highest FoM was obtained for about 1.7g
pTSA for 1g dry PEDOT:PSTFSI polymer, which is equivalent to 2.4wt% pTSA in
PEDOT:PSTFSI dispersion of 1.4% solid content (see figure 3.3). At this pTSA
concentration a partial precipitation of the PEDOT:PSTFSI complexes was observed.
This decrease in colloidal stability could be explained by the replacement of the
polymeric counter ion PSTFSI by the small anion pTSA, which can act as counter ion
for PEDOT, but can not stabilized PEDOT particles in dispersion. A similar ion
exchange behavior in PEDOT:PSS dispersion, from PSSH to PSS~ Cation complexes,
has been reported by Mecerreyes and co-workers [16|. UV /Vis spectroscopy revealed,
that PEDOT:PSTFSI films containing pTSA showed higher bipolaronic absorption than
pristine or DMSO treated films, the latter showing exactly the same absorption
spectrum (see figure 3.3). This confirms, that pTSA affects the doping, whereas DMSO
only affects the morphology of PEDOT:PSTFSI films. In addition, the AFM height and
phase images of PEDOT:PSTFSI films with pTSA did not display clear differences to
the surface of pristine PEDOT:PSTFSI films (see figure 3.4), which is opposed to the
observation made upon the treatment of PEDOT:PSTFSI with DMSO (see figure 3.2).

Upon addition of both pTSA and DMSO to the PEDOT:PSTFSI dispersions, a
small synergistic effect was observed regarding the conductivity of the PEDOT:PSTFSI
films. However, these films showed an increased surface roughness and a much lower
transparency.

As the FoM obtained by the addition of pTSA, DMSO co-solvent or pTSA and DMSO

was very similar, the use of only DMSO was preferred for two reasons. First, pTSA
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m  PEDOT:PSTFSI 0.8wt% in water
e PEDOT:PSTFSI 1.4wt% in water
o PEDOT:PSTFSI 1.8wt% in water
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Fig. 3.3: Figure of Merit of PEDOT:PSTFSI dispersions with different solid contents as a
function of the toluene sulfonic acid concentration (left) and UV /Vis spectra of PEDOT:PSTFSI
films cast from pristine ink, ink with 5%DMSO co-solvent and ink with 5%DMSO cosolvent and
1.4wt%pTSA

formed a whitish layer on top of the PEDOT:PSTFSI films which had to be removed by
washing, whereas DMSO could be removed by simple heating of the films. Second,
PEDOT:PSTFSI films containing pTSA were slightly hygroscopic, which lead to

instabilities of the opto-electronic properties on a time scale of several months.

As already mentioned, another salt, which was tested as additive for
PEDOT:PSTFSI in this work, is LiTFSI. The addition of small quantities of LiTFSI to
PEDOT:PSTFSI did not affect the opto-electronic properties of the PEDOT:PSTFSI
films. Only upon the addition of about 6g.17! LiTFSI, a considerable increase of the
conductivity was observed (see figure 3.5). However, the absolute conductivity obtained
through the formulation with LiTFSI was lower than via the formulation with DMSO or
pTSA (see table 3.2). It is noteworthy, that the PEDOT:PSTFSI-LiTFSI films were
very homogeneous on the macroscopic scale and showed a shiny aspect, which is in
coherence with the low absorption coefficient of these films (see table 3.2).

In the presence of DMSO, the effect of LiTFSI was ruled out and the opto-electronic
properties of PEDOT:PSTFSI were determined by the influence of the DMSO co-solvent
(see table 3.2 and figure 3.5).

UV /Vis spectroscopy revealed, that the presence of LiTFSI affected the absorption of
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Phase 500.0 nm

Fig. 8.4: AFM 38D height and 2D phase images of a pristine PEDOT:PSTFSI film
(top) and of films of PEDOT:PSTFSI containing 149.1"' pTSA (middle) and of
PEDOT:PSTFSI containing 69.171 LiTFSI
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absorption spectra of PEDOT:PSTSFI formulated with
LiTFSI and with LiTFSI+5% DMSO

PEDOT:PSTFSI in the polaronic and bipolaronic regime, which indicates, that LiTFSI
influences the doping of the PEDOT:PSTFSI system. This is in analogy to the
observation made for pTSA and could be explained by the small and mobile TFSI~
anions acting as supplementary counter ions for the doped PEDOT. Unlike in the case
of pTSA, no precipitation was observed in the PEDOT:PSTFSI-LiTFSI dispersions,
even for high LiTFSI concentrations. However, at LiTFSI concentrations higher than
25¢.171 the obtained PEDOT:PSTFSI-LiTFSI films did not dry properly, which was
attributed to the hygroscopic nature of LiTFSI.

In a last step, the PEDOT:PSTFSI film homogeneity was improved by the

formulation of the inks with surfactants. The use of sodium dodecyl sulfate (SDS) lead
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to very homogeneous films, but also to a decrease in the conductivity. However, the
formulation with the fluoro-surfactant Zonyl allowed the deposition of films with
excellent homogeneity [17] and did not affect the measured conductivity. Therefore, in
this work 0.04wt% of Zonyl was added to all PEDOT:PSTFSI dispersions before film

deposition.

In conclusion, we found, that the conductivity of PEDOT:PSTFSI can be increased
by a factor of 200 due to the use of 5% DMSO as co-solvent. The increase of conductivity
was attributed to a change of the film morphology, in analogy to the mechanism described
for PEDOT:PSS. A similar increase of the figure of merit was obtained by formulation
with LiTFSI or pTSA. However, for reasons of simple processing DMSO was defined as
the additive of choice for the study of PEDOT:PSTFSI. To ensure homogeneous film
formation, the formulation with 0.04wt% Zonyl fluorosurfactant was elaborated, which

did not affect the opto-electronic properties of the PEDOT:PSTFSI film.

3.3 Increasing the Transparency by Formulation of

PEDOT:PSTFSI with PSTFSI

For certain applications, such as invisible anti electrostatic coatings or nanowire -
polymer composite electrodes, "extremely" transparent conducting polymers are needed.
PEDOT:PSTFSI displays a higher transparency in the visible range than PEDOT:PSS
and by simple formulation the transparency can be further increased without the
complete loss of conductivity.

The main strategy to achieve extremely high transparencies was to incorporate
additional transparent PSTFSIK polymer in the conducting PEDOT:PSTFSI inks. As
PSTFSI is a component, of the PEDOT:PSTFSI system, it is perfectly miscible with the
dispersion. The amount of additional PSTFSIK is reported in wt% with respect to the
total mass of dry PEDOT:PSTFSI polymer.

From figure 3.6 it can be seen, that upon the addition of PSTFSIK to
PEDOT:PSTFSI both the absorption coefficient and the conductivity of the polymer
films decreased. A closer look on the evolution of the absorption coefficient reveals, that
already upon the addition of small amounts of PSTFSIK the absorption dropped to 30%
to 40% of the initial value. For higher amounts of additional PSTFSIK, the decrease of
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Fig. 3.6: Normalized absorption coefficient and conductivity of PEDOT:PSTFSI (PEDOT:PSS)
as a function of PSTFSIK (PSSNa) added to the dispersion

the absorption coefficient was insignificant. In the same time, the conductivity of the
PEDOT:PSTFSI films decreased continuously and seemed to stabilize at about 20% of
the initial value.

The abrupt drop of the absorption coefficient and the much smaller decrease of the
conductivity upon the addition of less than 100wt% PSTFSIK to PEDOT:PSTFSI
dispersions, allows the fabrication of extremely transparent films with decent
conductivity. Figure 3.7 illustrates, that a film of unformulated PEDOT:PSTFSI with
120nm thickness showed the same transmittance as the 550nm thick film made of the
ink, which was formulated with 87wt% PSTFSIK (see green arrow). In the same time,
the sheet resistance of the thicker film, made of formulated PEDOT:PSTFSI, was lower,
despite the loss in conductivity. Therefore the calculated FoM increased upon the
addition of PSTFSIK to PEDOT:PSTFSI (see figure 3.8). However, it has to be taken
into account, that for extremely highly transparent films with T > 97% the FoM
diverges due to its strong dependency on T (see figure 3.8) and can not serve as valuable

measure for the opto-electronic performance of the films.

In comparison, the addition of PSSNa to PEDOT:PSS resulted in a steady, but slow
decrease of the absorption coefficient and the conductivity decreased steadily until the

films became insulating for more than 200wt% of additional PSSNa. The formulation

of PEDOT:PSS with PSSNa also allowed to increase the film thickness by keeping the
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Fig. 8.7: Transmittance and sheet resistance as a function of film thickness of films cast from
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transmittance constant (see red arrow figure 3.7). However, the sheet resistance of the
thicker film of formulated PEDOT:PSS was substantially higher and the FoM decreased
(see figure 3.8). Therefore the gain in transparency was not big enough to compensate
the loss in conductivity and the opto-electronic properties of PEDOT:PSS were worsened

by formulation.

From figure 3.9 and figure 3.10 it can be seen, that the increase of the amount of
PSTFSIK during the synthesis of PEDOT:PSTFSI did not lead to the same effect.
With increasing PSTFSI concentration the absorption coefficient of the resulting
PEDOT:PSTFSI decreased linearly and less drastically. For the double amount of
PSTFSI, which corresponds to about 75wt% of added PSTFSIK in the case of
formulation, the absorption coefficient was at 70% of the initial value, compared to 35%
of the initial absorption in case of formulation. By contrast, the decrease in conductivity
was faster than in the case of formulation. Therefore the decrease in absorption was not
important enough to compensate the loss of conductivity (see figure 3.10) and the FoM

was drastically decreased.

The underlying mechanism for the formulation process was not further investigated.
However, a possible explanation for the different effect of formulation on the conductivity
of PEDOT:PSTFSI and on PEDOT:PSS, is the network character of PEDOT:PSTFSI,
which can not be observed in the commercial PEDOT:PSS (see figure 3.11). Upon the
addition of PSTFSIK, PSTFSIK rich domains can be formed, which inter-penetrate the
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Fig. 8.11: a)PEDOT:PSTFSI and b)commercial PEDOT:PSS imaged by liquid AFM

network of PEDOT:PSTFSI without interrupting the percolation of the PEDOT rich
domains and allow the persistence of conductivity. The isolated PEDOT:PSS complexes,
however, can be assumed to form isolated domains in a PSS rich matrix, which leads to

a disruption of the conducting, percolated network.

In summary, it was shown that the Figure of Merit for PEDOT:PSTFSI films can
be increased by simple formulation with PSTFSIK. This formulation method allowed the
fabrication of thick PEDOT:PSTFSI - PSTFSIK films with high transmittance and decent
sheet resistance (thickness 550nm, T — 93%, R — 4000hm.sq '), which are suitable for
applications in composite electrodes. However, this principle was not applicable to the

formulation of commercial PEDOT:PSS.

3.4 Fabrication of PEDOT:PSTFSI Thin Films

PEDOT:PSTFSI films were deposited by spin coating, spray coating or doctor blading.
Due to its high viscosity and gel character, PEDOT:PSTFSI was easily processable by
doctor blading, which resulted in homogeneous films with film thickness of up to 600nm.
Very thin and homogeneous films were obtained by spin coating. In order to render spray
coating possible, the PEDOT:PSTFSI dispersion had to be diluted with water to avoid
complete plugging of the nozzle. The spray coated films were inhomogeneous and showed
a high surface roughness (see figure 3.12). Therefore, spin coating and doctor blading were
the coating techniques of choice for PEDOT:PSTFSI and the opto-electronic properties

of the films were the same for both these coating techniques.
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As doctor blading allowed the casting of rather large films with very variable
thickness from 80nm to 600nm on glass and on plastic substrates, the doctor blading
process was studied more closely in correlation with the rheology of PEDOT:SPTFSI
dispersion.

It was found, that PEDOT:PSTFSI dispersions with a solid content higher than 0.8wt%
resulted in more homogeneous films than the same dispersions with lower solid content.
This can be explained by the increase in viscosity of the dispersion for higher solid
contents (see figure 3.13), which is favorable for the processing by spin coating and
doctor blading. Dispersions with a solid content of 1.4wt% were highly viscous,
comparable to pastes. A clear influence of the solid content on the opto-electronic
properties in the range of 0.8 wt% to 1.4% was not observed.

