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the desired functionalities of a semiconductor, there is a need for other polyelectrolytes with other functionalities, such as functionality at low air 
humidity and better cross-linking possibilities, while still functioning as a good semiconductor.  

Within this thesis, there is a description of general polyelectrolytes, as well as various usages.  
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Abstract: 

In printed electronics there are many polyelectrolytes to choose from. While polyelectrolytes such as 

polystyrene sulfonic acid can fulfill many of the desired functionalities of a semiconductor, there is a 

need for other polyelectrolytes with other functionalities, such as functionality at low air humidity 

and better cross-linking possibilities, while still functioning as a good semiconductor.  

Within this thesis, there is a description of general polyelectrolytes, as well as various usages.  

The synthesis and characterization of new polyelectrolytes that have been developed, based upon 
diallyldimethyl ammonium chloride (DADMAC) and a derivative of polystyrene sulfonic acid (PSSH) is 
described. 

The study and experimental testing of the polymers as polyelectrolytes under different conditions is 
described. 
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Abbreviations: 

PDADMAC = Poly(diallyldimethyl ammonium chloride) 

PEGMA = Poly(ethylene glycol methacrylate) 

DEGVE = Diethylene glycol vinyl ether 

SBR = styrene butadiene rubber 

PSSH = polystyrene sulfonic acid 

PEDOT = Poly(3,4-ethylenedioxythiophene 

KPS = potassium persulfate 

TFT = thin film transistor 

FET = Field effect transistor 

LUMO = lowest unoccupied molecular orbital 

HOMO = Highest occupied molecular orbital 

EDL = Electric double layer
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1. Introduction 

There is an interest today in developing easily printable materials for use in various applications 

within printed electronics, among them thin-film transistors, displays, and capacitors. One of the 

currently most used materials is polystyrene sulfonic acid (PSSH). But for certain projects, PSSH in its 

current form is not a good material to use due to lack of possible crosslinking. A way to make that 

work is to utilize a different copolymer based on polystyrene sulfonic acid, which has alkene groups 

needed for the crosslinking. 

Another electrolyte used within printed electronics is poly(diallyldimethyl ammonium chloride) 

(PDADMAC) which can offer good conductivity and easy to print. But it suffers from the major 

drawback that it requires water or a certain air humidity for it function as an electrolyte. If it is dried 

in vacuum or simply left in a dry environment, it dries and becomes brittle, cracks easily, and loses 

the function as an electrolyte. One way to work around that is to make a copolymer with its 

monomer, Diallyldimethyl ammonium chloride (DADMAC), and a suitable monomer that will add 

extra flexibility to the chain which will prevent it from drying.  

 

2. Polymers 

A polymer is a chain of connected, repeating units of one or more monomers. A monomer is a 

molecule that can bind to other similar molecules, forming a polymer. A natural and common 

monomer is any of the amino acids which bind together with other amino acids to form complex 

protein structures, which can be referred to as polymers.   

 

2.1 Polymerization: Free radical chain polymerizations 

Many synthetic plastics and elastomers today are prepared by free radical polymerization. A few of 

these are polyacryolonitrile, polypropylene, polystyrene to name a few examples.  

 A free radical polymerization is a rapid reaction consisting of the steps initiation, propagation, and 

termination. Initiation can occur by several means such as heat, UV, electricity, redox agents, etc. The 

initiation process produces the required free radicals. 

 

2.1.1 Initiation 

The initiation of a free radical chain polymerization occurs by the addition of a free radical to a 

monomer. The initiation step generally consists of two steps, the first being the production of free 

radicals by any reaction. Usually it is the homolytic dissociation of an initiator or catalyst species to 

give a pair of radicals. The second step of the initiation progress is the addition of the radical to the 

first monomer molecule, to produce the chain initiating species. In most polymerization reactions, it 

is the addition of the radical to a monomer that is the fast step, making the formation of the free 

radicals the rate-determining step [1, 2, 3]. 
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 UV-light can disrupt bonds in molecules, forming radicals. A common type of this reaction is the 

disruption of bonds that occurs from exposure to sunlight. Antioxidants are therefore often added to 

various foods to give a longer shelf-life. These antioxidants contain certain compounds that can 

withstand the radiation from sunlight, so that the food itself is not damaged. Some common 

antioxidants are benzophenones, benzyls and some ketone compounds. Photochemical initiation has 

the advantage that polymerization can occur at room temperature. 

 

Figure 1: The decomposition of diphenylketone on exposure from sunlight. 

When light of higher energy, shorter wavelength or higher frequency expose molecules, electrons 

can be removed or added depending on specific conditions. Some common forms of ionizing 

radiation employed are x-rays, protons, and alpha and beta particles. 

Redox reactions are often employed as well to initiate free radical polymerization in solutions. 

Passing a current through a reaction system can also initiate free radical polymerization. 

Finally there is the heat-initiated polymerization. Peroxides, azides and dinitriles are generally used 

as heat-initiated initiators, due to their lower bond dissociation energy, compared to carbon-carbon 

and carbon-hydrogen bonds. 

 2,2’-azo-bis-isobutyronitrile (AIBN) is an azo compound commonly used as an initiator, requiring 

temperatures of 70-80oC for decomposition to free radicals. Peroxides require generally 

temperatures above 60oC for decomposition and free radical formation. 
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Figure 2: Some common initiators, generating free radicals when exposed to heat. 

  The decomposition rate of initiators follows first-order kinetics and dependent on solvent and 

temperature. The rate is usually expressed as half-life time t1/2, and the rate constant    changes 

with temperature in accordance with the Arrhenius equation: 

            

The initiator efficiency is rarely 100% due to side-reactions that can occur because of the created free 

radicals and solvent-dependent recombination. There are two reactions that can lead to loss of 

initiator in side-reactions [1, 2].  The first is the induced decomposition of initiator by an attack of 

propagating radicals on the initiator; a propagated monomer radical attacks an unreacted molecule 

of the initiator, wasting one radical molecule that could have initiated one other chain. This reaction 

is also known as chain transfer to initiator.  
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Figure 3: Induced decomposition of an initiator or chain transfer to initiator: the radical styrene monomer attacks and 
binds to a unreacted persulfate molecule, generating only one radical instead of two, wasting one. 

 

The other side-reaction leading to wastage of initiators involves the initiator radicals formed in the 

initiating step, which undergoes further reaction to create a neutral molecule instead of initiating a 

polymerization. The radicals are formed in the primary step of initiator decomposition. 

How the initiator adds to the monomer and starts up the polymerization varies based on reaction 

conditions, monomers, and initiator, but a general picture can be seen in figure 4 for the initiation of 

styrene radical chain polymerization with peroxide as the initiator. 

When an initiator is decomposed, it forms two radicals. The free radicals are added to the end of the 

growing chain at the start of the reaction, and become a part of polymer as its end group.  

 

Figure 4: The initiator persulfate is added to a monomer, becoming the end group of a growing chain. 

 

  The rate-controlling step in a free radical polymerization is the rate of decomposition of the initiator 

[I]. The expression describing the rate of initiation can be given as: 

           

With f as the efficiency factor and measure of the fraction of initiator radicals that can react with 

monomers, and [I] the concentration of the initiator. The factor 2 corresponds to the two free 

radicals that are formed in the initiating step.  
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The polymerization rate is usually dependent on the square root of the initiator concentration, but 

there has been noted some exceptions to this. At very high initiator concentrations, the rate 

dependence on [I] has been shown to be less than half of its usual dependence [principle poly]. 

