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Conducting polymer composites containing poly(3,4-ethylenedioxythiophene) 

(PEDOT) was prepared by sol id state polymerization (SSP) of 2,5-dibromo-3,4-

ethylenedioxythiophene (DBEDOT) in the presence of either polystyrene (PS) or 

polybutadiene (PB) matrix. The percentage yield of up to 85 % of the PEDOT could 

be obtained. The presence of PEDOT in the polymer composite was verified by FT-IR 

spectroscopy, UV -VIS spectroscopy, TGA, and XRD. As measured by four-point 

probe conductometer, the conductivity of the PEDOT/PS composite film can reach as 

high as 58 S/cm. The optimal condition to obtain the highest conductivity of the 

PEDOT/PS composite was to use 3: 1 DBEDOT:PS weight ratio, 0.225 glmL of 

DBEDOT and conducting the SSP at 50°C for 7 h. The PEDOT/PB composite films 

possess significantly lower conductivities than the PEDOT/PS composite film. It is 

believed that the low T g of PB allows the DBEDOT as well as PEDOT to move 

during SSP and resulting in the PEDOT with less ordered conformation and lower 

conductivity. The conductivity of the PEDOT composite films was found to decrease 

upon storage due to the loss of Br2 . The conductivity can be completely recovered 

after re-doping with b in the case of PEDOT/PS composite films but cannot be 

recovered in the case ofPEDOT/PB composite films. 
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CHAPTER I 

INTRODUCTION 

1.1 Statement of the Problem 

Poly(3,4-ethylenedioxythiophene) (PEDOT) has received much attention 111 

recent years for its unique electrical properties. Due to its high stereo-regularity, 

PEDOT possesses very high conductivity up to 550 S/cm in the electrochemical 

doped state and remarkable stability as compared with other conducting polymers . In 

early phases of development, the materials were insoluble and not processible. This 

shortcoming was later overcome by the incorporation of a water soluble counter-anion 

poly(styrene sulfonate) (PSS). Chemical polymerization of 3,4-

ethylenedioxythiophene (EDOT) in the presence of PSS yields the well-known 

commercial product "Baytron P" which is PEDOT/PSS composite in the form of 

dispersion in water. However, PEDOT:PSS composite still possesses quite low 

conductivity of less than I S/cm. 

Here, we propose to use so lid-state polymerization (SSP) of 2,5-dibromo-3,4-

ethy lenedioxythiophene (DBEDOT) in a polymer matrix as a way to enhance the 

processibility of PEDOT. Because DBEDOT is so luble in a wide range of organic 

so lvents, it can be homogeneously mixed with a number of commonly used polymers 

such as polystyrene, polybutadiene. After the removal of the solvent, the crystalline 

DBEDOT in the polymer matrix should be capable of undergoing SSP yielding 

conductive PEDOT-containing composite. Also, doping can simultaneously take 

place as a result of entrapped bromine (Br2), a by-product generated during SSP. 

t.2 Objectives 

I . To prepare conductive polymer composites containing 3,4-polyethylenedioxy 

thiophene (PEDOT) using solid state polymerization (SSP) of 2,5-dibromo-

3,4-ethylenedioxythiophene (DBEDOT) 



1.3 Scope of Investigation 

The stepwise investigation was carried out as follows. 

I. Literature survey for related research work 

2. To synthesize 2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT) 

3. To prepare PEDOTI polymer composite films by solid state 

polymerization of DBEDOT by varying a number of processing 

parameters: 

- polymer matrix i.e. polystyrene (PS) and polybutadiene (PB) 

- DBEDOT: polymer weight ratio 

- DBEDOT concentration 

- polymeri zation time 

- polymerization temperature 

2 

4. To characterize PEDOTI polymer composite films by Thermal gravimetric 

analysis (TGA), UV -Vis Spectroscopy 

5. To determine the conductivity of the PEDOTI polymer composite films 

6. To characterize the PEDOT extracted from PEDOTI polymer composite 

films by x-ray diffraction , UV -Vis spectroscopy, FT-IR spectroscopy 

7. To investigate the effect of storage on the conductivity of the PEDOTI 

polymer composite films 

8. To study the effect of doping with h on the conductivity of the PEDOTI 

polymer composite films 



CHAPTER II 

THEORY AND LITERATURE REVIEW 

2.1 Introduction of electronic organic [1-4] 

During the last few decades , much attention has been paid to the filed of 

organic electronics. Electrical devices made out of plastic materials provide great 

advantages due to their special chemical and electrical behavior as compared with 

standard semiconductors. Organic light emitting diodes (OLEDs), plastic solar cells or 

organic field effect transistors (OFETs) are some of the new devices in thi s area. 

Great progress has been made to investigate, understand, improve and utili ze their 

unique physical features . Commercial products are entering the consumer markets and 

show the potential of this new technology. The foundation of the field of organic 

electronics was established back in the seventies with the discovery that the 

conductivity of polyacetylene films can be changed over several orders of magnitude 

by chemical doping. For their groundbreaking work in this area, MacDiarmid, I-1eeger 

and Shirakawa were awarded the Nobel Prize in Chemistry 2000. Excellent 

introductions into the field of organic electronics are their Nobel lectures. Intrinsic 

conducting plastic materials and semiconductors, both electron (n-type) and hole 

transport (p-type) materials with band-like structures, could now be made . Since the 

early work, many innovative materials in pure form have been developed and 

characterized for the usage in electronic applications. An overview of the conductivity 

of different materials from insulators to metals and the span organic materials co\'er is 

shown in figure 2.1. 
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Figure 2.1 Conductivity of different materials. 

2.2 Advantages and drawbacks [5-14] 

Copper 
Iron silver 

4 

Organic materials, in general, possess some unique features. Their chemical 

structure can be altered and adapted to the need of the application. Especially 

polymers have advanced far since their first appearance in the early nineteen hundreds. 

The success of thermoplastics as a cheap and endurable material used widely in our 

daily life is only but one example. There , the material was des igned to be moldable to 

simplify fabrication but also to exhibit good mechanical characteristics and chemical 

stability. By changing part of the molecular structure , the behavior of the matter can 

be modified. For example, adding polar OH side groups to a molecule will result in a 

better solubi lity in water. The same approach can be used to adjust the properties of 

organic electronic material. The common technologies and techniques to modify the 

chemical structure can now be applied to adjust the electrical behavior of molecules 

out of this new class of organic electronic materials . Because there are an almost 

infinite number of combinations available, the possibilities seem to be virtually 

unlimited. This is an advantage of organic electronics over the established 

microelectronic technology. When inorganic single-crystals are used , the electrical 

properties are changed on ly by doping. The substrate material itself remains 

unchanged. Some examples where the versatility of organic electronic materials is 

used can be given out of the field of optoelectronics. For a full color display, the 

pixels have to emit light at different wavelengths for red, green and blue. Materials for 

OLEDs have been developed for all three tcolors and can even be stacked on each 

other to achieve a higher pixel density. 

Because plastics can be used as substrate material , the combination provides 

an opportunity to build flexible devices, something that was not possible with silicon 
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based teclmology. The bases for the novel materials are known components in organic 

chemistry. This makes them potentiall y low cost, at least if the fabrication process is 

not too affording and the material can be mass-produced . Since the materials are 

assembled out of organic building blocks, they can be made bio-compatible. Thus, 

they can be implanted and used in vivo without causing immune reactions. Organic 

layers are already used as coating material for in situ electrodes to record neural 

activity. More all-plastic, bio-compatible sensors are likely to be developed in the 

near future monitoring critical data like local blood pressure or blood sugar 

concentration. 

With the organic origin of the novel materials, there is also a major drawback 

inherited. They easily degrade under environmental conditions due to humidity, 

oxygen and light. In fact, this is the major obstacle that has to be overcome before 

such products can be introduced into the consumer market. The principal limitation of 

organic material s is their confined lifetime. Requirements for many applications are in 

the range of seve ral tens of thousands of hours. This is orders of magnitude beyond 

most numbers published to date. The performance of the electronic devices built with 

organic materials nowadays is far from competing with the established s ilicon 

technology. But the idea is not replacement but expansion of the application of 

electronic devices into new low costi low performance markets. One example could be 

the so often mentioned RF-ID tag for supermarket products to simplify logis tics and 

payment. But the field of poss ible applications is much wider once functional and 

endurable devices can be mass produced. As important as the material itse lf are the 

technologies to fabricate functional devices as will be explained in the next section . 

2.3 Fabrication technologies [15-18] 

Many of the new organic materials are soluble and can therefore be applied in 

liquid form. When the side groups of the building blocks of a polymeric material are 

modified, their solubility can be altered. This approach was successfully used for 

many materials such as poly(phenylenevinylene) (PPV)-derivatives. Using this 

material, the first organic LED based on a polymer was made by spin-casting a 

solution processable precursor [15] . The polymerization process was carried out after 

the thin film had been applied. If the electro-active molecules cannot be mixed with a 
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solvent to form a solution, dispersions may be available which still allow the 

application of liquid-based processing technologies . 

