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Abstract 

Polyelectrolytes are conductive polymers because of their ionic side group and 

PEDOT-S is one of those conductive polyelectrolytes. Previously, recombinant silk 

fibre has been dyed with PEDOT-S. PEDOT-S showed that it can be dyed with 

recombinant silk fibre over a very wide range of pH from 11 to 1.7. Previous 

experiments of dyeing recombinant silk fibre with PEDOT-S has shown that it is a 

very versatile process and can also be applied on other types of protein-based fibres, 

and that prompted me to dye wool and silk fibre from Bombyx Mori and make these 

fibres functionalized. So in this thesis dyeing of wool and silk fibres with PEDOT-S 

has been carried out. By this bottom-up approach of making an organic polymer 

electrically conductive and utilising the flexibility of organic polymer, one can integrate 

it in OLEDs and in smart textiles. In this thesis dyeing of silk and wool fibres with 

different dyeing pH has been carried out to maximise the exhaustion of dyes on to 

the fibres to acquire maximum conductance. Then the wool and silk fibres’ 

conductance and mechanical properties after dyeing were compared. Wool showed 

better conductance and mechanical properties as compare to silk after being dyed 

with PEDOT-S. These results helped to propose a model that tells about the 

interaction between protein-based fibres and polyelectrolytes and gives us better 

understanding of how these protein-based fibres show certain conductivity at different 

pH. Results also showed that these conductive fibres can be used further in special 

purposes and applications. 
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1 Introduction 
 

Electrically conductive conjugated polyelectrolytes are the basis for the latest flexible 

organic electronics. Their unique qualities of being flexible, electrically conductive 

and their optical properties make them a very important product. These properties 

also widen their use by incorporating them in solar cells, organic light-emitting diodes 

(OLEDs), biosensors etc. Recent Incorporation of these conjugated polyelectrolytes 

(CPEs) in smart textiles has further widened their usage and has opened a new gate 

for new innovative textile products like conductive fabrics, logical textiles, medical 

textiles etc.  

 

The whole concept of dyeing textile fibres initially rather than dyeing textile yarns is 

because textile fibres are supposed to have lower electrical impedance due to its 

higher effective surface area as compare to textile yarns (Yang, 2011). But due to 

limited electrical conductance results on fibers, dyeing of wool and silk yarns has 

been opted. The results on yarns are more prominent because of the lower value of 

electrical resistivity due to high deposition of charges on the yarn’s larger diameter. 

 

1.1 Background  
 

Polyelectrolyte with the name poly (3,4 ethylenedioxythiophene) (PEDOT) is a 

renowned polyelectrolyte which has the conductivity as high as 1000 S/cm (Jensen 

and West) . However, due to its insolubility in polar solvents, it could not be used in 

biological application. Due to that reason, PEDOT has evolved by polymerizing 

PEDOT with poly (styrene sulfonic acid) (PSS) (Fig 1 a) (Wigenius, 2010) to form 

water soluble PEDOT-PSS. But that polymer still dissolved in polar solvents partially 

and because of that reason PEDOT-PSS are prone to make micelles at low 

concentrations (Crispin, 2003). So Linkoping University produced a fully soluble 

electrolyte with the same conductivity as of PEDOT-PSS (Karlsson, 2008) which is 

known as poly(4-(2,3-dihydrothieno[3,4-b]-[1,4]dioxin-2-yl-methoxy)-1-butanesulfonic 

acid) (PEDOT-S) (Fig 1 b) (Karlsson, 2008). 
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Fig 1 a) Chemical structures of PEDOT: PSS and b) PEDOT-S 

 

Interaction of conjugated polyelectrolytes and protein is not a new phenomenon. 

Previously water soluble conjugated polymers have been used as a biosensor. Their 

water solubility, conductivity and optical properties make them suitable for colouring 

specific protein as biosensor to analyse the abnormal growth of protein and also as 

DNA biosensors. PEDOT –S, which is an electrically conductive and water soluble 

dye, is specifically produced in a way to dye protein or protein-based fibres like silk, 

wool, etc. Previously PEDOT-S has been used to dye recombinant spider silk fibres 

(Muller, 2011). Due to the limited exhaustion of PEDOT-S dyes on spider silk fibres, 

dyed fibres gave very limited conductance values. But few experiments have been 

performed to dye other protein fibres like silk fibres from silk worm and, more 

especially, wool fibres.  

 

 

 

 

 



3 
 

 

1.2 Purpose 
 

The purpose of this thesis is to dye conventional silk and wool fibres with PEDOT-S 

in a way to get the maximum exhaustion and ultimately, the maximum conductance. 

The conventional dyeing method (Exhaust dyeing method), which has been used in 

industries for years to dye silk and wool, was carried out. After dyeing at different pH, 

measurement of electrical conductance of these dyed fibres was determined. The 

main purpose of this thesis work is to achieve better conductance value than the 

previously dyed protein-based spider silk fibres by using different protein-based 

fibres. And also to find the parameters of dyeing to get the optimum dyeing and 

conductance results. 

 

1.3 Delimitation/ Problem Statement 
 

Experiments have been limited to acid dyeing rather than basic dyeing because of 

the nature and chemistry of PEDOT-S and protein fibres, which are explained in 

detail in the section of wool and silk dyeing.  

This thesis covers the application of PEDOT-S on to protein-based fibre not the 

synthesis or manipulation of PEDOT-S so explanation and experimentation on the 

dyeing of protein-based fibre have been discussed rather than explaining the 

synthesis of PEDOT-S or manipulating the chemistry of this polyelectrolyte. 

Initially dying of wool and silk fibres, rather than yarns, has been planned. However, 

after initial experiments, consistent results of conductivity on fibres were not 

achieved, maybe because the measuring instrument for resistivity, which has been 

used, was not appropriate for very high resistivity values. For that reason further 

experiments are carried out only on yarns.  

In this thesis explanation about protein-based fibres, their chemistry and their 

morphology is discussed and later the chemistry of conductive polyelectrolytes was 

highlighted. After that explanation about the industrial acid dyeing has been 
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discussed and further a proposed model of how these polyelectrolytes interact with 

these protein-based fibres and make them electrically conductive has been  
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2. Fibres 

2.1 Comparing Wool and Silk 
 

Wool and silk both are protein-based fibres and they both have a general chemical 

formula NH2.CHR.COOH.  There are several side groups that can be found in 

proteins, which determine different properties of polymer. However the most 

important side groups, as far as dyeing of wool and silk with acid dyes is concerned, 

are COOH and NH2. Below are the table that gives the comparative values of them 

(Morton and Hearle, 1986).  

Type Side group Amino Acid Silk fibroin Wool 

keratin 

Acidic -CH2COOH Aspartic 

acid 

3.0 7.27 

Acidic CH2CH2CO

OH 

Glutamic 

acid 

2.03 16.0 

Basic CH2. 

CH2.CH2. 

CH2.NH2 

Lysine 0.88 2.5 

Basic CH2CN.CH.