  There are also monomers that can undergo spontaneous polymerization when heated, without an 

obvious catalyst. These polymerizations are initiated by impurities such as peroxides, formed from 

O2, that are present with the monomers. One way of bypassing self-polymerisation is to purge the 

monomers with N2 to remove any potential formation of peroxides. The monomers that tend to self-

polymerise are generally methacrylates, styrenes, vinylthiophenes and vinylfuran [2, 3]. 

 

2.1.2 Propagation 

Propagation is a bimolecular reaction, which takes place by the addition of a new free radical to 

another monomer, followed by many repetitions of this step. The rate constant is generally 

independent of the chain length. 

One specific rate constant    is used to represent all the propagation steps, due to that all specific 

rate constants are approximately independent of the length of a growing chain. 

 The rate of a monomer reaction can be described as: 

             

Where [M*] is the concentration of initiated radical monomers, and [M] is the concentration of 

monomers. 

The chain keeps on propagating until there are no more monomers to be initiated. 

 

2.1.3 Termination 

Termination usally occurs by the coupling of two macroradicals. 

 

Figure 5: Coupling termination occurring by a coupling between two macroradicals colliding, creating a head-to-head 
configuration. 

 Two macroradicals can collide and create a head-to-head coupling termination at the intersection of 

the two radicals as displayed in fig.5 [2]. Termination can also occur by disproportionation, which 

involves a chain transfer of a hydrogen atom from one chain end to the free radical chain end of 

another growing chain, which will result in one of the polymer chains having an unsaturated chain 

end. Termination by disproportionation increases when the propagating molecule radical is more 

sterically hindered, or has more β-hydrogens available for transfer. Styrene, methacrylate, and 
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acrylonitrile undergo termination almost only by coupling, while methacrylate can undergo 

termination by both coupling and disproportionation. An increase in temperature increases the 

extent of disproportionation most significantly for sterically hindered radicals. Vinyl acetate is a very 

reactive radical, and has an increased tendency towards disprortionation termination.  

 

Figure 6: Disproportionation termination, occurring by a chain transfer reaction of one hydrogen atom from one chain to 
the free radical chain end of another polymer chain end. 

A chain transfer reaction can occur either intramolecularly or intermolecularly. When the chain 

transfer occurs, it will lead to branching on the molecule. Each chain transfer causes the termination 

of one macroradical and produces another macroradical, with the new radical site serving as a new 

branching point for either further chain extension, or further branching. 

A chain transfer can also occur with initiator, any impurity that could be present in the reaction, 

solvent, or other possible additives used [2]. Chain transfer to other molecules, except solvents, is 

usually negligible. 

By what type of termination mode that will occur varies with used monomers and reaction 

conditions. For example, with styrene macroradicals, they typically terminate by coupling, while 

methyl methacrylate macroradicals terminate by disproportion at high temperatures, and at low 

temperatures by coupling. 

 The kinetic chain length v can be given by the equation: 

  
     

          
 

From this equation, we can see that increasing the initiator concentration in a reaction will lead to 

smaller, shorter polymers, while decreasing it will lead to longer polymer chains. 

  

 

 

 

2.2 Cross-linking 

Hydrogels are large polymeric networks, containing some hydrophilic groups which will become 

hydrated in aqueous environment, creating the structure of the hydrogel. However, if a hydrophilic 

polymer network is not to dissolve when present in a aqueous environment, crosslinking have to be 
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present, binding the various polymer chains together. The crosslinks can either be chemically or 

physically bound to the polymers. 

In a polymerization reaction, crosslinking is distinguished by gel formation. There are a number of 

ways that crosslinking can occur in polymerization reactions, depending in the structure of the 

polymer.  

One way is thiol-ene crosslinking. If a polymer network has alkenes in it, an addition of a thiol can 

cause a crosslinking reaction. This process has been referred to as vulcanization in the past. Thiol-ene 

chemistry has many practical applications ranging from hydrogel formation, thin films, lithography, 

and the production of car tires, vulcanization of rubber [radical thiol-ene chemistry]. The reaction 

itself is rather similar to how free radical chain transfer works [carraher]. One thiol group is activated 

by an initiator generating a radical thiol, either thermally or photochemically, which will react with an 

alkene by binding to it. For a gel formation, a molecule with multiple thiol groups can be chosen to 

generate multiple crosslinks per molecule [4]. 

 

2.2.1 Photochemical [2+2] cycloadditions 

Some suitable functional groups that easily can undergo photodimerization and be useful for 

crosslinking of polymers, consist of cinnamates, coumarins and maleic acid derivatives  such as 

dimethyl maleimide. 

Coumarins forms different dimers based on dose, solvent and coumarin concentration. In polar 

solvents the singlet state is favored which will result in mostly syn dimers, while nonpolar solvents 

ofr the addition of a photosensitizer will result in mostly anti photodimers. Coumarin irradiation can 

produce mainly three products: at a high coumarin concentration the coumarin singlet reacts with 

the ground-state coumarin and forms the syn head-to-head dimer; at low coumarin concentrations 

the anti head-to-head dimer is formed; and a syn head-to-tail dimer [1].  The coumarins react by a 

[2+2] photochemical cyclodimerization as depicted in fig.7 [5].  

A photochemical [2+2] cyclodimerization is also possible to do with the help of dimethyl maleimide, a 

group created from dimethyl melaic anhydride and letting it react with suitable primary amine [6]. By 

building on dimethyl maleimide groups on a polymer, the polymer can then easily be crosslinked by 

the [2+2] cyclodimerization occurring as depicted in fig 1. 

 

Figure 7: a photochemical 2+2 radical cyclodimerization 
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2.3 Semiconductor 

A semiconductor is a material with electrical conductivity in the range between a conductor and an 

insulator. Semiconductor material is used in next to all modern electronics today, making this 

material class a very important subject. 

  To explain the phenomenon of how semiconductors functions, a look at band theory is needed, an 

extension of the molecular orbital theory [7]. The amount of molecular orbitals in a molecular orbital 

diagram must be the same as the atomic orbitals. The molecular orbitals are divided by half being 

bonding orbitals, the other half being antibonding orbitals. The atomic orbitals will occupy the 

bonding orbitals first, due to being lower in energy, filling up the orbitals with two electrons per 

orbital. This theory applies to both small and large molecules. With a higher amount of orbitals, the 

energy levels starts to lie closer and closer, and essentially constitutes a long, single band. The 

bonding band will be filled with electrons, while the antibonding band will be empty as depicted in 

fig.8.  

Electrical conductivity refers to the energy that is needed to raise one electron from the bonding 

band up to the antibonding band. If enough energy has been applied to raise one electron to the 

antibonding band, the electron will then be able to freely move throughout the material as an 

electrical current.  

When it comes to semiconductors, the band theory can be applied as well to explain why some 

materials functions as semiconductors, and some as insulators. In the case of metals, the two bands 

overlap each other so that the gap Eg in fig.8 is non-existent, allowing a free movement of the 

electrons across the material. If the band gap Eg is so wide that no electron movement can occur, the 

material is called an insulator. In some other materials there is a certain gap between the bands, but 

not too wide, making it possible for a small amount of electron excitation in an unoccupied 

antibonding orbital to occur given enough energy. These materials are referred to as semiconductors 

[7, 8].    