Different methods are used to form thin films. Spin-coating is one of them and 

probably the most widely used due to its simplicity. Especially in laboratory 

applications , this method has become a standard. The film thickness can be adjusted 

by setting the spin-speed and time. A drawback is the large amount of waste 

considering the quantity of material applied compared to the one effectively making 

up the thin film. Therefore, spin-coating is not often used for high volume fabrication. 

Another technique is dip-coating, where the sample is submerged into the 

solution and pulled out again. When the solution is applied to the substrate using a 

mold, the term film casting is used . For large area processing, spraying is the most 

adequate method , since only the required material is applied . The ink-jet process is 

highly analogous to graphical ink-jet printing, tiny droplets of polymer solution are 

propelled onto the substrate in carefully controlled pattern. 

All the technologies mentioned above are low temperature processes. Thi s 

allows using substrates that would not withstand high temperatures such as most 

plastic materials. Flexible, all plastic electronic devices can be built with the novel 

organic conductive and semi-conductive materials and using the fabrication 

technologies explained above. 

2.4 Conjugated polymers: organic semiconductors [19-21] 

Conjugated polymers (CPs) are organic semiconductors. These polymers 

consist of alternating single and double bonds, creating an extended p-network. 

Electron movement within this p-framework is the source of conductivity, with 

respect to electronic energy levels, hardly differs from inorganic semiconductors. 

Both have their electrons organized in bands rather than in discrete levels and their 

ground state energy bands are either completely filled or completely empty. The band 

structure of a conjugated polymer originates from the interaction of the 7!-orbital of 

the repeating units throughout the chain. Figure 2.2 shows commonly known 

conjugated polymers that are conductive. 
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Figure 2.2 Conjugated polymers 

Analogous to semiconductors, the highest occupied band (originating from the 

HOMO of a single thiophene unit) is called the valence band, while the lowest 

unoccupied band (originating from the LUMO of a single thiophene unit) is called the 

conduction band. The difference in energy between these energy band levels is called 

the band gap energy or simply, band gap (Eg). Generally speaking, because 

conducting polymers posses delocalized electrons in TC-conjugated system along the 

whole polymeric chain, their conductivity is much higher than that of other polymers 

with no conjugated system. These latter non-conjugated polymers are usually known 

to be insulators . 
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Figure 2.3 Energy band gaps in materials 
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The different between n-conjugated polymers and metal s is that in metal s, the 

orbitals of the atoms overlap with the equivalent orbitals of their neighboring atoms in 

all directions to form molecular orbitals similar to those of isolated molecules. With N 

numbers of interacting atomic orbitals, there would be N molecular orbitals. In the 

metals or any continuous solid-state structures, N will be a very large number 

(typically 1022 for 1 cm3 metal piece). With so many molecular orbitals spaced 

together in a given range of energies, they form an apparently continuous band of 

energIes 

In insulators, the electrons in the valence band are separated by a large gap 

from the conduction band. However, in conductors like metals, the valence band 

overlaps with the conduction band . And in semiconductors, there is a small enough 

gap between the valence and conduction bands that thermal of other excitations can 

bridge the gap. With such a small gap, the presence of a small percentage of a doping 

material can increase conductivity dramaticall y. 

An important parameter in the band theory is the Fermi leve l, the top or the 

available electron energy levels at low temperature . The position of the Fermi level 

with relate to the conduction band is a crucial factor in determining electrical 

properties. The conductivity of the metal is due either to partly-fill ed valence or 

conduction band, or to the band gap being near zero, so that with any weak elect ri c 

field the electrons easily redistribute . Electrons are excited to the hi gher energy bands 

and leave unfilled bands or "hole" at lower energy. Metals and conducting pol ymers 

exhibit opposite directions of conducting behavior as a function of temperature for 

metallic materials, (some of which become superconducting below certain critica l 

temperature, Te) while it generally decreases with lowered temperature for pol ymeri c 

semiconductors and insulators . 

Since n-conjugated polymers allow virtually endless manipulation of their 

chemical structures, the control of the band gap of these semiconductors is a research 

issue of ongoing interest. This " band gap engineering" may give the polymer its 

desired electrical and optical properties . Reduction of the band gap to approximately 

zero is expected to afford an intrinsic conductor like metal. 
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2.5 Poly (3,4-ethylenedioxythiophen) (PEDOT) [22-27] 

Chemical modifications of poly thiophene have been widely carried out in 

recent years to satisfy different application requirements. The most familiar and 

important one is regioregular poly(3,4-ethylenedioxythiophene) (PEDOT) . PEDOT is 

also one of the few examples within the conjugated polymer family which is both p

and n-dopable. It is well known that upon electrochemical p-doping (n-doping) 

conducting polymers undergo oxidation (reduction) of the polymer backbone 

resulting not only in an increase of their electronic conductivity but also in structural 

transitions which give rise to spectral changes. 

~o 

U s 

(a) 

Figure 2.4 EDOT (a) and PEDOT (b) 

PEDOT has been developed into one of the most successful material s from 

both fundamental and practical perspective. It possesses several advantageous 

properties as compared with other polythiophene derivatives: it combines a 10\\ 

oxidation potential and moderate band gap with good stability in the oxidized state. 

Also , by blocking the ~-positions of the heterocyclic ring, the f0n11ation of <X-~ 

linkages during polymerization is prevented, resulting in a more regiochemicall y 

defined material. In addition to a high conductivity (550 S/cm in the electrochemical 

doped state), PEDOT is found to be highly transparent in thin, oxidized film s. As a 

result, PEDOT derivatives are now utilized in several industrial applications including 

antistatic coatings for photographic films, electrode material in solid-state capacitors, 

substrates for electro less metal deposition in printed circuit boards, indium tin oxide 

(ITO) electrode-replacement material in inorganic electroluminescent lamps , and hole 

conducting material in organic/polymer-based light-emitting diodes (OLEOs/PLEOs). 

3,4-Ethylenedioxythiophene (EOOT) is a commercially available, oxidatively 

polymerizable monomer which polymerizes at relatively low applied potential s (+ 1.0 

V vs Ag/Ag+) . Jonas and Heywang [24] first polymerized EOOT to poly(3,4-
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ethylenedioxythiophene), (PEDOT), and found the polymer to be useful for antistatic 

coatings. Inganas and co-workers [26] showed the usefulness of PEDOT as a potential 

material for electrochromic devices due to its ability to cycle between an opaque blue

black in the reduced (undoped) state and a transmissive sky blue in the oxidized 

(doped) state. Conductivities reported for PEDOT prepared electrochemically range 

from 10 to 100 S/cm, and these conductivites have been found to be stable for up to 

1000 h at 120 °C in a laboratory atmosphere. 

2.6 Solid state synthesis of PEDOT [28-30] 

Polymerization of PEDOT by traditional oxidative polymerization with FeCI] 

in organic solvents gives an insoluble blue-black polymer powder. The limitations of 

traditional polymerization methods can be a serious problem for PEDOT applications 

as well as for in-depth investigation of molecular order in thi s conducting polymer. It 

is generally not possible to obtain a well-defined polymer structure, unless the 

synthesis of conducting polymers is carried out via pure chemical polymerization 

routes, without adding any catalysts. A possible so lution for this lies in a solid-state 

polymerization of a structurally pre-organi zed crystalline monomer. 

The advantages of solid-state polymerization (SSP) include low operating 

temperatures, which restrain side reactions and them1al degradation of the product, 

while requiring inexpensive equipment, and uncomplicated and environmentally 

sound procedures . Also by-products can be easily removed by application of vacuum 

or through convection caused by passing an inert gas. 

In 2003, Meng et al. [29-30] reported that the so lid-state polymerization (SSP) 

of DBEDOT was discovered by chance as a result of prolonged storage (2 years) of 

the monomer at room temperature. The colorless crystalline DBEDOT, with time, 

transformed into a black blue material without apparent change of morphology. 

Surprisingly, the conductivity of this decomposition product appeared to be very high 

(up to 80 S/cm) for an organic solid. Even though this type of non catalytic coupling 

was not known in organic chemistry, indeed, the most likely explanation for the 

observed transformation was polymerization with formation of bromine-doped 

PEDOT. The following characterizations unequivocally confirmed the proposed 

structure (see below). 
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The room-temperature conductivity of different SSP-PEDOT samples was 

measured by the four point probe method (Table 2.1). The highest conductivity 

belongs to the polymer prepared at lowest temperature and longest reaction time, 

which may reflect achievement of a higher degree of order. Indeed , heating above the 

monomer 's melting point results in dramaticall y reduced conductivity (0.1 S/cm), 

which rises up to 5.8 S/cm after doping with iodine, approaching the value of an 

FeCb-synthesized PEDOT (7.6 S/cm). Not very significant, but certain increase in 

conductivity of SSP-PEDOT (about 2 times) was found on exposing a sample to 

iodine vapor. 

From the experiment, they concluded that heating DBEDOT in the so lid stat e 

resulted in an unprecedented se lf-coupling reaction and gave highl y conduction and 

relatively well-ordered bromine-doped PEDOT. Furthermore, heating DBEDOT 

above its melting point led to polymer with a lower conductivity. 

