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ABSTRACT 
 

Since the discovery in 1977 that conjugated polymers can be doped to achieve almost 

metallic electronic conduction, the research field of conducting polymers has 

escalated, with applications such as light emitting diodes, solar cells, thin film 

transistors, electrochemical transistors, logic circuits and sensors. The materials can 

be chemically modified during their synthesis in order to tailor the desired 

mechanical, electronic and optical properties of the final product. Polymers are also 

generally possible to process from solution, and regular roll-to-roll printing 

techniques can therefore be used for manufacturing of electronic components on 

flexible substrates like plastic or paper. On top of that, the nature of conjugated 

polymers enables the creation of devices with novel properties, which are not possible 

to achieve by using inorganic materials such as silicon. 

The work presented in this thesis mainly focuses on devices that utilize two rather 

unique properties of conducting polymers. Conducting polymers are generally 

electrochromic, i.e. they change color upon electrochemical oxidation or reduction, 

and can therefore be used as both conductor and pixel element in simple organic 

displays. As a result of the electrochemical reaction, some polymers also alter their 

surface properties and have proven to be suitable materials for organic electronic 

wettability switches. Control of surface wettability has applications in such diverse 

areas as printing techniques, micro-fluidics and biomaterials. 

The aim of the thesis is to briefly describe the physical and chemical background of 

the materials used in organic electronic devices. Topics include molecular properties 

and doping of conjugated polymers, electrochromism, surface tension etc. This 

slightly theoretical part is followed by a more detailed explanation of device design, 

functionality and characterization. Finally, a glance into future projects will also be 

presented. 
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Introduction 
 

1. INTRODUCTION 

In the year 2000, the Nobel Prize in chemistry was awarded to Alan J. Heeger, 

Alan G. MacDiarmid and Hideki Shirakawa for “the discovery and development 

of electrically conductive polymers”.1 23 years earlier, these three gentlemen 

had discovered that polymers (what we generally call plastics) could not only be 

used as insulating materials but also be made electronically conducting.2 Until 

their surprising breakthrough, polymers were considered as important 

materials because they are easy to process from solution and their mechanical 

properties can be tailor-made during synthesis, but intrinsically conducting 

polymers sounded like something of a paradox. Some polymers were already 

known to have semiconducting properties but Heeger, MacDiarmid and 

Shirakawa found that the materials can be “doped” to achieve metallic 

conduction. 

The idea of making electronic devices with the same process, flexibility and, 

perhaps more importantly, at the same cost as e.g. a plastic bag is of course very 

appealing and the discovery has opened up a completely new field of science. 

Since the polymers have a carbon base, much like the materials in nature, the 

use of intrinsically conducting polymers in electronic devices is often called 

organic electronics.  

Because it is generally possible to dissolve or emulsify polymers in organic 

solvents and thereby handle the materials as liquids, regular printing techniques 

can be used for manufacturing of electronic components.3-5 Instead of printing 

different colors, several conducting polymers can be used as inks in the printing 
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press. There are of course a number of practical issues to deal with but in 

principle roll-to-roll printing of electronics on flexible substrates such as paper 

or insulating plastic foil is already a reality. The speed and performance of such 

printed devices is not comparable to what is manufactured in the traditional 

silicon industry but since a printing press can process several 100 meters per 

minute, the cost for each device is close to nothing. This, in combination with 

the environmental hazards of tedious silicon processing and the fact that many 

conducting polymers are biocompatible makes organic electronics even more 

interesting. 

Apart from the electronic conductivity itself, conducting polymers have a 

number of other exceptional properties (compared to inorganic materials) that 

makes it possible to create completely new types of devices. Examples of organic 

electronic applications are light emitting diodes,6-8 solar cells,9-11 thin film 

transistors,12,13 electrochemical transistors and logic circuits14-16 and sensors.17 

The work in this thesis mainly focuses on devices that utilize two specific 

properties of conducting polymers. First, conducting polymers change color 

upon electrochemical oxidation or reduction and can therefore be used in 

simple display pixels. Second, as they change color, some polymers also alter 

their surface properties and have proven to be suitable materials for organic 

electronic wettability switches, with applications in areas such as printing 

techniques, micro-fluidics and biomaterials. The aim of the thesis is to briefly 

describe the physical and chemical background behind the organic devices, 

followed by a more detailed explanation of device functionality and 

characterization. Finally, a glance into future projects will also be presented. 
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2. CONDUCTING POLYMERS 

A polymer (poly = many in Greek) is a material that consists of many repeated 

units, called monomers (mono = one). Natural polymers are for instance DNA, 

proteins, cellulose etc., but polymeric materials can also be synthesized. Since 

the number of possible polymer designs is close to infinite, the chemical and 

physical properties can more or less be tailor-made for each application. Most 

polymers or their monomers are soluble in organic solvents. This means that the 

material can be handled and processed as a liquid and therefore simple 

manufacturing techniques such as moulding, casting, spin coating, screen 

printing etc. can be used to create structures and shapes before or after 

polymerisation. The class of polymers that can conduct electricity is called 

conducting polymers.  

 

2.1 Conjugated polymers 

What is the difference between the polymer in a plastic bag and one that can 

conduct electricity like metals? A common material in regular plastic bags is 

polyethylene, which is a very good insulator. In polyethylene, each carbon binds 

to two other carbons and to two hydrogen atoms (Figure 1a). The physical 

chemist would say that the carbon is sp3-hybridized (hybridization between the 

s-, px-, py and pz-orbitals yields four equal hybrid orbitals) and forms four 

σ(sigma)-bonds to the surrounding atoms. Every carbon valence electron is then 

localized in such a bonding molecular orbital and can therefore not transport 

current.  
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Figure 1. Chemical structures of a. Polyethylene and b. Polyacetylene 

with shorthand notations below. 

 

Polyacetylene (Figure 1b) has a very similar chemical structure but in this case 

each carbon only binds to three other atoms. The carbon is now sp2-hybridized 

and forms three σ-bonds. However, since carbon has four valence electrons, 

each carbon atom has one electron left in a non-hybridized p-orbital. These 

atomic p-orbitals overlap, perpendicular to the polymer backbone, between 

neighboring carbon atoms to form molecular π(pi)-orbitals. The result is a 

conjugated molecular structure with alternating single and double bonds 

between carbon atoms.  

The most stable form of polyacetylene (trans-polyacetylene), drawn with 

shorthand notation (each vertex represents a carbon atom with hydrogen 

atoms) in Figure 2, has a so-called degenerate ground state, i.e. there is no 

difference in energy if the positions of the double bonds and the single bonds 

are interchanged. This means that the electrons in the π-bonds can be found 

between any two carbon atoms and thus move along the polymer chain. The 

longer the molecule, the smaller the distance between energy levels and for 

“infinitely” long molecules energy bands are formed.  

If all bond lengths between carbon atoms were the same, polyacetylene would 

behave like a one-dimensional metal. This is not the case, because of so-called 

Peierls distortion, i.e. it is more energetically favorable for the molecule to have 

an alternating bond configuration. Therefore, an energy gap appears in the band 
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structure, like for inorganic semiconductors. The highest occupied molecular 

orbital (HOMO) defines the top of the valence band for an infinitely long 

molecule, and the lowest unoccupied molecular orbital (LUMO) is the bottom of 

the conduction band.  

 

 

Figure 2. Polyacetylene has a degenerate ground state, i.e. the two 

single-double bond alternation schemes have the same total energy. 

 

The presence of a band gap means that energy has to be put into the system in 

order to get electrons from the valence band to the conduction band and pure 

polyacetylene therefore has semiconducting properties instead of metal 

behavior. Due to the conjugation (delocalization of π-electrons), the bandgap is 

still very small (1.5 eV) compared to polyethylene (>8 eV), which is an insulator. 

Most other conjugated polymers (e.g. polythiophene, see 2.4.1) have a non-

degenerate structure, i.e. there is only one energy ground state. In this case the 

single and double bonds cannot be interchanged without a cost in energy 

(distortion of the molecular structure) and the band gap is slightly larger than in 

a degenerate conjugated molecule. Once again, thanks to the conjugation, the 

band gap is small enough to yield semiconducting properties. 

 

2.2 Doping of conjugated polymers 

Pure polyacetylene is a semiconducting material, but although the conductivity 

is higher than in polyethylene, it is far from that of a metal. Heeger, 

MacDiarmid and Shirakawa discovered that charge carriers can be introduced 

in polyacetylene by doping the material, which results in a conductivity increase 
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by several orders of magnitude. This discovery earned them the Nobel Prize in 

chemistry and revolutionized the research field of conjugated polymers. A 

comparison of conductivities for different organic and inorganic materials is 

shown in Figure 3 (from ref. 18). 

Positive doping of a conjugated polymer means that an electron is removed 

from the valence band (addition of a positively charged “hole”) and negative 

doping is when an electron is added to the conduction band. Although the 

physics is different, this way to create mobile charge carriers in an organic 

semiconductor can be compared to p- and n-doping, respectively, in inorganic 

semiconductors (like Si). However, a high percentage of dopant is needed to 

increase the conductivity in the polymer compared to only a few ppm in Si. 