CH.NH2 

Histidine 0.47 0.7 

Basic (CH2)3.NH.
C(NH)NH2 

Arginine 1.05 8.6 

 

Table 1 Proportion (g amino acid per 100 g protein) in wool and silk 

 

Comparing silk and wool while considering the above mentioned table 1(Morton and 

Hearle, 1986), we can determine that wool has more acidic and basic side groups. It 

can be seen by comparing Table 1 with another Table (Table2) (Simpson and 

Crawshaw, 2002) that although the proportion of acidic group and basic groups are 

different but yet Table 2 also shows that acidic groups are more than basic groups in 

wool. So in acidic condition, which we have while doing acidic dyeing, there are more 

reactive sides in wool as compared to silk. By analyzing this factor of wool it is quite 
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possible to get better results of exhaustion and fixation of PEDOT-S dyes in wool as 

compared to silk. 

Type Side group Amino Acid  % in total 

wool 

Acidic -CH2COOH Aspartic 

acid 

4.38 

Acidic CH2CH2CO

OH 

Glutamic 

acid 

8.48 

Basic CH2. 

CH2.CH2. 

CH2.NH2 

Lysine 3.92 

Basic CH2CN.CH.

CH.NH2 

Histidine 1.91 

Basic (CH2)3.NH.
C(NH)NH2 

Arginine 19.1 

 

Table 2 Amino acid composition of wool 

 

2.2 Morphology of Wool 
 

2.2.1 Micro Structure of Wool 

 

Wool is comprised of a very complicated protein known as keratin along with many 

active side groups. These groups play an important part in side-chain linkages in 

wool. 

Through X-ray diffraction photography, it has found that wool has two structures. One 

is alpha-keratin and second is beta-keratin (Morton and Hearle, 1986). When wool is 

stretched it acquires beta-keratin structure. Both structures are present in wool’s 

crystalline region. Wool has 40% crystalline region.  
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Keratin can further be divided into two main proteins as the low sulphur protein and 

the high sulphur protein. Both are cross-linked by cystine linkages. Low sulphur 

proteins are mainly found in the amorphous region of the wool and act as a highly 

cross-linked amorphous polymer (Morton and Hearle, 1986). The protein fraction is 

shown in the below table 2 (Simpson and Crawshaw, 2002) 

Protein fraction Portion (%)  Sulphur content % 

Low sulphur 58 1.5-2  

High sulphur 18 4-6 

Ultrahigh sulphur 8 8 

 
Table 3 Approximate portions, sulphur contents and molecular masses of 

protein fractions obtained from merino wool 
 

2.2.2 Macro Structure of Wool 

 

At a macro scale, wool fibre is circular in shape but becomes pointed at the tip. They 

are present in a crimped form because of the strong hydrogen bonding between side 

chains.  They are basically comprised of cortical cells as shown in the Fig 2.1(Morton 

and Hearle, 1986).  

 

Fig 2.1 Macro structure of wool 
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Surface of the fibre comprises of cuticular scale, which is directed towards the tip of 

the fibre. These scales are very important in its frictional behaviour. At the surface of 

the scales, there is a membrane called epicuticle, wool surface properties depend on 

this membrane. This membrane is a barrier for diffusion. There is a sub-cuticle 

membrane between the cortex and the cuticle. In a gross structure of wool, wool 

present in bilateral structure comprises of paracortex at one side and orthocortex at 

the other. Paracortex is suppose to have more cystine groups, more sulphur, and 

therefore, it is more cross linked and stable and less accessible to dyes and other 

chemicals as compare to orthocortex. The curly shape of wool is also because of the 

bilateral arrangement of these two structures. The paracortex is found to be at the 

inside of the curvature. Because of its high cystine linkage, it curls more than 

orthocortex as shown in the Fig 2.2 (Morton and Hearle, 1986).  Humans also have 

these ortho and para cortex structures but the distribution of these structures are not 

necessary bilateral. For example, humans with straight hairs have the distribution of 

orthocortex structure in the inner core of the hair surrounded uniformly by para cortex 

at the outer surface.  

 

     

 

.   

                Paracortex  

 

                                  Orthocortex 

 

 

 

Fig 2.2 Illustrating the bilateral structure of paracortex and orthocortex 
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2.3 Morphology of Silk 
 

Silk (Fig 2.3) (Franck, 2001) is comprised of a simple protein named as fibroin. 

Fibroin has a similar X-ray diffraction pattern as Beta-keratin structure (Morton and 

Hearle, 1986). The sulphur groups are very few as compared to wool so you hardly 

find salt linkages between molecules which was common in wool. The main 

interaction between the molecules are by hydrogen bonding and salt linkages. The X-

ray diffraction photography has shown that the silk in the crystalline part needs to be 

in fully extended chains. Silk as compare to wool is more crystalline as their 

molecules are highly oriented along the fibre axis. As silk fibre from silk worm, is 

extruded out from the two glands, they are present as triangular filaments, which are 

attached by gum named as sericin (Morton and Hearle, 1986).  

 

 

 

Fig 2.3 Silk micrograph 
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2.4 Comparison Between Spider Silk and Silk from Silkworm 
 

Unlike wool fibres, silk fibres are in a form of filament, which is spun naturally by silk 

worm or by spider. Species like spider and silkworm, along with some other species, 

can convert self-aggregating fibrous protein into continuous filament fibres with the 

help of several enzymes (Abbott, 2008). The diameter of spider silk is finer than that 

of silk from silk worm, which gives spider silk the advantage of having more fractional 

surface area than silkworm’s silk, which can be an advantage in dyeing process. 

Mechanical properties of spider silk is also better than that of silk from silkworm 

because spider silk made of large protein fibrils, and that’s why they are supposed to 

have a more crystalline structure than that of silk from silkworm (Abbott, 2008). 

However more crystalline structure can also decrease dye uptake from the dye bath. 
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3. Conductive Polyelectrolytes 

3.1 Introduction 

Conductive polyelectrolytes are organic conjugated polymers having extended 

conjugated double bond system as shown in Fig 3.1 b (Wigenius, 2010).  Conductive 

polymer that has been used in this thesis is based on Thiophene ring Fig 3.1a 

(Wigenius, 2010). These polymers are polyelectrolytes because of their ionic side 

group, which influences their properties specially their solubility in polar solvents. 

Other than that these side groups also prevent chain’s torsional movement along its 

axis due to steric hindrance. As thiophene based polymers can easily move around 

their strong σ bonds those are along the plane and disrupt their π bond conjugation, 

which is perpendicular to the plane. This torsional movement can reduce its π-

conjugated length by breaking conjugation (Fig 3.1 d) (Wigenius, 2010) and 

ultimately, their conductive band gap. So side groups (Fig 3.1 c) (Wigenius, 2010) 

help these polyelectrolytes to acquire a conformation state which can give a 

comparatively high conjugated length. Conductive polyelectrolytes can be 

transparent or coloured depending on their optical band gap. However to be 

electrically conductive they have to have a marginally low electrochemical band gap. 