Table 2.1 Conductivity data of PEDOT polymers 

CYrt (SSP-PEDOT)/ CYrt (FeCI3-PEDOT)/ 

Scm - I Scm -I 

Reaction Temperature C°C) 20 60 80 120 0-5 

Reaction time 2 years 24 h 4h 24 h 24 h 

"crystals"/ " [j bers" 80 33 20 NA N/A 

pellets as synthesized 30 18 16 0.1 N/A 

pellets after Iz doping 53 30 27 5.8 7.6 

thin films N/A 23 N/A N/A N/A 

Thin films after Iz doping N/A 48 N/A N/A N/A 

N/A = Not available 
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2.7 Processibility 

Poly(3 ,4-ethylenedioxythiophene) (PEDOT) and other conductive polymer are 

convenient for oxidative polymerization by using oxidizing agents such as iodine and 

FeCl) and other way by electrochemical polymerization. These methods yielded non 

processible polymers product with hard , brittle, insoluble in most solvent and 

nonfusible even by heating up to their decomposition temperature. 

Out of this thinking came the first exploratory polymerizations by Bayer and 

AGf A of PEDOT with the intent of applying it to the field s of antistatic coatings and 

photographic films . Chemical polymerization, aqueous di spersions of PEDOT: PSS , 

Baytron@' synthesized by lnganas et al.[26], is successfully used and the fabrication 

vo lume of coated photographic film per year exceeds 108 m2
. Poly(styrenesulfonate) 

(PSS) is used as a dopant for PEDOT. The doping process of the conjugated polymer 

is done by acid- rather than redox-doping. Thus, the PEDOT does not act as an 

electron donor but accepts a proton from the suI fonate group of the PSS dopant. A 

C=C n-bond of the EDOT opens up and the C bonds to an I [+ donated by the acid. As 

a result , there is a net positive charge on the PEDOT chain that wil l strongly attract 

the negative charge left on the acid. Since this happens at many points along the 

polymer, PEDOT and PSS become close ly intel1wined . An unpaired n- electron 

remains on the PEDOT chain that is highly mobile along the conjugated backbone 

and leads to a high conductivity. Other dopants reported in literature include Tosylate 

and inorganic materials such as Phosphomolybdate. 

n 

Figure 2.5 Poly(3 ,4-ethylenedioxythiophene)/polystyrene sulfonic acid (PEDOT/PSS) 
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However, PEOOT:PSS also suffers from low conductivity of less than I S/cm, which 

is lower than that of some good conducting polymers by one to two orders of 

magnitude. Also, it is typically laid down in an acidic water-based solution whose 

corrosive properties cause other problems [31]. 

In this study, we have purposed the newly way to overcome the mechanical 

properties of PEOOT is to blend it with another insulating polymer. Composites have 

been formed by directly dispersing a soluble precursor polymer, OSEOOT, into an 

insulating polymer matrix which can form solid film by casting then transformed into 

PEDOT/polymer by thermal treatment or solid state polymerization . Polymer matri x, 

polystyrene and polybutadiene are chosen as matrices because they are readil y 

available, and are easy to cast into desired forms maintaining the mechanical integrity 

of the matrix. Most of all, they can be easily mixed with OSEOOT in organic solvent. 

The following is work related to the preparation of conducting polymer composite 

based on polystyrene. 

In 2002, Costa et al. [32] produced new' conductive composite material , 

polystyrelle/polypyrrole particles, and investigated percolating system in thi s 

composite by the electrical and dielectrical properties. The electrical conductivity of 

PS/PPy particles was observed when used percolation threshold at a volume 

concentration about 12% of PPy. At the same concentration, true dielectric response 

of polymer could be found at low frequency. Analysis of the data indicates that the 

onset of the percolating path can be seen in the conductivity data as well as in the true 

dielectric response data . 

In 1998, Roichman and coworkers [33] developed PS/PANf-OSSA composite 

by synthesized PANI-H2S0 4 powder then de-dope and re-dope with functionalized 

protonic acid and dodecyl benzene sulfonic acid (OSSA), respectively, in order to 

induce solubility in xylene and compatibility with PS . The best blend integration was 

observed at high quality of the PAN I-OSSA dispersion and the highest amount of 

excess OSSA. Least dense of PANI resulted in a higher conductivity. Therefore, to 

synthesize PANI-OSSA, it would be advantageous to prevent the formation of a 

dense complex structure by using condition, namely, high oxidant addition rate, an 

excess of oxidant, relatively high polymerization temperature and short synthesis 

duration. 
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2.8 Effect of doping [34] 

The doping is an addition of an agent into the polymer and is expected to 

improve the conductivity of the polymer. Reversible "doping" of conducting 

polymers, with associated control of the electrical conductivity over the full range 

from insulator to metal , can be accomplished either by chemical doping or by 

electrical doping. Concurrent with the doping, the electrochemical potential is moved 

either by a redox reaction or an acid base reaction into a region of energy where there 

is a high density of electronic states; charge neutrality is maintained by the 

introduction of counter-ions. Metallic polymers are, therefore, sa lts. Consequently, 

doped conjugated polymers are good conductors for two reasons : 

1. Doping introduces carriers into the electronic structure. Since every 

repeating unit is a potential redox site, conjugated polymers can be doped 

n-type (reduce) or p-type (oxidized) to a relatively high density of charge 

carn ers. 

p-l)pe 

(rr-polymer)n + 3/2 ny (b) --. [(rr-pol ymert y (13-)Y]n 

IHyp e 

(rr-polymer)n+ [Na +(naphthalide)" L --.[(Na +)y((rr-polymerry
] n 

+ (naphthalene)" 

When the doping level is sufficientl y high, the electronic structure evolves 

toward that of a metal. 

2. The attraction of an electron in one unit to the nuclei in the neighboring 

units leads to carrier delocalization along the polymer chain and to charge 

carrier mobility, which is extended into three dimensions through 

interchain electron transfer. 

Disorder, however, limits the carrier mobility and in the metallic state, limits 

the electrical conductivity. Indeed, research directed towards conjugated polymers 

with improved structural order and hence higher mobility is a focus of current activity 

in the field. Charge injection onto conjugated, semi-conducting macromolecular 

chains, or "doping", leads to the wide variety of interesting and important phenomena 

which define the field . The doping can be accomplished in a number of ways; 

chemically or electrochemically dope. 
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2.9 Theoretical Aspects of Charge Transfer [35] 

Electron or charge transfer in conjugated polymers determines whether the 

polymer is conductive or insulating. How the charge is transpol1ed determines the 

performance o[ the devices fabricated from the polymer. Oxidation or reduction of a 

conjugated polymer leads to the introduction o[ positive or negative charges into the 

polymer chain, giving rise to an increased conductivity. The term doping can be 

misleading as what occurs is best viewed as a redox process. The insulating neutral 

polymer is converted into a salt consisting of a polycation (or polyanion) and 

counterions, which are the reduced forms of the oxidizing agent (or the oxidized 

forms of the reducing agent). from a chemical point of view, the "doped" polymers 

are actually new compounds - carbocations or carbanions of the origina l compound. 

Using so lid-state physics language, however, oxidation corresponds to p-type 

doping and reduction to !Hype doping. P-doping occurs with a positive applied 

vo ltage , under \V'hich conditions the polymer chain is oxidized. Electrons move [rom 

the cha in to the electrode giving rise to polarons (partiall y delocalized radical cations; 

see Figure 2.6) and bipolarons (polaron with a second electron removed) in the chain. 

Polarons and bipolarons may be viewed as e lectron holes, wh ich can move along the 

chain to produce an electrical current. Anions become incorporated into the polymer 

matrix to compensate the positively charged polymer backbone. N-doping occurs 

when a negative appli ed potential is app li ed to the polymer, under which condit ions 

negative charges are created in the chain as electrons move from the e lectrode to the 

polymer. Consequently, cations [rom the so lution become incorporated into the 

polymer structure to compensate for the negatively charged polymer backbone. 

Electrons serve as charge carriers in this case. 
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Figure 2.6 Depictions of a) neutral (undoped chain), b) polaron, and c) bipolaron 

Overall conductivity in a polymer is determined by both its intramolecular and 

intermolecular conductivities. Chain length plays the most important role in 

intramolecular conductivity. The longer the conjugated n-system, the greater the 

conductivity will be. Intermolecular conductivity returns us to the electron/hopping 

discuss ion which first arose when making a distinction between redox and conjugated 

polymers. Intermolecular conductivity is due to the same phenomenon as one finds in 

redox polymers (hopping). Because conjugated polymers are normally constructed of 

layered planar conjugated molecules, the attractive interactions between n-electron 

clouds enhance electron hopping between layers . This has been labeled n-dimeri

zation. 

The doping level is a measure of to what degree the polymer is oxidized or 

reduced . The electrically conducting form is obtained when the polymer is doped. For 

example, the polymer polyacetylene exhibits a conductivity of 10-9 n-1cm- 1 in its 

undoped form while achieving conductivities of 103 n -1cm-1 and higher in the doped 

form . The electrical conductivity is strongly dependent upon the polymer 's doping 

level. Polymers may be doped either chemically or electrochemically. The doping 

level is normally higher for electrochemically doped polymers than for chemically 

doped polymers. With chemical doping, electron acceptors (p-doping) or electron 

donors (n-doping) need to be added to the solution in order to make the doping 

reaction take place. Some examples are oxygen, h and arsenic pentafluoride. A 
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polymer can be doped electrochemically by simply applying an appropriate potential 

across the film in the presence of counterions. 