 Organic semiconductors are mostly conjugated polymers. One conjugated polymer structure is 

trans-polyacetylene, the simplest conjugated polymer, only constituted of carbon and hydrogen. The 

carbon atoms are sp2 hybridized, and the sp2 orbitals form strongly localized σ bonds, determining 

the geometrical structure of the molecule. The 2p orbitals overlap and form π orbitals, extending 

along the conjugated chain. The π orbitals are delocalized, meaning they are not associated with any 

specific atom or bond. The amount of π and π* orbitals are proportional to the amount of carbon 

atoms present in the conjugated molecule. For a long conjugated chain, the energy gap between 

each energy level becomes so small that all the energy levels can be referred to as a single band. The 

width of the band is dependent on the coupling between the atomic orbitals, with a stronger 

coupling resulting in a wider band. If the bonds in a conjugated chain are equally long, the highest 

occupied molecular orbital, HOMO, and lowest unoccupied molecular orbital, LUMO, will be at the 

same energy level, degenerate, and the filled π band and the empty π* band will then coincide, 

which will result in a half-filled band. This configuration is however not stable, and the polymer will 

dimerize and form long single bonds and short double bonds. This will stabilize the π band and 

destabilize the π* band, which will produce a small band gap, Eg. Thus the polymer is a 

semiconductor [7, 9].  
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Figure 8: An illustrative energy level diagram, displaying the energy level splitting and band formation in a simple 
conjugated molecule, in this case trans-polyacetylene. The smaller the band gap Eg is, the stronger conducting ability the 
substance has.  

2.3.1 Charge transport in semiconductors 

In organic semiconductor films, the charge carriers need to travel over a distance that exceeds the 

size of individual conjugated molecules and for that reason, the charge transport is determined by 

how the carriers move between neighboring molecules.  

  Due to disorder and weak van der Waals interactions, the charge carriers in conjugated polymers 

with high π orbital overlap are typically located to individual molecules, instead of having a band-like 

transport in extended states and as a consequence, a very high charge carrier mobility. So the charge 

transport in organic semiconductors is limited by trapping in localized states, implying a thermally 

activated mobility.  

  The mobility in an organic semiconductor strongly depends on its chemical structure. So depending 

on what material is used for the organic semiconductor, the charge carrier mobilities differs in a wide 

range.  

2.3.2 Doping 

In pure conjugated polymers, the number of thermally excited charge carriers is low, due to the 

semiconductor material having a rather large band gap, which makes them poor conductors. But by 

using a doping process that will increase the number of charge carriers, the conductivity will increase 

by a large magnitude. Two common methods, chemical doping and electrochemical doping, will 

either add extra electrons, n-doping, or remove electrons, p-doping. The processes can be seen as a 

reduction or oxidation of the conjugated material [8].  
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  In chemical doping, electrons are transferred between the conjugated material, the host, and the 

added dopants, donor or acceptor. In n-doping, electrons are transferred from the dopant to the 

LUMO of the substrate, while in p-doping, electrons are transferred from the HOMO of the substrate 

to the dopant. 

  For electrochemical doping, the conjugated polymer is required to be in contact with an 

electronically conducting electrode and a ionically conducting electrolyte in contact with a counter 

electrode. 

  Both doping methods will result in neutral materials where the introduced charge carriers are 

stabilized by the counter-ions from the dopant. With highly doped materials, organic semiconductors 

can reach the conductivity of even metals. 

  Charge carriers may also be introduced by either photoexcitation or by charge injection [8].  

 

2.3.3 Organic semiconductor materials 

There are a few semiorganic conductor materials in use today. The materials are applied by 

dissolving them in a suitable solvent, and can then be applied as thin films by spin-coating, 

flexography, gravure, and inkjet printing.  

  Some common organic semiconductor materials are poly(3-hexylthiophene) (P3HT), 

hexadecafluorocopperphthalocyanine (F16CuPc), and poly(3,4-ethylenedioxythiophene) (PEDOT).  A 

copolymer of thienothiophenes also commonly used is poly(2,5-bis(2-thienyl)-3,6-

dihexadecylthieno[3,2-b]thiophene) (P(T0T0TT16) [28], which has better stability and carrier mobilities 

than P3HT, and is not as susceptible to oxidation as P3HT [10]. F16CuPc is a recently developed 

semiconductor, and is an air-stable electron transporting semiconductor with a high electron affinity 

and high charge carrier mobility [11].    

 

Figure 9: Common organic semiconductors. (a) poly-3hexylthiophene (P3HT), (b) poly(2,5-bis(2-thienyl)-3,6-
dihexadecylthieno[3,2-b]thiophene) (P(T0T0TT16, (c) PEDOT, (d) hexadecafluorocopperphthalocyanine (F16CuPc. 
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2.4 Electrolytes 

An electrolyte is a compound consisting of free ions, which gives them the ability to conduct 

electricity. Its physical state varies from solids to gels, but the most common form of an electrolyte is 

a liquid. They consist of a salt and a solvent where the salt dissociates itself to form ions, either 

positive cations, or negative anions. Depending on their degree of dissociation in a solvent, the 

electrolyte is classified as either strong or weak electrolyte, where strong electrolytes are close to 

completely ionized, dissociated, while a weak is only partially ionized.  

   

 

2.4.1 Electrolytes used in organic electronics  

There are a few different kinds of classes of electrolytes that are used within organic electronics.  

  An electrolyte solution is the most common form of electrolyte to use. An electrolyte solution 

consists of a salt dissolved in an appropriate liquid solvent, e.g. sodium chloride dissolved in water. 

While water itself is an electrolyte, hydronium ions (H3O
+) in water, it is such a weak electrolyte and 

usually in a low concentration in the electrolyte solution so it will not contribute overly much to the 

total conductivity with respect to the solvated salt used as the electrolyte.  

  Ionic liquids are liquid salts, a salt with a low boiling point, being in its liquid form at room 

temperature. With a vast selection of anions and cations, the physical and chemical properties of an 

ionic liquid can be varied a lot. Thanks to their natural liquid state, an ionic liquid has a very high ionic 

conductivity [12]. 

  Ionic gels are another type of electrolytes commonly used. For a printed solid-state device, such as a 

microprocessor or transistor, they are a better choice of electrolyte than an ionic liquid. In non-

printed transistors, electrolytes are not so commonly used. While ionic liquids can be used for solid-

state devices by first immobilizing them by blending with e.g. a copolymer or polyelectrolyte,  a ionic 

gel is to prefer since no blending is needed [13, 14]. An ion gel is structurally a polymer with 

conductivity that has been crosslinked, creating a 3D network which results in a gel formation. One 

example of an ionic gel would be poly(diallyldimethyl ammonium chloride) (PDADMAC) that has 

crosslinked with itself as shown in fig.9. Ionic conductivity of an ionic gel is also quite high, close to 

the same range of the ionic liquids [14, 15].  