It can also be said that the incorporation of chromophores in an extended conjugated 

system not only make the polyelectrolyte visible but also alters its conductivity too. 

(Umeyama, June 2009). So optical and electrical properties of polyelectrolyte are 

related to each other and as studies have shown that bathochromic shifts or red 

shifts in the absorption spectrum of a polymer also reduce the electrochemical band 

gap (Umeyama, June 2009) of the polymer and make it more conductive. 
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Fig 3.1 a) Thiophene monomer, b) trans conformation of polythiophence, c) 

side chain in PTAA poly(3-thiophene acetic acid), d) breaking of conjugation 

due to twisting of chain. 

 

 

3.2 Electrical Properties 
 

Conjugated polymers (CPs) in their raw form are not conductive. Their conductivity 

has to be increased by doping their backbone by oxidation or reduction reaction 

(Wigenius, 2010). Doping also changes optical properties of CPs. The conductance 

enhances through charge travelling along the polymeric chain and also depends on 

the electron hoping between the polymeric chains. Conjugational chain length also 

influences the electrical conductance. As the conjugational length increases 

consequently conductive band gap decreases.  
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3.3 Optical Properties 
 

When the photon energy of absorbed light is more than the band gap of the 

illuminating CPEs electron excite to a higher energy level leaving behind an electron-

hole-pair. However, this state is very brief and electrons come back to its grounded 

state very quickly. Whether the CPE is fluorescence or phosphorescence depends on 

the pathway from which electron has returned to its grounded state. Due to 

conformational rearrangement in CPEs during absorption of light there is some non-

radiative relaxation within the chain (Wigenius, 2010). So the photon energy utilizes 

in these non-radiative relaxations and for that reason the emitted energy will always 

be less than absorbed energy, and this property can be used in optical sensors as 

illuminating light can easily be distinguished from the light source because of the 

large difference of wavelengths.  

 

3.3.1 Absorption and Emission 

 

Conjugated polyelectrolytes have comparatively long conjugated system with long 

chain lengths. And due to molecular vibration, they possess discrete energy levels 

both in their grounded state and excited state. So when these materials exposed to a 

certain photon energy their electrons from the lowest grounded state, S10 jump to any 

discrete excited state S1m as shown in the below mentioned Jablonski diagram Fig 

3.2a (Herland, 2007). When this exciton comes to their grounded state, they can 

follow different routes. Firstly, the relaxation from S1m excited state to S10 energy level 

is non-radiative due to the utilization of photon energy in chain rotation and vibration 

and energy translation to other molecules. Secondly, if the material is allowed to relax 

from S10 to any of the grounded states S0m it would emit energy by florescence 

process (Herland, 2007). The rest of the relaxation process to the lowest grounded 

state is again non-radiative. The difference between the absorption maxima and the 

florescence emission maxima refers to as stokes shift as shown in Fig 3.2b (Herland, 

2007). Figure 3.2 is showing the florescence and emission spectra of polythiophene 

acidic acid (PTAA), which is a polyelectrolyte too. This shift is always red-shifted 

which is due to the non-radiative transition from S1m to S10. Conjugated polymers 
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posses large stokes shift due to the energy transmission along the chain and to 

different neighboring chains, which shift the florescence emission to the larger 

wavelength (lower energy). These stokes shift primarily depends on change in the 

conformational state of the polymer and interaction and energy transmittance within a 

chain. The absorption and emission spectra are usually broad for polyeletcrolytes 

because of polydispersity of their chain lengths and the variation in the degree of 

inter-chain interaction (Herland, 2007). Degree of inter-chain interaction primarily 

depends on the aggregation of these polymers. If they are present in an aggregated 

form, there is high probability of inter-chain interaction, consequently, low emission 

intensity of the polymer as the photon energy utilizes more in non-radiative decay.   

In some cases, the intersystem crossing from a singlet state to a triplet state may 

occur. Intersystem crossing is spin orbit coupling. Transition back from the triplet 

state to the singlet state is a phosphorescence process and quantum mechanically 

forbidden so the decay is prolonged (Kasha, 1944). However this intersystem 

crossing has a low probability to occur.  

Florescence Quenching is any process that decreases the florescence emission. 

Quenching process can decrease the florescence emission intensity by increasing 

the non-radiative decay. This process can deliberately be increased in certain cases 

by introducing chemical moieties, which refer to as quenchers (Wigenius, 2010). 

Oxygen is a common quencher, which can decrease the florescence emission by 

forcing molecules to intersystem crossing. 

This quenching process is commonly used in biosensors. As these quenchers can 

reduce or increase the florescence emission by attaching or detaching themselves 

from the fluorophores respectively (Yang, 2011). One special type of quenching 

process has also been used in bio-sensing, which is known as florescence energy 

transfer (FRET). It comprises of a system utilizing an acceptor and donor to quench 

the florescence emission by the long range dipole-dipole energy transfer. FRET has 

been used to determine the conformational states of a polymer. FRET efficiency 

depends on the distance between the donor and the acceptor. The fret efficiency and 

the distance between acceptor and donor are inversely proportional.  FRET efficiency 
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inversely proportion to r6 (r is the distance between donor and acceptor) (Yan-Qin, 

2010). 

 

Fig 3.2 a) Representation of absorption process starts by absorbing photon 

energy which excites the grounded electrons S0n to jump to any of their excited 

level S1m and then returning to its ground state again by florescence emmison. b) 

Absorption and fluorescence emission (excitation at 400 nm) spectra of PTAA and 

the stokes shift between them. c) Absorption (A) and fluorescence (F), but also 

non-radiative internal conversion (IC) as well as inter system crossing (ISC) to the 

triplet state and the spin forbidden phosphorescence (P) are illustrated. 
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3.4 Relationship Between Absorption Spectrum and Electrical Conductivity 
 

As it has been discussed earlier, pH is an important factor for the conformational 

state of PEDOT-S. At a certain pH, the polymeric chains of polyelectrolyte start to 

straighten and can acquire a rod like conformation with the maximum effective chain 

length and, consequently it achieves maximum conjugational length, resulting in 

narrower band gap between the unoccupied molecular orbit (LUMO) and the highest 

occupied molecular orbit (HOMO) (Fig 3.3) (Wigenius, 2010). As the band gap of 

PEDOT-S decreases at higher pH value, the peak absorption of light will occur at 

higher wavelength (low energy), hence less energy requires to excite the electron to 

create an electron-hole pair in a polymer. Because when conformational state 

changes from Trans to cis their torsional angle also changes from 180° to 0 ° and 

consequently, gives a longer conjugational length. And at the cis conformational state 

the π-bond stacking will become more favourable, which would favour the inter-chain 

energy migration within a polymeric chain. (Herland, 2007) This energy migration will 

show a possible red-shift in the absorption and florescence emission spectra as 

shown in above Fig 3.2 b (Herland, 2007). 