As described in literature [18], the increase in viscosity with increasing dispersion
concentration is not linear. This is related to the hydrodynamic interaction between the
particles and depends on multiple factors, including the particle size distribution and
geometry. The fact, that the flow curve was not identical for increasing and decreasing
shear rates (see figure 3.13), indicates that the structure of the polymer complex is
altered by the applied shear. To investigate the structure breakdown further amplitude
sweeps were performed. From figure 3.14 it can be seen, that for all dispersion
concentrations the storage modulus G’ was higher than the loss modulus G”, which
indicates high colloidal forces between the polymer particles. The critical strain, which
is defined as the maximum strain before the polymer structure is disrupted, was
determined to be between 2 and 3% for all dispersions. The measurement of the storage
and loss moduli over a wide range of frequencies (see figure 3.15) confirmed the gel
character of the dispersions. Interestingly, the gel characteristics can be already found
for mass contents low as 0.63wt% in water. Therefore we can state, that an increase in
the total concentration of PEDOT:PSTFSI lead to higher viscosity, but did not

drastically alter the gel behavior.

In order to obtain homogeneous films, it is crucial, that the critical shear rate and
the critical strain are not exceeded during the coating process. For PEDOT:PSTFSI

! were used. From figure 3.16 it

dispersions coating speeds between 4mm.s~! to 24mm.s~
can be seen, that the opto-electronic properties were not dependant on the blade speed

in the studied regime. Therefore we can state that the rheological properties of
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PEDOT:PSTFSI allow a wide range of coating conditions. However, colloidal
instabilities of PEDOT:PSTFSI dispersions with high EDOT concentrations, became
apparent during processing (see figure 3.17). With increasing blading speed (from right
to left in figure 3.17) the shear rate increases and the dispersions became instable.

For PEDOT:PSTFSI inks with different concentrations and different formulations or
in order to control drying it might be desirable to adapt the temperature of the
substrate during coating. As it can be seen from figure 3.18 the opto-electronic
properties of PEDOT:PSTFSI films were not affected by the coating temperature in the
range of 40°C to 80°C.

In conclusion we can state that the rheological properties of PEDOT:PSTFSI allow
the coating of PEDOT:SPTFSI dispersions with a solid content of higher than about
0.8wt% in a wide range of coating speeds and temperatures. Therefore the processing
parameters can be adapted to the viscosity of each ink and to the target film thickness,

without affecting the opto-electronic properties of the dry film.
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Fig. 8.12: 8D representation of AFM height images of a)spray coated PEDOT:PSTFSI,
Ry—=2."vm, b)of doctor bladed PEDOT:PSTFSI R,—1.3nm and c)of spin coated
PEDOT:PSTFSI, Rg=1.0nm
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3.5 Conclusion

It has been demonstrated, that the opto-electronic properties of PEDOT:PSTFSI films
can be drastically changed upon formulation of the PEDOT:PSTFSI dispersions. In
analogy to the behavior of PEDOT:PSS, the addition of high boiling point solvents,
such as DMSO, to the PEDOT:PSTFSI dispersions, results in an increase of the film
conductivity of several orders of magnitude. This effect was attributed to changes in the
film morphology, which facilitate the charge transport. Similar conductivities have been
obtained upon admixing of certain salts or acids, such as LiTFSI or pTSA. In order to
increase the transparency of PEDOT:PSTFSI films, supplementary PSTFSI can be
admixed to PEDOT:PSTFSI. The addition of 50 to 100wt% PSTFSIK to
PEDOT:PSTFSI allows the fabrication of thick conducting films with an extremely high
transparency and an increased FoM.

Furthermore it has been shown, that PEDOT:PSTFSI dispersions with solid contents of
about 0.8% can be easily processed by doctor blading at various blading speeds and
temperatures without any impact on the opto-electronic properties of the resulting films.
By changing the dispersion concentration, the viscosity of PEDOT:PSTFSI can be
adjusted for the processing by other coating techniques, such as slot die coating or

screen printing.
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4 Stability of PEDOT:PSTFSI

In this chapter the chemical and colloidal stability of the PEDOT:PSTFSI dispersions was
investigated.  Using UV/Vis, Raman and XPS spectroscopy techniques, as well as rheological
characterization the long term stability of the PEDOT:PSTFSI inks was confirmed. Furthermore, the
stability of the PEDOT:PSTFSI films and their opto-electronic properties under ambient conditions, as

well as at elevated temperatures up to 190°C was demonstrated.

L’utilisation de techniques de spectroscopie UV/Vis, Raman et XPS, ainsi que des analyses
rhéologiques ont permis de mettre en évidence de bonnes stabilités chimique et colloidale des encres de
PEDOT:PSTFSI. De plus, les films de PEDOT:PSTFSI ont montré une bonne stabilité (conservation
des caractéristiques opto-électroniques) sous atmosphére ambiante et o température élevée jusqu’a

190°C.
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4.1 Introduction

For the integration of any new material in devices a good stability is crucial. Even if the
quality of the encapsulation of the devices is more and more improved, the electrode
material will be subjected to ageing processes due to chemical oxidation, humidity,
irradiation or heat. Therefore the stability of the polymer under ambient conditions,
this is the stability to chemical oxidation or humidity, is crucial. The thermal stability
and degradation plays not only a role for the life time of the devices under harsh
thermal conditions, such as for solar cells, which are naturally exposed to the heat of
direct sunlight, but also for the processing, which might require annealing steps for
other layers to which the potential electrode material has to withstand. In the case of
conducting polymer inks, such as PEDOT:PSTFSI, also the colloidal stability of the
dispersion is important to guarantee a long shelf life and unaltered rheological and
opto-electronic properties over time. Therefore some fundamental aspects of the

colloidal and chemical stability of the PEDOT:PSTFSI system have been investigated.

4.2 Stability Under Ambient Conditions

For the application and processing of PEDOT:PSTFSI in the lab scale, but especially
for potential up-scaling, the colloidal and chemical stability of the polymer complex in
dispersion is detrimental in order to ensure that for the same processing parameters the
same film properties are obtained. For commercial PEDOT:PSS, such as Clevios
PH1000 (Heraeus, Germany) the shelf life is given as nine month. Practical experience
in the lab shows that commercial PEDOT:PSS dispersions were used for about two

years without a change in the processing or opto-electronic properties.

Table 4.1 displays the opto-electronic properties of different PEDOT:PSTFSI samples,
measured on films, which were cast directly after the synthesis, and on films, which were
cast from the aged dispersion three to eleven months after the synthesis. For all dispersions
the opto-electronic properties stayed unchanged over time.

In order to investigate possible changes in doping, UV /Vis and Raman spectroscopy
of the freshly synthesized inks and from the aged inks were recorded. From figure 4.1
it can be seen that the absorption of PEDOT:PSTFSI dispersions did not change over

time, independently of the initial shape of the spectra and doping. Therefore it can be
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Sample Day after Synthesis

Conductivity®?

Absorption Coefficient®

(S.em™1) (em™1)

1 2 140 £+ 12 3.0+0.4
96 140 + 10 3.0+0.3

2 2 93 +9 2.240.2
111 128 + 13 2.2+0.2

3 30 263 + 27 3.1+0.6
189 260 + 26 2.54+0.5

4 2 229 + 18 1.8+0.6
344 211 4+ 20 2.04+0.5

? average on 8 measurements or more > determined by 4-point measurements

Tab. 4.1: Opto-electronic properties of PEDOT:PSTFSI films cast
directly after synthesis of the inks and after several months
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Fig. 4.1: UV/Vis spectra (left) and Raman spectra (right) of PEDOT:PSTFSI dispersions
directly after synthesis and several month later, with sample 1: EDOT/STFSIK 0.6,
Myy (PSTFSIK)=100kDa, 500rpm at 10°C, 0 =103S.cm™', sample 2: EDOT/STFSIK 0.4,
My (PSTFSIK)=350kDa, 55rpm at 10°C, 0=381S.cm™' and sample 3: EDOT/STFSIK 0.6,
My (PSTFSIK)=350kDa, 625rpm at 10°C, 0=2055.cm™"

assumed that the doping of PEDOT:PSTFSI is not affected by aging phenomena within

16 months. This was confirmed by the recorded Raman spectra, which showed only little

deviations that were attributed to differences in the background subtraction.

It is known from literature, that changes in the chemical structure of PEDOT:PSS,

which are caused by degradation reactions, can be characterized by XPS [1, 2|. The

photo-oxidation of PEDOT, for instance, leads to the appearance of an new contribution

in the sulfur S2p spectrum of PEDOT which can be attributed to the formation of sulfone

groups, whereas the formation of carboxyl groups due to chain scission reactions results

in changes of the carbon Cls spectrum [1, 2|. Figure 4.2 displays the Cls, S2p, N1s, and



158 4. STABILITY OF PEDOT:PSTFSI

C1s S2p
— ; —o—right after synthesis
1.0 — ggr::)i::g asf)gtrhsilsr:fhesis 1.0 . —— 6 months after synthesis
’ |
!
o 3
il (@]
(0]
S 05} ZZ 8 o5¢
© N
£ i T
(@] P £
z 4 S
- ) / s | . P
e, & : . 4
RN s
forcacpacncn™
00 ' 1 L 1 " 1 I 1 k 1 n 1 " 00 1 " 1 L 1 1 1 1
206 294 292 290 288 286 284 282 172 170 168 166 164 162
Binding Energy (eV) Binding Energy (eV)
N 1 S \ —o—right after synthesis F1 S
| —=— 6 months after synthesis | —— right after synthesis
1.0+ = 10k . |_—+— 6 months after synthesis
I\ | Fa
\. e, 0
A \
E \\ 2 /
c c r
=} v >
o ]
o / \\ o
= o
805 Y \ 8 05)
g ./;zz./ b g
S Z}é}] 4 o
./.o/o \x ,576
o, 2l R e o P,
0.0 %.JQ@I‘ \/ | . | . . N ‘\él.g,’ﬁ e 00 ,c.azaso.ew;o"‘ | , bl‘ag*n% . N
404 402 400 398 396 692 690 688 686 684
Binding Energy (eV) Binding Energy (eV)

Fig. 4.2: XPS Cls, S2p, N1s and F1s spectra of a new and an aged PEDOT:PSTFSI system

F1s XPS spectra of a PEDOT:PSTFSI film, which was cast directly after synthesis, and
the spectra of a film cast from the same PEDOT:PSTFSI ink, which has been stored
under ambient conditions in a brown tinted glass vial for six months. The carbon, sulfur,
nitrogen and fluorine spectra are identical for both samples, which indicates that the
chemical structure of the PEDOT:PSTFSI complex was unchanged. Therefore we can
state that the PEDOT:PSTFSI dispersion is chemically stable for at least six months

under ambient conditions and when protected against UV light.

In order to study the colloidal stability of PEDOT:PSTFSI, comparative rheology
measurements on a PEDOT:PSTFSI dispersion shortly after synthesis and several months

later have been performed. For PEDOT:PSTFSI dispersions with a viscoelastic behavior
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Fig. 4.3: Flow curve (left) and storage modulus, loss modulus and loss factor of PEDOT:PSTFSI
(EDOT to STFSI ratio 0.72, stirring 55rpm) shortly after synthesis and 8 months later

"

close to the gel point (tand = e ~ 1), a slight decrease in viscosity and a small increase
of the loss factor tand, related to a decreasing storage modulus G’, was observed after
several months of aging (see figure 4.3). This signifies a reduction of the internal structure
of the dispersion, which is coherent with moderate colloidal interactions. However, the
observed changes were marginal and the dispersions can be considered as stable. Even
less change in the rheological properties was observed for PEDOT:PSTFSI systems with
pronounced gel character, obtained e.g. via better dispersion of the EDOT monomer or
in PEDOT:PSTFSIH, which retained their gel character for more than one year after the

synthesis.

The excellent stability was confirmed by the analysis of PEDOT:PSTFSI using a
turbiscan, which allowed the monitoring of the sample transmittance over the whole
sample length at 30°C for four weeks. The measured change in transmittance (see figure
C.1, appendix page 227) was marginal and constant throughout the sample, except for a
higher increase of transmittance close to the meniscus of the sample. This indicates a
slight increase of the particle size in the dispersion and an insignificant clarification close
However, these changes are negligible and the

to the sample meniscus over time.

dispersion can be considered as stable.

In order to investigate the stability of PEDOT:PSTFSI conducting films, which were

stored under ambient conditions at room temperature and protected from sun light, the
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Fig. 4.4: Development in time of the sheet
resistance of two PEDOT:PSTFSI films

sheet resistance of several films was monitored for more than two years. From Figure 4.4
it can be seen, that the measured sheet resistance was stable for about 3 years within
the error bars of the measurement. Interestingly, the tendencies of the fluctuations of the
measured sheet resistance were the same for different samples and films, which indicates
that the influence of the measurement conditions such as the ambient temperature and

humidity was not negligible.