In Figure 2.7, uv-vrs spectroelectrochemical curves recorded for different 

electrode potential are shown for regioregular poly(3,4-ethylenedioxythiophene) 

prepared USll1g the method of K varnstrom and coworkers [36). Cyclic 

voltammograms of poly(3,4-ethylenedioxythiophene) unambiguously indicate that 

oxidative doping of thi s polymer is a two-step phenomenon since two overlapping 

redox couples are clearly seen. This two-step oxidation is also manifested in UV-vis 

spectroelectrochemical studies. The spectra recorded for increasing doping levels 

show gradual bleaching of the 1'[-1'[* transition with simultaneous growth of two peaks 

at 580 nm and 700 nm, usually ascribed to the formation of bipolaron sub-gap states. 
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Figure 2.7 UV -VIS absorption spectra of PEDOT film on ITO during the oxidation 

process in 0.1 M TBAPF6-acetonitrile. The potential range is -1.0-+0.6 V, scan rate 

100mV/s. 

2.10 Effective conjugation length (EeL) 

Ideally, a conducting polymer would have its n electrons in the unsaturated 

bonds conjugated throughout the whole chain. This requirement usually does not hold 

due to the following: 

i) Formation of defects in polymer 

ii) Twisting of plans structures out of conjugation in the polymer. 
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Examples of the two reasons above are shown in Figure 2.8. Formation of a 

defect in polyacetylene as a saturated sp3 -hybridized methylene caused the disruptive 

effect in the flow of electrons on polymer chain. In another case, the steric incumbent 

between adjacent R groups on HH thienyl units in irregular poly(3-alkylthiophene) 

brought about the twisting of the thienyl ring planes out of coplanarity, causing an 

increase in the energy needed to allow the flow of electrons through the polymer 

chain, hence making the polymer chain less conductive. 

I 
""'~"'" R 

Polyacetylene Poly(3-alkylthiophene) 

Figu,'c 2.8 A defect in polyacetylene and steric-induced structure twi sting in poly(3-

alky I thi phene) 

Another possible reason would be the twisting of polymer chain , which occurs 

randomly at the single bonds and divided the polymer into separated sections with 

their own co planarity (figure 2.9). Twisting of polymer chain would al so cause the 

reduction of conjugation in the polymer. 

Figure 2.9 Twisting of poly thiophene 

2.11 Conductivity measurement by four point probe technique [37] 

The four point probe, as depicted schematically in Figure 2 .10, contains four 

thin collinear tungsten wires which are made to contact the sample under test. Current 

J is made to flow between the outer probes , and voltage V is measured between the 

two inner probes, ideally without drawing any current. If the sample is of semi-
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infinite volume and if the interprobe spacings are s ,= S2 = S3 = s, then it can be shown 

that the resistivity of the semi-infinite volume is given by 

po = 2ns (VII) (2. 1 ) 

c:: Wafer 

Figure 2.10 Schematic representation of 4-point probe configuration 

The subscript 0 in the preceding equation indicates the measured value of the 

resi stivity and is equal to the actual value, p, only if the sample is of semi-infinite 

volume. Practical samples, of course, are of finite size. Hence, in general, p is not 

equal to po. Correction factors for six different boundary configurations have been 

derived by Valdes'. These show that in general if I, the distance from any probe to the 

nearest boundary, is at least 5s, no correction is required. For the cases \vhen the 

sample thickness is <= 5s, we can compute the true resistivity from 

po = 2ans (V I I) = apo (2.2) 

where a is the thickness correction factor which is plotted on page GT-2. from an 

examination of the plot, we see that for values of tis >= 5 the corresponding value of a 

is unity. Thus, for samples whose thickness is at least 5 times the probe spacing, no 

correction factor is needed. Typical probe spacings are 25-60 mils and the wafers used 

in most cases are only 10-20 mil s thick, so unfortunately we cannot ignore the 

correction factor. Looking again at the plot, however, we see that the curve IS a 

straight line for values of tis <= 0.5. Since it is a log-log plot the equation for the line 

must be of the form 
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a = K (Usyn (2.3 ) 

where K is the value of a at (tis) = I, and m is the slope. Inspection of the plot sho\vs 

that in this case m = 1. K is determined to be 0.72 by extrapolating the linear region 

up to the value at (tis) - 1. (The exact value can be shown to be 1/(2In2).) Hence for 

slices equal to or less than one half the probe spacing 

a = 0.72 (Us) (2.4 ) 

When substituted into the basic equation we get: 

Po = 2ans (V/l) = 4.53 (VII) for tis <= 0.5 (2.5 ) 

All samples used in the lab satisfy the one-half relationship so the above 

formula can be used to determine p. Resistivity measurements will be performed on 

the starting material for each experiment. The value of p obtained will be referred to 

as the bulk resistivity, and the units are Q-cm. If both sides of Equation (2.5) are 

divided by t we get 

Rs = pit = 4.53 (VII) for tis <= 0.5 (2.6) 

which we refer to as sheet resistance. When the thickness t is very small , as would be 

the case for a diffused layer, this is the preferred measurement quantity . Note that Rs 

is independent of any geometrical dimension and is therefore a function of the 

material alone. The significance of the sheet resistance can be more easily seen if we 

refer to the end-to-end resistance of a rectangular sample. 

Therefore, Rs may be interpreted as the resistance of a square sample, and for 

this reason the units of Rs are taken to be Ohms per square or Q/sq. Dimensionally, 

this is the same as Q, but this notation serves as a convenient reminder of the 

geometrical significance of sheet resistance. 



CHAPTER III 

EXPERIMENTAL 

3.1 Materials 

All reagents and material s were analytical grade and used without further purification 

1. Acetone 

2. Acetic acid glacial 

3. Chloroform 

4. Dichloromethane 

5. 2,3-dihydrothieno[3,4-b ]-1 ,4-dioxin 

6. I ,4-dioxane 

7. Ethanol 

8. Hexane 

9. N-bromosuccinimide 

10. n-butanol 

11. Sodium hydrogen carbonate 

12. To luene 

13. Polystyrene (Mw= 3 x 105 
) 

14. Polybutadiene (Mw= 4 x 104
) 

3.2 Equipments 

: Merck 

: Merck 

: Fluka 

: Fluka 

: Aldrich 

: Merck 

: Merck 

: Fluka 

: Merck 

: Lab-scan 

: Lab-scan 

: Merck 

: Dow Chemical 

: Dow Chemical 

3.2.1 Nuclear Magnetic Resonance (NMR) Spectrometer 

All spectra were co ll ected by NMR model Varian Mercury plus 400. Sample 

was dissolved in CDCi) and operated at 399.84 MHz for IH and 100.54 MHz for I3C 

nuclei . 

3.2.2 UV-visiblc Spectrophotometer 

UV-visible spectrophotometer model UV-2550 SHIMADZU was used to 

investigate surface absorption spectrum of PEDOT/polymer composite film and 

extracted PEDOT powder. 
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3.2.3 Mass Spectromet."y (MS) 

Molecular weight of OB EOOT was analyzed by Mass spectrometry 

(Micromass Quattro micro API) using chloroform as the so lvent. The instrument was 

operated by using CP-sil 8 column (30m x 0.25mm), injection vo lumn = 1 ~L. , split 

ratio = 200, column flo w = 2 mL min"! and column oven = 250 DC at 10 DC min"!. 

3.2.4 Fourier-Transform Infra."ed Spectrophotometer (FT -IR) 

IR spectra of a standard PEOOT and PEOOT extracted from the 

PEOOT/polymer composite film were analyzed by FT -IR model Nicolet Impact 410. 

3.2.5 Four-Point Probe Conductometer 

The conductivity va lues of PEOOT/polymer composite films were determined 

by a four-point probe conductometer model KEITHLEY Semi cond uctor 

Characterization System 4200. The reported conductivity is an ave rage va lue 

measured from four different areas when 100 measurements for each area were 

performed. 

3.2.6 X-ray Diffractometer (XRD) 

Oiffractograms of standard PEOOT and extracted from the PEOOT/polymer 

composite film by XRO model Rigaku 0 5000 using a scan range of 5.00-50.00 

degree, a scan speed of 5.00 deg min"! and a sample width of 0.020 degree. 

3.2.7 Thermogravimetric Analysis (TGA) 

The combustion stage and melting point were investi gated by a Mettler Tol edo 

thermo gravimetric analyser model TGA/S OTA 851 . PEOOT/polymer composite film 

was analyzed by heating from 30 DC to 600 DC using 20 DC min"! heating rate under 

ambient atmosphere. 

3.2.8 Optical Microscopy (OM) 

The surface morphology of PEOOT/polymer composite film was visuali zed at 

a magnification of x40 by reflection mode of Optical Microscopy model National 

OC4-156-S with sunlight lamp. 