 

 

 

Fig 3.3 Sketch of molecular orbital energy levels and the HOMO/LUMO band 

gap 
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4. PEDOT-S 
 

4.1 Introduction 
 

As discussed earlier the evolution of PEDOT-PSS from PEDOT still not gave the 

desired result pertaining to solubility of this polyelectrolyte in water. Moreover, the 

micelle form in the water of PEDOT-PSS has a surface separation of around 30 to 40 

Å (Karlsson, 2008) which is very big at a micro scale level when dealing with 

individual molecules. So this surface separation also acts as an insulation layer and 

reduces conductivity to a significant extent. Furthermore, PEDOT-PSS is very 

susceptible to extreme acidic condition too. PEDOT-PSS also has one more 

disadvantage of being a two-component material, which is again an undesirable 

property when it comes to interacting strongly with biomolecules. So these 

undesirable properties led to a discovery of a new polyelectrolyte named as PEDOT-

S. 

PEDOT-S is a conjugated conductive polymer based on a thiophene ring. It is a 

single specie material unlike PEDOT-PSS. Though PEDOT-S comprises of 20 to 25 

monomers, but it is still referred as a polymer rather than as an oligomer. More 

specifically, it is classified as a conductive polyelectrolyte due to its side chain’s ionic 

nature.  This ionic monomer primarily helps to enhance its solubility in polar solvents, 

which is a very important property in self-assembly processes of biomolecules and 

polyelectrolytes. The optical and electrical properties are dependent on the energy 

gap between the lowest unoccupied molecular orbit (LUMO) and the highest 

occupied molecular orbit (HOMO). The ionic side chain can also help polyelectrolyte 

to restrict its torsional angle and ultimately maximizing its conjugational length. As the 

conjugational length increases, the energy gap between conductive band and 

occupied molecular orbit will decrease. It shows that this property can make 

polyelectrolyte more conductive.  Moreover, they are fully soluble in water and have 

shown good stability in an acidic medium (Muller, 2011). The conductivity of pure 

spin coated PEDOT-S is reported to be 12 S/cm (Karlsson, 2008). The colour of 

PEDOT-S depends on the degree of oxidation of the backbone chain which depends 

on the pH. If the pH is decreased, the color changes from dark purple to deep blue 
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(Muller, 2011). Which shows the loss in π-π* absorption because of the increased 

oxidation of the backbone chain of PEDOT-S. Below is the FIG 4 (Karlsson, 2008) 

representing the synthesis route of PEDOT-S from its monomer EDOT-S in water by 

using FeCl3 as a catalyst.  

 

 

FIG 4 Synthesis route of PEDOT-S by dropwise addition of an aqueous mixture 
of Na2S2O8 and a catalytic amount of FeCl3 to a solution of EDOT-S 

(monomer) in water 
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5. Wool and Silk Dyeing 
 

5.1 Introduction 
 

The main reactive sides of wool and silk are COO- and NH3
+. So at the isoelectric 

point, a molecule is neutral. Therefore pH of the medium which decides which side 

will react with the dye molecule. In acidic medium COO- becomes COOH and NH3
+ 

remains positively charged, consequently, make protein fibres positively charged. In 

basic medium, NH3
+ donates proton, becoming electrically neutral NH2. Whereas 

COOH becomes negatively charged COO-, hence protein fibre becomes negatively 

charged. However, wool and silk are being dyed mostly in an acidic medium because 

there are more acidic groups than basic groups in these protein fibres. 

Salt also plays a vital role in acid dyeing. Unlike dyeing of cellulose with reactive 

dyes, salt acts as a retarder (levelling agent) in wool dyeing if pH is low but at neutral 

pH it may help dye to exhaust (Trotman, 1984).  

Dyeing process also depends on the size of the dye which has been used, as 

PEDOT-S dye is of quite large size as compared to the conventional acid dyes. For 

instance, high molecular mass acid dye has a different surface chemistry, so fixation 

of these dyes not only depend on electrostatic forces but it will also depend on 

different secondary forces like Vander wall’s forces, on contrary to acid dyes which 

are fixed through electrostatic forces alone. (Simpson and Crawshaw, 2002).  
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5.2 Dyeing Dependence on Morphology of Fibre 
 

Following are three important steps in wool dyeing: 

1) Adsorption of dye on to the fibres. 

2) Distribution of dye uniformly on to the surface of the fibres. 

3) And the penetration of dye into the structure of wool. 

Before carrying out dyeing process one needs to know about the previous processes 

that wool fibre has undergone. As the route to access for dyes into the wool fibres 

depends on the fact that if fibres are damaged or not. It has observed that the access 

of dye into the undamaged wool fibres is through the joints of cuticle scales present 

in wool. It is also very important that the wool fibres should be pre-treated through 

different processes, especially, scouring, which will extract the unwanted hydrophobic 

moieties present in the wool such as oil and waxes.   

In conventional wool dyeing (acid dyeing with a conventional acid dye) the diffusion 

of dye into the cuticle cell junction is a first step. After that, it goes into the inner core 

of the wool fibres; such as into the nonkeratinous region to endocuticle, 

intermacrofibirils region and ultimately into the microfibirils of cortical cells.  Studies 

have also shown that after dye completion the non-keratinous region does not 

contain any traces of dyes. (Simpson and Crawshaw, 2002) 

 

5.3 Wool Scouring 
 

Raw wool contains natural grease, sweat and dirt. These impurities can hinder 

dyeing process because these are aliphatic hydrocarbons and hydrophobic in nature 

so one has to clean it prior to dyeing. (Simpson and Crawshaw, 2002) The amount of 

grease and impurities differ from one breed to another. The process of cleaning of 

wool is known as scouring. In wool scouring non-ionic detergent and soda ash/ 

sodium carbonate is used. Detergent is used to clean the wool grease and soda ash 

is used to emulsify the extracted grease in the water so that it would not redeposit on 

wool. The temperature which is employed normally is around 60 ° C.  
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5.4 Silk Degumming 

    

As in the case of wool, silk also has some impurities, mainly in the form of sericin, 

which gives silk undesirable qualities like stiffness. sericin also hinders the dyeing 

process by preventing dyes to penetrate into the core of the fibre by providing a 

hydrophobic sheath (Franck, 2001).  To remove that undesirable covering from the 

silk fibre’s surface one has to clean silk fibre with the process called degumming. It is 

also known as boiling-off. It is similar to the scouring process of wool, to some extent. 

It is very important to degum silk yarns completely when you are preparing silk for 

colouring with dark shade because the traces of sericin can become obvious and 

results as unlevelled dyeing. The degummed silk fibre is more lustrous and softer 

than the raw silk fibre.   
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5.5 Industrial Acid Dyeing of Wool 
 

To get a general idea of how dyeing is being done industrially, there are some 

parameters mentioned below from which one can get a fair idea of industrially used 

parameters for industrial dyeing.  