To summarize, PEDOT:PSTFSI dispersions have been shown to be stable for about
one year, when stored under ambient conditions and protected from sun light. Dry
PEDOT:PSTFSI films, stored under ambient conditions at room temperature and
protected from sun light, were demonstrated to retain their conductivity for

approximately three years.

4.3 Thermal Stability

As mentioned earlier, the thermal stability of PEDOT:PSTFSI is not only of interest
to ensure a long life time of the electrode once the material is integrated in devices,
but also for the device processing, during which the electrode can be subjected to high

temperatures due to the processing of other layers of the device.

Thermal gravimetric analysis shows that PEDOT:PSTFSI is stable up to 200°C under
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Fig. 4.5: Thermo-gravimetric analysis of PEDOT:PSTFSI under a)Ny and b)in air

nitrogen atmosphere and in air (see figure 4.5). Similar values have been reported for
PEDOT:PSS in literature |3, 4].

The measurement of the sheet resistance of PEDOT:PSTFSI films a function of the
annealing temperature showed, that the electronic properties of the PEDOT:PSTFSI
films were unaffected up to 130°C and dropped significantly only upon degradation of the
polymer at temperatures higher than 200°C (see figure 4.6).

In the case of PEDOT:PSS it has been reported, that the films can be annealed at up to
100°C for up to 1000h with no change in conductivity [5] and that for annealing at 120°C
the conductivity of PEDOT:PSS decreases with annealing time [6]. For PEDOT:PSTFSI

films annealed at 120°C for 340h, no change in the sheet resistance was observed over

time.
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4.4 Conclusion

In summary, it was shown that PEDOT:PSTFSI dispersions are stable for more than
one year with unchanged rheological, chemical and opto-electronic properties. Thermal
analysis proved that PEDOT:PSTFSI is stable up to 200°C and shows stable
conductivities up to annealing temperatures of 190 °C and is therefore a promising

candidate for the application in printed organic electronics.
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5 Application of PEDOT:PSTFSI

Electrodes in Devices

L’utilisation de techniques de spectroscopie UV /Vis, Raman et XPS, ainsi que des analyses rhéologiques
ont permis de mettre en évidence de bonnes stabilités chimique et colloidale des encres de
PEDOT:PSTFSI. De plus, les films de PEDOT:PSTFSI ont montré une bonne stabilité (conservation
des caractéristiques opto-électroniques) sous atmosphére ambiante et & température élevée jusqu’a

190°C.

Des films de PEDOT:PSTFSI ont été intégrés avec succés en tant qu’électrodes transparentes dans
des dispositifs électroniques comme des cellules solaires organiques et des diodes électroluminescentes
organiques montrant des performances égales ou supérieures & celles des dispositifs de référence
disposant d’une électrode en PEDOT:PSS ou en ITO dans le cas des dispositifs flexibles. Enfin, des
électrodes de PEDQOT:PSTFSI ont montré de bons résultats dans des transistors électrochimiques

organiques lorsqu’ils étaient wutilisés comme conducteurs ambivalents de trous et d’ions.
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5.1 Transparent Electrodes in OLEDs and OPVs

Electronic devices become more and more present in almost every aspect of our daily
lives, such as entertainment, communication, energy supply and health. However,
questions about the environmental impact, costs and sustainability have been raised
regarding the production processes and the raw materials used for these electronic
devices. The development of organic electronics might not only be a way for a more cost
efficient and eco-friendly production of electronic devices on a large scale, but allows also
the design of flexible and light weight devices. Since their development in the 1980s
organic electronic light emitting diodes (OLEDs) have attracted a great deal of
attention and OLED displays and lighting systems have recently been commercialized.
Organic photovoltaics are less widely used, mainly due to their limited stability and
power conversion efficiencies. However, OPVs show a big potential for applications
where traditional solar panels can not be used because of their weight, brittleness and
high production costs. A crucial component of OLEDs and OPVs devices is the
transparent electrode. Due to its good opto-electronic properties, but also due to the
lack of alternatives, the most used material for flexible and printable transparent
electrodes is the conducting polymer PEDOT:PSS. However, PEDOT:PSS is known to
be acidic and hygroscopic, which affects the device stability. Therefore, new conducting
polymers such as PEDOT:PSTFSI are of interest for the application as transparent
electrode in order to further improve device performance and stability.

In order to evaluate the potential of PEDOT:PSTFSI for transparent electrodes,
OLED and OPV devices with PEDOT:PSTFSI electrodes were fabricated and compared
to devices with benchmark PEDOT:PSS and ITO electrodes. This work was done in
collaboration with the Fraunhofer Institute for Organic Electronics in Dresden,
Germany.

The average opto-electronic properties of the PEDOT:PSTFSI, PEDOT:PSS and ITO
electrode materials are displayed in table 5.1.

Figure 5.1 displays the structure of a monochrome orange OLED stack, of an organic
solar cell device, both fabricated with either PEDOT:PSTFSI or ITO electrodes, and
of a 3-color-white OLED stack, fabricated with either PEDOT:PSTFSI or PEDOT:PSS
electrodes. The details of the device fabrication are given in the experimental section

page 209.
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Electrode Sheet Resistance® Transmittance FoM?
(Ohm.sq ) (%)
PEDOT:PSTFSI 90-180 70-85 11.5+2.5
PEDOT:PSS 32-80 70-85 3041
ITO 12 >95 >600

@ determined by 4-point measurements © average value on 10 films or more

Tab. 5.1: Sheet resistance, transmittance and FoM of PEDOT:PSTFSI,
commercial PEDOT:PSS (Clevios PH1000) and ITO electrode materials

Monochrome 3-;2:;; ;’:hi:(e OPV-Stack
OLED-Stack _a‘ i e
n-doped ETL and HBL
_ Al cathode o % ¢ o] EMLblue Al cathode
N-doped ETL and HBL interlayer n-doped ETL (nC60)
EML ol E 52 EMLgreen ZnPc:C60 absorber layer
p-doped HTL and EBL ° ° E:"j'gree‘é HTL and EBL p-doped HTL
PEDOT:PSTFSI anode i PEDOT:PSTFSI anode
PET substrate PET substrate PET substrate

Fig. 5.1: Structure of orange monochrome and 3-color-white OLED stacks and the organic solar
cell device. ETL: electron transporting layer, HTL: hole transport layer, EBL: electron blocking
layer, HBL: hole blocking layer, EML: emitting layer

For the characterization of the OLEDs the current density J and the luminance L were
recorded as a function of the applied voltage V. From the resulting L-I-V curves the
current efficiency 7 (defined as the ratio of the luminance L to the current density J), the

power efficiency 7 (defined as the ratio of the luminous flux output to the corresponding

electrical power n = ) and the leakage current Jieqkqge Were determined and served

X
JxV
as key parameters for the evaluation of the device performance.

Figure 5.2 displays a picture of a white OLED stack with a PEDOT:PSS electrode
and a white OLED stack with a PEDOT:PSTFSI electrode. For both electrode
materials the devices seem homogeneous and no difference can be seen by inspection
under the optical microscope. Typical L-I-V curves of the white OLEDs are shown in
figure 5.3 and the key characteristics are summarized in table 5.2. From the L[L-I-V
curves it can be seen that for both types of electrodes the turn on voltage of the devices
was at about 2V. In order to reach the same luminance, the devices with
PEDOT:PSTFSI electrodes required a slightly higher voltage than the devices with
PEDOT:PSS electrodes. However, the current density J in devices with
PEDOT:PSTFSI was considerably lower, which resulted in a higher current efficiency of
7=39.49cd. A" (y=36.06cd.A~! for PEDOT:PSS electrodes) and a higher power

efficiency n=25.24lm. W1 (n=24.28lm.W~! for PEDOT:PSS electrodes). In addition,
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Fig. 5.2: White OLEDs with PEDOT:PSS electrode (left) and PEDOT:PSTFSI electrode (right)

Electrode Voltage Current Density Current Efficiency® Power Efficiency®® Leakage Current®
(V) (mA.cm™?) (ed. A7) (Im.W=1) (mA.cm™?)
PEDOT:PSS 4.67 2.81 36.06+3.89 24.2842.69 0.24
PEDOT:PSTFSI 4.92 2.53 39.49+5.18 25.2445.07 0.01

@ average over 6 devices b calculated from forward direction, assuming lambertian emission

Tab. 5.2: Key characteristics of 3-color-white OLED  stacks with PEDOT:PSS and
PEDOT:PSTFSI electrodes at 1000cd.m™2 luminance

the leakage current in PEDOT:PSTFSI devices was more than one order of magnitude
lower than in the PEDOT:PSS reference devices, which is an indicator for less defects

and better device stability.

For orange OLED stacks with PEDOT:PSTFSI an average current efficiency of
v=(11.57 £ 1.09)cd.A~! and an average power efficiency of n=(13.95 4 1.54)lm.W~!
were obtained, which were slightly lower than the efficiencies of the ITO bench mark
devices (y=(15.08 + 6.52)cd. A~ 7=(16.97 lIm.W=+ 8.36)lm.W~!).  However, the
reproducibility was far higher for the purely organic devices, as it can be seen from the
much lower standard deviations. This is affirmed by the high yield of functional devices
(39/40) for the OLED series with PEDOT:PSTFSI electrodes (8/8 for ITO electrodes).
Bending tests confirmed the superiority in terms of flexibility of the all organic orange
OLED devices, which showed stable performance down to a bending radius of 10mm,
whereas the performance of the ITO benchmark devices decreased starting from a
bending radius of 40nm (see figure 5.4).

For the characterization of the OPV device a voltage sweep was applied and the current
response of the solar cell was measured. To define the performance of a solar cell four key

parameters are used, namely the open circuit voltage Voo, the short circuit current Is¢,
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Electrode Voo Isc FF PCE
(mV) (mA.cm™2) (%) (%)

PEDOT:PSTFSI  531¢ 5.8 57.74%  1.76%
ITO 5420 7.30 50.94°  2.6°

@ average over 36 devices b average over 8 devices

Tab. 5.3: Characteristics of OPV  devices with
PEDOT:PSTFSI and ITO electrodes

the fill factor (FF) and the power conversion efficiency (PCE). The fill factor is related to

the maximum power of the cell and defined as:

]maCCVmal‘
FF = —rw— 5.1
IscVoc (5-1)

whereas the PCE is defined as the ratio of the generated electricity over the power of the
incoming irradiation:
IscVocF'F

PCE = ———F—F— 5.2
Plight ( )

Figure 5.3 shows typical IV curves recorded for a device with a PEDOT:PSTFSIK
electrode (blue line) in comparison to an ITO reference device (black line) and the key
parameters are summarized in table 5.3. The difference in V¢ is small (5%). However,
the devices made with PEDOT:PSTFSI electrodes show a 20% lower I g~ with respect to
the reference cells.  The fill factor is considerably higher for solar cells with
PEDOT:PSTFSI electrode, which could be an indicator for lower series or shunt
resistance in the devices. The PCE, however, is significantly lower than for the ITO
reference devices. This can be related to the lower transparency of the PEDOT:PSTFSI
electrode in the visible regime compared to ITO. As in the case of OLED devices the
yield of functional devices for PEDOT:PSTFSI electrodes is very high (86.1%),

especially in comparison to the low yield with ITO electrodes (25%).

One of the critical parameters for organic electronics is their limited life time due to
intrinsic degradation and insufficient encapsulation [1, 2, 3, 4, 5]. As the main objective
of this collaboration was a first evaluation of the new material PEDOT:PSTFSI as
transparent electrode, systematic stability test have not been performed. However,
testing of the orange OLED devices after three years revealed a high degree of
degradation. The residual emission of the devices was not strong enough for proper

characterization (see figure 5.5). Taking into account the quality of the encapsulation
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Fig. 5.5: Yellow OLED devices measured directly after fabrication (left) and three years after
fabrication (right)

and the fact that the devices were stored under ambient conditions, the main cause of
degradation can be attributed to diffusion of oxygen and humidity into the device.