3.3 Methods 

3.3.1 Synthesis of 2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT) 

/\ 
o 0 

'd 
S 

EDOT 

Scheme 3.1 Bromination of EDOT 

2.1 eq NB S 

rO 
B,J:i-B' 

DBEDOT 
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To a stirred solution of 3,4-ethylenedioxythiophene (EDOT) (1 .14 g, 8 mmol) 

dissolved in a 2: 1 (v/v) mixture of chloroform (18 mL) and glacial acetic acid (9 mL) 

was added s lowly 2.1 eq N-bromosllccinimide (NBS) (2 .99 g, 16.2 mmol). The 

reaction was carried out at 0-5 DC under a nitrogen atmosphere for 8 h. Then the 

mixture was quenched and washed with 1.5% sodium hydrogen carbonate solution 

(100 mL x 3 times) . The organic layer was separated and the aqueous layer was 

extracted with chloroform. The combined chloroform extract was dried with 

anhydrous magnesium sulfate. During the solvent removal by rotary evaporator, 3 mL 

of ethanol were added to the evaporating flask when 2 mL of the chloroform solution 

was left. DBEDOT product obtained as white needle-like crystals in 1.9 g (80%) was 

characterized by 1 H-NMR, I3C-NMR and MS. 

3.3.2 Prepar-ation of PEDOT/polymer composite film 

A toluene solution of 0.075 g of DBEDOT and 0.025 g of polystyrene or 

polybutadiene was sonicated in an ultrasonic bath for IS min. The 0.5 mL solution 

was drop-cast on a glass slide to form a thin film of 2.5 inches in diameter. The 

so lvent was removed under reduced pressure for 30 min . The glass substrate covered 

with a thin film of polymer containing DBEDOT was put in a closed vial and then 

heated in an oven (at 50 or 70 DC) for a desired period of time . The resulting 

PEDOT/polymer composite film was then characterized by OM, TGA, UV -Visible 

spectroscopy. Conductivity of the PEDOT/polymer composite film was detem1ined 

by a four-point probe conductometer. The average percentage yield of the PEDOT 
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formed in the PEDOT/polymer composite film was calculated from the weight of the 

PEDOT obtained after the polymer matrix was removed by soxhlet extraction with 

toluene overnight (x3 times) . 

1\ o 0 H 50°C 

Br~s~Br 8h 

DBEDOT 

rO 
~ 

PEDOT 

Scheme 3.2 Solid state polymerization of DBEDOT 

3.3.3 Doping with Iodine 

+ Br2 (9) 

After being kept in a closed vial for 1 month in a dess icator, a 

PEDOT/polymer composite film was placed in an iodine chamber for 2 h. The 

conductivity of the composite film was then measured by four-point probe 

conductometer. 



CHAPTER IV 

RESULTS AND DISCUSSION 

The aim of this work is to form polymer composites containing 3,4-

polyethylenedioxythiophene (PEDOT) by solid state polymerization of 2,S-dibromo-

3,4-ethylenedioxythiophene (DBEDOT) in the matrix of commercially available 

polymer i.e. polystyrene (PS) or polybutadiene (PB). This chapter is divided into 3 

parts. The first part involves a synthesis of DBEDOT by bromination of 

ethylenedioxythiophene (EDOT). The second part is dedicated to the preparation of 

PEDOT/polymer composite films . Several parameters that can affect physical 

properties and conductivity of the composite films were investigated including 

polymer matrix (PS vs PB) , DBEDOT:polymer weight ratio , DBEDOT concentration , 

time and temperature used in the step of solid state polymerization (SSP) . The last 

part investigates the effect of storage on the conductivity of the composite film and 

the potential of re-doping by iodine. 

4.1 Synthesis of 2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT) 

DBEDOT is the monomer to be used for solid state polymerization to form 

PEDOT. DBEDOT can be synthesized by bromination of EDOT as shown in Scheme 

4.l. 

~ o 0 
H 2.1 eqNB S 

( _) 21 CIICI3 CI1 3COOH 
S 

EDOT 

Scheme 4.1 Bromination ofEDOT 
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The mechanism of bromination on EDOT was purposed into 2 poss ible path 

ways 

Br Br::?\d"o 1 1\ + 0\y:N d'l ~ 0\y-N ~H (1 
+ HO- C-CH - -3 s / f I .. / 
~ ~ 

o 0 0 ° H _ Br, _~ 
Br--Zs)\-H HD(~ 

~JJ-d b 
( ~ 

Br S Br 

11 

Scheme 4.2 Bromination mechani sm through electrophilic aromatic substitution 

+ 

[80 1r~oj 
j 

O~o ~ o 0 _ JJ- --.:=L Br~ +O~Nyo 
Br S H H s -t) ~ 

1 ~ CH 3COOH j 
~ o,;;_t H -Z_>--- o~NyO 

Br S Br ~ 

Scheme 4.3 Bromination mechanism through radical-based single electron transfer 

followed by aromatic substitution. 

Unlike the method described by Meng and coworkers [31], the bromination of 

EDOT using N-bromosuccinimide (NBS) in this work is a one step process . The 

quenching and neutralization were done simultaneously by washing the chloroform 

layer with l.5% NaHC03 solution (100 mL x 3 times). The crystallization of 
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OBEOOT product was then induced by an addition of a small amount of ethanol (3 

mL) to a concentrated chloroform solution (containing - 2 mL of chloroform) after 

most of chloroform was removed under reduced pressure using a rotary evaporator. 

White needle-like crystals with 80% yield were recovered after all the solvent (both 

chloroform and ethanol) was removed without further purification by column 

chromatography. The product was characterized by 'H-NMR, 13C-NMR and MS. 

'H-NMR spectra of the synthesized OBEOOT and EOOT were shown 111 

Figure 4. 1. The absence of a signal at 6.4 ppm suggested that the protons of EOOT at 

a position to sulfur were substituted by bromine atoms after bromination by NBS . 

There are 3 signals appearing in the '3C-NMR spectrum of the synthesized OBEDOT 

shown in Figure 4 .2. The signal at 65 ppm belongs to two carbons at the ethylene 

bridge. The signals at 86 and 140 ppm can be assigned to two carbons at - C-O 

position in thiophene ring and two carbons at - C-S position , respectively . 

b b 
/\ 

o 0 

b ada a 
S 

EDOT 

A ,----.----, I -- I I I I I 

b b 
1\ 

Jr{ b Y \ 

~~ 
Br S Br 

DBEDOT 

1 
-rr~ iii iii i "-1 ' r i r ! Iii ill iii I Iii iii Iii Iii iii i f i I I i 

• • , • , . 3 2 I a 

Figure 4.1 'H-NMR spectra of EOOT and OBEOOT 
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Figure 4.2 13C_NMR spectrum o fDB EDOT 

MS spectrum of the synthes ized DB EDOT IS shown in Figure 4,3. The 

spectrum gives the co rresponding molecular we ight of DB EDOT and exhibits the 

characteri stic I :2: I tripl e t molec ul ar s igna l of two bro mine a toms. 
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Figure 4.3 M S spectrum of DBEDOT 
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4.2 Solubility tests of DBEDOT 

It was found that DBEDOT was highly soluble in all common organic solvents 

tested . The result is shown in Table 4 .1 and its solution was stable when heated above 

solvent boiling point. DBEDOT melting temperature is 105-106°C. 

Table 4.1 Solubility of DBEDOT 

Solvent 

Ethanol 

1,4-Dioxane 

Chloroform 

Butanol 

Dichloromethane 

Toluene 

Solubility test 

Soluble 

Soluble 

Soluble 

Soluble (slow) 

Soluble 

Soluble 

Hexane Soluble (with s li ghtly heat) 

4.3 Preparation of PEDOT/polymcr composite film 

The preparation of polymer composite film containing 3,4-polyethylenedioxy 

thiophene (PEDOT) was performed by so lid state polymerization (SSP) of DBEDOT 

(Scheme 4.4) in the matrix of commerciall y avai lable polymers which are polystyrene 

(PS) or polybutadiene (PB). PS was selected as a representative of semi-crystalline 

polymer having a glass transition temperature (Tg) above room temperature which is 

100 °C. PB was chosen as an amorpholls polymer having a T g well below room 

temperature which is -100 °C. 

d"o 
B'~B' 2, 

DBEDOT 

1\ o 0 

AA 
PEDOT 

Scheme 4.4 Solid state polymerization of DBEDOT 

., Br2 (9) 
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The mechanism of SSP of DBEDOT has been proposed by Meng and el al. [30]. 

DBEDOT molecules in the form of crystal pack closely in parallel fashion which 

facilitates polymerization process in solid state . Most likely, the polymeri zation 

occurs along the stacks of the monomer and must be accompanied by significant 

rotation and some movement of the molecules. DBEDOT can transform to PEDOT by 

condensation during heat treatment. The initiation involves oxidation of DBEDOT by 

bromine (Br2) and generates DBEDOT radical carbocation. In the propagation step , 

this radical carbocation first reacts with another DBEDOT to form DBEDOT dimer, 

also in the form of radical carbocation. The elimination of bromine then yields 

DBEDOT dimer which will go through the propagation step and eventually form s 

PEDOT. The presence of bromine in the reaction, in fact, facilitates polymerization 

in the initiation step. 