Usually in industries one uses acid up to 5 % on the weight of fabric, that can be 

sulphuric acid or acidic acid. Percentage of acid can be varied depending on the type 

of acid dye, which is shown in table 5 (Shore, 1990) Rate of exhaustion and 

percentage of exhaustion both depend on the amount of acid and ultimately the pH. 

In acid dyeing for wool, to have pH of around 2.8 – 3.1, it is required to add 3 % of 

sulphuric acid on the weight of the wool and for pH 3.9 – 4.3 and 4.7 – 5.1 it is 

required to use 2 % formic acid and 2 % glacial acetic acid respectively. Usually in 

industrial exhaust dyeing the temperature of the dyeing bath is increased gradually 

from 40 °C to the boiling temperature in 40 minutes.  

SO3
- from dye and NH3

- from the wool fibre are the groups which create the ionic 

bond between the dye and the fibre (Trotman, 1984) and most probably that was the 

case with the PEDOT-S dye and wool fibre.  

 

5.6 Industrial Acid Dyeing of Silk 
 

Industrial dyeing of silk is similar to wool dyeing as both are protein-based fibres. But 

the temperature for silk dyeing is between 40°C to 80°C because the acid dyes gets 

the affinity for silk fibres at this temperature so there is no need to dye it at the boiling 

temperature. Moreover, silk also deteriorates at boiling temperature quite rapidly and 

lose most of its mechanical properties and other physical properties like strength, 

luster etc. Silk has less affinity for dyes as compare to wool fibres and that is why 

they are less fast to water than wool.  
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5.7 Auxiliaries Use for Industrial Acid Dyeing  
 

Auxiliaries are chemicals used in dyeing to assist dyeing process. Auxiliaries are very 

important chemicals in dyeing specially when dyeing cotton with reactive dyes. 

Because in dyeing of cotton, there are not enough attractive forces between the 

cotton fibre and the reactive dyes when they both are in the dyeing bath. So along 

with other chemicals, salt is added to the dyeing bath to exhaust dye from water to 

fibre. salt reduces dye’s solubility by common-ion effect. 

However in case of acid dyeing, in the presence of acid in the dye bath, need of other 

auxiliaries are not as important as in reactive dyeing on cotton. Though there are 

some auxiliaries is used for acid dyeing. The reason for having less need of 

auxiliaries in acid dyeing is because of the natural electrostatic attraction between the 

fibre and the dye; so that one does n ot need salt for exhaustion of dyes to protein 

fibres. However ironically, in some cases when the dye molecules are very small and 

can move very rapidly from the dye bath to the fibre and cause unlevel dyeing, one 

needs salt. But this time not to increase exhaustion but to decrease exhaustion. Salt 

decrease the exhaustion in acid dyeing by creating a competition between the dye 

anion and the inorganic anion of the salt and decrease the exhaustion of the dye. But 

ultimately, the anion of the dye replaces the inorganic anion because of its higher 

affinity. Anionic surfactant can also be used in place or inorganic salts for the same 

purpose.  

In acid dyeing the main auxiliary is acid. And the purpose of it has already been 

described. Control of pH is very important as the optimum pH for dyeing depends on 

different groups of dyes. For example, for 1:1 complex metal dyes one needs high 

amount of strong acid. In the same way for the leveling acid dyes, as by their name, 

needs high amount of acid up to 3% of sulphuric acid on the weight of the fabric, to 

exhaust dyes from dye bath to fibre. Below is the table 5 (Shore, 1990) which shows 

an optimum pH required for a particular class of acid dyes to reach the exhaustion of 

80 to 85% onto the fibre. 
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Dye class pH 

1:1 metal-complex dyes 2.0-2.5 

Leveling acid dyes 2.5-3.5 

Chrome dyes 4.0-5.0 

Milling acid dyes  4.5-5.5 

Di sulphonated 1:2 metal-complex dyes 4.5-5.5 

Super milling acid dyes 5.0-6.0 

Monosulphonated 1:2 metal-complex dyes 5.0-6.0 

unsulphonated 1:2 metal-complex dyes 5.5-6.5 

 

Table 5 Dyebath pH for the exhaustion of 80-85 % 

 

5.8 Continuous and Exhaust Dyeing Method 
 

Dyeing can be carried out by using continuous dyeing method or exhaust dyeing 

method. In continuous dyeing method, the contact of fabric and dye bath is, 

comparatively, for a short time. For that reason continuous dyeing method usually 

utilizes the assistance of textile auxiliaries like wetting agents to expedite the 

process. Continuous method is used for mass production and modern textile industry 

use continuous dyeing method nowadays. On the other hand, exhaust dyeing 

method is an old and slow method. In this method immersion of substrate 

(fabric/yarn/fibre) into the dye bath for a long time period is carried out to let dyes to 

exhaust onto the fabric. In exhaust dyeing method, the exhaustion of dye onto the 

fibre is more than in continuous method and darker shades in exhaust dyeing can be 

achieved as compare to continuous dyeing. In exhaust method the fabric to liquor 

ratio is very high, and ultimately, it utilizes more water as compare to continuous 

dyeing. It also means that for high amount of water more energy requires to heat it up 

and more water also requires more dyeing auxiliaries. So because of these reasons 

exhaust dyeing method proves to be a more costly and, environmentally, an 
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unfavourable method than continuous dyeing method. For these reasons, along with 

the high production rate of continuous method, modern industries are equipped with 

continuous dyeing machines.  
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6. Dyeing of Wool and Silk Fibre with PEDOT-S 
 

Isoelectrical point of wool is between pH 4.5 and 7 whereas for silk its 5.1(Trotman, 

1984). Isoelectric point is a point at which ampholytes (wool and silk) carry a net 

charge of zero that means an equal number of positive and negative charges on the 

surface. In protein, the isoelectric point depends on the number of free acidic and 

basic groups and their position in the polymer chain. As these are natural polymers, 

they vary in their free side groups and their position from one polymer to another. So 

that’s why there is a range of isoelectric points rather than exact isoelectric 

(Cammack.R, 2006). So at 4.5 to 7 pH and 5.1 pH the wool and silk fibre respectively 

is almost electrically neutral, bearing net charge of zero. However at pH slightly 

above or below than isoelectric point they acquired negative or positive charge 

respectively. In this thesis, protein-based fibres are supposed to be dyed with 

electrically conductive dyes by acid dyeing method, so one needs to have acidic 

medium well below pH 4.5. These protein-based fibres can also be dyed by basic 

dyeing method at basic pH, but it has been preferred to dye them with acid dyeing 

method because these protein-based fibers have more acidic groups than basic 

groups, hence it will help such protein-based fibres to attach more dyes at acidic pH 

than basic pH.  

 

Wool is observed to bind as much as 0.8 to 0.9 millimols of acid dyes per gram of 

wool. But again, it also depends on the number of sulphonic group present in an acid 

dye molecule and the molecular size of the dye (Trotman, 1984).  As in our case the 

molecular size of PEDOT-S is slightly bigger than the conventional acid dye but at 

the same time it has three sulfonic groups in it. That increases the probability of 

attaching itself to wool fibre. 