In summary, PEDOT:PSTFSI was succefully integrated as transparent electrode in
OLED and OPV devices. In 3-color-white OLED devices PEDOT:PSTFSI electrodes
slightly outperformed PEDOT:PSS electrodes. Compared to ITO reference devices
monochrome orange OLEDs with PEDOT:PSTFSI electrodes showed about 20% lower
efficiencies. Organic solar cells with PEDOT:PSTFSI electrodes showed a higher fill
factor than the ITO reference devices, but a considerably lower power conversion
efficiency, which could be explained by higher absorption of PEDOT:PSTFSI in the
visible. The key advantages of the PEDOT:PSTFSI electrodes were a low leakage
current in OLED devices and very high reproducibility for all types of devices. This
indicates that PEDOT:PSTFSI films were very homogeneous with few defects.
Therefore we can state that PEDOT:PSTFSI is a promising material for transparent
electrodes, which competes with PEDOT:PSS electrodes, especially for OLED

applications.

5.2 Mixed Electron Ion Conductor in OECTs

Conducting polymers are important materials for the development of new biomedical
devices for smart drug delivery or sensing |6, 7, 8, 9, 10]. PEDOT:PSS has been widely

used for such applications, due to its flexibility, its biocompatibility and its hole and ion
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Fig. 5.6: Scheme of an OECT [15]

conducting properties . One of the bio-electronic devices, which lately has attracted a
lot of attention for in witro and in vivo diagnostics and electrophysiological recordings,
is the organic electrochemical transistor (OECT) [8, 10, 11, 12, 13]. OECTSs are ion to
electron transducers, which rely on active channel materials, which combine ionic and
electronic conductivity, such as PEDOT:PSS |10, 14|. The mixed conductivity of the
PEDOT:PSS originates from the hole conducting properties of PEDOT and the PSS
polyelectrolyte phase, which provides channels for ion migration. Figure 5.6 displays the
schematic structure of an OECT device fabricated with PEDOT:PSS. The PEDOT:PSS
film is deposited between the source and the drain electrode and is in direct contact with
the electrolyte solution, into which the gate electrode is immersed. Upon application
of a positive gate voltage, the cations of the electrolyte solution are injected into the
PEDOT:PSS layer. This results in a decrease of the hole density of the PEDOT, leading
to a drastic decrease of its conductivity and of the drain current in the device. The

de-doping process is fully reversible once the gate voltage is switched off.

For this work the PEDOT:PSTFSI, synthesized with PSTFSILi and PSTFSIK salt
(M (PSTFSI)= 100kDa or 250kDa), and PEDOT:PMaTFSI (M, (PMaTFSI)= 80kDa)
were tested as active material in OECT devices and compared to a reference device
fabricated with PEDOT:PSS (structure and properties of PEDOT:PSTFSI and
PEDOT:PMaTFSI see chapter 6, page 179). For the characterization of the OECT
devices the drain current Ip was measured upon application of a series of drain voltage
Vp and gate voltage Vi sweeps. In order to define the performance of an OECT, two

key parameters were used. First, the transconductance g,,, which is defined as the



5. APPLICATION OF PEDOT:PSTFSI ELECTRODES IN DEVICES 173

polyelectrolyte Im T o Swelling
(mS) (ns)  (Sem™) (%)
PSS 3.51 £0.17 49 4+ 24 270 160
PSTFSI K 20kDa  3.05 &£ 0.16 45 + 5 45 90
PSTFSI K 250kDa 2.58 + 0.21 34 +4 95 60
PSTFSI Li 100kDa 3.41 4 0.32 90 4 25 40 110
PMaTFSI Li 80kDa 1.65 4+ 0.23 178 + 3 8 50

Tab. 5.4: Transconductance g¢p, and response time T of OECTs with
different PEDOT:polyelectrolyte active layers and hole conductivity o and
swelling of the different PEDOT:polyelectrolyte systems

change of the drain current as response to changes in the gate voltage (g, = 0Ip/0Vg)
and which is obtained from the Ip — Vi transfer curve. A high transconductance at low
gate voltages is important for the design of highly sensitive devices. Second, the
response time 7, which characterizes the switching speed of the drain current upon the
application of a pulsed gate bias and which was determined by fitting the exponential
decay of the drain current over time upon application of a gate bias. As expected, the
obtained characteristics of OECTs fabricated with PEDOT:polyelectrolytes correspond
to the behavior of OECTs operating in the depletion mode, in which the drain current
decreases as a result of the application of a positive gate voltage. Figure 5.7 displays the
[p-Vp curve, the Ip-Vg transfer characteristics, the transconductance (V p=-0.8V) and
the temporal response of the drain current of an OECT with PEDOT:PSS as active
material and of an OECT with PEDOT:PSTFSI (M, (PSTFSI)—100kDa) as active
material. The transconductance and time response values obtained for all devices with

different PEDOT:polyelectrolytes are summarized in table 5.4.

By far the poorest performance was obtained for PEDOT:PMaTFSI, which was the
least conducting material (o—8S.cm™') and showed the lowest degree of swelling, a low
transconductance of 1.65mS and a long response time of 178us. Among the
PEDOT:PSTFSI materials the best characteristics were obtained for PEDOT:PSTFSI
with My, (PSTFSI Li)= 100kDa, which showed a transconductance of 3.41mS and a
response time of 90us. These values are close to the characteristics obtained for
state-of-the-art OECTs [14]. The other PEDOT:PSTFSI systems showed similar
performances, which were only slightly inferior to the performance of PEDOT:PSS in

terms of response time and transconductance, indicating that the PEDOT:PSTFSI
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systems are an interesting alternative to PEDOT:PSS as active material in OECTs.
From table 5.4 it can be seen that neither the molar mass nor the counter ion of the
PSTFSI polyelectrolyte seemed to have an influence on the performance of the
PEDOT:PSTFSI films in OECT devices. Also the hole conductivity of the active
material could not be directly correlated to the transconductance of the OECT device.
However, the transconductance seemed to depend strongly on the ability for swelling of
the active material. PEDOT:PSS and PEDOT:PSTFST (M, (PSTFSI)—100kDa), which
showed the most important swelling, resulted in the highest transconductance in
OECTs, whereas PEDOT:PMaTFSI showed the lowest degree of swelling and the lowest
transconductance. Interestingly, the response time did not correlate to the degree of
swelling. Though, it has been reported, that the response time depends on the ionic
conductivity of the active material, which in turn depends on the swelling [16]. This is
an indicator for the presence of a barrier to ion injection in the PEDOT:PSTFSI film or
for an anomalous ion transport behavior. In summary, the good performance of
PEDOT:PSTFSI (M, (PSTFSI)-100kDa) in OECT devices reveals that a polymer
with rather mediocre hole or electron conductivity but with a high degree of swelling
can yield high transconductance OECTs.

It was shown in literature, that the ion mobility in PEDOT:polyelectrolyte films is
strongly related to the swelling of the material [17].  This indicates, that the
performance of an OECT is decisively influenced by the ion transport behaviour of the
active material. Therefore the ion transport in PEDOT:PSTFSI was investigated and
compared to the one of PEDOT:PSS. In planar electrolyte-PEDOT:polyelectrolyte
junctions the optical transmission of the PEDOT:polyelectrolyte films was monitored
over time while the injected cations propagate in the film, leading to a de-doping and
color change of the PEDOT:PSTFSI complex. Figure 5.8 displays the evolution of the
moving front of the injected potassium cations in the PEDOT:polyelectrolyte films over
time. The data confirmed, that the ion mobility in PEDOT:polyelectrolyte films was
strongly correlated to the degree of swelling of the material. In PEDOT:PSS, which
showed the highest degree of swelling, the highest ion mobility was measured. With
decreasing degree of swelling of the PEDOT:polyelectrolytes also the ion mobility
decreased. Therefore, in PEDOT:PSTFSI (M, (PSTEFSI)=250kDa), which is the least

swellable polymer, the ion front had barely moved after 20min of applied bias, which
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shows that the ion mobility in the film was very low. It is noteworthy, that the ion drift
in PEDOT:PSS followed a square root dependence with time, which was not the case for
the PEDOT:PSTFSI polymers. This is another indicator for the presence of an ion
injection barrier and a different ion transport mechanism than in PEDOT:PSS. A
possible explanation could be, that the excess PSTFSI units in PEDOT:PSTFSI are
predominantly protonated and that their acidity is limited due to the stabilization of
hydrogens in the structure via hydrogen bonding with neighboring groups (see section
2.3, page 68). In contrast, it is known from literature, that in PEDOT:PSS the excess
PSS units are partly protonated and partly in the sodium salt form [18, 19]. It seems
plausible that PSS™-Na™ sites are helpful for ion injection and transport, whereas
neutral PSTFSI-H sites, in which the protons are stabilized by hydrogen bonding to the
neighboring groups, are detrimental to ion injection and transport. This hyphothesis is
supported by the XPS Nls data of the PEDOT:PSTFSI inks used for this experiments
(see figure 5.9), which show that PEDOT:PSTFSI with My (PSTFSIK)20kDa and
My (PSTFSILi)=100kDa, which show higher swelling and ion mobility, had a higher
percentage  of  negatively  charged STFSI  units than PEDOT:PSTFSI
M (PSTFSIK)=250kDa.
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In summary, different PEDOT:polysulfonylimide type polymers were tested as active
material in OECT devices and compared to commercial PEDOT:PSS. The methacrylate
based PEDOT:PMaTFSI, which has a very low conductivity and a low capacity for
swelling, results in poorly performing OECTs. All PEDOT complexes synthesized with
PSTFSI, which bears sulfonylimide units on a styrenic backbone, showed performance
close to the state-of-the-art. This proves that the choice of the polyelectrolyte for the
PEDOT:polyelectrolyte complex is a mean to control the OECT performance.
Furthermore it was shown that the performance of the OECTs is not much affected by
the hole conductivity of the PEDOT:polyelectrolyte films, but is strongly correlated to
the swelling ability of the material. Therefore poor electron conducting materials can
yield in high performance OECTs, if their high swelling capacity leads to high ion
mobilities. This opens up the search for new PEDOT:polyelectrolyte systems, which
show optimized swelling behaviour and high ion mobilities in combination with a

adequate hole conductivity.
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6 Polyelectrolytes for Aqueous
PEDOT Complexes

By using different polysaccharide and polysulfonylimide type polyelectrolytes for the synthesis of
aqueous PEDOT:polyelectrolyte dispersions, the influence of polyelectrolyte backbone and of the
anionic groups on the properties of the resulting PEDOT:polyelectrolyte complex is studied. The
obtained PEDOT:polyelectrolyte systems are characterized regarding the doping and the morphology of
the polymer complexes in dispersion, as well as regarding the opto-electronic properties and the
morphology of the dry PEDOT:polyelectrolyte films. The use of polysaccharide type electrolytes is
promising for the development of low cost and highly bio-compatible PEDOT complexes, whereas
polysulfonylimide type polyelectrolytes allow the synthesis of highly transparent still conductive
PEDOT:polyelectrolyte films.

Dans lobjectif de moduler les caractéristiques opto-électroniques des films a base de dispersions
aqueuses de PEDOT:polyélectrolyte nous avons étudié toute une série de polyélectrolytes de types
polysaccharides et polystyrenes substitués par des groupements bissulfonylimides.  L’influence du
groupement anionique (charge et nature chimique) ainsi que les structures/rigidité des polyélectrolytes
sur les complexes PEDOT:polyélectrolyte et donc sur les caractéristiques finales de leurs films minces
ont été étudiées. Il ressort notamment que le complexe de type PEDOT:Poly(p-styrene bissulfonylimide)
donne les meilleurs résultats en terme de compromis transmittance/conductivité électronique et que les
complezes bio-sourcés a base de sulfate de dextrane sont trés prometteurs montrant des conductivités de

Pordre de 15 S/cm.
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6.1 Introduction

Over the last decade conducting polymers attracted more and more attention in the
scientific community. The development of aqueous dispersions of conducting polymers,
such as PEDOT:PSS, makes it possible to print flexible, transparent and biocompatible
thin conducting films, which allow the development of a new generation of flexible
electronics with a wide range of applications in energy [1, 2, 3, 4, 5, 6, 7] , entertainment
8, 9, 10, 11, 12] and the biomedical field [13, 14, 15]. For now the material of choice for
these applications is PEDOT:PSS, which is mainly due to its good opto-electronic
properties and biocompatibility [16], but also due to a lack of alternatives. Given the
huge variety of applications it would be preferable to design aqueous
PEDOT:polyelectrolyte systems which meet better the specific requirements of each
application. To do so a better understanding of the stabilization and doping mechanism
of PEDOT is needed. Therefore, different PEDOT:polyelectrolyte systems were studied
in this chapter, in order to investigate the influence of the rigidity of the polyelectrolyte
chain, different acid functionalities and the density of the charges on the opto-electronic
properties of the PEDOT:polyelectrolyte complex. The palette of the studied
polyelectrolytes for the synthesis of PEDOT complexes comprised synthetic polyanions
bearing bisulfonylimide groups, which lead to highly transparent films, as well as
polyanionic polysaccharides, which could allow the cost efficient production of highly

bio-compatible conducting PEDOT:polyelectrolyte films.