Br-<S';;-Br 

H 
1\ 1\ 0 0 Br 
aHa Br2 0 a ~ 
-<Y--~n . 

Br S Br Br s · Br 

1\ 
o a 

Br Br 

1\ 
o a 

~\ S Br 
Br S ~ /, 

• 
-Br2 ~ 

Scheme 4.5 Mechanism of solid state polymerization of DBEDOT 

In order to prove whether the SSP of DBEDOT proceeds and PEDOT can be 

formed in the matrix of other polymer, we first conducted an experiment by using PS 

as a matrix and toluene as a solvent for di sso lving PS . Toluene was chosen for several 

important reasons: (1) it can readil y di sso lve both DBEDOT and the polymer matri x 

(PS and PB) , (2) its boiling point is not too high so the removal after the film 

formation is not too difficult, and (3) it is an aprotic, non-polar solvent so there should 

be no concern about the interaction between DBEDOT and the solvent that might 

interfere with the polymerization process. The SSP was performed at 50°C for 7 h 

using the DBEDOT/PS weight ratio of 3:1 and the concentration of DBEDOT of 

0.225 mg miL. The physical appearance of the resulting PEDOT/PS composite film 

was characterized. The PEDOT extracted from PEDOT/PS composite film was also 

characterized by UV -Visible spectroscopy and FT -IR spectroscopy. 
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As illustrated in Figure 4.4, upon heating, the color of the composite film cast 

from the mixture of PS and DBEDOT on a glass substrate gradua ll y changed frol11 

colorless to dark green and completely turned dark blue within 7 h. The blue color can 

be used as an indication of the transformation of DBEDOT to PEDOT. If the SSP was 

performed in a closed vial, brown gas and liquid of bromine can also be observed. 

Figure 4.4 Physical appearance of the composite film cast from the mixture of PS and 

DBEDOT (DBEDOT/PS weight ratio = 3: I) upon heating at 50°C for up to 7 h. 

FT-IR spectra of PEDOT prepared by SSP of DBEDOT in the absence of the 

polymer matrix , which wi ll be ca ll ed "controlled PEDOT" (a) and PEDOT extracted 

from PEDOT/polymer composite film which will be ca ll ed "extracted PEDOT" (b) 

are displayed in Figure 4.5. The fact that the FT -IR spectrum of the extracted PEDOT 

exhibits the same fingerprints as those of the contro lled PEDOT confirms the success 

of SSP in the PS matrix. The peak assignments of PEDOT based on the literatures are 

given as follows [38]. The peaks at 1510.9 and 1410.0 cm- I originate from the 

asymmetric stretching of C=C and symmetric stretching of C=C, respectively. The 

peak at 1355 .7 cm - 1 is assigned to C-C inter-ring stretching. The peak from C- C 

anti symmetric stretching can be seen at 978.6 cm - I. The peak at 901.1 cm - 1 

corresponds to the ethylenedioxy ring deformation. The peaks at 1079.3 and 746.1 

cm - 1 are assigned to the = C- O stretching and C- S-C bending, respectively. 
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Figure 4.5 FT-IR spectra ofCa) controlled PEDOT and (b) extracted PEDOT. 

To confirm the coexistence of PEDOT and PS in the composite films, the 

characterization by TGA was performed. Figure 4.6 di splays TGA chromatograms of 

PEDOT/PS composite films (2 DBEDOT/PS weight ratios: 1: 1 and 3: I ), PS and 

controlled PEDOT. There are three distinct stages of weight loss in the PS/PEDOT 

composite films. The weight loss at ~ 120 DC corresponds to the removal of bromine 

gas while those at ~200 °c and ~ 400°C can be assigned to the loss of fragments of 

PEDOT and PS , respectively. The magnitude of weight loss at - 200°C is 

proportional to the composition of PEDOT in the composite, meaning the greater the 

weight loss, the higher the amount of PEDOT in the composite film. 
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Figure 4.6 TGA thermograms of (a) PS, PSIPEDOT composite film prepared using 

DBEDOT/PS weight ratio of (b) l:1 , (c) 3:1, and (d) controlled PEDOT 

UV- Vis spectra recorded at solid state of PEDOT/PS composite film , the 

extracted PEDOT, and the controlled PEDOT are shown in Figure 4.7. The extracted 

PEDOT and the PEDOT/PS composite film exhibit one absorption band with a 

maximum at - 350 nm, corresponding to the n-n* transition of the conjugated main 

chain , at neutral state (undoped), and the other one wh ich is weaker and broader at 

550 nm, corresponding to the n-n* transition of conjugate main chain with inter-chain 

interaction and n-stacking. The latter band usually appears during the doping process 

of conjugated polymers and is ascribed to polaron type carriers [39]. The controlled 

PEDOT (b), on the other hand , shows only the broad absorption band at 580 nm 

indicating that the PEDOT is only in the doped state. The red shift of thi s band (from 

550 nm) implies that there is more order and n-stacking of PEDOT molecules when 

they were polymerized in solid state in the absence of the polymer matrix. Tn the 

presence of polymer matrix, SSP was evidently less efficient resulting in the PEDOT 

with less degree of order. The appearance of the absorption band due to the neutra l 

state suggests that a part of the PEDOT in the extracted PEDOT and the PEDOT/PS 

composite film was undoped. This can be explained as a result of bromine (acts as 

dopants) loss during extraction process in the case of the extracted PEDOT. The 
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toluene so lution which became sli ghtly ye llow implies that there was bromine 

extracted out with the polymer. The same loss was also observed during SSP of 

DBEDOT in the matrix of PS, as described earlier. 
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Figure 4.7 UV-Visible spectra of (a) extracted PEDOT, (b) PEDOT/PS composite 

film , and (c) contro lled PEDOT 

X-ray diffraction patterns shown in Figure 4.8 reveal the crysta lline structure 

of the extracted PEDOT from PEDOT/PS and PEDOT/PB composite film s in 

comparison with the controlled PEDOT. Simi lar to the XRD pattern of PEDOT 

previously reported by others [40] , the diffraction peaks of the PEDOT appearing at 

scattering angle 28 - 6.1° , 12. 1° and 25.8° can be assigned to the (100), (200), and 

(020) of the orthorhombic crystal structure. The fact that the peaks of the composite 

films are less intense and broader than those of the controll ed PEDOT suggests that 

the structure of controlled PEDOT is more ordered and its crystallinity is higher in 

comparison with the extracted PEDOT. This implication is in accordance with the 

UV -Vis data. 
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Figure 4.8 XRD spectra of (a) controlled PEDOT, extracted PEDOT from (b) 

PEDOT/PS composite film , and (c) PEDOT/PB composite film . 
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4.4 Parameters affecting percentage yield and conductivity of the PEDOTI 

polymer composite films 

This section describes the effects of some parameters on physical properties 

and conductivities of the composite films. 

4.4.1 DBEDOT/polymcr weight ratio 

By fixing the weight of polymer matrix (PS or PB) at 0.025 g and toluene of 

0.3 ml (DBEDOT concentration = 0.225 g mi L), DBEDOT/polymer weight ratio was 

varied. Figure 4.10 displays the percentage yield of PEDOT extracted from the 

PEDOT/polymer composite film as a function of DBEDOT/polymer weight ratio . The 

yield higher than 80% can be obtained in both PEDOT/PS and PEDOT/PB composite 

films when the ratio of 3: I and 4 : 1 were used . In the case of low DBEDOT/polymer 

weight ratio, especially 1: 1 of which DBEDOT quantity is the lowest, the DBEDOT 
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crystals \vere so far apart that they cannot lead to efficient SSP. The extremely 10\\ 

%yield (~3%) of PEDOT was obtained using the ratio of I: I . Heterogenous 

distribution of PEDOT throughout the composite films can be easily observed . The 

composite films were not entirely dark blue. Some area was translucent. Although the 

ratio of 4 : I gave the high %yield of PEDOT, the physical and mechanical integrity of 

the composite films are inferior to those obtained from the 3: 1 ratio. Extensive 

agglomeration and excess quantity of dark blue PEDOT were observed on the surface 

of the composite films. The composite film was al so brittle, especially in the case of 

DBEDOT: Polymer matrix ratio 

Figure 4.9 Percentage yield of extracted PEDOT from PEDOT/PS and PEDOT/PB 

composite films as a function of DBEDOT/polymer weight ratio. The SSP was 

conducted at 50°C for 8 h. 