 

As PEDOT-S dye can be considered as levelling dyes because it is a dye with large 

molecular size so it would not exhaust towards the fibre very rapidly. Therefore many 

auxiliaries like levelling agent and salts, to prevent unlevel dyeing, are not required. 

So use of auxiliaries for dyeing of wool and silk with PEDOT-S was not employed. 
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7 Experimental 
 

The dyeing experiments were carried out in the wet processing lab of Swedish school 

of textiles, and the sample testing and measurements was performed at polymer and 

chemistry lab of the University of Boras. 

 

7.1 Materials and Chemicals 
 

7.1.1 Materials 

The primary material used for this thesis work was Poly(4-(2,3-dihydrothieno[3,4-b]-

[1,4]dioxin-2-yl-methoxy)-1-butanesulfonic acid) (PEDOT-S) . The other material 

used for some experiments was poly(3,4-ethylenedioxythiophene):poly(styrene 

sulfonic acid) (PEDOT:PSS). They both were used as received. 

 

7.1.2 Chemicals 

 

Sodium carbonate (Na2CO3), Non ionic detergent (lavolan DSU)   

Britton Robbinson buffer solution (0.04M H3BO4, 0.04M H3PO4 and 0.04M 

CH3COOH) I did not use 0.2M NaOH because the pH of the dyeing bath was 

required to be well below 2.5.  

 

 

7.1.3 Fibres and Yarns 

 

Wool fibres from goat, wool fibres from sheep from Alingsas and Wool yarns, they all 

were used after being prepared by the process called scouring. Silk fibres and silk 

yarns were prepared by the process called degumming.  
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7.2 Methods 

 

7.2.1 Scouring of Wool 

 

A scouring bath of 0.5 g/l Non-ionic detergent (Lavolan DSU) has been prepared and 

raised its pH to 10.6 by using 2g/l solution of sodium carbonate for intense scouring. 

The temperature of 60 °C has been maintained and scoured wool for 30 minutes.  

 

7.2.2 Degumming of Silk 

 

A degumming bath of 0.5 g/l Non-ionic detergent (Lavolan DSU) has been prepared 

and raised its pH to 10.8 by using 1g/l solution of sodium carbonate for intense 

degumming. The boiling temperature of 100 °C has been maintained and degummed 

silk for 60 minutes.  

 

7.2.3 Dyeing Method 

 

Different types of silk and wool fibres and yarns has been dyed through the exhaust 

dyeing method by using very small beakers, which can hold approximately 10ml of a 

solution. The samples have been dyed at 90 degrees Celsius by industrially used 

acid dyeing method. The dye bath consisted of 3ml solution each for every 

sample.Dyeing was performed at four different pH. pH 3 of the dye bath is obtained 

without using any acid because of the acidic nature of PEDOT-S. pH 2.5 of the dye 

bath of 2.5 has been achieved by using Britton Robinson buffer system (without 

using NaOH) and for lower pH pure phosphoric acid (H3PO4) has been used. Details 

of dyeing experiments can be seen in the table 7. 
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Experiment # Fibre/Yarn Dye 
concentration 

Auxiliaries pH Temperature 
°C 

1 Silk fibres 1g/l PEDOT-S None 2.9 90 

wool fibres 
from sheep 

1g/l PEDOT-S None 2.9 90 

wool from 
goat. 

1g/l PEDOT-S None 2.9 90 

2 Silk fibres 10 g/l None 2.8 90 

wool fibres 
from goat 

10 g/l None 2.8 90 

3 Wool Yarn 1 g/l PEDOT-
PSS 

None 3.0 90 

Wool yarn 1 g/l PEDOT-
PSS 

Buffer 
solution 

2.5 90 

Wool yarn 1 g/l PEDOT-
PSS 

Phosphoric 
acid and 
acidic acid 

2 90 

Wool yarn 1 g/l PEDOT-
PSS 

Phosphoric 
acid and 
acidic acid 

1.75 90 

4 Silk yarn 1 g/l PEDOT-
S 

None 3 90 

Silk yarn 1 g/l PEDOT-
S 

Buffer 
solution 

2.5 90 

Silk yarn 1 g/l PEDOT-
S 

Phosphoric 
acid 

2 90 

Silk yarn 1 g/l PEDOT-
S 

Phosphoric 
acid 

1.75 90 

5 Wool yarn 1 g/l PEDOT-
S 

None 3 90 

Wool yarn 1 g/l PEDOT-
S 

Buffer 
solution 

2.5 90 

Wool yarn 1 g/l PEDOT-
S 

Phosphoric 
acid 

2 90 

Wool yarn 1 g/l PEDOT-
S 

Phosphoric 
acid 

1.75 90 

 

Table 7 showing details of dyeing of wool and silk with PEDOT-S at different pH 
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7.2.4 Analysis of the Conductance of Fibres 

 

The conductance of dyed wool and silk fibres and yarns, those has been dyed at 

different pH, has been analyzed and their conductance has been compared. The 

resistance measurement was carried out with Metriso 2000 by Wolfgang Warmbier.  

The sample was consisted of fibre/yarn of approximately 2 to 3 inches. One end of 

the yarn/fibre clamped to one crocodile clamp, and the second end clamped to the 

other one.  The electrical conductivity σ was calculated by the following equation.  

Resistivity = δ = 
  

 
 

σ = 1/ δ 

Where R is the measured resistance, A is the cross-sectional area of the yarn/fibre, 

and L is the length of the yarn/fibre between the clamps.  

Due to the unavailability of SEM (scanning electron microscope), optical microscope 

to measure the diameters of fibres and yarns has been used. So the reading of fibre’s 

and yarn’s diameter was not as accurate as it could have been with SEM. 

The above-mentioned calculation will not give an accurate value of conductivity as 

the accurate value of resistivity was not achieved because the conductive dye only 

dyed the surface of the fibre/Yarn. It does not dye the inner core of the yarn.  By 

calculating the resistivity from the experimentally measured resistance from the 

formula δ = 
  

 
 , it has been assumed that the inner core of the yarn/fibre is also dyed 

completely. It means that the calculated value of conductivity will always be less than 

the real value of the dyed yarn/fibre.  

 

 

7.2.5 pH Determination 

 

pH of the dyeing bath was measured by using ultra basic pH meter UB 10 of Denver 

instrument.  
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7.2.6 Optical Microscopy 

 

Optical microscopy was carried by using Nikon SMZ-U stereoscopic microscope. 

Microscopy was carried out on yarn and fibres of silk and wool both. Images were 

taken of dyed and undyed yarn and fibres by using software called Scopeview 3.0.   