Conjugated polymers can be doped in a number of different ways, such as 

chemical and electrochemical doping, charge injection doping, photo doping 

and acid-base doping.18,19 

 

 

Figure 3. Conductivity of a few organic and inorganic materials. 

Adapted from ref. 18 

 6



Conducting Polymers 
 

For degenerate systems, like trans-polyacetylene, a geometrical defect in the 

polymer chain can create a modification of the bond length alternation pattern, 

as shown in Figure 4. The domain “wall” between the two types of bond length 

alternation is called a soliton and is characterized by a new energy state in the 

middle of the band gap. The “extra” charge resides in this state, which is 

localized over a relatively short distance (X = 10 to 20 C-C bonds in Figure 4). If 

the bond order is shifted without the addition of an external charge, a neutral 

soliton with spin = ½ is created, as shown in Figure 4a. Solitons are present in 

trans-polyacetylene because of defects or simply on chains containing an odd 

number of carbon atoms. Although they have no charge, the solitons can be 

detected experimentally because of their spin. 

 

 

Figure 4. Solitons in trans-polyacetylene. a. Neutral. b. Negative. c. 

Positive. X denotes the localization of the soliton 
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When an electron is added to the polymer chain through n-doping, existing 

solitons are energetically favorable to charge and a negative soliton with no spin 

appears (Figure 4b). If an electron is instead subtracted from the polymer, a 

positive soliton without spin is created as seen in Figure 4c.20,21 The energy 

states described above refer to the idealized case of an isolated polymer chain. 

In reality, interactions between chains has to be considered and if the charged 

states stem from chemical or electrochemical doping, a counter ion will be 

ionically coupled to the polymer chain in order to maintain charge neutrality 

(see also 4.1). 

Most conjugated polymers are, however, not degenerate, i.e. they have one 

unique energy ground state. When a non-degenerate conjugated polymer is 

doped, the geometric distortion induces a state of higher energy. The structure 

distortion coupled to the introduced charge is called a polaron, which can move 

along the polymer chain and thereby participate in the electronic conductivity of 

the material.22,23 Polarons can actually also be created in non-degenerate 

systems, such as trans-polyacetylene, but only at higher doping levels when all 

solitons have been charged.  

One example of a simple non-degenerate conjugated polymer is poly(para-

phenylvinylene) (PPV). Doping of the polymer changes the bond alternation and 

creates a region with quinoid structure instead of the regular aromatic, as 

shown in Figure 5. This also leads to the appearance of new energy levels inside 

the band gap. Upon further doping, it is sometimes energetically favorable to 

form one bipolaron, which is doubly charged and spinless, instead of two 

separate polarons. In a simplified picture, the charges in the bipolaron repel 

each other because of Coulomb forces but, at the same time, the separation of 

two polarons cost elastic energy since the quinoid configuration is a higher 

energy state than the aromatic. This situation can be compared to the 

equilibrium state of a spring and the bipolaron will therefore be localized over a 

few rings, as shown in Figure 5.  
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Figure 5. Formation of a negative polaron and bipolaron in poly(para-

phenylvinylene). 

 

The energy levels of the polarons and bipolaron are related to the HOMO and 

LUMO of the quinoid form and the energy difference between these levels is 

smaller than in the aromatic case. The new levels formed inside the bandgap 

upon doping create new allowed optical transitions at lower energies (see also 

2.3). As in the soliton case, the formation of polarons and bipolarons described 

above is idealized and correspond to one isolated molecular chain without 

charge neutralizing counter ions. 
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2.3 Optical properties of conjugated polymers 

Conjugated polymers have small optical bandgaps and many of the materials 

therefore absorb light in the visible region (wavelengths, λ = 400-800 nm; or 

energy, E = 1.5-3 eV). Consequently, conducting polymers are often colorful 

materials, but this also means that if the electronic structure and allowed optical 

transitions is modified, e.g. upon doping, we can follow the color transition with 

our eyes when the absorption of light changes.  

 

2.3.1 Absorption and emission 

A material can absorb a photon (a quantum of light) if the photon energy 

matches the difference between the energy of the excited state and the ground 

state (Figure 6). If that is the case, the molecule receives the photon energy and 

is excited to a higher energy state. A molecule in this excited state goes back to a 

lower energy state via radiative or non-radiative processes. In a radiative decay, 

a new photon is created and light is thereby emitted (spontaneous emission). 

The light emission is quenched if a non-radiative decay allows the molecule to 

come back to the ground state by donating the excitation energy to surrounding 

molecules via collisions or energy transfer. Since some of the energy is always 

lost in vibrations, the energy of the emitted light is lower than the absorbed light 

(red-shifted wavelength), as shown schematically in Figure 6. 

Organic light emitting diodes also utilize the radiative decay of an excited state 

to emit light, but in this case, excited electron-hole pairs (referred to as 

excitons) are created by injection of charges with an applied electric field. 

Organic solar cells work the other way around. Incoming photons excite the 

molecules and, when the excited charges are separated, power can be collected 

at the electrodes. 
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Figure 6. Absorption and emission. a. Schematic energy diagram 

showing two electronic states with vibrational levels. The incoming 

photon is absorbed by the molecule, which is then excited. After 

vibrational relaxation, the molecule can go back to the electronic ground 

state by emission of a new photon with lower energy. b. Sketch of 

absorption and emission spectrum with visible vibrational peaks. The 

emitted light has a lower energy and the wavelength is thereby higher 

(red-shifted). 

 11



Conducting Polymers 
 

2.3.2 Electrochromism in conjugated polymers 

Since optical absorption corresponds to differences in energy states, the 

absorbance spectrum of a material is a signature of the electronic and 

vibrational levels (Figure 6). When a conjugated polymer is doped, new energy 

levels are created inside the band gap (as seen in Figure 5) and new optical 

transitions are thereby possible. Many conjugated polymers can be 

electrochemically doped, with a resulting change not only in conductivity but 

also in color. Such a material, which alters color upon electrochemical 

switching, is called electrochromic.24-26 Examples of applications for organic 

electrochromic materials are flexible thin electrochemical displays,14 

autodimming windows27 etc.  

The use of organic materials for electrochromic applications has several 

advantages. The possibility to process the materials from solution makes large 

area, roll-to-roll manufacturing on flexible substrates realizable. Addition of 

side chains to conjugated polymers or modification of the molecular chain 

length alters the energy level configuration and thereby the color of the 

material.28,29 It is therefore possible, to some extent, to design materials with 

exactly the right properties to match the demand of a specific application. Since 

conjugated polymers can also be electronically conducting or semi-conducting, 

organic electrochromic displays may be integrated with electrochemical 

transistors15 and logic16 to build truly all-organic opto-electronics.14 Examples of 

common electrochromic polymers are given below and simple organic 

electrochemical devices are described in more detail in 4.2-4.4. 

 

2.4 Examples of commonly used conjugated polymers 

The research field of conjugated polymers has accelerated rapidly since the 

discovery of doped polyacetylene, and a number of different polymers and their 

derivatives have been synthesized in order to achieve materials with specific 

properties. Polyacetylene itself is of course the ”original” conducting polymer 

but difficulties with processing and poor stability in ambient atmosphere limits 

 12



Conducting Polymers 
 

the use of the material in real applications. Other groups of polymers are 

therefore today utilized much more frequently in organic electronics. A few 

materials interesting for the work in this thesis will be presented below. 

  

2.4.1 Polythiophenes 

Polythiophene and derivatives thereof have become popular conjugated 

polymers for applications such as light emitting diodes,6,8,30 field-effect 

transistors,12,31,32 solar cells,33,34 memory applications35,36 and capacitors.37 The 

first synthesis of a material similar to polythiophene was reported already at the 

end of the 19th century but it was not until the 1980s that the defined conjugated 

polymer was presented.38  

 

 

Figure 7. a. polythiophene. b. poly(3-alkylthiophene), R denotes an alkyl 

chain. c. Example of the regioregular configuration, which preserves the 

conjugation in the material. 

 

Polythiophenes (Figure 7a) are insoluble in organic solvents due to the rigid 

polymer backbone and side-chains have therefore been added to the material. 

Common polythiophene derivatives are molecules with an alkyl chain on the 3-

position of the thiophene ring as shown in Figure 7b. Poly(3-hexylthiophene) 

(six carbons in the alkyl side chain) has proven to be a material with both good 

solubility in organic solvents and nice film-forming properties. Today, pure and 

highly regioregular head-to-tail poly(alkylthiophenes) (Figure 7c) are 

commercially available and can be used to create conjugated and well ordered 
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semiconducting thin layers by e.g. spin casting. Poly(3-hexylthiophene) is one of 

the active materials in the electrochemical wettability switch, described in 4.5 

and Paper 1. 

 

2.4.2 PEDOT:PSS 

One polythiophene derivative has become especially important in organic 

electronics, particularly for electrochemical devices. During the late 1980s, 

Bayer AG in Germany developed poly(3,4- ethylenedioxythiophene) or PEDOT 

(Figure 8a). This p-doped polymer in combination with the charge balancing 

counter-ion poly(styrenesulfonate) (PSS-) (Figure 8b) forms a water soluble 

(emulsion) polyelectrolyte system (PEDOT:PSS) with nice film-forming 

properties, high conductivity and tremendous stability in the p-doped (oxidized) 

state.28 Applications incorporating PEDOT:PSS range from solid state devices 

like light emitting diodes39,40 and solar cells,41,42 where the polymer works as the 

anode or hole injecting layer, to electrochemically active structures, such as 

electrochromic displays,14,27 electrochemical transistors and logics,15,16 

sensors,17,43,44 bio-electrodes45,46 etc. 