  Polyelectrolytes are polymersthat are either ionized or have ionizable groups present. The 

electrolyte groups dissociates when the polymer is dissolved in a solvent, resulting in a charged 

polymer chain. When used in a thin film, the large polymer chain will be immobile with only their 

electrolyte group being mobile ions. Solid polyelectrolytes will only transport ions of one polarity, 

negative or positive, and are therefore referred to as either negative type (n-type) or positive type 

(p-type). In terms of conductivity, they are somewhat lower than ionic gels and liquids [16].  
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  Polymer electrolytes are solvent-free solid electrolytes, and are a form of salt dissolved in a 

solvating polymer matrix. One of the more common polymer electrolytes is poly(ethylene oxide) 

(PEO) mixed together with either a sodium or lithium salt. The ionic conductivity of polymer 

electrolytes is generally worse than ionic liquids or gels, but there are areas where they are more 

useful anyway, such as electrochromic displays, various thin-film batteries and supercapacitors [17].  

 

Figure 10: Some common electrolytes: (a): 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonimide) 
([BMIM][Tf2N]) ionic liquid, (b): poly(diallyldimethyl ammonium chloride) (PDADMAC) crosslinked ion gel, (c) 
Polystyrene sulfonic acid (PSSH) polyelectrolyte, (d) poly(ethylene oxide) (PEO) polymer electrolyte. 

 

2.4.2 Ionic charge transport 

In electrolytes, the ions are transported by two processes, diffusion and migration. In migration, an 

electric field causes the transport of the charges. The charge transport mechanism is strongly 

dependant on what type of electrolyte that is used. 

  While in a solvent, ions will suffer a frictional force that is proportional to the viscosity of the solvent 

and the size of the solvated ion. At low concentrations of the ions, the friction will limit the mobility 

of the ions.  

  In solution, the protons will help with the conductivity via a Grotthuss mechanism, where the 

protons will be transported in water with the help of a rearrangement of hydrogen bonds. This 

mechanism explains why electrolytes in a water solution have such a high ionic conductivity. The 

Grotthuss mechanism can also occur in solid-state systems [18].  

  In polymer electrolytes, the ionic conductivity will be low if the polymer has a crystalline structure. 

The ion motion is proportional to the segmental mobility of the polymer chain. In PEO-based 

electrolytes, this is a common problem.  

   

2.4.3 Electrical double layers 

The formation of a charged interface between the metal electrode and the electrolyte will occur if 

there is difference in the electrical potential between the metal electrode and the electrolyte. On the 

outermost surface of the electrode, the charge will reside while oppositely charged ions will be 
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located in the electrolyte close to the interface. The structure of two parallel layers of negative and 

positive charges is called an electric double layer (EDL). The EDL is usually described by the Goüy-

Chapman-Stern model (GCS), where the electrolyte is divided into two layers. The Helmholtz layer is 

the layer closest to the electrode, where dipole-oriented solvent and solvated ions reside. The 

Helmholtz layer together with the electrode can be seen as parallel plate capacitor with a small 

distance between the two plates [19]. The second layer extends into the electrolyte and is called the 

diffusion layer, consisting of both positive and negative charges.  

2.4.4 Electrolytic capacitors 

Electrolytes are often used as the ion conducting medium in capacitors, due to the ability they 

possess to form electric double layers along conducting interfaces. When a voltage is applied to a 

capacitor with an electrolyte, the potential will drop linearly through the electrolyte and the induced 

electric field. First a dipolar relaxation will occur when a voltage is applied; the permanent and 

induced dipoles in the electrolyte will be aligned with the assistance of the applied electric field. Then 

the electric field will redistribute the ions in the electrolyte layer, ionic relaxation, where the ions will 

migrate towards their respective oppositely charged electrode. As the electric double layer starts to 

build up at the interface of the electrolyte and electrode, the electrodes will get more charged and 

will lead to an increase in the potential drops at the interfaces and the electric field in the electrolyte 

bulk is reduced. As an effect, the applied voltage drops across the two double layers. The electrical 

characteristics of an electrolytic capacitor can then be examined via impedance spectroscopy.  

 

 

2.5 Practical uses of the polyelectrolytes: 

 

2.5.1 Electrochromic displays 

Electrochromic displays based on inorganic materials are today developed for smart windows and 

other display applications. While these displays have a high contrast and are fast, they require non-

printable material that requires expensive processing and often are hazardous to the environment 

[20]. More environmentally friendly and simpler to manufacture are the organic electrochromic 

materials, that can be processed from solution and combined with printing technology. They offer an 

inexpensive alternative compared to the more expensive choices today such as liquid crystal displays.  

 In a standard electrochromic display, the polymer is coated on a conducting substrate, usually 

indium tin oxide. But if the standard polymer is replaced by a conducting electrochromic polymer, 

the need for a conducting substrate can be eliminated. One polymer that is widely used in 

electrochromic systems and have a high conductivity is PEDOT:PSS. PEDOT:PSS is partially p-doped 

when it is coated on the substrate, and can then be dedoped by reduction or further doped via 

oxidation. The electrochromism can be controlled via modulation of the doping level, and also gives 

controllable conductivity. The controllable conductivity can be utilized in transistors, which will yield 

simple logic circuits. It is also possible to use PEDOT:PSS as conducting lines between components in 
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various devices, thanks to its high conductivity. The electrochromic displays can be manufactured in 

either a vertical configuration or a lateral. 

In the vertical structure, the switching is limited by ion transfer between the electrodes resulting in 

faster components. However the electrolyte has to be opaque so that the color change in the top 

electrode is only visible. The lateral structure is preferred for printing due to its simpler 

manufacturing. 

 

2.5.2 PEDOT:PSS displays 

One important material within the fields of organic electronics is poly(3,4-ethylene dioxythiophene) 

(PEDOT). PEDOT in combination with the charge-balancing counter-ion poly (styrene sulfonate) (PSS) 

forms a water-soluble polymer-polyelectrolyte system (PEDOT:PSS) with good film-forming 

properties, a high conductivity and a high stability in its oxidized state. A PEDOT:PSS-film can be 

switched between its oxidized state and neutral state several times with an electrical current without 

breaking. In the oxidized state, PEDOT:PSS is close to transparent, while in the neutral it’s dark blue. 

  There is a wide variety of practical applications where PEDOT:PSS can be utilized. For example in 

light-emitting diodes and solar cells, electrochromic displays, electrochemical transistors, bio-

electrodes and various others. 

  PEDOT:PSS is often used as the color-switching material in the pixels in electrochromic displays. 

These pixels can be printed on various plastic foils or papers. Electrochemical transistors can be 

combined with pixel elements to build up matrix-addressed displays.  

For simple organic printable displays, PEDOT:PSS is a suitable base material since the pre-coated 

polymer films are relatively environmentally stable and can be patterned through various 

manufacturing processes. It can also be processed in the form an emulsion, adding extra flexibility to 

it when transferring the manufacturing to a real printing press. 

 

Figure 11: A PEDOT:PSS display. The pixels in the "3" switch color from light blue to dark blue when a current is applied. 
©Acreo. 
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2.5.3 Organic transistors 

Field-effect transistors (FET) is an old invention patented already in 1925, but the first truly functional 

transistor of its kind was first made in 1959, a metal-oxide-semiconductor field-effect transistor 

(MOSFET). The MOSFETs are today the most utilized type of transistors and is included in nearly 

every electronic product. The semiconductor used in these transistors is usually highly doped 

crystalline silicon. Not only is crystalline silicon the active material making the transistor work, it also 

serves as the planar substrate (flat surface of the solid substrate) where the transistor is positioned. 