In the PEDOT:polyelectrolyte complex the anionic polyelectrolyte acts as counter
ion for the positively charged, doped PEDOT and allows the dispersion of the insoluble
PEDOT in water. Therefore the nature of the anionic groups, the charge density and the
morphology of the polyelectrolyte play a crucial role for the doping and stabilization of
PEDOT. In nature a huge variety of polyanionic biopolymers, such as polysaccharides,
bearing a different amount of carboxylic or sulfate groups can be found. Figure 6.1
displays the chemical structure of the different anionic polysaccharides which were chosen
for this work. Pectin (see figure 6.1), which is commercially used as gelling agent and food
stabilizer, consists of linear chains of a-(1-4)-linked D-galacturonic acid units and of very
complex branched derivatives |[17|. It bears one carboxylic group on every repeat unit,

of which 60-70% are esterified and which can be hydrolyzed in acidic medium. Sodium
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Fig. 6.2: Chemical structure of synthesized a)PSTFSI, b)PSMSI, ¢)PSPSI, d) PMaTFSI and e)
PSTFSI-co-AA (m:n=1)

hyaluronate (see figure 6.1) is a linear polysaccharide composed of D-glucuronic acid and
D-N-acetylglucosamine units, linked via alternating (5-1,4 and [-1,3 glycosidic bonds and
bears one carboxylic group on every second repeating unit [18, 19]. It is known for its
biomedical application and component in skin care products. Dextran sulfate (see figure
6.1), known as coagulant, is a branched d-glucose polymer, which is highly charged due

to two sulfate groups per repeating unit.

These  three  polysaccharides  mentioned above  were  compared to
bissulfonylimide-based polyelectrolytes regarding their ability to “"dope” and disperse
PEDOT in water [20]. All polymers studied in this work bear at least one negatively
charged group per repeating unit and differ either in backbone, such as poly(4-styrene
trifluoromethyl(bissulfonylimide)) (PSTFSI) and poly(methacrylate
trifluoromethyl(bissulfonylimide)) (PMaTFSI), in side group, such as poly(4-styrene
phenyl(bissulfonylimide))  (PSPSI) and poly(4-styrene  methyl(bissulfonylimide)
(PSMSI), or in both (PSTFSI-co-poly(acrylic acid), (PSTFSI-co-AA )(see figure 6.2)).

All PEDOT:polyelectrolyte dispersions were synthesized by oxidative polymerization

of EDOT in the aqueous polyelectrolyte solutions under nitrogen atmosphere at 10°C,



182 6. POLYELECTROLYTES FOR AQUEOUS PEDOT COMPLEXES

using a binary oxidant system of FeCl; and (HN4)2S20g) (details see experimental section,

page 203).

6.2 Opto-Electronic Properties

Table 6.1 displays the opto-electronic properties of the different PEDOT:polyelectrolyte
films, deposited with 5% DMSO co-solvent. All three polysaccharides tested were able
to stabilize PEDOT in aqueous medium and dark blue dispersions were obtained. The
PEDOT:Dextran sulfate (PEDOT:DS) complex showed a maximum conductivity of
15S.cm~! for a molar ratio of dextran sulfate to EDOT of 2.2, which is similar to the
conductivity for a PEDOT:DS reported by Harman et al[21]. However, neither the
PEDOT:Hyaluronate (PEDOT:HLA) nor the PEDOT:Pectin films were conducting.
With an absorption coefficient a at 550nm of about 2000cm~' PEDOT:DS showed a
good transparency in the visible range, which was higher than the one of PEDOT:PSS.
As reported before [20], the synthesized PEDOT:PSTFSI and home made PEDOT:PSS
showed good conductivities up to 300S.cm ™! with PEDOT:PSTFSI being considerably
more transparent (a~2) than PEDOT:PSS (a~3.5). For both, PEDOT:PSS and
PEDOT:PSTFSI, the use of higher molar mass polyelectrolytes resulted in a higher
transparency and conductivity, but did not fundamentally change the characterisitcs of
the PEDOT:polyelectrolyte complexes (see figure 6.3). Interestingly, the conductivity of
the PEDOT:polyelectrolyte complex did not increase gradually with increasing molar
mass of the polyelectrolyte, but was constant over a range of molar masses and only
jumped up when a certain "threshold" molar mass was reached.

PEDOT:PSMSI and PEDOT:PSTFSI-co-AA showed a considerably lower conductivity
of 12S.cm™! and 5S.cm~!, respectively, and both PEDOT:PMaTFSI and PEDOT:PSPSI
showed negligible conductivity. The absorption coefficients a of those polymers ranged
between 2200cm~!' and 3000cm~!, which indicates that were less transparent in the

green regime than PEDOT:PSTFSI, but more transparent than PEDOT:PSS.

6.3 Doping of the PEDOT:polyelectrolyte complexes

In order to obtain information on the doping of PEDOT, UV/Vis spectra of all
PEDOT:polyelectrolyte complexes were recorded. It is known from literature that

neutral PEDOT absorbs at around 500nm, whereas the polaronic and bipolaronic
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System Molar Mass Molar Ratio Molar Ratio  Conductivity®®  Absorption Work T,
Polyelectrolyte  Polyelectrolyte Negative (S.em™1) Coefficient’ Function? Polyelectrolyte
(kDa) Repeating Unit Charge at 550nm (eV) (°C)
/EDOT* /EDOT® (10% em~1)
2.5 1.0 < 0.01 1.440.2
. R = A[18]
PEDOT:HLA 2.0 1.25 < 0.01 1.04+0.2 92 1
2.4 <24 < 0.01 2.940.3
) Peoc _ 5 =[22]
PEDOT:Pec 1.8 < 1.8 <0.01 5.940.8 -0 5
3.3 6.6 8+2 - -
3.0 6.0 8+2 2.24+0.3 5.1
2.4 4.8 7+2 1.940.2 -
PEDOT:DS ) 2.2 4.4 1544 1.940.2 5.1 )
2.0 4.0 8+3 -
1.7 3.4 X X X
1000 1.7 1.7 205+16 3.240.2 _ -
PEDOT:PSS 70 1.7 1.7 127413 3.7+0.3 92 -
3507 1.7 1.7 210+20 1.840.2 _ -
PEDOT:PSTESI 20 1.7 1.7 112412 3.1+0.3 03 59¢
PEDOT:PMaTFSI 80 1.7 1.7 < 0.01 3.0+0.5 5.3 44¢
PEDOT:PSPSI 100 1.7 1.7 < 0.01 2.7+0.3 4.9 -
PEDOT:PSMSI 20 1.7 1.7 1242 2.240.2 5.2 -
. 3.4 34 3+1 1.64+0.2 . .
PEDOT:PSTFSI-co-AA 40 17 17 519 3.0400.4 5.2 60

@ theoretical value ©
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Fig. 6.4: UV Vis spectra of PEDOT:polyelectrolyte films

absorption can be found at 800nm and at wavelengths longer than 1300nm, respectively
[23, 24, 25, 26]. Highly doped PEDOT typically shows a monotonically increasing
absorption towards higher wavelengths, as it can be seen for PEDOT:PSS in figure 6.4.
A very similar spectrum was observed for PEDOT:PSTFSI, with the exception of a
lower bipolaronic contribution at high wavelengths. The comparison of the absorption
spectra of PEDOT:PSTFSI systems made from PSTFSIK with different molar masses
revealed no clear differences as function of the molar mass of the PSTFSI
polyelectrolyte. Therefore it was assumed, that the absorption spectra were
characteristic for each PEDOT:polyelectrolyte system, which justifies the comparison of
the spectra of the different PEDOT:polyelectrolyte systems.

The absorption characteristics of PEDOT:PSMSI, PEDOT:PSTFSI-co-AA,
PEDOT:PMaTFSI and PEDOT:DS resemble these of PEDOT:PSS, but display a
strongly flattened and curved slope in the bipolaronic absorption regime. Studies of
PEDOT in literature show, that lower bipolaronic absorption is a sign of an inferior
degree of doping [23, 24, 25]. From the shape of the UV /Vis spectra of PEDOT:PSPSI,
PEDOT:Hyaluronic acid and PEDOT:Pectin it is evident that these PEDOT complexes

are very poorly doped, which explains the lack of conductivity of these polymers.

The difference in doping was confirmed by Raman spectroscopy (see figure 6.5). The
spectra of PEDOT:PSTFSI, PEDOT:PSS and PEDOT:PSMSI are very similar and
show a broad band centered at 1425cm !, 1427cm ™! and 1441cm™!, respectively, which
can be assigned to the symmetric ¢, = cg stretching [25, 27| (assignment of ¢, and cg

see figure 6.6). PEDOT:DS, PEDOT:PMaTFSI and PEDOT:PSTFSI-co-AA show a
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Fig. 6.5: Raman spectra of PEDOT:polyelectrolyte dispersions, excitation wavelength 532nm

slightly less broad band, centered at 1430cm !, 1436cm~! and 1439cm ™!, respectively.
In the case of PEDOT:Pectin, PEDOT:HLA and PEDOT:PSPSI, however, the
corresponding band is narrow and located at 1427cm~!, 1433cm~! and 1439cm—!,
respectively. It has been shown, that for highly doped PEDOT the ¢, = cg band is very
broad, resulting from the superposition of the different contributions of PEDOT in the
benzoidic and quinoidic conformation [25, 28|. This confirms the high doping in
PEDOT:PSS, PEDOT:PSTFSI and PEDOT:PSMSI, slightly lower doping in
PEDOT:DS, PEDOT:PMaSTFSI and PEDOT:PSTFSI-co-AA and very low doping for
PEDOT:Pectin, PEDOT:HLA and PEDOT:PSPSI. Im and Gleason [26| observed a
shift of the ¢, = cg band from 1444cm™! to 1428cm™' with increasing doping and
conductivity of CVD deposited PEDOT. This is coherent with our findings for the
PEDOT:polyelectrolyte systems, for which broad ¢, = cs bands are observed. The
¢o = cg bands of PEDOT:PSS and PEDOT:PSTFSI, which show the highest
bipolaronic absorption in UV /Vis and the highest conductivity, are located at lower
frequencies than 1430cm ™!, whereas the ¢, = ¢z bands of the PEDOT:polyelectrolytes,
which show flattened absorption in the bipolaronic regime in the UV /Vis and low

conductivity, are located at frequencies above 1430cm 1.

However, in literature the
inverse shift has also been observed |25, 28|. Therefore the correlation of the peak
position of the ¢, = cg band to the doping of PEDOT in the PEDOT:polyelectrolyte
complexes cannot be conclusive enough.

Both PEDOT:PSTFSI and PEDOT:PSS show a high band at 1255cm ~!, which can

be assigned to the ¢, — ¢, inter ring stretching, as well as a high cg — c3 stretching band

at 1365cm~!. These bands have been observed in highly doped PEDOT |25, 27| and the
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quinoid form benzoid form

Fig. 6.6: Chemical structure of doped PEDOT

intense ¢, — ¢, signal can also be an indicator for the presence of long benzoidic PEDOT
chains in PEDOT:PSS and PEDOT:PSTFSI. By contrast, PEDOT:DS and
PEDOT:PMaTFSI show less intense absorption bands at 1250cm ! and at 1365cm !
and the spectra of PEDOT:PSPSI, PEDOT:HLA and PEDOT:Pectin are characterized

by extremely low and broad peaks at 1250cm 1.

This is in agreement with data from
literature on Raman spectra of PEDOT with a low doping level or of undoped PEDOT
[25, 26, 27|. Furthermore, the low intensity of ¢, — ¢, bands is a sign for the absence of
long PEDOT chains. The PEDOT being in the form of short and poorly oxidized
oligomers in PEDOT:Pectin, PEDOT:HLA and PEDOT:PSPSI could explain the lack
of bipolaronic absorption in their UV /Vis spectra (see figure 6.4), as bipolarons are
stabilized by their delocalization over several repeating units [29, 30]. The absence of
sufficiently long PEDOT chains, which are crucial for the delocalization and the
transport of charges, in PEDOT:Pectin, PEDOT:HLA and PEDOT:PSPSI is coherent

with the absence of conductivity.