 

 

 

Figure 8. a. poly(3,4-ethylenedioxythiophene) (PEDOT). b. 

poly(styrenesulfonate) (PSS)  

 

 14



Conducting Polymers 
 

The mechanical and chemical stability of PEDOT:PSS films in combination with 

good electrochromic properties and high conductivity make the material an 

excellent base for all-organic electrochemical displays. A film of PEDOT:PSS can 

be reversibly switched between the oxidized and neutral state several times. 

PEDOT:PSS is almost transparent in the oxidized doped state and dark blue in 

the neutral semiconducting state, as seen from the absorbance spectrum in 

Figure 9. Electrochromic displays with PEDOT:PSS on paper and plastic are 

discussed in detail in 4.7 and Paper 3.  

 

 

Figure 9. Absorbance spectrum of PEDOT:PSS film in the neutral and 

oxidized (p-doped) state. 

 

2.4.3 Polyaniline 

A very important group of conjugated polymers are the polyanilines. The first 

polyaniline (PANI), also called aniline black, was prepared in the early 19th 

century but the material was usually an unwanted deposit on the anode during 

electrolysis with aniline. In 1910, Green and Woodhead47 managed to control 

the synthesis of PANI and also started to characterize the polymer. Due to the 

cheap raw material, stable conducting forms, strong electrochromism and ease 

of processing, PANI has been a popular material in industry and science ever 

since.38,48 
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PANI is a complex conjugated polymer since the material has a number of 

intrinsic oxidation states and several routes of doping. Fully reduced PANI is 

transparent and called leucoemeraldine, with a chemical structure as shown in 

Figure 10a. The dark blue semi-oxidized (~50%) state is named emeraldine base 

(Figure 10b) and the violet blue fully oxidized material is termed pernigraniline 

base (Figure 10c). Contrary to most other polyaromatics, none of these states 

are electronically conducting, not even the fully oxidized pernigraniline form. 

Instead, PANI becomes conducting when the oxidized states are protonated and 

a green emeraldine salt is formed. This highly conducting doped form, shown in 

Figure 10d, can actually be reached through two completely different pathways. 

If the emeraldine base is treated with e.g. hydrochloric acid, protonic acid 

doping occurs as protonation of the imine nitrogen atoms (⎯N==) creates 

positively charged protonated imines (⎯NH+⎯), balanced by negative ions 

from the acid. This is so called non-redox doping, but in another route, chemical 

or electrochemical doping of the reduced leucoemeraldine base can also be 

utilized to obtain the very same conducting salt.18,38,48-50  

The nonconductive emeraldine base is soluble in N-methyl-pyrrolidone but the 

conducting salt, protonated with hydrochloric acid, is insoluble in organic 

solvents. One way to achieve a soluble (emulsion) conducting PANI salt, without 

incorporating covalent side chains, is to dope the material with surfactant alkyl 

sulfonic acids that donate protons to the polymer.51,52 This way of preparing the 

p-doped material also results in a slightly different chemical composition. Apart 

from the larger surfactant counter ions, which of course affect solubility and 

film formation, protonated amine units (⎯NH2+⎯) have also been detected 

along with the imine dittos in these systems.48,53,54 The effect of the surfactant 

counter ion on the surface properties of such a system is a key element in the 

wettability switch, described in 4.5, 4.6, Paper 1 and Paper 2 
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Figure 10. Polyaniline (PANI) oxidation states. a. Leucoemeraldine. b. 

Emeraldine base. c. Pernigraniline. d. Protonated emeraldine salt (charge 

balancing counter ions not shown). The dots represent unpaired electrons 

(radicals) coupled to the polaron lattice. 

 

The electrochromic properties of PANI makes it a suitable candidate for multi-

color electrochromic displays.24 Other areas of application include antistatic 

coatings and corrosion protection,55,56 biomaterials,57,58 light emitting 

diodes,59,60 sensors,61,62 field effect transistors63 and batteries.64 
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3. SURFACE ENERGY – WETTABILITY 

The formation and characteristics of interfaces between liquids and solids 

depend on the surface properties of the involved materials. Wetting behavior 

can therefore be valuable information in a number of scientific and industrial 

areas. For small volumes, surface effects are even more pronounced and surface 

science is therefore a crucial part of micro- and nanotechnology. Examples of 

application areas depending on (and utilizing) wettability are e.g.: 

 Micro-fluidics – How do small volumes of a liquid move on a 

surface or in a channel? 

 Control of surface treatments and cleaning steps – Is the 

surface clean? 

 Anti-fouling surfaces – Why are the leaves of the lotus plant 

always dry? 

 Biomaterials – How will the biomaterial interact with human 

tissue?  

 Pharmaceuticals – How will the drug particles dissolve and be 

absorbed in the body? 

 Composites – What can be mixed in what? 

 Printing technologies – How will the ink adhere and spread on the 

paper coating? 
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3.1 Surface tension in theory 

The molecules at the surface of a liquid or a solid behave differently from their 

counterparts in the bulk since they lack neighbors in one direction. The surface 

therefore has “free energy” in the interface towards the surrounding media and 

it is, neglecting other forces, energetically favorable to decrease the surface area 

as much as possible. This is why liquids form spherical (lowest area/volume 

ratio) droplets in e.g. air.  

The surface energy, γ, is characteristic for a solid or liquid material in the 

interface towards a specified gas phase, such as air (with vapor). The surface 

energy determines the energy needed to increase the area of the surface, i.e. 

high surface energy means strong attraction between the surface molecules of a 

material. For liquid-gas interfaces, the surface energy is generally referred to as 

the surface tension (interfacial tension). A common example of surface tension 

and surface energy is that of a thin rectangular frame of width l, pulled through 

a liquid-gas interface, e.g. water-air, as drawn schematically in Figure 11 (from 

ref. 65).  

 

 

Figure 11. Creation of a thin liquid film by pulling a wire frame through 

an air-water interface. 
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A thin film of liquid may be formed in the frame and a certain force is then 

needed to lift the rectangle (the weight of the frame and film are not considered 

here). If γ is the force per unit length to create the new interface (interfacial 

tension), the force needed to move the frame (and thereby create two new 

interfaces, one on each side of the liquid film) can be written as: 

2F lγ=  (1) 

If the frame is moved a short distance, dx/2, the amount of work done is given 

by: 

dW ldxγ=  (2) 

If the change in area, A, of the liquid film is considered instead, γ has the units 

of energy per unit area (surface energy) and equation (2) can be written as: 

dW dAγ=  (3) 

This shows that γ can be thought of as either an interfacial tension or as a 

surface energy, the quantities are identical. The SI unit for surface energy / 

surface tension is Nm/m2 = N/m. The surface tension can be divided into polar 

(permanent dipoles) and dispersive (induced dipoles) parts. Polar materials, 

like water, typically have strong bonds between the molecules and therefore 

show high surface tensions in air.  

 

3.2 Contact angle measurements 

When a small volume of liquid is placed on a solid surface in e.g. air, the 

equilibrium state between the two materials and the surrounding vapor 

corresponds to the shape of the liquid droplet. In a simplified picture, the free 

energy of the solid surface can be seen as a force that will tend to spread the 

liquid droplet in order to decrease the solid-vapor interface. On the other hand, 

there is a cost in energy to form a new liquid-solid interface and therefore the 

interfacial energy between the liquid and solid works as a force in the opposite 
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direction. Finally, the surface tension of the liquid tries to contract the droplet in 

order to decrease the liquid-vapor interfacial area and is therefore a third force, 

parallel to the tangent of the droplet. The shape of the droplet can be seen as the 

equilibrium between these forces as shown in Figure 12. The solid surface 

energy in the surrounding vapor is denoted γsv, the liquid-vapor surface tension 

γlv and the solid-liquid interfacial energy γsl.65,66  

 

Figure 12. Surface tensions (γ) and contact angle (θ) when a liquid 

droplet is placed on a solid surface in the vapor atmosphere. 

 

The angle between the solid surface and the droplet tangent is called the contact 

angle, θ, and is a direct measure of how a liquid wets a solid (Figure 12). The 

relationship between the surface tensions and the contact angle is expressed in 

the Young-Dupré equation. 65,66 

cos sv s

lv

lγ γθ
γ
−

=  (4) 

Contact angle measurements are fairly simple in practice, but since the 

technique is very surface sensitive, cleanliness is extremely important. The most 

common instrument used to determine contact angles is called a goniometer. It 

usually consists of a sample table, a syringe for dispensing the liquid and a 

microscope lens or a camera to evaluate the contact angles (Figure 13). If the 

system has a camera connected to a computer, several images can of course be 

recorded over time and contact angle values are then generated from the 
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recorded images by software. When the liquid drop is created at the tip of the 

syringe, which is then lowered down until the drop contacts the solid surface, 

the measured contact angle is “static”. If nothing else is stated, contact angle 

values are generally from static measurements. 