With the development in miniaturization of integrated circuits, it is now possible to fit in billions of 

transistors onto one substrate (chip) [8, 9]. 

  A special kind of field-effect transistor is the thin-film transistor (TFT) where the semiconductor is 

deposited as a thin film on an insulating substrate, mostly glass or some sort of plastic foil. The 

semiconductor used in TFT is mostly an undoped material. 

 

Figure 12: A schematic structure of a thin-film transistor 

  Organic transistors that are manufactured today are based upon the thin-film transistor 

configuration. The thin-film transistor is a device that consists of a thin semiconductor layer, 

separated from a gate electrode by a layer of an insulating material, often called either the gate 

insulator or gate dielectric. The semiconductor along with the gate insulator serves as the capacitor, 

necessary for the function of a transistor. In direct contact with the semiconductor is a source and 

drain electrode, separated from each other by a certain length.  

 In a typical setup for transistor testing, the source electrode is usually grounded and can be used as 

a reference for the voltage applied to the gate or the drain electrode. The potential difference 

between the gate and source voltage is referred as the gate voltage, while the potential difference 

between source and drain is referred as the drain voltage.  

  The applied gate voltage has to exceed a certain voltage before the channel becomes conducting, 

referred to as the threshold voltage Vt. In inorganic field-effect transistors based on doped 

semiconductors, the threshold voltage corresponds to the onset of a strong inversion. However, on 

organic transistors the threshold voltage should theoretically be close to zero, since organic 

transistors are based on undoped semiconductors and therefore operate in the accumulation 

regime. Practically, the threshold voltage is not zero, due to differences in work functions of the gate 

material and the semiconductor, presence of localized states at the capacitor interface, and residual 

charges in the semiconductor film.  

There are basically only four different TFT designs. The gate electrode can be positioned at either the 

top (top-gate) or the bottom of the transistor (bottom-gate), while the source and drain electrodes 
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can be positioned either underneath the semiconductor (bottom-contact) or above the 

semiconductor (top-contact). There are both benefits and drawbacks with each of these structures. If 

the same material is used and just varying the structure according to the four existing models, some 

very different characteristics can be observed. It is of special importance how the source contact is 

arranged in relation to the semiconductor and the gate electrode. If the TFT has a staggered 

structure, the injected charges must travel through the undoped semiconductor for it to reach the 

channel, but due to the overlap of the source and gate electrode, charges can be injected from a 

large area, reducing contact resistance. This particular phenomenon is called current crowding. Also, 

the work function of the source and drain electrodes should match the HOMO level in a p-channel 

transistor, and the LUMO level in a n-channel transistor, to facilitate efficient charge injection into 

the transistor channel. A contact-resistance that can affect the current-voltage characteristics of the 

transistor can arise if there is an energy barrier between the contacts and the semiconductor. A high 

non-ohmic contact resistance can be observed in the output characteristics as a superlinear current 

increase in the linear region. A self-assembled monolayer deposited on the electrode surface can 

reduce the contact resistance between the semiconductor and the contacts. 

The performance of a transistor will improve with a smaller channel length, hence it is desirable to 

reduce the channel length in transistors. This can be done by increasing the transconductance and 

the cutoff frequency. This also makes it possible to integrate more transistors per unit area. 

  For the downscaling of organic transistors, several methods have been tried out, such as 

photolithography, electron-beam lithography, nano-imprint lithography, mask-free lithography, 

underetching, self-aligned inkjet-printing and various others. But with the small channel length in the 

reported transistors, many have displayed a deteriorated current-voltage characteristics that differ 

from the ideal long channel behavior. Differences from the ideal long-channel behavior are called 

short-channel effects.  

 

2.5.3.1 Gate insulator material 

Transistor characteristics are largely influenced by the gate insulator and the gate insulator-

semiconductor interface, where charge transports in the transistor channel takes place [8]. A low-

permittivity gate insulator material can improve the performance of a transistor, by certain energetic 

orders in the channel that enhances the carrier localization and leads to an increase of the charge 

carrier mobility [9]. If materials used as the gate insulator material contains hydroxyl groups, it can 

create electron traps that can inhibit negative channel conduction but with hydroxyl-free groups, 

such as polyethylene (PE), negative channel behavior can be observed in most organic 

semiconductors.  

Many of the envisioned applications for organic electronics will require transistors that are capable 

of running at a low supply voltage. To accomplish a low-voltage operation, a gate insulator layer is 

employed that has a high capacitance. There are a few ways to increase the capacitance of the gate 

insulator layer. Traditionally it can be done by reducing the thickness of the gate insulator layer, by 

using a gate-insulator material with high permittivity, or by combining the two mentioned methods. 

Generally among organic materials they have low permittivity, so it has been custom to use inorganic 

high permittivity materials, e.g. oxides, as the insulator. One high-capacitance system, used for TFTs 
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with bottom-gate structure, uses a combination of a thin oxide (SiO2) and a self-assembled 

monolayer (SAM) that can provide a capacitance by up to 1 µF cm-2. Transistors using this system can 

be operated with a voltage of just a few volts. 

EDLs will be formed at the gate-electrolyte and at the electrolyte-semiconductor interface with a 

charge-neutral electrolyte between them by redistribution of the ions. Practically all the applied 

voltage voltage will be dropped at the EDLs, giving a high electric field at the interfaces, and a 

negligible field inside the electrolyte bulk.  

   The capacitance of the two EDLs connected in series will determine the total capacitance of the 

electrolyte layer, meaning the total capacitance will never be larger than the smaller of the two EDL 

capacitors, usually the EDL at the electrolyte-semiconductor interface. Relatively thick electrolyte 

layers can be used to attain low-voltage operations, due to the fact that the static capacitance of the 

electrolyte is virtually independent of the thickness of the layer [8]. The huge advantage of this 

comes in the manufacturing process, roll-to-roll process. For this reason, this class of transistors is 

very attractive for printed electronics applications, but the transistors will become slower as the 

thickness of the electrolyte layer is increased. 

 

2.5.4 Manufacturing of an electrolyte-gated transistor 

This is a general manufacturing route for a polyelectrolyte-gated organic thin-film transistor.  

 

Figure 10: A schematic illustration of photolithographic patterning of a metal layer. 

As the choice of a substrate, thin-film transistors can be fabricated onto rigid and planar surfaces, 

such as borosilicate glass, plastic foil, or silicon wafers with a thermally grown silicon dioxide layer on 

top of it. The substrates are cleaned and then dried before further processing continues. 
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Source and drain electrodes are patterned on the substrate by photolithography and wet chemical 

etching processing as shown by figure 10. 