By varying the polyelectrolyte to EDOT ratio it can be shown, that the use of an
excess of polyelectrolyte or a higher density of anionic groups on the backbone does not
increase the doping of the complexed PEDOT, as it is exemplary shown for PEDOT:DS
(see table 6.1). A detailed discussion of the influence of the polyelectrolyte to PEDOT
ratio on the opto-electronic properties of PEDOT:PSTFSI can be found in chapter 2.3,
page 68. However, when a certain PEDOT concentration is reached the polyelectrolyte
becomes saturated with PEDOT, the doping decreases and the PEDOT:polyelectrolyte
complex precipitates. The decrease in doping of PEDOT:DS with increasing PEDOT
concentration was confirmed by UV/Vis spectrometry, which revealed a decreasing
bipolaronic absorption (A > 1300nm) for molar EDOT to DS ratios >0.45 (see figure
6.7). In addition, PEDOT:DS dispersions became unstable for a molar ratio of EDOT

units to DS units of 0.5 or higher, which resulted in the formation of agglomerates and
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partial precipitation of the polymer complex from the dispersion and rendered the

fabrication of homogeneous films impossible.

As both PEDOT:HLA and PEDOT:Pectin resulted in insulating complexes due to
insufficient doping and charge delocalization, we can state that carboxylate groups do not
stabilize PEDOT properly. Due to their relatively weak acidity the carboxylate groups
can be protonated in the acidic environment of the EDOT polymerization and the neutral
carboxylic acid groups cannot stabilize the positive charges on the growing PEDO'T chain.
In addition, pectin is known to be hydrolized in acidic conditions over time [17], resulting
in less branched and shorter polymeric chains, which can also decrease the ability to
stabilize PEDOT in aqueous dispersion. This trend is confirmed by the fact that PEDOT
stabilized by the PSTFSI-acrylic acid co-polymer shows a lower degree of doping than
PEDOT in the PEDOT:PSTFSI complex. A similar reasoning can be done for PSPSI and
PSMSI. By replacing the highly electron withdrawing trifluoromethyl group of PSTFSI by
a phenyl (PSPSI) or methyl (PSMSI) group the acidity of the functional group is slightly
lowered, which could lead to lower doping of the PEDOT:PSPSI and PEDOT:PSMSI
complexes. Therefore we can conclude that a highly acidic functionality on the polyanionic
stabilizer is indispensable for an efficient doping of PEDOT.

The difference in doping between PEDOT:DS and PEDOT:PMaTFSI cannot be explained
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by the nature of the acid groups, as DS and PMaTFSI bear almost the same acid groups
as PSS and PSTFSI, respectively. Therefore it has to be related to the differences in the
polymer backbone and to the different position of the functional groups on the backbone.
These differences will lead to a different conformation of the polyelectrolyte chains in
solution, affecting the 3D distribution of charges. Hartree-Fock simulations on PEDOT
oligomers done by Bredas and co-workers [30] indicate, that the position of the counter
ions does have an influence on the charge distribution on PEDOT and the stability of the
PEDOT:counter ion complex. Polymers with a styrenic backbone are known to be stiff and
display a glass transition temperature far above room temperature |31]. Due to the bulky
side chains of PSS and PSTFSI the barrier for segmental motion is further increased. It is
known, that PSSNa does not show a glass transition and also for PSTFSIK with a molar
mass higher than 20kDa no glass transition was observed between -80°C and 200°C (see
DSC data in figure D.1, appendix page 227). It is known from literature |32, 33, 34, 35|,
that at low ionic strength PSS adopts an extended coil conformation in aqueous solution.
From DLS measurements on PSTFSI solutions with different molar masses, hydrodynamic
radii of 60nm (PSTFSIK 10kDa) to more than 300nm (PSTFSIK 350kDa) were obtained,
which exceed the size of the maximal theoretical chain length. This indicates that PSTFSI
was not fully solubilized and thus, no information on the chain configuration of PSTFSIK
can be retrieved from the DLS data. However, PSTFSIK chains depicted by Atomic
Force Microscopy (AFM) (see figure 6.8) on a mica surface clearly showed a wormlike
chain conformation. In contrast, the T, of PMaTFSI was measured to be 44°C (see figure
D.1), suggesting a much more flexible backbone, which is in coherence with results from
literature for polyacrylates and polymethacrylates [31, 34] and the coiled PMaTFSI chains
depicted by AFM imaging (see figure 6.8). DS does not show a T,, however, the slope
of 0.5 in the conformation plot, determined by size exclusion chromatography (see figure
D.2, appendix page 228), points out that DS adopts a random coil conformation in water.
As both flexible polyelectrolytes resulted in PEDOT complexes with lower doping and
conductivity, we can assume that rigid polyelectrolytes facilitate the formation of long
and well doped PEDOT chains, serving as better templates for the conjugated and linear
PEDOT.
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Fig. 6.8: AFM phase images of PSTFSI, My =~300kDa (left) and PMaTFSI, My =~80kDa
(right) on a mica surface

6.4 Morphology of the PEDOT:polyelectrolyte
complexes

Besides the doping, the morphology of the PEDOT:polyanion complex also plays a
crucial role for its conductivity. For PEDOT:PSS it has been shown that the
macroscopic conductivity depends not only on the size [36, 37| and crystallinity |38, 39|
of the PEDOT rich domains, but also on the percolation of the conducting network
[39, 40, 41, 42| and the energy barrier for inter chain and inter domain charge hopping
[7]. Considering that the polyanions act as templates for the PEDOT
oligomers/polymers we can expect that the flexibility of the polyanion chains influences

the morphology of the final PEDOT:polyanion complex.

In order to get more insight in the meso-scale morphology of the PEDOT complexes,
AFM on solid films and on the complexes in aqueous dispersion was performed. As it
can be seen from figure 6.9, the dispersed PEDOT:PSS, PEDOT:PSTFSI and
PEDOT:PSMSI complexes form a three dimensional network with thick nodal points,
probably corresponding to PEDOT rich domains, with an average height of 6nm, 3nm
and 3nm, respectively. The chains around the nodes in PEDOT:PSS are very thin and
adopt a random coil shape whereas the free chains around the nodes in PEDOT:PSTFSI
and PEDOT:PSMSI appear thicker and more linear.  During drying the three

dimensional network collapses and forms a film composed of particle like objects, which
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Fig. 6.9: Liquid AFM images of a)PEDOT:PSS, b)PEDOT:PSTFSI, ¢)PEDOT:DS and
d)PEDOT:PMaTFSI
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can be visualized by AFM imaging (see figure 6.10 and figures D.4 and D.6). The
average size of the domains in PEDOT:PSTFSI containing DMSO co-solvent is 40nm,
which is similar to the findings for PEDOT:PSS in literature [36][37|[43]. For the AFM
image shown in figure 6.10c the surface layer, which is known to be rich in excess
polyanion|43, 44|, was removed by CF, plasma etching in order to picture the bulk
morphology. It is well known from literature that the treatment of PEDOT:PSS films
with high boiling point solvents leads to an important increase of the macroscopic
conductivity. The same effect of solvent treatment on the conductivity can be observed
for PEDOT:PSTFSI and PEDOT:PSMSI (see chapter 3.2, page 132). Commonly, this
phenomenon is explained by a growth of PEDOT rich domains [36][37] and an increase
in their crystallinity [39][45][46][47]. In the case of PEDOT:PSTFSI, however, no
crystallinity could be observed by grazing incidence wide angle x-ray scattering
(GIWAXS) (see figure D.7, appendix page 232) or by differential scanning calorimetry
(see figure B.1 in section 3.2, page 226). Interestingly, the conductivity of the other
PEDOT:polyanion systems presented in this work was not affected by the addition of
co-solvents such as DMSO or ethyleneglycol. This suggests that the ability for phase
separation in the film is linked to the three dimensional corona of chains which can be
found around nanometer sized particles in PEDOT:PSS, PEDOT:PSTFSI and
PEDOT:PSMSI. Amongst the conductivities of the pristine films, PEDOT:dextran
sulfate shows the highest one. Only after a treatment with ethylene glycol or DMSO the
conductivities of PEDOT:PSS and PEDOT:PSTFSI show an increase of two orders of
magnitude and therefore the treated PEDOT:PSS and PEDOT:PSTFSI outperform
PEDOT:dextran sulfate.

In comparison to PEDOT:PSS and PEDOT:PSTFSI, PEDOT:DS complexes in
dispersion show bigger nodal points of up to 30nm and fewer surrounding chains and
form a less dense network (see figure 6.9). The morphology of the resulting PEDOT:DS
films is similar to the one of PEDOT:PSTFSI. However, the grain size increases to
about 65nm and the surface roughness is drastically increased to R,=12nm (see figure
6.10 and figure D.4 in the appendix page 230). It has been reported that the
conductivity of PEDOT:PSS increases with increasing domain size [36][37][43], because
this implies an improved percolation of the PEDOT rich domains and the reduction of

hopping barriers|36]. In order to investigate the effect of the structure of PEDOT:DS
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Fig. 6.10: AFM phase images of a)PEDOT:PSS, b)PEDOT:PSTFSI, c)PEDOT:DS and
d)PEDOT:PMaTFSI
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Fig. 6.11: Temperature dependency of the resistivity of PEDOT:PSTFSI and PEDOT:DS films
and b) reduced activation energy W versus temperature for PEDOT:PSTFSI and PEDOT:DS

and PEDOT:PSTFSI on their conductivities, the charge transport mechanism was
studied. For this purpose the resistance of the polymer films was measured as a function
of temperature in the range of 300K to 10K and fitted with the variable range hopping
model[48][49]

R(T) = Roeap|(52)] (6.1)

16
kpN(Erp)LjLY
energy barrier between localized states, N(Er) the density of states at the Fermi level,

with R being the resistance, T being the temperature, Ty =

being the

and Ly (L) the localization length of the charge carriers in the parallel (perpendicular)
direction with respect to the measurement direction. The exponent « is related to the
transport process and is equal to 1/(1+d), where d is the dimensionality of the hopping

transport in the system.

As it can be seen in figure 6.11a the resistivity decreased drastically with increasing
dlno

olnT
temperature 7' showed negative slopes for both PEDOT complexes (see figure 6.11b).

temperature. The plot of the reduced activation energy W = as function of the

This signifies that both systems were in the insulating regime, which is in accordance
with the charge transport characteristics of PEDOT:PSS reported in literature [50, 51].
By fitting of the resistivity with the one dimensional VRH model (a = 0.5), the energy
barrier Ty for PEDOT:PSTFSI (with DMSO) and for PEDOT:DS (with DMSO) was
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determined as 354K and 138K, respectively. These values are coherent with Ty values of
1700K [50] to 1900K [7], reported for pristine PEDOT:PSS, and of 20K to 80K |7, 52|
reported for highly conducting PEDOT:PSS. The lower energy barrier for PEDOT:DS
could be explained by a longer localization length, which is coherent with the increased
grain size of the PEDOT rich domains [36] observed by AFM imaging. Using the Efros-
Shklovski VRH model [49, 53] the localization length a was estimated from

2.8¢?