 

 

Figure 13. Photograph of goniometer. Liquid droplets for contact angle 

measurements are applied to the solid surface with the syringe. The 

camera takes pictures of the droplets and computer software can then 

evaluate the images.  

 

If the volume of the liquid droplet is increased while in contact with the surface, 

the tangent line moves away from the syringe and the measured angle is called 

the “advancing” contact angle. If the volume is instead decreased in a similar 

fashion, the contact angle is “receding”. In many cases, there is a hysteresis 

between the advancing and receding contact angle values. The advancing angle 

is always equal to or larger than the receding and the difference could originate 

from e.g. contaminated surfaces or liquids, surface roughness or surface 
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immobility.66 One example of obvious hysteresis is a water droplet sliding down 

a dirty windowpane. The front of the droplet is slightly pinned to the window 

and therefore forms a large advancing contact angle as gravity drags the water 

down. Similarly, if the back of the droplet is stuck, it will form a small receding 

angle against the glass. 

In many cases, water is used as the standard liquid when measuring contact 

angles. A surface that water wets (low contact angle) is called hydrophilic, while 

materials with high water contact angles are labelled hydrophobic. From Figure 

12, one can see that a high solid surface energy will result in low contact angles 

and vice versa. The absolute value of the solid surface energy cannot be 

measured directly but is possible to estimate with contact angles from several 

liquids. A series of homologous liquids, such as alkanes of different length, can 

be used to create a so-called Zisman plot. The cosines of the contact angles are 

plotted against the surface tensions of the liquids to give a linear relation. The 

“critical surface tension” corresponding to cos θ = 1 can be extrapolated from 

the plot and this value gives a good estimation of the surface energy of the 

material studied.65,66  

Another approach is to use contact angles from two or more measurement 

liquids, of which one should be mainly polar and one non-polar. The 

intermolecular energy is the sum of the polar and dispersive component and 

this relationship also holds for the surface tensions. The polar and dispersive 

part of the solid surface energy can therefore be evaluated by e.g. the geometric 

mean equation (γp denotes the polar and γd the dispersive parts of the interfacial 

tensions): 

( ) ( )2 d d p p
SL SV LV LV SV LV SVγ γ γ γ γ γ γ⎡= + − +⎢⎣ ⎦

⎤
⎥  (5) 

Equation (4) and (5) give: 

( ) ( )(1 cos ) 2 d d p p
LV LV SV LV SVγ θ γ γ γ γ⎡+ = +⎢⎣ ⎦

⎤
⎥  (6) 
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If the contact angles have been measured with at least two liquids, which have 

known polar and dispersive liquid-vapor interfacial tensions, equation (6) can 

be used to solve for the solid surface energy components.67 

A liquid on a solid surface should find it energetically favorable to move from an 

area with lower wettability (high contact angle) towards higher wettability 

(decreased contact angle).68,69 Therefore, transitions from wetting to non-

wetting regions are very important in microfluidic applications in order to guide 

and regulate the liquid flow on the surface. Several publications on how to 

switch the contact angle of a surface have been presented in the last few years. 

The external stimuli can be e.g. temperature,70 light,71 electric fields72 or 

electrochemistry.73 The use of conjugated polymers to regulate wetting in all-

organic devices is presented in 4.5, 4.6, Paper 1 and Paper 2. 

Apart from the surface energy of the solid material, the surface topography can 

also affect the wetting behavior. A structured surface with high roughness will 

decrease the water contact angles compared to a smooth material if the original 

contact angle is less than 90°. The topography of the surface then forms small 

capillaries for the water. The liquid can penetrate the micro channels and will 

therefore quickly wet the surface. If the angle is larger than 90°, the uneven 

surface will instead result in much higher angles. In this case the water cannot 

enter the capillaries and has to form larger angles to the available solid surface. 

The effect of surface roughness on contact angle measurements can be 

estimated with the simple Wensel equation (7), where r denotes the surface 

roughness (defined as the ratio of the true area of the solid to the apparent 

area), θ’ the measured contact angle and θ the “true” contact angle.65,66  

cos '
cos

r θ
θ

=  (7) 

The creation of rough surfaces is a common technique to achieve 

superhydrophilic and superhydrophobic surfaces, artificially as well as in 

nature. Sun and co-workers75 have e.g. achieved reversible thermal switching of 

water contact angles between ~0° and 150°. A famous example of a 
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superhydrophobic surface in nature is the leaf of the lotus plant (Figure 14). 

This ingenious structure barely gets wet when it rains and also is self-cleaning, 

since the water forms large contact angles and simply rolls off the rough waxy 

surface of the leaves.76,77 

 

 

Figure 14. Lotus leaf and raindrop. Used with permission from Victoria-

adventure74 and the photographer Byoung Sup Ghill (Copyright ©) 

 

 

3.3 Other techniques to study surface tension  

3.3.1 Pendant drop 

The surface tension of a liquid (in e.g. air) or the interfacial tension between 

liquids can be calculated directly from the shape of a drop, which hangs from 

the syringe in the surrounding media. The shape of the drop (Figure 15) is 

mathematically described by three first order differential equations (8-10).78,79  
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cosdx
ds

φ=  (8) 

sindz
ds

φ=  (9) 

sin2d z
ds x
φ φβ= + −  (10) 

2
0gRρβ

γ
∆

=  (11) 

x and z are coordinates of a point on the drop profile divided by R0, the radius of 

curvature at the apex, which makes them dimensionless. φ is the turning angle 

at that point and s is the dimensionless curvature length from apex to the same 

point. The shape of the droplet is characterized by β, which is defined in 

equation (11), where ∆ρ is the difference in density between the phases and g is 

the gravitational constant.78,79 

 

 

Figure 15. The pendant drop coordinate system.  
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From a digital image of the droplet, acquired with e.g. a goniometer, computer 

software can quickly solve the system of differential equations numerically to 

best fit the droplet shape (with the same methods as when analyzing contact 

angles). If the liquid (and gas) densities are known, the surface tension can then 

be extracted. The pendant drop method has the advantage of being independent 

of the liquid contact angle to the solid support (as oppose to tensiometry, which 

is described below) and gives quick accurate values of surface tensions. 

Evaluating the surface tension of a liquid before using it for contact angle 

measurements is a good way to check for possible contamination. 

 

3.3.2 Tensiometry 

A classical technique to measure surface tension and interfacial interactions is 

tensiometry.80,81 The principle of tensiometry is the same as in the simplified 

example with the rectangular frame described in 3.1, i.e. the force exerted when 

a solid probe interacts with a surface or interface is a measure of the involved 

interfacial tensions. Apart from the surface tension of the analyzed liquid, the 

forces will depend on the size and shape of the probe as well as the contact angle 

between the liquid and the probe. Different shapes and types of probes can be 

used, but the most common are rings and plates. The results from tensiometric 

measurements are often very accurate and objective, but the technique requires 

a fair amount of the liquid to be analyzed and if the solid is studied, it has to be 

of a regular shape with the same surface on all areas that contact the liquid.  
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4. ELECTROCHEMICAL DEVICES 

Since many conjugated polymers can be doped and undoped by electrochemical 

reactions and thereby change intrinsic properties like color, conductivity and 

wettability, these materials are well suited for use in different electrochemical 

devices. The three papers included in this thesis (and many others, e.g. ref. 

14,15,17,82,83) all originate from similar simple electrochemical devices, easily 

manufactured on flexible substrates with “printable” materials and developed in 

cooperation between the group of Organic Electronics84 and Acreo AB.85 These 

devices will therefore be described in the sections below. 

 

4.1 Reduction and oxidation of conducting polymers 

An electrochemical reaction means that a chemical phenomena is associated 

with charge separation of some sort, often charge transfer.86 Two or more half-

reactions have to take place, one oxidation and one reduction. In a simple two-

electrode electrochemical cell (Figure 16), the electrodes are separated in space 

but linked by two conducting paths. The electrolyte between the electrodes can 

transport ionic charges and the conducting wires of course conduct electrons. 

The electrodes may either work as inert sources and sinks for electrons 

transferred to and from species in solution, or take part in the electrode reaction 

itself. If the sum of the free energy changes at both electrodes is negative 

(energy released), the cell works as a battery. If it is positive, a bias voltage can 

be applied to drive the electrochemical reaction (as in Figure 16). 
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Figure 16. Sketch of a simple electrochemical cell. The anions (A-) are 

electrostatically drawn towards the anode (+) and the cations (M+) 

towards the cathode (-).  

 

Many conducting polymers can be either n-doped by reduction (addition of 

electrons to the polymer) or p-doped by oxidation (withdrawal of electrons from 

the polymer), as shown in reaction (12) and (13), respectively. P denotes the 

polymer, M means one or many cations (positively charged) and A stands for 

one or many anions (negatively charged). 

0 x xP xe M P M− + −+ + → x+

−

 (12) 

0 y y yP A P A ye− + −+ → +  (13) 

However, n-doped conjugated polymers are often not as chemically stable as p-

doped polymers, if oxygen or water are present, and therefore the polymer 

systems used in electrochemical devices are often switched between a neutral 

(undoped) and an oxidized (p-doped) state. As an example, commercially 

available PEDOT:PSS (2.4.2) is originally (pristine state) conducting and 

partially oxidized. From here the material can either be further oxidized to a 

more conducting material or reduced to the semi-conducting neutral polymer. 