First, an adhesion layer of chromium or titanium are vacuum deposited on the substrate (thermal 

evaporation). Then a photo-resist layer is spin-coated on top of the metal layer and soft-baked on a 

hot plate under vacuum to remove any possible remaining solvent. A desired electrode-pattern is 

then created by exposing the photo-resist layer with UV-light through a specifically patterned 

photomask. The exposed areas of the photo-resist are then dissolved in a developer, and the 

remaining photo-resist on the substrate will now have the same pattern as the previously used 

photomask. Any uncovered gold is now removed by wet etching in an aqueous solution with 

potassium iodide and iodine, followed by removal of the remaining photo-resist. The final step is the 

removal of any exposed area of the adhesion layer, using the patterned gold electrodes as a mask 

and by wet etching in a solution containing ceric ammonium nitrate or hydrofluoric acid. 

  Next is the addition of the organic semiconductor layer. The organic semiconductors are dissolved 

in a suitable solvent. The organic semiconductor layer is formed by spin-coating, giving a film 

thickness of 10-40 nm. The film is then dried to remove any solvent left. 

  For the addition of the electrolytic gate insulator layer, the polyelectrolyte is first dissolved in 

suitable solvents.The mixed solvent should consist of mostly n-propanol (about 80%). A high 

concentration of alcohol is needed to make the solution wet the hydrophobic semiconductor surface. 

The solution is spin-coated in nitrogen, giving a film thickness of 50-100 nm. The polyelectrolyte 

layers are then annealed on a hot plate under vacuum to remove the solvent.  

The gate electrode: Titanium gate electrodes are formed by evaporation under a shadow mask. 

Depending on what type of source-drain electrode the transistor will have, different masks will be 

used. For a rectangular source-drain electrode, a Kapton mask is used. For transistors with 

interdigitated electrodes, an electroplated nickel mask is used. The mask alignment and attachment 

is done manually. 

The final piece is adding the integrated circuits. They are made by forming interconnects between 

the source, drain, and gate electrodes by thermal evaporation through another shadow mask. 

 

2.6 Impedance Spectroscopy 

An impedance spectrometer measures the impedance of a given material. Impedance is a measure of 

the ability of a circuit to resist the flow of electrical current, much like resistance. But the resistance 

of an element is limited only to one circuit element, an ideal resistor. An ideal resistor follows Ohm’s 

law at all current and voltage levels, its resistance is independent of frequency. In practical uses, an 

ideal resistor doesn’t exist, hence an alternate form of resistance is used, impedance, which can be 

referred to as a special case of resistance. Impedance doesn’t have the same limiting properties as an 

ideal resistor and follows a more realistic measurement. 

Impedance spectroscopy can characterize materials either in a solid or liquid form, and can 

investigate the material’s ionic, semiconducting or insulating (dielectric) properties [9]. It can also be 

used to characterize an electrolytic capacitor. The measurements are made in a small measurement 
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cell with metal electrodes at each end, where the sample to be analyzed will be placed between the 

two electrodes, forming a capacitor [8]. The impedance is usually measured by applying a variable 

voltage with a specific frequency to the measurement cell and measure the amplitude and phase 

shift of the resulting current at the frequency f. Impedance Z is measured as a function of frequency 

by repeating these procedures over a number of frequencies within a specified frequency range. A 

phase shift will generally occur between the current and voltage signal, which is described by the 

phase angle θ. Based on the phase angle, a component at certain frequencies can be classified as 

either being capacitive,    θ < -45O, or resistive, θ > -45O. If a curve in an impedance spectroscopy 

spectrum displays low capacitance at a high frequency (f > 2 kHz), then it is displaying a capacitance 

behavior. If it has a high capacitance in a low frequency (f < 25 Hz), it also displays a capacitance 

behavior. If it is an intermediate capacitance at the middle frequency range, it is a resistive behavior 

[45]. The three mentioned regions can be associated with dipolar relaxation, ionic relaxation and 

electric double layer formation, as described in the electrolyte capacitor part [9].  

Frequency dependent complex impedance Z is defined as: 

      
 

 
 ,  

Where V is a complex voltage, I is a complex current, and ω is the angular frequency. The impedance 

can then be expressed as the sum of a frequency dependent real part ZRE and a frequency dependent 

imaginary part, ZM,, in accordance with the following equation where j represents the imaginary 

number: 

              

In the complex impedance, the phase angle θ is given by the equation below: 

           
   

   
 

When experimental data of the total complex impedance of a specific system has been obtained, an 

electrical equivalent circuit or a mathematical model based on a physical theory is needed. The 

experimental impedance data can be compared or fitted to the impedance expression of either the 

equivalent circuit or the mathematical model. The information and parameters related to the 

electrical properties of the system can then be estimated. Measurement data from an impedance 

spectroscopy measurement can be generally grouped into two main categories; the first group 

consisting of data only related to the material itself, such as the dielectric constant and conductivity. 

The second being data related to an electrode/material interface, such as the capacitance of an 

interface region and parameters related to reactions at an interface. 

  Electrical equivalent circuits mostly contain ideal resistors and capacitors and rarely inductors. 

Irreversible processes such as interfacial charge transfer and charge transport are described by 

resistors usually, while capacitors describe reversible processes such as charge polarization or 

storage. Nyquist plots are used to give the impedance response of equivalent based on ideal resistors 

and capacitors. 

Each point in a Nyquist plot corresponds to the impedance values at a specific frequency. Equivalent 

circuits in a nyquist plot can be used to describe several things; an electric double layer, an electrode 
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double layer mixed with the resistance of an electrolyte, an electrochemical interface of a metal and 

an electrolyte with the resistor describing interfacial charge transfer and capacitor describing the 

double layer at the interface, an electrochemical interface of a metal and an electrolyte but with an 

additional resistor to account for the resistance of the electrolyte bulk. Nyquist plots of experimental 

impedance data can therefore be used to give information about possible equivalent circuits of a 

specific system by simply analyzing the shape of the plots [9, 20].  

 

 

 

 

2.7 Cationic polyelectrolytes: 

Poly (diallyldimethyl ammonium chloride) (PDADMAC) has been considered a good potential cationic 

electrolyte for various displays and transistors [22]. But one major drawback is it loses its flexibility 

and function at low humidity in the air and becomes brittle and cracks, limiting the usage of 

PDADMAC within displays. One way to work around this has been to try and create a new co-polymer 

consisting of its monomer diallyl dimethyl ammonium chloride (DADMAC) and another monomer 

that would add extra needed flexibility, even at low humidity. The monomers chosen for co-

polymerisation were various poly-ethylene glycol chains, known for adding flexibility to other groups 

[23]. The monomers that were tried were poly-ethylene glycol methacrylate (PEGMA) and diethylene 

glycol vinyl ether (DEGVE). The co-polymerisation reactions were performed with some modifications 

based on several articles [22, 23-26]. 

 

2.8 Anionic Polyelectrolytes 

Polystyrene sulfonic acid (PSSH) is a polyelectrolyte that has been widely studied and used within 

organic electronics. But for a ion pump project where PSSH might be the ideal polyelectrolyte, it 

suffers from not being able to be crosslinked properly, which would be needed for the ion pump. 

Another positive thing would be if it is water-insoluble as well.  

Based on several articles [29-32], the idea was to add the extra sulfonic acids functional groups to an 

already existing polymer. A poly(styrene-co-butadiene) with butadiene being 4 wt%, it seemed the 

most ideal. For the sulfonation reagent, acetyl sulfate was prepared by mixing acetic anhydride with 

sulfuric acid for a mild sulfonation.  
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3. Mechanisms 

 

Figure 13: Mechanism for the polymerization of DADMAC and PEGMA 

 

Figure 14: Mechanism for the polymerization reaction of DADMAC and DEGVE 
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Figure 15: Mechanism for how crosslinking can occur in the polymerization reaction. The polymer chain can get 
crosslinked intramolecularly by the bridges that are formed. 