 

7.2.7 Determination of Mechanical Properties 

 

Tensile test of dyed wool and silk yarns was performed on Tinius Olsen H10KT. 10 

cm long yarn has been tested, which was clamped into the jaws. One jaw was fixed, 

and another one was movable. The movable jaw has been set to stretch the yarn at 

the speed of 10 mm/min. Because of the limited amount of sample, two readings for 

a yarn have been taken, which has dyed at a particular pH.  
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8. Results and Discussion  
 

8.1 Optical Microscopy 
 

It can be seen from Fig 8.1 and Fig 8.2 that the uptake of dyes on to the wool and silk 

yarn changed, and its colour also changed with respect to decreasing pH. The 

changes in wool were more prominent as compared to silk.  

a)         b)  

c)         d)  

e)  

FIG 8.1 a) Undyed Scoured wool yarn b) dyed Wool yarn with PEDOT-S at pH 3 

c) at pH 2.5 d) pH 2 and e) at pH 1.75 
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a)     b)  

c)     d)  

FIG 8.2 a) Undyed degummed silk yarn dyed silk yarn with PEDOT-S at b) pH 3. 

c) pH 2.5 and d) pH 2 
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8.2 Mechanical Properties  
 

Mechanical Properties of Wool and Silk fibres are greatly influenced by pH that can 

be seen in table 8. It can be seen that with the decreasing pH the strength of the 

fibres also decreasing. This exceptional decrease in strength of the fibre is because 

of its loss of strength first, at the scouring and degumming process at extremely high 

pH of around 10, which is not a recommended pH, and then, by dyeing them at acidic 

pH further hydrolyzes the keratin and breaking the intermolecular bonds and 

consequently, the degree of polymerization. The pH of around 10 in degumming and 

scouring process has been used for intense cleaning, which damaged the fibre to a 

great extent. 

In the below mentioned graph (Fig 8.3), it can be seen that the effect of pH on silk is 

even more drastic than on wool, which is in accordance with what has been said 

before about silk’s susceptibility at acidic conditions. Silk loses its strength 

dramatically, below pH 2.5 and at around 1.75 pH, it loses its strength completely. 

The value of tenacity has been plotted against the pH 1.75 as 0 because silk 

dissolved completely into the PEDOT-S dyeing bath. And unfortunately it also tells 

that at higher conductance, yarn becomes very weak too. So it introduces a 

restriction to use these conductive fibres in places where required considerable 

mechanical strength.  
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Fibre 
 

pH 
Maximum force 
(N) 

 
 

Tenacity  
(N/TEX) 

Scoured wool yarn 
 

- 1.46 
 

0.06 

  
3 1.08 

 
0.045 

wool yarn dyed with 
 

2.5 1 
 

0.04 

PEDOT-S 
 

2 0.81 
 

0.034 

  
1.75 0.42 

 
0.017 

Degummed silk yarn 
 

- 4.98 
 

0.3 

  
3 3.85 

 
0.23 

silk yarn dyed with 
 

2.5 3.36 
 

0.2 

PEDOT-S 
 

2 1.4 
 

0.086 

  
1.75 0 

 
0 

 

Table 8.1 Tenacity of dyed wool and silk yarn at different pH 

 

 

 

 

Fig 8.3 showing the influence of pH on the tenacity of the wool and silk yarn 
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8.3 Electrical Conductivity of Dyed Silk and Wool Fibres and Yarns 
 

Both, yarns and fibres of wool and silk has been dyed. Though some conductivity 

results from dyed fibres have also been found, but those were not repetitive enough 

to base the conclusion on. So the following electrical conductivity result of yarns has 

been considered, rather than of fibres, for our discussion. When the conductivity of 

both yarns was measured, some very interesting results have been found. Both silk 

and wool showed increased conductivities with lowering the pH up to 2. However 

below pH 2 silk lost its degree of polymerisation to a big extent and seemed to 

dissolve completely into the solution, but wool, on the other hand, withstands that 

extreme pH of even 1.75 and showed an even more drastic change in electrical 

conductivity as compare to silk. This can be seen in the table 8.2. 

 

Yarn pH of the dye bath Conductivity (S/cm) 

 

Wool 

3 1.2 ·10-8 

2.5 1.8 ·10-8 

2 2.7 ·10-6 

1.75 2.5 ·10-3  

 

Silk 

3 3.9 ·10-8 

2.5 1.10-4 

2 1.97 ·10-3 

 

Table 8.2 Conductivity of dyed wool yarn and silk yarn with PEDOT-S at 

different pH 
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8.3.1 Error Estimation 

 

The above-mentioned measured conductivity may have some errors as the diameter 

of the yarn has measured by optical spectroscopy. The reading of diameter showed a 

deviation in reading of ± 10 μm, which can change the measured conductivity by 

±0.2·10-8. So still that change in diameter would not change the calculated 

conductivity of the yarn to a large degree as seen in the table 8.3. So we can trust 

the reading of table 8.2.  

Measured Diameter of wool yarn  143 μm 153 μm 163 μm 

Measured Area m2 6.4·10-12 7.3·10-12 8.3·10-12 

Measure Resistivity ohm·m 7.3·105 8.36·105 9.5·105 

Measured Conductivity S/cm 1.4·10-8 1.2·10-8 1·10-8 

 

Table 8.2 Showing relationship between the measured diameter of yarn and the 

measured conductivity 
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9. Proposed Model of Supramolecular Assembly of PEDOT-S onto Wool 

and Silk at Very Low pH 
 

Along with several factors, the electrical conductivity of wool and silk also depends on 

the supra molecular assembly of PEDOT-S onto protein fibres, which will be 

explained in this chapter. First the changes in conformational state of PEDOT-S with 

the pH factor has been explained and also how PEDOT-S changes with respect to 

the neighbouring co ions and counter ions, so basically in the first part the 

conformational state of a polyelectrolyte in a solution is discussed, at this stage both, 

the protein fibre and PEDOT-S, has not yet been physically attached but both are 

close enough to influence each other. Secondly, the changes in the conformational 

state of these supramolecules (Protein-based fibres and PEDOT-S) after being 

chemically bonded have been illustrated in Fig 9.2. 

 

9.1 Dependence of Conformational State of Polyelectrolyte on pH 

 

9.1.1 pH of The Bath in Acid Dyeing 

 

Strong acid and strong base can combine to change the pH of the bath drastically. 

This change in pH can be observed, for example, when wool/silk fiber carries strong 

base from the previous process like scouring/degumming and combine with the 

acidic medium of the dye bath. However wool itself changes the pH of the bath by 

absorbing acid and consequently, changes the pH of the bath (Shore, 1990). 

PEDOT-S is also very acidic in nature as it has observed in our experiments that 1 g/l 

solution of PEDOT-S showed the pH of around 2.9 at room temperature, at 90 

degrees Celsius it showed the pH of as low as 1. So, one has to consider all above 

factors while dyeing protein fibres with PEDOT-S.  
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9.1.2 Conformational States of Macromolecules at Different pH 

 

It is a very complex system when it comes to explaining conformational state of a 

polyelectrolyte at a certain parameter. It is influences by numerous factors such as 

pH, temperature, presence of polypeptide chains, type of solvent, etc. but 

conformational state of a polyelectrolyte is very important when it comes to its optical 

and electrical properties because it changes polyelectrolytes’ effective conjugation 

length or chain length and its intra-chain energy relaxation processes (Wigenius, 

2010). In fact, some of the studies have related the rotational relaxation time with the 

chain length (Burke, 2004). 