The conductivity data shown in Figure 4.10 evidently are in good agreement 

with the physical properties and %yield of the composite film s. The 3 : I PEDOT/PS 

composite film exhibited the highest conductivity of 12 S/cm. Apparently , the 

composite films with low %yield and inhomogeneous distribution of PEDOT in the 

matrix were low in conductivity. Unlikely, the conductivity of the PEDOT/PB film 

seems to increase with the DBEDOT/PB weight ratio. The highest conductivity of ~ 3 

S/cm was detected on the 4: 1 PEDOT/PB composite film. Despite their similar 

%yield of PEDOT in the 3:1 composite film (~80%) , the PEDOT/PS composite film 

possesses significantly higher conductivity than that of the PEDOT/PB composite 
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film. It is suspected that the physical properties of the polymer matrix (Tg, surface 

morphology) may playa role in the structure of PEDOT and conductivity. Thi s issue 

will later be addressed. Due to the fact that the 3: 1 DBEDOT/pol ymer weight ratio 

gives PEDOT/polymer composite films with reasonabl y good physical and 

mechanical properties as well as conductivity, it was chosen as the optimal ratio for 

further studies. 
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Figure 4.10 Conductivity of PEDOT/PS and PEDOT/PB composite film s as a 

function of DBEDOT/polymer weight ratio. The SSP was conducted at 50 °C for 8 h. 

4.4.2 DBEDOT concentration 

Figure 4.11 illustrates the percentage yield of PEDOT extracted from the 

PEDOT/polymer composite film as a function of DBEDOT concentration. By using 

the DBEDOT/polymer weight ratio of 3: 1, the concentration of DBEDOT was 

changed by varying the amount of solvent added. A slight increase of %yield of 

PEDOT (4-5%) was obtained upon the increase of concentration from 0.075 g/mL to 

0.225 g/mL (3 times higher). It should be noted that the concentration cannot be 

raised any further because the DBEDOT and polymer mixture became inso luble 

above the concentration of 0.225 g/mL. The explanation that was used to describe the 

effect of the DBEDOT:poiymer weight ratio on the SSP efficiency can also be applied 

here. The greater the quantity of DBEDOT in the mixture, the closer the DB EDOT 

molecules. This gives DBEDOT more chance to polymerize. The suitable distribution 
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and arrangement of DBEDOT in the polymer matrix is very critical to the success of 

SSP because DBEDOT is not allowed to move in the solid state. 

The conductivity of the PEDOT/PS composite film (shown 111 Figure 4.12) 

increases as a function of DBEDOT concentration . The non-linear increase can be 

ascribed to the inhomogeneous distribution of PEDOT in PS matrix at low DBEDOT 

concentration. It seems that a good conductivity can be obtained only when a suitable 

arrangement and distribution of DBEDOT, which can be varied as a function of 

DBEDOT/PS weight ratio and DBEDOT concentration, was employed. The same 

effect is, however, not so strong in the case of PEDOT/PB composite. The 

conductivity cannot be elevated anymore even though the DBEDOT concentration 

was raised from 0.150 to 0.225 g/mL. Once again , this should have something to do 

with the physical properties of the matrix . 
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Figure 4.11 Percentage yield of extracted PEDOT from 3: I PEDOT/PS and 

PEDOT/PB composite films as a function of DBEDOT concentration . The SSP was 

conducted at 50 DC for 8 h. 
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Figure 4.12 Conductivity of PEDOT/PS and PEDOT/PB composite film as a function 

of DBEDOT concentration, using 3: I DBEDOT/polymer weight ratio. The SSP was 

conducted at 50°C for 8 h. 

4.4.3 Effect of temperature and reaction time used for SSP 

Originally, a temperature range of 50-100 °C was chosen to be used for SSP 

mainly because it is below melting temperature of PS (Till of PS = 350 °C, Till of PB = 

50 °C) and DBEDOT (Till = 105 °C) However, it was found that heating above 80 °C 

for more than I h made the composi te film turned dark brown and black. Thi s 

outcome suggests that DBEDOT was decomposed instead of undergoing SSP. For 

this reason, the highest temperature used for the following investigation was 70°e. It 

should be noted that all SSP experiments described previously were performed at 

50°e. 

It was found that at least 6 h of heat treatment is required for the SSP so that 

enough quantity of PEDOT is formed and the conductivity of the composite film 

becomes measurable. It is also obvious that it is thi s same 6 h that the composite film 

began to turn dark blue. The conductivity data shown in Figure 4.13 suggest that the 

highest conductivity was achieved after 8 h of reaction. Evidently, 50°C seems to give 

the composite films with higher conductivity than 70°C both in the case of 

PEDOT/PS and PEDOT/PB composites. We proposed 2 possible explanat ions for this 

outcome: (I) the higher temperature allows the polymer matrix to vibrate much more 
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especially in the case of PS whose Tg is about 100DC. The higher the temperature , the 

closer to the Tg. For this reason , the PEDOT conformation may slightly be changed. 

This causes adverse effect on the packing of the PEDOT chain as well as the 

conjugation length. Since Tg of PB is below room temperature (Tg ~ -20°C), the PB 

can move much more freely than the PS, the ordered packing of the PEDOT in the PB 

matrix is much less efficient. The conjugation length should be quite short. Thi s is 

probably the reason why the conductivity of PEDOT/PB is always lovv regardless of 

the content of the PEDOT in the composite film (see %yield of extracted PEDOT). (2) 

The residual toluene that may exist in the PEDOT/polymer composite film may start 

to vaporize upon heating. This may dissolve some of the DBEDOT during SSP 

process. Thus, the polymerization is no longer in the solid state and yields PEDOT 

with less ordered structure. 

Another reason that makes the PEDOT/PS composite more conductive than 

the PEDOT/PB may be due to better inter-chain interactions between PS and PEDOT 

than those between PB and PEDOT. n-Stacking between aromatic ring of PS and 

thiophene ring of DBEDOT together with the rigidity of PS may help locking the 

DBEDOT in place during SSP and yield PEDOT with extended conformation and 

well-packed chain. Having the extended conformation, the neighboring thiophene 

rings in the PEDOT chains are oriented almost in the same plane so that the 

conjugated n-electrons could be delocalized over the whole chain which leads to high 

charge-carrier mobility or high conductive PEDOT. It is also possible that these same 

effects prevent conformational change ofPEDOT upon storage. This can be realize 

In the case of PEDOT/PB composite film of which conductivity is much lower 

than that of PEDOT/PS composite film, it is believed that PB became almost liquid

like especially upon heating (Tg ~ -20°C), allowing DBEDOT as well as short 

PEDOT chain to move and rotate freely during polymerization. This movement 

presumably yields PEDOT with less ordered coil conformation . In the coil 

conformation, the plan of a thiophene ring on the PEDOT chain deviates greatly from 

the plan of its neighboring thiophene ring, so that the Co.- Co. bond between the two 

thiophene ring is more like a (J bond and has a low density of conjugated n-electrons 
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The electrons are not completely delocali zed over the whole PEDOT chain resulting 

in low conductivity. 

This speculation agrees well with the XRD data . In general, the system 

becomes more conducting as the crystallinity increases. If the molecular order of the 

polymer chains is reduced , then the charge transport is interrupted by the conjugation 

defects , leading to a drastic decrease in the conductivity as is the case for the extracted 

PEDOT from PEDOT/PB composite film whose XRD patterns are broader and lower 

in intensity in comparison with the extracted PEDOT from PEDOT/PS composite 

film and the controlled PEDOT. 
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Figure 4.13 Conductivity of PEDOT/PS and PEDOT/PB composite films as a 

function of reaction time and temperature, using 3: I DBEDOT/polymer weight ratio . 

4.4.4 Surface I'oughncss of PEDOT/polymer composite film 

To our surprise, it was found that the conductivity of PEDOT/PS composite 

film can reach as high as 58 S/cm if it was measured on the bottom side (in contact 

with glass) of the film which is much smoother than the top side (in contact with air). 

The trend is opposite in the case of PEDOT/PB composite film. The top side is 

smoother than the bottom one. The surface morphologies of the composite films 

visualized under optical microscope are shown in Figure 4.14. This suggests that the 

surface roughness has a strong influence on the measured conductivity value. 
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(a) (b) 

(c) (d) 

Figure 4.14 Surface morphologies of (a) PEDOT/PS composite film, top side, (b) 

PEDOT/PS composite film , bottom side, (c) PEDOT/PB composite film, top side, (d) 

PEDOT/PB composite film , bottom side. 

The data shown in rigure 4.15 indicate that the conductivity of PEDOT/PS 

composite films on the bottom side were about 40 S/cm greater than the top side at 

both 50 DC and 70 DC. That is not the case for the PEDOT/PB composite films. The 

conductivity on the bottom side (0.01 S/cm) which is rougher was much lower than 

the top side. The smoother side of the PEDOT/polymer composite film , apparentl y, 

results in higher conductivity. This phenomenon can be explained based on the 

method of four-point probe technique. On a smooth surface, the four probes of the 

conductometer can be in good contact with the surface of the composite film (see 

Figure 4.16) . In principle, the distance between the probes and the surface should be 

equal and results in a linear relationship between current and voltage. The resistance 

which is inversely proportional to the conductivity can be directly and accurately 

determined from the slope of the I& V curve shown on the right hand side of Figure 

4.17. On the other hand, the distance between each probe and the surface cannot 

possibly be equivalent in the case of a rough surface (Figure 4.16, left hand side). As 

a result, the slope of the I&V curve is not exactly linear. The resistance can only be 

estimated from the initial part of the slope which is presumably linear. Evidently, the 

value does not well represent the actual resistivity of the composite film. 
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--+- PEDOT/PS 500 e 
~ PEDOT/PS 70 0 e 
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Figure 4.] 5 Conductivity of PEDOT/PS and PEDOT/PB composite films, measured 

on the bottom side, as a function of reaction time and temperature, using 3: 1 

DBEDOT/po\ymer weight ratio. 
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Figure 4.16 Schematic representation of four point probe in contact with smooth and 

rough surface. 
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Figure 4.17 I&V curve of PEDOT/PS composite film (a) on the surface side and (b) 

on the bottom side. 