 

Figure 16: The mechanism for the sulfonation of poly(styrene-co-butadiene). First acetyl sulfate is created by reacting 
acetic anhydride with sulfuric acid. Then it is added to the reaction mixture with poly(styrene-co-butadiene) where the 
aromatic rings reacts with acetyl sulfate to form the resonance-stabilized arenium ion. Then a proton is removed from 
the arenium ion, and it becomes aromatic again; poly(styrene-co-butadiene) sulfonic acid as the product.  
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4. Experimentals 

Nmr was performed with D2O as the deuterated solvent with a Varian 300 MHz instrument. IR was 

also used with Bruker Equinox 55 instrument to verify the products. 

 

4.1 Co-polymerisation of DADMAC and PEGMA: 

 

Figure 17: The synthesis of DADMAC and PEGMA into a copolymer, using KPS as the initiator 

The aim with the co-polymerisation was to add some extra flexibility to the cationic conducting 

polymer. To do this, 85 wt% of DADMAC was mixed with 15 wt% PEGMA (Mw=526).  

  Materials: Diallyl dimethyl ammonium chloride, poly ethylene glycol methacrylate, deionized water, 

dialysis tube (Molecular weight cut-off 2000), potassium persulfate. The chemicals were purchased 

from Sigma Aldrich. PEGMA was dissolved in toluene and filtered via chromatography to remove the 

inhibitor present in it, prior to use. 

Reaction 1: 0.5 g of PEGMA was dissolved in 2 ml H2O and 4.35 ml of the aqueous DADMAC solution 

was added under continuous stirring. The solution was deoxygenated by N2 purging under 1 hour, 

then 0.020 g (1.2 mol% of the reactants) of the initiator potassium persulfate was added, dissolved 

0.5 ml H2O. Followed by the addition of the initiator, the temperature was subsequently raised to 70 
oC to start the polymerization. After 12 hours, the reaction was terminated and the crude product 

was dialysed against distilled water for three days to remove any unreacted monomers. The product 

was in the form of a transparent gel. Yield 2.6g. ATR-FTIR (cm-1): 3366.29 (broad), 3022.81, 2939.64, 

2360.08, 2324.68, 1473.65, 1097.73, 493.26 (broad). 
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Its dielectric properties were tested with an impedance spectrometer, followed by testing in a 

climate chamber to see if it would still function even at low air humidity. 

 

 

 

4.2 Co-polymerisation of DADMAC and DEGVE: 

 

Figure 18: The synthesis of DADMAC and DEGVE into a copolymer, using KPS as the initiator. 

Since diethylene glycol vinyl ether is a much smaller molecule than PEGMA, a higher wt% of DEGVE 

was added to this co-polymer, making the ratio DADMAC: DEGVE, 55:45 wt%. 

  Materials: Diallyldimethyl ammonium chloride, diethylene glycol vinyl ether, deionized water, 

dialysis tube (Molecular weight cut-off 2000), potassium persulfate. The chemicals were purchased 

from Sigma Aldrich. The chemicals were used as received. 

 2.29 ml DEGVE was mixed with 4.30 ml of the aqueous DADMAC solution and an additional 2 ml 

H2O. The mixture was stirred at room temperature under N2 purging to deoxygenate it. After one 

hour, 0.112g (1.2 mol% of the reactants) of the initiator potassium persulfate dissolved in 0.8 ml H2O 

was added and the temperature was raised to 70 OC. After 10 hours, the reaction was terminated, 

and the crude product was dialysed against distilled water (Molecular weight cut-off = 2000) to 

remove any unreacted monomers. A white precipitate was formed upon evaporation, 1.4g (56%). 

ATR-FTIR (cm-1): 3366.29 (broad), 3022.81, 2939.64, 2360.08, 2324.68, 1717.97, 1635.88, 1473.65, 

1097.73, 493.26 (broad). 

After confirmation of the product, its dielectric proterties were tested with an impedance 

spectrometer. 
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4.3 Climate chamber tests 

A testing in a climatic and thermostatic chamber Angelantoni ACS Challenge 160 instrument at 10% 

air humidity and 20OC was also done, to see if the polyelectrolytes PEGMA:DADMAC and 

DEGVE:DADMAC would still function even at low air humidity. Tests in the climate chamber was also 

made on samples of the polyelectrolytes mixed with poly-glycerol, as a way to increase their 

flexibility, to see if the mixture could better sustain a lower humidity compared to the pure samples 

of the polyelectrolytes.   

 

Figure 19: the capacitor "chip" that was created to test the capacitance in the climate chamber. 

  The tests were made by placing a drop of the sample onto a “finger” of the chip, created via 

photolithography as explained in section electrolyte-gated transistors, and then measuring the 

capacitance of the sample by connecting an rcl meter to the ends of the finger. As a way of also 

seeing it more visually, test pixels containing the polyelectrolytes were created and placed in the 

climate chamber with a power supply attached, fig. 24. The pixels when working correctly switch 

color from light blue to dark blue. Capacitance was measured to see whether the polyelectrolytes 

were still functioning at low RH, at 50 Hz and and amplitude of 50 mV.  
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4.4 Sulfonation of Poly(styrene-co-butadiene) 

 

Figure 20: synthesis of sulfonation of poly(styrene-co-butadiene) 

Materials: Poly(styrene-co-butadiene), sulfuric acid 95%, acetic anhydride, chloroform, methanol, 

water. All chemicals were purchased from Sigma Aldrich and were used as received. 

0.5g of poly(styrene-co-butadiene) was dissolved in 5 ml CH2Cl2 (10 wt% w/v). A solution of acetyl 

sulfate was prepared by dropwise addition of 1.41 ml sulfuric acid to 5 ml acetic anhydride in cold 

methylene chloride. The acetyl sulfate was allowed to cool to room temperature, and then 2 ml 

acetyl sulfate was added to the PSBR. The reaction was put in a oil bath at 50oC under continous 

stirring for 5 hours. The reaction was terminated with the addition of methanol and the sulfonated 

product was precipitated with the addition of deionized water. The fibrous brown/yellow precipitate 

was washed with water and methanol several times, until the pH was neutral, then filtered and put in 

a vacuum oven at 50oC for 24 h. 

 Brown/yellow plastic 0.48g (96% yield). ATR-FTIR: (cm-1): 1669.11, 1637.48, 1521.15, 1464.59, 

1379.61, 1302.95, 1160.77, 1125.14, 1034.33, 1008.42, 948.63, 697.54.   
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5. Results and discussion: 

5.1 nmr spectrum results P(PEGMA-DADMAC): 
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With the help of nmr and ir and a comparison with the spectra of the monomers, it can be seen that 

a polymerization between PEGMA and DADMAC has occurred. The yield was good, though 

improvements might be made. The dialysis could possibly be getting rid of some small polymers, 

reducing the yield. 
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Due to the amount of peaks stacked upon each other, it was hard to deduce any possible coupling 

constants. Nmr was instead used as a form of fingerprinting, confirming that the right product had 

formed. In IR, there were small differences between PEGMA-DADMAC and a pure PDADMAC 

polymer.  