 

Weak polyelectrolytes that have been used in this thesis are highly influenced by pH 

changes. For instance, studies have shown that weak polyelectrolyte like 

polyallylamine has proposed to have a rod like conformation at pH around 3.0 when it 

is fully charged and ultimately increasing the conjugation length (Burke, 2004). These 

polyelectrolyte complexes (PEC) involve electrostatic dipole-dipole interactions. The 

reaction primarily depends on the degree of ionization of anionic polymer, which is 

PEDOT-S in our case and cationic polymer, which is wool and silk. The degree of 

ionization depends primarily on pH of the solution and ionic strength of the system 

which includes the other ionic substances in the solution as well. The degree of 

ionization/charge density over the respective polymer chain ultimately also influences 

the conformational states of the reacting polymers (Fig 9.1). 
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Fig 9.1 Structural change of protein fibres and PEDOT-S with the increase in 

neutralization degree (decreasing pH) 

 

9.2 Supra Molecular Reaction of PEDOT-S and Protein Fibres 
 

This supra molecular reaction can be explained as a two-step process. It occurs after 

these two macromolecules (protein and PEDOT-S) come in physical contact with 

each other. 

1) The first step (Fig 9.2) (Vasile, 2009) is usually fast. When the polyanion 

(PEDOT-S) and polycation (protein fibre) first mixed in a solution due to the 

high electrostatic force between negative charged PEDOT-S and positively 

charged Protein fibres, dyeing process is unlevelled and the distribution of 

dyes is not uniform on to the fibre. 

2) Second step is a long process, and it usually takes time for PEDOT-S to 

distribute on to the fibre uniformly. This levelling process occurs by the 

formation of the new ionic bonds/and or alignment of polectrolytes over protein 

fibres. The uniformity and the degree of overlapping of the polectrolytes chain 

onto the fibre depends on the pH, charge density of the polymers and the 

presence of the neighbouring polyanions that is the concentration of PEDOT-
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S. . This is why this complexation reaction also depends on temperature and 

the duration of reaction. 

 

 

Fig 9.2 representation of supramolecular reaction between Polyanion (PEDOT-

S) and Polycation (Protein Fibre) 

 

So, according to above considerations it can be said that there is a wide range of pH 

at which the PEDOT-S remained negatively charged and remain dissociated even at 

low pH (as low as 1.75) because of its very low pKa (Muller, 2011) value and has  rod 

like conformation even at very acidic condition. Which, consequently, keep the 

PEDOT-S stretched in an elongated conjugational length resulting in good electrical 

conductivity and at the same time at that particular pH protein fibres also acquire high 

charge density due to a certain degree of ionization that enables to attach more 

PEDOT-S. Moreover, at high charge density wool’s polymer chain also straightens a 

bit due to the electrostatic repulsion of the positive charges of NH3. So it is very 

important to get the combination of all above ideal conditions to get the maximum 

ordering of PEDOT-S over protein fibre. As it can be seen in the fig, 9.3 wool fibre 

from goat has dyed comprehensively at higher concentration. However, it still could 

not get the required conductivity value. Though some conductance value, when 

putting bundles of fibres together, was found, but still it was not good enough and 

repetitive enough to be mentioned in this thesis work. The reason is that, PEDOT-S 

exhausted comprehensively on wool fibre because of its high concentration but 
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because the pH was not low enough to make PEDOT-S conformation straight 

enough to get the low band gap that is why low conductivity value was observed.  

 

 

 

Fig 9.3 showing the comprehensive dyeing of wool fibres from goat at 10 g/l   

PEDOT-S 
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10 Conclusion 
 

It can be seen from the results of experiments and literature review that in supra 

molecular assembly it is not only the respective conformation of the reacting 

polymers are important, but their uniform assembly over each other is also a very 

important factor for making protein-based fibres electrically conductive. It is very 

important to have uniform dyeing from one end to the other end of the fibre because 

even a small discontinuity of these small oligomers (PEDOT-S) over the length of the 

fibre can drastically increase the measured resistivity of the fibre. So at a macro 

scale, continuous overlapping of conductive dyes over a complete length of fibre is 

very important for electrical conductance. Even a little discontinuity in overlapping 

can result in very bad conductance results. It is also shown that the highly charged 

wool protein also change the conformation of PEDOT-S. But the drawback is that 

while dyeing wool and silk fibres when its charge density is extremely high also 

reduces its mechanical property to a great extent which can be seen in the results of 

tensile strength. And that is why at highest conductance value, it shows the least 

mechanical strength. So it reduces the possibility of using these conductive fibres in 

places where high mechanical strengths are required like in producing wearable 

cloths for smart textiles. Though its low mechanical strength can be overcome by 

blending it with strong material or by producing fabrics of these conductive fibres by 

using unconventional methods such are used in producing non-woven fabrics. One 

can also reduce the loss in mechanical properties by scouring the wool or 

degumming the silk at a comparatively lower pH because high alkaline pH is even 

more harmful to protein-based fibre than the acidic pH.  
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11 Future Work 
 

By using photo luminescence spectroscopy, we can achieve more inside knowledge 

of wool and LCP interaction. This would further explain with evidence the dramatic 

change in conductivity with pH.  

Florescence imaging would give a better idea about the conformational states of 

PEDOT-S and wool before and after association at different pH. It will also give more 

detailed information of the interaction between the luminescent conjugated polymer 

(LCP) and the wool fibre. 

As dyeing of these protein fibres, especially wool, was carried out for the first time 

with this conjugated polyelectrolyte, all the processes have been kept simple. 

However, in the future the same polyelectrolytes can be dyed on these protein-based 

fibres by using different dyeing auxiliaries. Though auxiliaries like salt was not 

required because the polyelectrolyte that had been used has larger molecular size as 

compare to conventional dyes, which supposed to make them behave like the above 

mentioned levelling acid dyes. Moreover, one can also experiment at different 

temperatures, for instance, by raising temperature gradually from 40 to boiling 

temperature to get the best result as mentioned in industrial dyeing of wool. And also 

by using pH control system, such as automatic dozing system which is a system 

normally being used in industries for continuous monitoring of pH.   

Other interesting areas are to find out the ways to decrease the loss in mechanical 

properties during dyeing of these protein fibres with conductive materials. Or 

introducing some post dyeing method to regain its strength, to some extent. Or find 

out ways to overcome conductive fibre’s low mechanical strength by blending it with 

some other fibre without affecting protein fibre’s conductance value.  

Using these conductive fibres to make a non-woven fabric and then measure its 

conductance after the fibre being converted into the non-woven fabric. Positive 

results could vastly increase the application of these conductive fibres.  
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