The reactions are reversible in both directions, which makes the polymer system 
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very popular for electrochemical devices. The reduction (left to right) and 

oxidation (right to left) of PEDOT:PSS can be written as:  

0:PEDOT PSS e M PEDOT PSS M+ − − + −+ + ↔ + +  (14) 

An electrochemical technique such as voltammetry, i.e. the applied potential is 

swept and the current measured, is a common way to characterize conducting 

polymers. The oxidation potential is a measure of how much energy is needed to 

withdraw electrons from the polymer HOMO level and the reduction potential is 

at the same time a characteristic of the LUMO. The measurement is performed 

with a potentiostat and a three-electrode system.86 The reaction to be studied 

happens at the working electrode. A reference electrode, such as Ag/AgCl, with a 

well-defined electrochemical potential is used to keep the working electrode at a 

constant absolute potential. To maintain the potential as stable as possible, a 

third auxiliary electrode (counter electrode) is used to pass the current. The 

counter electrode is often made of Pt and should have a large active area. If 

reduction occurs at the working electrode the auxiliary electrode is reduced and 

vice versa.  

The potentiostat can also be used to create polymeric materials on an electrode 

by electropolymerization.87,88 The monomer is then present in the electrolyte 

and when a potential is applied, oxidation or reduction of the monomer can 

create reactive radicals. Several radicals can connect to form polymeric chains 

and since the reaction happens at the working electrode, the polymeric film will 

cover that surface. 

When manufacturing organic electrochemical devices, the structures should 

preferably be free-standing and in the best case printable. Therefore the design 

of the electrochemical cell is somewhat different than that shown in Figure 16. 

The electrolyte is generally solid or gel-like instead of a liquid solution. 

Conducting polymer materials work as one or several electrodes but may also 

function as electronic (and in some cases ionic) conductors. The polymers can 

e.g. be spin-coated on the substrate but are, as in the case of PEDOT:PSS, 

sometimes commercially available in rolls of pre-coated films on plastic or 
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paper. The devices often have a lateral configuration, i.e. the electrodes are 

situated in the same plane with electrolyte on top or underneath. Patterning of 

the polymer films is generally done by simply cutting non-conducting lines or by 

over-oxidation (electrochemically destroying the conductivity of the material).3 

For smaller structures, photolithographic techniques may also be used to 

manufacture the devices. 

 

4.2 “Structure 1” 

If an electrolyte is cast to cover a stripe of polymer film, made from a conducting 

polymer-counter ion system like PEDOT:PSS, the resulting device is referred to 

as “Structure 1”. If a voltage is applied along the polymer film, as shown in 

Figure 17, a gradient in oxidation state and color will appear.  

 

 

Figure 17. Structure 1. a. Side view with electronic and ionic conduction 

paths. b. Top view.  
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There are two parallel paths for charge transfer in the system. The polymer film 

is conducting, which means that electrons can move through the material, 

which then works as a resistor. Since the polymer is not a perfect electronic 

conductor, there is always a potential difference between the two sides of the 

polymer stripe when a voltage is applied. Therefore, with the electrolyte on top, 

the positive side of the polymer will start to be oxidized and the negative side 

reduced. As long as the electrochemical reaction occurs in the polymer film, 

charges can be transported as ions through the electrolyte. Reduction of the 

polymer film drastically increases the impedance locally and thereby makes it 

more difficult for current to pass straight through the “resistor”. More reduction 

and oxidation will then take place as the oxidation gradient builds up. This 

behavior of the “Structure 1” is responsible for the saturation of drain-source 

current in the electrochemical transistor by Nilsson et al.15  

 

4.3 “Structure 2” 

If the polymer film of Structure 1 is instead divided in two electrodes by a non-

conducting line, “Structure 2” has been created, as shown in Figure 18. 

Electrochemically, Structure 2 is a direct equivalent to the electrochemical cell 

in Figure 16. The two electrodes are electronically isolated and ionic transfer is 

the only path for charge transport. When a bias voltage is applied, the negative 

electrode will start to be reduced and the positive electrode oxidized. If the 

voltage is subsequently removed, there is no closed circuit for the electrons to go 

back and the electrodes will therefore keep their respective oxidation states 

(until chemically affected by e.g. oxygen). With electrochromic materials such as 

PEDOT:PSS or PANI:DBSA (polyaniline:dodecylbenzene sulfonic acid), 

Structure 2 works as a very simple display pixel and several such structures can, 

in combination with electrochemical transistors, build up all-organic matrix-

addressable displays.14 Improvement of optical contrast in PEDOT:PSS paper 

display pixels is discussed in 4.7 and Paper 3. Structure 2 is also the basis for 

the bi-stable electrochemical wettability switch (4.5 and Paper 1) and works as 

the gate in the electrochemical transistor.15   
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Figure 18. Structure 2. a. Side view with electronic and ionic conduction 

paths. b. Top view. 

 

4.4 “Structure 3” 

The device called “Structure 3” is slightly more complicated than the previously 

described configurations. In this case, the polymer film is divided in three pieces 

by non-conducting lines, as shown in Figure 19, but only the outer two segments 

work as electrodes. When a voltage is applied between the two electronic 

contacts, there are several paths for charge transport. Because of the bias 

voltage, the electrodes are oxidized and reduced respectively, and ions are 

transported between them, in the same way as seen for Structure 2 (Figure 18). 

Parallel to this charge transport, the middle segment of conjugated polymer is 

also capable of conducting electrons if ion to electron transduction can take 

place through oxidation on one side and reduction on the other. Therefore, an 

electrochemical gradient will be induced in the middle piece of Structure 3 when 

the electrodes are biased. The electrochemical gradient only exists as long as 
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electrochemistry occurs at the electrodes. If the voltage is disconnected or the 

electrode material is consumed, the outer pieces of polymer will stay oxidized 

and reduced but the gradient in the middle will disappear.  

 

 

Figure 19. Structure 3. a. Side view with electronic and ionic conduction 

paths. b. Top view. 

 

The induced oxidation gradient is a result of the local electric field in the 

electrolyte and can therefore, as cleverly shown by Said and co-workers,83 be 

used to map electric fields in the electrolyte. When the conducting polymer is 

PANI:DBSA, the oxidation gradient is also a wettability gradient, which can be 

used to control the spreading of water droplets on the polymer surface (4.5, 

4.6, Paper 1 and Paper 2). 
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4.5 Electrochemical wettability switch 

As mentioned in chapter 3, many physical processes are governed by surface 

interactions and it is therefore crucial to have control of the surface properties 

in numerous applications. When a conjugated polymer is oxidized or reduced, 

the bulk properties, such as color and conductivity, change as a result of the 

chemical reorganization in the material, but what happens at the surface? It 

turns out that the wettability or water contact angle of the polymer surface will 

in fact often be modified along with the oxidation state (see also Paper 1).  

In undoped or neutral polymer systems, e.g. polyalkylthiophenes, doping will 

induce dipoles at the surface and thereby generally increase the surface tension 

of the material (polar materials often have high surface tension / low water 

contact angles). More complex systems, such as PANI doped with 

dodecylbenzene sulfonic acid (PANI:DBSA, Figure 20), which have a surfactant 

(one hydrophobic and one hydrophilic end) as the charge-balancing counter-

ion, can actually work the other way around.  

 

Figure 20. Polyaniline salt doped with dodecylbenzene sulfonic acid 

(PANI:DBSA). a. PANI:DBSA with x undoped amine groups, y protonated 

imines and z protonated amines. b. DBSA chemical structure with the 

hydrophilic sulfonic acid group and the hydrophobic 12-carbon alkyl 

chain. 
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When PANI is fully reduced (leucoemeraldine), the DBSA molecules are not 

bound to the polymer chain and can show their water-loving parts at the surface 

when water is placed on top. This means that the material will be hydrophilic 

and give low water contact angles. If, on the other hand, PANI is oxidized to a 

doped state (dark blue pernigraniline), the hydrophilic sulfonic acid groups of 

DBSA bind ionically to the polymer backbone and the hydrophobic alkyl chains 

are instead exposed at the surface. Therefore the oxidized polymer film shows a 

more hydrophobic behavior (see Figure 20 and 21).  

 

 

Figure 21. The structure 2 electrochemical wettability switch. a. 

PANI:DBSA wettability switch. b. Water contact angles on oxidized and 

reduced PANI:DBSA. 