Depending on the amount of solvent and initiator in relation to the reactants, different products 

were formed. One product was a water-soluble white salt that easily formed a thin film when 

evaporating the solvent. The other product was a transparent gel. Both products functions as 

polyelectrolytes, though the gel product is more stable to low air humidity and does not dry up as 

easily.  

The gel product was formed by preparing a 40% (w/v), or more concentrated, solution of the 

monomers dissolved in water, and a concentration of the initiator corresponding to 1-1.5 mol% of 

the reactants. The other water-soluble polymer that could be formed, was created by a more dilute 

solution of the monomers, a <20% (w/v) solution of the monomers dissolved in water, with the 

concentration of the initiator corresponding to 0.5 mol% of the monomers.  

 

 

 

 

DEGVE-DADMAC 1H and 13C  NMR-spectra 
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Many peaks from both DADMAC and DEGVE occurred at the same shift, making it hard to deduce 

from the nmr which peak is which. But by comparing the intensity of some peaks in the co-polymer, 

compared with the peaks from a pure PDADMAC, differences can be seen by the intensity. From the 
13C-nmr spectra, it was visible that a co-polymerisation had occurred. The high peak at 70.38 

corresponds to the ethylene glycol carbons in the diethylene glycol chain and the carbons next to the 

nitrogen in the pyrrolidinium structure, but with a much higher intensity compared with normal 

PDADMAC.  

The nmr of DEGVE-DADMAC gave as well as PEGMA-DADMAC, an nmr spectra with peaks stacked on 

each other, making it hard to deduce any possible coupling constants. Instead, the nmr was used as a 

form of fingerprint. 

  The yield of DEGVE-DADMAC co-polymer was 1.4 g (56%) at its best yield of the tried reactions so 

far. Some way to optimize the reaction could be to increase the amount of used initiator, from its 

current 1.2 mol%. Another factor that may contribute may be the solvent volume, either increase or 

decrease it slightly. It was never tried to switch the solvent from water to any other suitable solvent, 

methanol or ethanol, to see if that would increase the yield. Optimization should be possible to make 

in this reaction. Another factor may be the dialysis purification method: if the polymerization 

reaction only creates rather small molecules (MW < 1200) then they would be removed via the 

dialysis process, lowering total yield. So it might be idea to look at another way of purifying the crude 

product once reaction has finished. 
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5.2 Impedance spectroscopy measurement results 
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Figure 21: Impedance spectroscopy measurement of PEGMA-DADMAC mixed with polyglycerol. The black-dotted line 
reperesents the capacitance of the polyelectrolyte sample. The measurements were made with a current of 0.05 V. 

The PEGMA-DADMAC copolymer was mixed together with polyglycerol (50:50) prior to the 

impedance spectroscopy measurement, to increase its flexibility and prevent it from complete drying 

and becoming brittle. The result can be seen in the graph above, where it displays functionality of a 

capacitor; low capacitance at high frequencies, and high capacitance at low frequencies. This means 

it fulfills the requirements of a polyelectrolyte, suitable for transistors, capacitors, and displays. The 

PEGMA-DADMAC sample had a thickness of 49 µm.  
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Figure 22: the Nyquist plot of the PEGMA-DADMAC sample, generated from data collected from the impedance 
spectroscopy measurement. 
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It was noted that DEGVE-DADMAC dried and became brittle as well as PDADMAC, and so it was tried 

to prepare a mixture of DEGVE-DADMAC mixed with polyglycerol (50:50 mixture), to prevent it from 

drying up. The mixture worked and the polyelectrolyte-polyglycerol mixture was used for an 

impedance spectroscopy measurement.  

The Bode-plot displays capacitance as a function of frequency and showing that the polyelectrolyte 

(black dots in the graph) functions rather well as a capacitor at high frequencies, and also displays 
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signs at low frequencies of having a rather high capacitance. This means that it fulfills the 

requirements for it as an electrolyte and would serve well in transistors, capacitors and displays.  
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Figure 23: The Nyquist plot of DEGVE-DADMAC polyelectrolyte, generated by data collected from the impedance 
spectroscopy measurement. 

The DEGVE-DADMAC-sample used for impedance spectroscopy measurements had a thickness of 

101 µm.  

To calculate the dielectric constant Κ of a polyelectrolyte, the following formula is used: 

  
    

 
 

Where A is the area of capacitor plate (7.85 E-5 m2 , ε0 the permittivity of free space, and d is the 

thickness of the polyelectrolyte. The capacitance value at 100 kHz is used for the calculation, and the 

dielectric constants are summarized below: 

Polyelectrolyte Capacitance [F] Dielectric constant 

DEGVE-DADMAC 1.85E-10 20.9 

PEGMA-DADMAC 8.1034E-10 10.24 
Table 1: A summary of the dielectric constants at 100 kHz 

Climate chamber test 

One of the requirements for the new polyelectrolytes based on DADMAC was that it would still 

function in displays at 10% air humidity which PDADMAC does not. PDADMAC dries at around 14% 

humidity, becoming brittle and cracks, losing its mobility along with it. 
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Figure 24: The pixel tests: the top above pictures display the PEGMA-DADMAC pixel in its switched and non-switched 
state, before and after a current of 3V has passed through it. When a current passed through it, the color switched from 
light blue to dark blue. The lowest pictures show the DEGVE-DADMAC pixel, before and after a current has passed 
through it. These tests were made at 10% air humidity.  

To verify how fast the color-switching of the pixels occurred, a vertical pixel-display test was made 

with a current of 3V. A reference with PDADMAC mixed with polyglycerol was also made, but at low 

air humidity, this mixture dried as well as the pure PDADMAC polymer. The results are summarized in 

table 2. 

Polyelectrolyte Switch time (s) 

DEGVE-DADMAC 1.18 s 

PEGMA-DADMAC 1.09 s 

PDADMAC 4.35 s 
Table 2: The switch time for the pixel tests for the various polyelectrolytes prepared. 

A constant measurement of the capacitance of the polyelectrolytes mixed with polyglycerol was also 

made when they were in the climate chamber. A pure sample of DEGVE-DADMAC was tested as well, 

but the pure sample dried up and the capacitance stopped functioning at 12.1 % air humidity.  

The DEGVE-DADMAC sample mixed with polyglycerol, as well as the PEGMA-DADMAC sample mixed 

with polyglycerol, showed a constant capacitance reading at 10 % air humidity for six days, without 

any decrease in the capacitance.  

 

6.Conclusion 

Two fully functional polyelectrolytes were , synthesized, tried and characterized, and displayed that 

they function as a capacitor even at low air humidity. An elemental analysis would be needed to 

make, to decide the exact content of PDADMAC, PEGMA, and DEGVE respectively. The yield was 

acceptable, but might be improved. 
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The sulfonation of poly(styrene-co-butadiene) did react, but a rather low sulfonation occurred, 

resulting in it not functioning as good as polystyrene sulfonic acid (PSSH) as a capacitor. The 

sulfonated polystyrene-co-butadiene had some interesting physical differences from PSSH, such as 

not being water-soluble which makes it interesting. Its practical applications is not yet fully decided.  
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