- 6.2
0 dreeokpa (6:2)

with e being the dielectric constant. With an approximated dielectric constant for the
PEDOT complexes of 3.5 [54], localization lengths of 35nm and of 90nm were found for
PEDOT:PSTFSI and PEDOT:DS, respectively. These calculated localization length are
in good agreement with the grain sizes observed on the PEDOT:PSTFSI and
PEDOT:DS film surface by AFM imaging (see figure 6.10 and figure D.5, appendix,
page 230), and with the localization lengths between 33nm and 44nm in sorbitol treated
PEDOT:PSS reported by Nardes et al. [36]. However, the bigger domain size in
PEDOT:DS should enhance the macroscopic conductivity, as it has been observed, that
big PEDOT rich domains were favorable for the charge transport in heterogeneous
PEDOT systems [36, 37]. Therefore the lower conductivity of PEDOT:DS cannot be
explained by a structural aspect, which limits the charge transport, but is related to
insufficient doping. In contrast, the drastic difference in morphology is a plausible
explanation for the absence of conductivity in the case of PEDOT:PMaTFSI. From
figure 6.9 and figure 6.10 it can be seen, that the PEDOT:PMaTFSI complex formed
micrometer size randomly shaped aggregates in dispersion and results in rough solid
films without any discernable domains. TEM imaging (see figure 6.12) confirmed the
three dimensional network structure of PEDOT:PMaTFSI, in which no PEDOT rich
domains could be distinguished, whereas for PEDOT:PSTFSI particles of 35nm size
were observed. The micro morphology can be directly linked to the flexibility of the
PMaTFSI chain, which allows the polymer chains to coil and entangle. Consequently,
after the PEDOT synthesis the entangled PEDOT:PMaTFSI chains are less mobile and
even with the use of a co-solvent phase separation cannot take place during drying. The
lack of percolation of PEDOT rich domains in the homogeneous phase hinders the

charge transport and can explain the absence of conductivity of PEDOT:PMaTFSI.
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Fig. 6.12: TEM images of a)PEDOT:PMaSTFSI and b)PEDOT:PSTFSI

6.5 Conclusion

Several PEDOT:polyelectrolyte complexes, based on bissulfonylimide-type and
polysaccharide-type polyelectrolytes, were synthesized by oxidative dispersion
polymerization and characterized regarding their doping, morphology and
opto-electronic properties.  Furthermore, the relation between the polyelectrolyte
characteristics such as the nature of the charged groups and the chain flexibility on the
properties of the final PEDOT:polyelectrolyte complex was investigated. It was found,
that PEDOT can be stabilized in aqueous dispersion with both, bissulfonylimide-type
and polysaccharide-type polyelectrolytes. However, strongly acidic groups, which are not
protonated in the strongly acidic environment of the EDOT polymerization, were shown
to be crucial for an efficient doping of PEDOT. Interestingly, a higher density of anionic
units on the polyelectrolyte or the excess of polyelectrolyte did not improve the doping.
PEDOT:dextran sulfate showed the highest conductivity (15S.cm~!) among all pristine
PEDOT complexes. The highest absolute conductivities were obtained for PEDOT:PSS
and PEDOT:PSTFSI (210S.cm ™) after formulation with the high boiling point solvent
DMSO. This can be explained by the high doping of PEDOT and a good stabilization of
bipolarons in PEDOT:PSS and PEDOT:PSTFSI, which seemed to be related to the
high rigidity of the styrenic polyelectrolyte backbone. By liquid AFM nanometer sized
particles, embedded in a three dimensional network of stabilizing chains, were observed.
After drying, a solid film with granular morphology with a domain size of about 40nm
was formed. In contrast, PEDOT complexes with polyelectrolytes with the same acid

groups, but flexible backbone, showed lower doping, formed bigger particles and resulted
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in films with less clearly defined domains and lower conductivity.

Furthermore, PEDOT:PSTFSI and PEDOT:DS films displayed high transparencies,
with an about 30% lower absorption coefficient than PEDOT:PSS, which renders
PEDOT:PSTFSI and PEDOT:DS interesting alternatives to the omnipresent
PEDOT:PSS.

We can conclude, that very rigid polyelectrolytes, based on either a polysaccharide or a
fully synthetic backbone, which bear highly acidic functionalities, are promising
candidates for new conducting PEDOT:polyelectrolyte complexes and are therefore of

interest for future studies and the development of conducting polymer inks.
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(General Conclusion and Perspectives

In this work several conducting aqueous PEDOT:polyelectrolyte dispersions, based
on anionic polysaccharides and on synthetic polyelectrolytes bearing a bissulfonylimide
functionality, have been synthesized and characterized regarding their doping, complex
morphology, rheology and opto-electronic properties.

The systematic study of the different PEDOT:polyelectrolyte complexes allowed to
relate the polyelectrolyte characteristics such as the nature of the charged groups and
the chain flexibility on the properties of the final PEDOT:polyelectrolyte complex. It
was found, that high molar mass polyelectrolytes with a rigid backbone and bearing
highly acidic groups, resulted in the most conducting PEDOT:polyelectrolyte complexes.
By using the anionic polyelectrolyte poly(4- styrenetrifluoromethyl(bissulfonylimide)
(PSTFSI) as template polymer for poly (3,4-ethylenedioxythiophene) (PEDOT),
colloidally and chemically stable dispersions were obtained. The PEDOT:PSTFSI
dispersion displayed gel characteristics, which facilitated the processing by spin coating
or doctor blading. Upon formulation with high boiling point solvents, such as DMSO,

Land a figure of merit (FoM) of

transparent films with conductivities of up to 300S.cm™—
23 were obtained. It is noteworthy, that the transparency of these PEDOT:PSTFSI
systems was considerably higher than the one of PEDOT:PSS with the same
composition and comparable conductivity. Therefore, PEDOT:PSTFSI is a promising
candidate to replace PEDOT:PSS, particularly for applications which require extremely
high transparent conducting films.

The fundamental study of the PEDOT:PSTFSI system and of various synthesis
parameters allowed the definition of an optimized synthesis protocol. It was shown, that
the composition of the PEDOT:PSTFSI complex had a decisive influence on the
opto-electronic and rheological properties of PEDOT:PSTFSI. On one hand, the
PEDOT concentration had to be high enough to allow percolation of the conducting
PEDOT domains. On the other hand, at a certain PEDOT concentration a saturation
of the PSTFSI template was reached, which resulted in a decrease of the conductivity
and of the colloidal stability.

Furthermore, it was shown, that the counter ion of PSTFSI, the quality of the EDOT

dispersion, the synthesis temperature, as well as the synthesis time had a decisive
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influence on the opto-electronic properties and on the rheology of the final
PEDOT:PSTFSI. The highest conductivities were obtained for PEDOT:PSTFSIH
(M (PSTFSIH)~350kDa) after 50 hours of polymerization at 10°C under magnetic
stirring at 625rpm by using a binary oxidant system of FeCly and (NH4)5S,0g with a
molar ratio between oxidants and EDOT monomer of (NH,;)2S,05 : FeClz : EDOT ratio
of 3.5 : 1: 3.5.

Owing to its good opto-electronic properties PEDOT:PSTFSI films were successfully
integrated in OPV and OLED devices, which performed as well as the reference devices
or even out-performed the reference devices. Furthermore, the integration of
PEDOT:PSTFSI electrodes in OECT devices confirmed the mixed ion-hole conducting
properties of these films.

For future work it would be of interest to develop new PEDOT:polyelectrolyte systems
based on highly acidic and rigid polyelectrolytes. A promising approach would be the
functionalization of linear an rigid biopolymers with highly acidic groups, which could
allow the development of cheap and highly bio-compatible conducting systems. Also the
study of polyelectrolyte co-polymers could be of interest for the development of
PEDOT:polyelectrolyte complexes with the objective to introduce new functionalities
and properties into the complex or to reduce the acidity of the dispersion.

Taking into account, that the PEDOT:PSS synthesized in this work was outperformed
by PEDOT:PSTFSI and that it displayed in the same time largely inferior
opto-electronic properties to the commercial PEDOT:PSS, allows the assumption, that
the opto-electronic properties of PEDOT:PSTFSI can be further increased. This could
be achieved by a further optimization of the synthesis process or post-treatments, such
as sonication or mechanical shearing, which alter the morphology of the dispersed
complexes.

The basic rheological study on PEDOT:PSTFSI performed during this work showed,
that these dispersions display interesting rheological properties, which could be of
interest for fundamental studies and for their application in different processing

techniques.



Experimental Details

E.1 Synthesis of PSTFSIK

The STFEFSI monomer was synthesized as follows: Under Ar atmosphere Oxalyl Chloride
(8ml) and DMF (0.348g) were added to 160ml of dry Acetonitrile. Upon formation of a
Vilsmeier-Haack complex the solution turned yellow and sodium
4-vinylbenzenesulfonate (16g) was added under vigorous stirring to the solution. After
24 hours the solution of the formed 4-styrenesulfonyl chloride in acetonitrile was filtered
to remove the precipitated NaCl. In a separate reactor 32.4ml triethylamine and 11.56g
trifluoromethanesulfonamide are admixed to 120ml dry acetonitrile and left under
stirring. After 1 hour the triethylamine/trifluoromethanesulfonamide/acetonitrile
solution was introduced under vigorous stirring into the cooled (T—0°C)
4-styrenesulfonyl chloride/acetonitrile solution in vacuum atmosphere. Thereafter the
mixture was allow to warm up to room temperature and was left under stirring for 16h.
The obtained monomer was transferred to dichloromethane and was washed two times
with an aqueous solution of NAHCOj3 (4%) and one time with 1M HCI, in order to
remove salts. Subsequently the dichloromehtane was removed and an ion exchange
reaction in aqueous solution was performed using an excess of KoCOg, in order to obtain
the potassium salt form STFSIK.

The PSTFSIK polyelectrolyte was synthesized by reversible addition-fragmentation
chain-transfer (RAFT) polymerization by mixing, according to the target molar mass,
the proper quantity of the STFSIK monomer, chain transfer agent (see figure E.1) and
azobisisobutyronitrile (AIBN) in dimethylformimide. After several freeze-thaw cycles,
the mixture was left to polymerize at 65°C from several hours to few weeks, depending
on the molar mass that should be obtained. The polymer was ready after precipitation
in tetrahydrofuran (THF), filtration, washing with THF and drying in vacuum oven at

65°C for at least one day.
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Fig. E.1:  Chemical structure of the chain
transfer agent used in the RAFT polymerization
of STFSIK

E.2 Synthesis of PEDOT:PSTFSI and PEDOT:PSS

The PEDOT:polyelectrolyte complexes were obtained by a oxidative polymerization of
EDOT in the aqueous PSTFSI solution in DI water (resistance <15MOhm). Different
amounts of EDOT were dispersed in the aqueous PSTFSI solutions (PSTFST K 9.1g.1~!
, PSTFSI H 8.4g.171) under nitrogen atmosphere and vigorous stirring. For the standard
synthesis (NH4)2S,05 and FeClz at a molar ratio of 3.5 were used as oxidants with a
molar ratio oxidants to EDOT monomer of 2.3. After 48h at 10°C the polymer
dispersions were purified using Lewatit SI0O0KR/H and Lewatit MP62WS ion exchange

resins (60mg resin per 1ml ink).

E.3 Formulation and Film Preparation

Prior to the film deposition all PEDOT:polyelectrolyte dispersions were formulated with
5%DMSO and less than 0.05wt% Zonyl FS300 fluorosurfactant (Sigma Aldrich), which
improves film formation but does not influence conductivity. The films were deposited
under ambient conditions by spin-coating, doctor blading or spray coating onto glass
substrates, which were previously cleaned under sonication in acetone and isopropanol.
The films were dried for 30min at 120°C on a hotplate under ambient conditions.
Typical parameters for spin coating (SPS-Europe Spinl50): 800-2200rpm,
200-400rpm.s~! for 60s.

Typical parameters for doctor blading (Erichsen coatmaster 510): blading speed
5-20mm.s~!, with the gap blade-substrate being 50-120 m.

Spray coating (non commercial setup): diameter of nozzel 0.2mm, distance to substrate

20-30cm, substrate temperature 120°C, manual regulation of flux.
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E.4 Characterization

Determination of the Opto-Electrronic Properties The sheet resistance was
determined by the four point probe technique, using a Keithley 4200 system and by
applying a voltage sweep over several orders of magnitude in order to ensure that the
measurement was conducted in the ohmic regime. The film thickness was measured with
a Brucker Dektak XT profilometer. The film transmittance at 550nm was determined
using a Shimadzu UV3600 UV /VIS/NIR spectrometer. The Conductivity o and the

absorption coefficient a were calculated using

1
= — E.
o e (E.3)
o A o —lOglo(T)
=TT T ad (E4)

Temperature dependent Conductivity Measurements For the temperature
dependent conductivity measurements gold electrodes (7mmx2mm, thickness 120nm,
spacing 500um) were evaporated on the PEDOT:polyelectrolyte films. The resistivity of
the cooled films in the Helium cryostat was determined in the ohmic regime of the IV

curves, measured with a Keithley.