 

The electrochemical wettability switch utilizes the control of the oxidation state 

of a polymer film via an applied potential. If the oxidation state of the material 

also determines the surface wettability, it is thereby possible to electronically 
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control the latter. The simplest wettability switch is Structure 2 with 

PANI:DBSA as the polymer film (Figure 21a). The difference compared to the 

Structure 2 in Figure 18 is that, in this case, the electrolyte has been placed 

underneath the polymer film in order to expose the active surface to the 

surrounding environment. When a bias voltage is applied, one of the 

PANI:DBSA electrodes will switch to the yellow reduced state and the other to 

the dark blue oxidized state. Since both states of the polymer are moderately 

conducting, the switch is reversible. If water contact angles are measured on 

each of the surfaces, it is clear that the applied voltage has modified the surface 

wettability (see contact angles in Figure 21b). Since the oxidation state of the 

polymer system also changes the color of the material, it is possible to optically 

determine which contact angle the surface has. The relationship between water 

contact angle, absolute oxidation potential (versus a Ag/AgCl reference 

electrode) and optical absorbance (at 700 nm, where the difference in 

absorbance between oxidation states is large) for a PANI:DBSA electrochemical 

wettability switch is shown in Figure 22.  
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Figure 22. PANI:DBSA contact angle versus oxidation potential and 

absorbance at 700nm. 
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4.6 Electronic modulation of wettability gradients  

In the same manner as the device described above, it is also possible to make a 

PANI:DBSA Structure 3 wettability switch. When the outer electrodes are 

biased, an oxidation, color and wettability (water contact angle) gradient is 

induced in the middle polymer section. If a drop of water is placed on the 

wettability gradient, it will automatically move or spread towards the reduced 

hydrophilic side.  

If the polymer film is divided into four electrodes (4-terminal electrochemical 

wettability switch), it is possible to modulate the level of an induced wettability 

gradient with a bi-stable Structure 2 voltage. As seen in Figure 23, electrodes A 

and D form Structure 2, while B, D and C combine to Structure 3. D is thus 

common for both substructures and this is where the gradient will be formed 

(see also Paper 2).  

 

 

Figure 23. 4-terminal electrochemical wettability switch. Electrodes A 

and D form structure 2, while B, C and D constitute Structure 3. The bi-

stable voltage Vad will modulate the oxidation state, color and wettability 

in D, while Vbc controls the gradient. 

 

When a bias voltage, Vad (~3 V), is applied between A and D, the electrode 

chosen to be positive will be oxidized and the negative electrode will thereby be 
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reduced. If Vad is disconnected and another potential, Vbc (~15 V), is 

subsequently applied between B and C (along “Structure 3”), a gradient in 

oxidation, color and wettability will be induced at electrode D. Since the A-D 

structure is bi-stable, the previously applied voltage will determine the average 

level of oxidation in electrode D, also when the gradient has been created. The 

gradient will therefore take different forms depending on Vad, for the same Vbc. 

The wettability along D is thus also determined by Vad, which means that 

spreading of water on the polymer surface can be modulated by the small bi-

stable voltage. If D is initially oxidized (positive Vad), water droplets placed in 

the center of the induced gradient will hardly move at all, but for negative Vad, 

the water spreads quickly towards the reduced side. 

Figure 24 shows how the color profile of the oxidation gradient in one device is 

modulated with three Vad. Figure 25 compares water movement on three 

gradients controlled with different bi-stable potentials (three devices).  

 

Figure 24. Color gradient at electrode D of a 4-terminal electrochemical 

wettability switch, modulated with different Vad. Approximate 

corresponding water contact angles are shown on the right-hand side y-

axis. Vbc = 15 V 
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Figure 25. Droplet movement on the surface of electrode D in a 4-

terminal electrochemical wettability switch, modulated with different Vad. 

Vbc = 15 V a. Droplet movement for three Vad (three devices). b. 

Photographs of droplet movement.  
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4.7 PEDOT:PSS displays with improved optical contrast 

Electrochromic pixels consisting of PEDOT:PSS on plastic or paper are very 

promising for all-organic printed displays. Pixel elements (Structure 2, see 4.3) 

can be combined with electrochemical transistors to build active matrix-

addressed displays or simply be individually contacted in e.g. a 7-segment 

device (Figure 26a). PEDOT:PSS is a suitable base-material for simple organic 

printable displays, since the pre-coated polymer films are environmentally 

stable and can be patterned in various ways (see e.g. ref. 3). It is also possible to 

process the polymer material from “solution” (actually emulsion), which gives 

additional flexibility when taking the manufacturing to a real printing press 

(Figure 26b).  

 

 

Figure 26. Printable displays. a. Two lateral seven segment displays on 

paper, patterned on the same piece of PEDOT:PSS. b. Printing press for 

organic electronics with printed test pattern. Both photos copyright © 

Niclas Kindahl, Fotofabriken and Acreo AB.85 

 

PEDOT:PSS shows fast and reversible electrochromic switching but, as can be 

seen from Figure 9, the absorption of the colored reduced state does not cover 

the entire visible spectrum (400-800 nm). The lack of absorption around and 

below 550 nm, where our eyes are very sensitive, gives a relatively low perceived 
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optical contrast compared to many other electrochromic systems. One possible 

solution to this problem is to add another polymer film directly on top of 

PEDOT:PSS in Structure 2. Apart from proper processability, mechanical 

stability and good adhesion to the PEDOT:PSS layer, the second polymer needs 

the following properties in order to improve the function of the displays: 

 The polymer should absorb light between 400 and 550 nm in the 

reduced (neutral) state and be transparent when oxidized. 

 The polymer film needs good ionic conductivity for fast switching of 

the display. Electronic conductivity is not as crucial, since that is 

provided by PEDOT:PSS in the lateral direction. 

 The oxidation potential has to be sufficiently low, with printable water-

based electrolytes, to enable oxidation without risking over-oxidation 

(irreversible loss of conductivity in the material). 

Several conjugated polymers, synthesized by the group of Mats Andersson at 

Chalmers University of Technology in Gothenburg, have been tested as 

candidates for the contrast-enhancing layer. The chemical structures are 

outlined in Figure 27 and the optical absorption upon switching each material in 

a two-electrode setup is shown in Figure 28. 

From spectroscopic and electrochemical characterizations (details in Paper 3), 

two main design criteria for the second polymer layer can be suggested. First, 

oligo(ethylene oxide) side chains seem to increase the ionic conductivity of the 

polymer layer. This is expected, since oligo(ethylene oxide) prevents 

crystallization of the polymer molecules and therefore is commonly used in solid 

polymer electrolytes.89 Second, polymers with ethylenedioxythiophene (EDOT, 

as in the PEDOT monomer, Figure 8a) moieties show lower oxidation potentials 

and can therefore be reversibly switched in the water-based electrolyte without 

over-oxidation. Polymers III and IV fulfill these criteria and become 

transparent when oxidized, which means that they are well-suited for use in the 

contrast-enhancing layers.   

 42



Electrochemical Devices 
 

S
O

O

O

n
S n

O

O
O

S

O
O

O O

OO
S

O O
n

S

O
O

O O

OO
S

n

S

O
O

O

S

O O
n

O
O

O
O

S
S

N
SN

n

OO

O O

S S

O
O

O
O

n

OO

O O

S

O
O
n

OO

O
O

S
S

S

N N
n

I II

III

IV
V

VI

VII VIII

IX  

Figure 27. Conjugated polymers for a contrast-enhancing layer on 

PEDOT:PSS displays. 
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Figure 28. Optical absorbance of polymers in Figure 27 at different 

applied potentials in a two-electrode setup. 
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Organic flexible displays with polymer III and IV, respectively, on PEDOT:PSS 

have been created and characterized with spectrophotometry. As shown in 

Figure 29, the optical contrast, defined as the change in luminance ∆L* (details 

in Paper 3), is almost doubled by the addition of a second polymer layer.  
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Figure 29. Optical absorbance of flexible organic PEDOT:PSS displays 

with and without contrast- enhancement layer. ∆L* denotes the optical 

contrast. a. Only PEDOT:PSS. b. PEDOT:PSS plus polymer III. c. 

PEDOT:PSS plus polymer IV. 
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5. ONGOING AND FUTURE WORK 

 

5.1 BioX 

Due to their organic chemical composition and relatively soft mechanical 

properties, conjugated polymers generally work well as biocompatible materials. 

This, in combination with the fact that the polymers use both electrons and ions 

as charge carriers, make this class of materials very interesting for studying and 

possibly manipulating cell signaling. Our living cells often use only a few 

common ions, such as potassium and calcium, when communication internally 

and with each other. The internal ionic concentrations in some cases oscillate at 

specific frequencies as a response to external stimuli and thereby induce several 

activities, e.g. gene expression, in the cell.90 If the ion transport to and from the 

cell could be controlled electronically it would be possible not only to study in 

detail how cells interact with each other and the surrounding environment but 

also to stimulate different responses. 

One task for the future is to trigger cellular responses with the use of organic 

electronics and ongoing work focuses on communication with cells that grow on 

films of PEDOT:PSS. The work is performed by the Organic Electronics group in 

cooperation with the group of Agneta Richter-Dahlfors at Karolinska Institutet. 

Preliminary results show that the studied cell-type can adhere and live on 

PEDOT:PSS and signs of electronic stimulation have also been detected. 
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5.2 Wettability switch 

The work with electronic wettability switching will also continue. Ongoing and 

future tasks include switching with different materials and surface 

topographies, preferably with high water contact angles to enable movement of 

droplets rather than spreading of liquids on the surface. Another focus is to 

utilize the wettability switches with simple microfluidic channels in order to 

make electronically controlled liquid gates.  

Preliminary results show that by choosing the right polymer system with 

appropriate side groups, it is possible to tune the oxidized and reduced contact 

angles to achieve wettability switching in the desired region of hydrophilicity. 

Initial work with microfluidic channels on polyalkylthiophene wettability 

switches, performed by Linda Robinson and Anders Hentzell, also indicates that 

the change in contact angle is, with the right experimental conditions, enough to 

control water flow in the channels. 

 

 

 46



References 
 

REFERENCES 

 

1. http://nobelprize.org/. 

2. Chiang, C. K. et al. Electrical conductivity in doped polyacetylene. Phys Rev 
Lett 39, 1098-101 (1977). 

3. Tehrani, P. et al. Patterning polythiophene films using electrochemical over-
oxidation. Smart Materials and Structures 14, 21-5 (2005). 

4. Sirringhaus, H. et al. High-resolution inkjet printing of all-polymer transistor 
circuits. Science 290, 2123-2126 (2000). 

5. Blancheta, G. B., Loo, Y.-L., Rogers, J. A., Gao, F. & Fincher, C. R. Large area, 
high resolution, dry printing of conducting polymers for organic electronics. 
Appl Phys Lett 82, 463-465 (2003). 

6. Berggren, M. et al. Light-emitting diodes with variable colours from polymer 
blends. Nature 372, 444-6 (1994). 

7. Burroughes, J. H. et al. Light-emitting diodes based on conjugated polymers. 
Nature 347, 539-541 (1990). 

8. Inganas, O. et al. Thiophene polymers in light emitting diodes: making 
multicolour devices. Synth Met 71, 2121-2124 (1995). 

9. Brabec, C. J., Padinger, F., Hummelen, J. C., Janssen, R. A. J. & Sariciftci, N. S. 
Realization of large area flexible fullerene - conjugated polymer photocells: a 
route to plastic solar cells. Synth Met 102, 861-864 (1999). 

10. Alam, M. M. & Jenekhe, S. A. Efficient solar cells from layered nanostructures 
of donor and acceptor conjugated polymers. Chem Mater 16, 4647-4656 (2004). 

11. Brabec, C. J., Sariciftci, N. S. & Hummelen, J. C. Plastic solar cells. Adv Funct 
Mater 11, 15-26 (2001). 

 47

http://nobelprize.org/


References 
 

12. Sirringhaus, H., Tessler, N. & Friend, R. H. Integrated optoelectronic devices 
based on conjugated polymers. Science 280, 1741-1744 (1998). 

13. Stutzmann, N., Friend, R. H. & Sirringhaus, H. Self-aligned, vertical-channel, 
polymer field-effect transistors. Science 299, 1881-1884 (2003). 

14. Andersson, P. et al. Active matrix displays based on all-organic electrochemical 
smart pixels printed on paper. Adv Mater 14, 1460-1464 (2002). 

15. Nilsson, D. et al. Bi-stable and dynamic current modulation in electrochemical 
organic transistors. Adv Mater 14, 51-54 (2002). 

16. Nilsson, D., Robinson, N., Berggren, M. & Forchheimer, R. Electrochemical 
logic circuits. Adv Mater 17, 353-358 (2005). 

17. Nilsson, D., Kugler, T., Svensson, P. O. & Berggren, M. An all-organic sensor-
transistor based on a novel electrochemical transducer concept printed 
electrochemical sensors on paper. Sens Actuators, B B86, 193-7 (2002). 

18. MacDiarmid, A. G. Synthetic metals: a novel role for organic polymers. Synth 
Met 125, 11-22 (2001). 

19. Heeger, A. J. Semiconducting and metallic polymers: the fourth generation of 
polymeric materials. Synth Met 125, 23-42 (2001). 

20. Su, W. P., Schreiffer, J. R. & Heeger, A. J. Solitons in Polyacetylene. Phys Rev 
Lett 42, 1698-1701 (1979). 

21. Su, W. P., Schreiffer, J. R. & Heeger, A. J. Soliton Excitations in Polyacetylene. 
Phys Rev B: Condens Matter 22, 2099-2111 (1980). 

22. Salaneck, W. R., Friend, R. H. & Bredas, J. L. Electronic structure of conjugated 
polymers: consequences of electron-lattice coupling. Phys Rep 319, 231-251 
(1999). 

23. Moliton, A. & Hiorns, R. C. Review of electronic and optical properties of 
semiconducting and π-conjugated polymers: Applications in optoelectronics. 
Polym Int 53, 1397-1412 (2004). 

24. Somani, P. R. & Radhakrishnan, S. Electrochromic materials and devices: 
Present and future. Mater Chem Phys 77, 117-133 (2002). 

25. Carpi, F. & De Rossi, D. Colours from electroactive polymers: Electrochromic, 
electroluminescent and laser devices based on organic materials. Optics & Laser 
Technology In Press, Corrected Proof (2005). 

26. Mortimer, R. J. Organic electrochromic materials. Electrochim Acta 44, 2971-
2981 (1999). 

 48



References 
 

27. Heuer, H. W., Wehrmann, R. & Kirchmeyer, S. Electrochromic window based 
on conducting poly(3,4-ethylenedioxythiophene)- poly(styrene sulfonate). Adv 
Funct Mater 12, 89-94 (2002). 

28. Groenendaal, B. L., Jonas, F., Freitag, D., Pielartzik, H. & Reynolds, J. R. 
Poly(3,4-ethylenedioxythiophene) and its derivatives: Past, present, and future. 
Adv Mater 12, 481-494 (2000). 

29. Reynolds, J. R. et al. Unique variable-gap polyheterocycles for high-contrast 
dual polymer electrochromic devices. Synth Met 85, 1295-1298 (1997). 

30. Barta, P., Sanetra, J. & Zagorska, M. Efficient electroluminescence in 
regioregular polyalkylthiophene light-emitting diodes. Synth Met 94, 119-121 
(1998). 

31. Bao, Z., Dodabalapur, A. & Lovinger, A. J. Soluble and processable 
regioregular poly(3-hexylthiophene) for thin film field-effect transistor 
applications with high mobility. Appl Phys Lett 69, 4108-4110 (1996). 

32. Ong, B., Wu, Y., Jiang, L., Liu, P. & Murti, K. Polythiophene-based field-effect 
transistors with enhanced air stability. Synth Met 142, 49-52 (2004). 

33. Sicot, L. et al. Improvement of the photovoltaic properties of polythiophene-
based cells. Sol Energy Mater Sol Cells 63, 49-60 (2000). 

34. Too, C. O. et al. Photovoltaic devices based on polythiophenes and substituted 
polythiophenes. Synth Met 123, 53-60 (2001). 

35. Majumdar, H. S., Bolognesi, A. & Pal, A. J. Switching and memory devices 
based on a polythiophene derivative for data-storage applications. Synth Met 
140, 203-206 (2004). 

36. Majumdar, H. S., Bolognesi, A. & Pal, A. J. Memory applications of a 
thiophene-based conjugated polymer: Capacitance measurements. J Phys D: 
Appl Phys 36, 211-215 (2003). 

37. Mastragostino, M., Paraventi, R. & Zanelli, A. Supercapacitors based on 
composite polymer electrodes. J Electrochem Soc 147, 3167-3170 (2000). 

38. Feast, W. J., Tsibouklis, J., Pouwer, K. L., Groenendaal, L. & Meijer, E. W. 
Synthesis, processing and material properties of conjugated polymers. Polymer 
37, 5017-5047 (1996). 

39. Elschner, A. et al. PEDT/PSS for efficient hole-injection in hybrid organic light-
emitting diodes. Synth Met 111, 139-143 (2000). 

40. Fichet, G. et al. Self-organized photonic structures in polymer light-emitting 
diodes. Adv Mater 16, 1908-1912 (2004). 

 49



References 
 

41. Song, M. Y., Kim, K.-J. & Kim, D. Y. Enhancement of photovoltaic 
characteristics using a PEDOT interlayer in TiO2/MEHPPV heterojunction 
devices. Sol Energy Mater Sol Cells 85, 31-39 (2005). 

42. Zhang, F., Johansson, M., Andersson, M. R., Hummelen, J. C. & Inganas, O. 
Polymer photovoltaic cells with conducting polymer anodes. Adv Mater 14, 662-
665 (2002). 

43. Bobacka, J. Potential Stability of All-Solid-State Ion-Selective Electrodes Using 
Conducting Polymers as Ion-to-Electron Transducers. Anal Chem 71, 4932-4937 
(1999). 

44. Vazquez, M., Danielsson, P., Bobacka, J., Lewenstam, A. & Ivaska, A. 
Solution-cast films of poly(3,4-ethylenedioxythiophene) as ion-to-electron 
transducers in all-solid-state ion-selective electrodes. Sens Actuators, B B97, 
182-9 (2004). 

45. Asberg, P. & Inganas, O. Hydrogels of a conducting conjugated polymer as 3-D 
enzyme electrode. Biosens Bioelectron 19, 199-207 (2003). 

46. Cui, X. & Martin, D. C. Electrochemical deposition and characterization of 
poly(3,4-ethylenedioxythiophene) on neural microelectrode arrays. Sens 
Actuators, B 89, 92-102 (2003). 