Atomic Force Microscopy Atomic force microscopy (AFM Dimension FastScan,
Bruker) was used in tapping mode to characterize the surface morphology of
PEDOT:polyelectrolyte dry films. Silicon cantilevers (Fastscan-A) with a typical tip
radius of about 5nm, a spring constant of 18N.m~! and a cantilever resonance frequency
of about 1.4MHz were used. To image the polyelectrolyte chains, the polymers were
drop casted from very dilute solutions (0.005g.17') onto a cleaved mica surface and dried
at 40°C. AFM imaging in aqueous medium was performed using a Dimension FastScan
SPM (Bruker) operated in PeakForce Tapping mode with silicon cantilevers

I and a

(Fastscan-C) with a typical tip radius of 5Snm, a spring constant of 0.8N.m~
cantilever resonance frequency of about 300kHz. A droplet of polymer dispersion was
deposited on freshly cleaved highly oriented pyrolytic graphite (HOPG, Ted Pella, grade
ZYB) and the morphology of molecules adsorbed on HOPG surface under aqueous

medium were observed.
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Capillary Electrophoresis (CE) Capillary electrophoresis measurements were
performed on a Wyn-CE (WynSep) instrument at a separation voltage of 15kV and at
20°C  (see schematic setup in figure E.2).  Fused silica capillaries (Polymicro
Technologies) with an interior radius of 50um, a total length of 45cm to 50cm distance
to the detection window were used. The detection window was generated by removing of
the polyimide coating. For the conditioning the new capillaries were washed with 0.5M
NaOH for 20min, followed by a washing step with DI water for 10 min. Between every
measurement the capillary was flushed with 0.5M NaOH, DI water and separation buffer
(20mM borate buffer at pH9.2) for 1min each. The optical detector was set at 230nm or
550nm, respectively. The PEDOT:PSTFSI dispersions were diluted by a factor 20 in
MiliQQ water, sonicated at with pulses of 3 times 5 seconds and then filtered with a 1p
PTFE filter.

All  capillary electrophoresis measurements were performed in  collaboration with
Professor A. Kuhn at the ISM, Université Bordeaux.

Sample : UV/Vis detector
injection Capiltary

l | 4

Cathode
Buffer

Buffer

+
Sample  Inet \ Elactrodas/ i

Fig. E.2: Scheme of capillary electrophoresis setup

DFT simulations Simulations on the charge distribution on PSTFSI were
performed using a DFT  B3LYP/631-G*/ED3 data set and implicit water as
solvent(CPCM, g09), ART ~ 0.5kcal /mol.

All simulations were performed by Gali S. Manoj, PhD student at LCPO, Universisté

Bordeauz.

Differential Scanning Calorimetry (DSC) DSC measurements were performed
under nitrogen using a Q100 from TA Instruments with a heating and cooling rates of

10°C.min~!. The weight of all samples was superior to 5mg.
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Dynamic Light Scattering (DLS) DLS measurements were performed using a
DLS setup with a laser at A—633nm, an AVL/CGS-3 goniometer and an AVL/
LSE-5004 detector. The scattering intensity was measured at 6=90° for four times 15s.
By fitting of the measured correlation function with g(t) = B+ A(1)e(=®19 4 A2)e(~2)
the hydrodynamic radii Rj, were obtained using the Stokes-Einstein relation
Ry, = kT /67D with the viscosity nm,0— 1.0mPa.s and the diffusion coefficient D—0 /¢

drn

, with © being the decay rate and the scattering vector ¢ = Tsin(g).

Grazing Incidence Wide Angle X-Ray Scattering (GIWAXS) GIWAXS
measurements were performed on the Dutch-Belgian Beamline (DUBBLE CRG), station
BM26B, at the European Synchrotron Radiation Facility (ESRF), Grenoble, France.
The energy of the X-rays was 10keV, the sample-to-detector distance and the angle of
incidence, «;, were set at 20cm and 0.1°, respectively. The diffracted intensity was
recorded by a Frelon CCD camera and was normalized by the incident photon flux and
the acquisition time (30s). Flat field, polarization, solid angle and efficiency corrections
were subsequently applied to the 2D GIWAXS images. No modification of the scattering
patterns were observed for five consecutive acquisitions allowing us to conclude that the
samples are stable to radiation damage during measurements. The scattering vector ¢
was defined with respect to the center of the incident beam and has a magnitude of
q = (4 /X)sin(0), where 20 is the scattering angle and A is the wavelength of the X-ray

beam.

Transmission Electron Microscopy (TEM) The 50 times diluted
PEDOT:polyelectrolyte dispersions were allowed to dry at room temperature on
Formvar coated TEM grids. Imaging was performed on a Hitachi H7650 electron
transmission microscope operating at 80kV.

TEM imaging was performed at the Bordeauzr Imaging Center (UMS 3420 CNRS -
University of Bordeauz / Inserm US/) with the help of S. Lacomme.

UV /Vis and Raman Spectroscopy UV /Vis spectra were recorded from the dry
PEDOT:polyelectrolyte films on glass with a glass reference sample for background
subtraction, using a Shimadzu UV3600 UV/VIS/NIR spectrometer. Raman spectra

were also measured on the dry PEDOT:polyelectrolyte samples with an excitation
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wavelength of 532nm.
Raman  spectroscopy was performed at the SAFIRR platform (ISM-UMR 5255 /
Université Bordeaux 1) with the help of J.L. Bruneel.

Rheology Rheology measurements were performed in clean room environment at
20°C on an Anton Paar MCR 302 Rheometer using a CP50-1 cone-plate geometry with
a diameter of 49.98mm, 10.2um truncation and a cone angle of 1°. Flow curves were
measured starting from low to high shear rates and back (0.01s7'-3000s7!-0.01s71).
Amplitude sweeps were measured between 0.05% and 50% strain at 10rad.s—!.

I to

Frequency sweeps were performed at 0.2% and at 2% strain from 300rad.s™
0.5rad.s™ 1.

X-ray photoelectron spectroscopy (XPS) XPS specra were recorded using an
Escalab VG 200i-XL spectrometer. The measurements were performed on
PEDOT:polyelectrolyte films, which were deposited on clean I'TO-glass substrates. The
power of the monochromatized AlK« source was 100W and a flood gun was used for
charge compensation and a constant pass energy of 10eV was used. Fitting was

performed using the Advantage software provided by Thermo Scientific and the spectra

were referenced to the carbon peak at 284.8eV.
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Transparent Electrodes in OLEDs and OPVs

Fabrication of devices:
PEDOT:PSTFSI and PEDOT:PSS electrodes of 35mm x50mm were coated on a PET
substrate, purchased from OIKE, with a thickness of 175um and a water permeability
of 1072 g.m? per day in a clean room class 10 000. Transparency of films between 75%
and 85% with a FoM of 12+2. Laser patterning of the polymer electrodes using a 3D-
Micromac microSTRUCT ps355 laser tool, followed by printing of the metallization and a
passivation layer (printing tool EKRA X4 Professional) and subsequent drying at 110°C
for one hour. The OLED structures were deposited using a Sunicel200 cluster system and
the OPV structures were fabricated in the Bestec system. Figure E.3 shows the scheme
of the standard test layouts with four devices per substrate with a surface area of 14.9
mm? for each device. As final step the devices were encapsulated by manual lamination
of a self sticking barrier foil on both sides of the devices. The yield of functional devices
for the white OLED stacks for PEDOT:PSTFSI and PEDOT:PSS electrodes was 100%
out of six.

The deposition and characterization of the PEDOT:PSTFSI transparent electrodes was done in the
LCPO (University of Bordeauzr, CNRS UMR5629, INP Bordeaux) in Pessac, France. All device
fabrication and characterization was performed at the Fraunhofer Institue for Organic Electronics,

Dresden, Germany.

Figure E.3: Test layout of OLED
and OPYV devices consisting of four
devices with a surface area of
14.99mm? each
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Mixed Electron-Ion Conductor in OECTs

Materials and Device Preparation: PEDOT:PSS PH1000 was purchased from H.C.
Stark. PEDOT:PSTFSI and PEDOT:PMaTFSI were synthesized as described in section
2.3. On a glass substrate transistors with gold interconnects and gold source and drain
electrodes were patterned by photolithography. In a following step a parylene-c layer
was deposited by vapour polymerization in order to insulate the interconnects from the
electrolyte. The insulating parylene layer and the active channel were simultaneously
patterned using a second, sacrificial parylene layer. In order to obtain homogeneous,
conducting PEDOT:polyelectrolyte films, which resist to the immersion in an aqueous
electrolyte, the PEDOT:polyelectrolyte inks were formulated with 0.04wt% of the
surfactant  Zonyl, 5vol% DMSO and 1wt% of the cross linking agent
glycidoxypropyltrimethoxysilane (GOPS). In order to determine the conductivity of the
PEDOT:polyelectrolyte systems, films were prepared on glass substrates under the same
conditions as the OECT devices. As gate electrode a Ag/AgCl pellet was used, which

was immersed in the aqueous 0.1M NaCl solution, which served as electrolyte.

Device Characterization: The [V-characteristics were measured with a National
Instruments PXIe-1062Q) system. An NI-PXI-4071 digital multimeter was used to
measure drain current, and a NI-PXI 6289 measured drain and gate voltage. All the
measurements were triggered through the built-in PXI architecture. The recorded

signals were saved and analyzed using customized LabVIEW software.

Swelling measurements: The swelling capacity of the PEDOT:polyelectrolyte
materials was studied using a quartz crystal microbalance with dissipation module and a
g-sense E4 system. PEDOT:polyelectrolyte films were deposited on the quartz crystal
sensors and immersed in deionized water for an extended period. The sample chamber
containing an uncoated quartz crystal as reference was flushed with deionized water at a
flow rate of 30ml.min~' for 100min. The water uptake results in a change of the
frequency and dissipation, which can be related to mass coupled to the quartz crystal.
By modelling the drop in vibration frequency caused by water uptake using the
Sauerbrey relation, the change in thickness of the PEDOT:polyelectrolyte films due to

the swelling can be estimated. The percentage of swelling was calculated by relating the
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increase in film thickness to the initial film thickness.

Ion transport measurements: Ion transport measurements were performed as
described by Stavrinidou et al.. The PEDOT:polyelectrolyte dispersions were spin cast
onto parylene coated glass substrates and an Au contact was evaporated on one side of
the film. Subsequently 4um thick layer of SU-8 was deposited on top, which served as
ion barrier. By photolithography a well was created and filled with 0.01M KCI
electrolyte solution, in which an Ag/AgCl counter electrode was immersed. While
applying a positive bias of 1V at the Ag/AgCl electrode, the current flow through the
film and the color changes of the film, associated with the propagation of the dedoping
front, were recorded simultaneously. The color change was measured using an inverted
Carl Zeiss Axio Observer Z1 in the bright field mode. Image reduction and analysis was

performed using customized MATLAB tools.

For more experimental details see Inal et al.
[14]. All experiments were performed at the Center of Microelectronics of Provence CMP-EMSE

(Gardanne, France), in collaboration with the group of Professor G. Malliaras.
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Fig. A.1: DLS correlation function of PSTFSIK in
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Fig. A.2: Logarithmus of the conductance k vs logarithmus
of the molar STFSIX concentration with fit of the linear
regime
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Fig. A.3: Raman spectra of PEDOT:PSTFSI as a function of the molar
EDOT to STFSI ratio, synthesis under No, magnetic stirring 6250rpm,

My, (PSTFSIK)—350kDa
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Fig. A.4: Flow curve (left) and viscosity as a function of
the shear stress of PEDOT:PSTFSI with different EDOT
to STFSI ratios, stirring at 55rpm
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Fig. A.8: UV/Vis absorption during the EDOT polymerization in PEDOT:PSSNa and
PEDOT:PSSH in dilute dispersion at 10°C
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Fig. A.10:  DSC data of PEDOT:PSTFSIK
and PEDOT:PSTFSIH powder obtained from
PEDOT:PSTFSI dispersions containing 5% DMSO
co-solvent
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Fig. C.1: Change in transmitance of a PEDOT:PSTFSI sample as a function of time, monitored
in a Turbiscan at 30°C for 4 weeks
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Fig. D.1: DSC curve of PSTFSIK 10kDa and 350kDa and of PMaTFSI
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Fig. D.3: Liquid AFM images of a)PEDOT:PSMSI, b) PEDOT:PSTFSI-co-AA,
¢)PEDOT:PSPSI, d)PEDOT:Pectin and ¢)PEDOT:-HLA
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Fig. D.4: AFM height images of a)PEDOT:PSS, b)PEDOT:PSTFSI, ¢)PEDOT:DS and
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Fig. D.5: AFM height and phase image of PEDOT:PSTFSI upon 1min CF; plasma etching
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Fig. D.6: AFM height and phase images of a),b)PEDOT:PSMSI, ¢),d)PEDOT:PSTFSI-co-AA,
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Fig. D.7: GIWAXS analysis of a pristine PEDOT:PSTFSI film (left) and of a PEDOT:PSTFSI
film with 5% DMSO co-solvent, showing the absence of crystalline diffraction patterns