47. Green, A. G. & Woodhead, A. E. Aniline-black and allied compounds. Part I. J 
Chem Soc 97, 2388 - 2403 (1910). 

48. Kang, E. T., Neoh, K. G. & Tan, K. L. in Progress in Polymer Science (Oxford) 
277-324 (Elsevier Sci Ltd,Exeter,Engl, 1998). 

49. Epstein, A. J. & MacDiarmid, A. G. Polyanilines: From solitons to polymer 
metal, from chemical curiosity to technology. Synth Met 69, 179-182 (1995). 

50. Jozefowicz, M. E. et al. Multiple Lattice Phases and Polaron-Lattice Spinless-
Defect Competition in Polyaniline. Phys Rev B 39, 12958-12961 (1989). 

51. Ahlskog, M. et al. Heat-induced transition to the conducting state in 
polyaniline/dodecylbenzenesulfonic acid complex. Synth Met 69, 213-214 
(1995). 

52. Ikkala, O. T. et al. Counter-ion induced processibility of polyaniline: 
Conducting melt processible polymer blends. Synth Met 69, 97-100 (1995). 

53. Barra, G. M. O., Leyva, M. E., Gorelova, M. M., Soares, B. G. & Sens, M. X-
ray photoelectron spectroscopy and electrical conductivity of polyaniline doped 
with dodecylbenzenesulfonic acid as a function of the synthetic method. J Appl 
Polym Sci 80, 556-565 (2001). 

54. Isaksson, J., Tengstedt, C., Fahlman, M., Robinson, N. & Berggren, M. A Solid-
state Organic Electronic Wettability Switch. Adv Mater 16, 316-320 (2004). 

 50



References 
 

55. http://www.panipol.com. 

56. Konagaya, S., Abe, K. & Ishihara, H. Conductive polymer composite PET film 
with excellent antistatic properties. Plast, Rubber Compos 31, 201-204 (2002). 

57. Kamalesh, S. et al. in Journal of Biomedical Materials Research 467-478 (John 
Wiley and Sons Inc.,New York,NY,USA, 2000). 

58. Zhang, F., Kang, E. T., Neoh, K. G., Wang, P. & Tan, K. L. Reactive coupling 
of poly(ethylene glycol) on electroactive polyaniline films for reduction in 
protein adsorption and platelet adhesion. Biomaterials 23, 787-795 (2002). 

59. Chung, J., Choi, B. & Lee, H. H. Polyaniline and poly(N-vinylcarbazole) blends 
as anode for blue light-emitting diodes. Appl Phys Lett 74, 3645-3647 (1999). 

60. Lee, H.-M., Lee, T.-W., Park, O. O. & Zyung, T. Polymer light-emitting diode 
prepared with an ionomer and polyaniline. Advanced Materials for Optics and 
Electronics 10, 17-23 (2000). 

61. Xie, D. et al. Fabrication and characterization of polyaniline-based gas sensor by 
ultra-thin film technology. Sens Actuators, B 81, 158-164 (2001). 

62. Dhawan, S. K., Kumar, D., Ram, M. K., Chandra, S. & Trivedi, D. C. 
Application of conducting polyaniline as sensor material for ammonia. Sensors 
and Actuators B: Chemical 40, 99-103 (1997). 

63. Pinto, N. J. et al. Electrospun polyaniline/polyethylene oxide nanofiber field-
effect transistor. Appl Phys Lett 83, 4244-4246 (2003). 

64. Cai, Z., Geng, M. & Tang, Z. Novel battery using conducting polymers: 
Polyindole and polyaniline as active materials. J Mater Sci 39, 4001-4003 
(2004). 

65. MacRitchie, F. Chemistry At Interfaces (Academic Press, San Diego, CA, 1990). 

66. Adamson, A. W. Physical Chemistry of Surfaces (John Wiley and Sons, Inc, 
New York, NY, 1990). 

67. Shimizu, R. N. & Demarquette, N. R. Evaluation of surface energy of solid 
polymers using different models. J Appl Polym Sci 76, 1831-1845 (2000). 

68. Suda, H. & Yamada, S. Force measurements for the movement of a water drop 
on a surface with a surface tension gradient. Langmuir 19, 529-531 (2003). 

69. Daniel, S. & Chaudhury, M. K. Rectified motion of liquid drops on gradient 
surfaces induced by vibration. Langmuir 18, 3404-3407 (2002). 

70. Liang, L. et al. Surfaces with reversible hydrophilic/hydrophobic characteristics 
on cross-linked poly(N-isopropylacrylamide) hydrogels. Langmuir 16, 8016-
8023 (2000). 

 51

http://www.panipol.com/


References 
 

71. Ichimura, K., Oh, S.-K. & Nakagawa, M. Light-Driven Motion of Liquids on a 
Photoresponsive Surface. Science 288, 1624-1626 (2000). 

72. Prins, M. W. J., Welters, W. J. J. & Weekamp, J. W. Fluid Control in 
Multichannel Structures by Electrocapillary Pressure. Science 291, 277-280 
(2001). 

73. Gallardo, B. S. et al. Electrochemical Principles for Active Control of Liquids 
on Submillimeter Scales. Science 283, 57-60 (1999). 

74. http://www.victoria-adventure.org/. 

75. Sun, T. et al. Reversible Switching between Superhydrophilicity and 
Superhydrophobicity. Angewandte Chemie - International Edition 43, 357-360 
(2004). 

76. http://www.botanik.uni-bonn.de/system/lotus/en/lotus_effect_multimedia.html. 

77. Feng, L. et al. Super-hydrophobic surfaces: From natural to artificial. Adv Mater 
14, 1857-1860 (2002). 

78. Jennings, J. W. J. & Pallas, N. R. An Efficient Method for the Determination of 
Interfacial Tensions from Drop Profiles. Langmuir 4, 959-967 (1988). 

79. Touhami, Y., Neale, G. H., Hornof, V. & Khalfalah, H. Modified pendant drop 
method for transient and dynamic interfacial tension measurement. Colloids 
Surf, A 112, 31-41 (1996). 

80. Harkins, W. D., Young, T. F. & Cheng, L. H. The Ring Method for the 
Detemination of Surface Tension. Science 64, 333-336 (1926). 

81. Francis, C. K. & Bennet, H. T. The Surface Tension of Petrolium. Ind eng chem 
14, 626-627 (1922). 

82. Chen, M., Nilsson, D., Kugler, T., Berggren, M. & Remonen, T. Electric current 
rectification by an all-organic electrochemical device. Appl Phys Lett 81, 2011-
13 (2002). 

83. Said, E., Robinson, N. D., Nilsson, D., Svensson, P.-O. & Berggren, M. 
Visualizing the electric field in electrolytes using electrochromism from a 
conjugated polymer. Electrochem Solid-State Lett 8, 12-16 (2005). 

84. http://www.orgel.itn.liu.se/. 

85. http://www.acreo.se/. 

86. Brett, C. M. A. & Brett, A. M. O. Electrochemistry: principles, methods and 
applications (Oxford University Press, Oxford, 1993). 

 52

http://www.victoria-adventure.org/
http://www.botanik.uni-bonn.de/system/lotus/en/lotus_effect_multimedia.html
http://www.orgel.itn.liu.se/
http://www.acreo.se/


References 
 

87. Baba, A. et al. Electropolymerization and doping/dedoping properties of 
polyaniline thin films as studied by electrochemical-surface plasmon 
spectroscopy and by the quartz crystal microbalance. J Electroanal Chem 562, 
95-103 (2004). 

88. Kabasakaloglu, M., Kiyak, T., Toprak, H. & Aksu, M. L. Electrochemical 
properties of polythiophene depending on preparation conditions. Appl Surf Sci 
152, 115-125 (1999). 

89. Murata, K., Izuchi, S. & Yoshihisa, Y. An overview of the research and 
development of solid polymer electrolyte batteries. Electrochim Acta 45, 1501-
1508 (2000). 

90. Uhlen, P. et al. alpha-Haemolysin of uropathogenic E-coli induces Ca2+ 
oscillations in renal epithelial cells. Nature 405, 694-697 (2000). 

 

 53


	Submitted to Thin Solid Films
	Submitted to Thin Solid Films
	1. Introduction
	2. Conducting Polymers
	2.1 Conjugated polymers
	2.2 Doping of conjugated polymers
	2.3 Optical properties of conjugated polymers
	2.3.1 Absorption and emission
	2.3.2 Electrochromism in conjugated polymers

	2.4 Examples of commonly used conjugated polymers
	2.4.1 Polythiophenes
	2.4.2 PEDOT:PSS
	2.4.3 Polyaniline


	3. Surface Energy – Wettability
	3.1 Surface tension in theory
	3.2 Contact angle measurements
	3.3 Other techniques to study surface tension
	3.3.1 Pendant drop
	3.3.2 Tensiometry


	4. Electrochemical Devices
	4.1 Reduction and oxidation of conducting polymers
	4.2 “Structure 1”
	4.3 “Structure 2”
	4.4 “Structure 3”
	4.5 Electrochemical wettability switch
	4.6 Electronic modulation of wettability gradients
	4.7 PEDOT:PSS displays with improved optical contrast

	5. Ongoing and Future Work
	5.1 BioX
	5.2 Wettability switch

	References
	Paper 1
	Paper 2
	Paper 3


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