4.5 Effect of storage on conductivity 

PEDOT/polymer composite films were kept in closed vials under nitrogen 

atmosphere and stored in a dessicator for 1 month. The conductivity values of 

PEDOT/PS and PEDOT/PB composite films both before and after storage are 

displayed in Table 4.2 and 4.3 respectively . Obviously, the conductivities of al l 

composite films decrease after I-month storage. This can be explained as a result of 

Br2 loss during the storage . 

Table 4.2 Conductivity of PEDOT/PS composite films before and after 1 month 

storage 

Temperature DBEDOT Conductivity (S /cm) 

(OC) conc. 
Before storage After storage 

(g/mL) 
Top side Bottom side Top side Bottom side 

0.150 2.49 35.56 5.08x10-3 16.17 
50°C 

0.225 12.19 48.30 6.24x 10-2 17.68 

70°C 0.225 3.52 38.30 5.36xlO-3 16.54 
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Table 4.3 Conductivity of PEDOT/PB composite films befo re and after 1 month 

storage 

Temperature DBEDOT Conductivity (S /cm) 

(0C) conc. 
Before storage After storage 

(g/mL) 
Top side Bottom side Top side Bottom side 

0 .150 2.21 7.1 Ox 1 0.3 3.21 x l0·3 N/A 
50°C 

0.225 3.50 9.23x 10.2 5.08x 1 0.3 N/A 

70 °C 0.225 5. 70x 10.3 6.42x 1 0.2 6.24x 10.2 N/A 

N/A = Not available 

4.6 Doping with h 

It is obvious that the conductivities of all PEDOT/PS composite films can be 

completely recovered . The conductivities on re-doped film are closely resemble those 

of the freshly prepared film s initially having Br2 as dopants . This outcome al so 

implies that there were no significant com formation changes of PEDOT in the PS 

matrix during storage. In contrast, the conductivities of all PEDOT/PB composite 

films cannot be recovered suggesting that there must be some conformation changes 

of PEDOT in the PB matrix upon storage. This change is no doubt induced by the 

consi stent movement of PB chains whose T g is below ambient temperature . 

Table 4.4 Conductivity of PEDOT/PB and PEDOT/PS composite film s after doping 

with 12 

Temperature DBEDOT Conductivity (S /cm) 

conc. PEDOTIPS PEDOT/PB 

(g/mL) Top side Bottom side Top side Bottom side 

0.150 14.19 35.25 7.45 x l0·3 N/A 

0.225 17.67 43.45 9.33 x 1 0.3 N/A 

70°C 0.225 16.17 40.50 2.09xlO· 1 N/A 

N/A = Not available 



CHAPTER V 

CONCLUSION AND SUGGESTION 

Conducting polymer composite films containing poly(3 ,4-

ethylenedioxythiophene) (PEDOT) was successfully prepared through solid state 

polymerization (SSP) of 2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT) in the 

presence of either polystyrene (PS) or polybutadiene (PB) matrix. The percentage 

yield of up to 85 % of the PEDOT could be obtained . The fact that FT-IR and XRD 

spectra of the extracted PEDOT exhibit the same fingerprints as those of the 

controlled PEDOT confirms the success of SSP. The coexistence of PEDOT and PS 

in the composite films was verified by TGA analysis. The appearance of two 

absorption bands in UV -Vis spectra of the PEDOT/PS composite suggests that the 

PEDOT exist in both doped and undoped states and implying that the Br2 released 

during SSP can act as dopants. 

The PEDOT/PS composite films possess significantly higher conductivities 

than the PEDOT/PB composite films. This can be ascribed to the better inter-chain 

interactions between PS and PEDOT and the rigidity of the PS all owing the more 

ordered and extended PEDOT to be formed . As opposed to PS , PB does not have any 

specific interactions with either DBEDOT or PEDOT. Its low Tg also leads to chain 

movement during SSP of DBEDOT. The formed PEDOT confon11ation should be less 

ordered than that of the PEDOT formed in the PS matrix. The optimal condition to 

obtain the highest conductivity of the PEDOT/PS composite was to use 3: I 

DBEDOT:PS weight ratio, 0.225 g/mL of DBEDOT and conducting the SSP at 50°C 

for 7 h 

The conductivity of the PEDOT composite films was found to decrease upon 

storage due to the loss of Br2. The conductivity can be completely recovered after re

doping with 12 in the case of PEDOT/PS composite films . The recovery was not 

possible for the PEDOT/PB composite films suggesting that there was some 
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irreversible conFormational change of PEDOT chains in the PB matrix whose chains 

consistently moved as a result of T g being lower than ambient temperature. 

It is interesting to investigate the effects of polymer matrix molecular weight 

as well as %crystallinity on the physical properties and the conductivity of PEDOT 

polymer composite. It should be possible to " use the method of SSP for making 

conducting polymer composite from other DBEDOT derivatives . Using spin casting 

instead of drop casting may help improving the composite film uniformity and 

smoothness which have strong influence on the conductivity of the composite film . 

All of these issues can be proposed as future direction of this research work. 
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Percentage yield extraction of SSP PEDOT 

Table A-I Percentage yield of PEDOT recovered from PEDOT/PS and PEDOT/PB 

composite films obtained after solvent extraction as a function of DB EDOT: polymer 

weight ratio. The SSP was conducted at 50°C for 8 h. 

DBEDOT: Polymer 
PEDOT/PS PEDOT/PB 
(% yield) (% yield) 

1:1 
., 

3 j 

2: 1 60 78 

3: 1 82 85 

4:1 85 88 

Table A-2 Percentage yield of PEDOT recovered from 3: 1 PEDOT/PS and 

PEDOT/PB composite films obtained after so lvent extraction as a function of 

DBEDOT concentration. The SSP was conducted at 50°C for 8 h. 

DBEDOT cone. PEDOT/PS PEDOT/PB 
(g/mL) (% yield) (% yield) 

0.075 82 83 

0.150 85 86 

0 .225 86 88 
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Figure A-I I&V curve ofPEDOT composite polymer by four point probe technique 

v = IR (A-I) 

Resistivity (p) = 4,53 x R x film thickness (0.001 cm) (A-2) 

Conductivity (S /cm) = I I P (A-3) 

Table A-3 Conductivity of PEDOT/PS and PEDOT/PB composite films measured on 

the front side as function of DBEDOT:polymer weight ratio, The SSP was conducted 

at 50°C for 8 h. 

DBEDOT : Polymer 

1:1 

2: 1 

3: 1 

4: 1 

N/A= Not available 

PEDOT/PS 
Conductivity (S cm- I

) 

N /A 

0.09 ± 0,02 

12,19±2.21 

6.32 ± 4.41 

PEDOT/PB 
Conductivity (S cm- I

) 

N /A 

0.34 ± 0.20 

2.55 ± 1.50 

3,31 ± 1.50 
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Table A-4 Conductivity of PEDOT/PS and PEDOT/PB composite film s measured on 

the front side as function of DBEDOT concentration (g/mL) , using 3: I DBEDOT: 

polymer weight ratio . The SSP was conducted at 50°C for 8 h. 

DBEDOT conc. PEDOT/PS PEDOT/PB 
(g/mL) Conductivity (S cm- I

) Conductivity (S cm- I
) 

0.075 0.70 ± 1.23 0.05 ± 0.50 

0.150 2.49 ± 3.21 2A9 ± 1.20 

0.225 12.19 ± 2.30 2.55 ± 1.80 

Table A-5 Conductivity of PEDOT/PS and PEDOT/PB composites measured on the 

front side as a function of time and temperature used for the SSP, using 3: I 

DBEDOT: polymer weight ratio and the DBEDOT concentration of 0.225 glmL. 

PEDOT/PS PEDOT/PB 
Reaction time Conductivity (S cm- I

) Conductivity (S cm- I
) 

50°C 70°C 50°C 70°C 

4 N/A N/A N/A N/A 

6 N/A 1.00 ± 1.56 3.0 ± 1.3 0 SA x 1 0.3 ± 2x 10.3 

7 5A2 ± 1.20 1.30 ± 1.26 3.50 ± 1.20 5.6 x I0-3 ± 5x 10·3 

8 12.19±3.20 1.30 ± 2.22 3.50±2. 10 5.6 x 1 0-3 ± 9 x 10-3 

12 12.2 1 ±2 .30 1.30 ± 1.34 3.50 ± lAO 5.6x 10-3 ± 3x I 0-3 

16 12.27 ± 1.20 1.31 ± 1.28 3.52 ± 1.30 5.7 x lO-3 ± 2 x lO-3 

24 12.26 ± 2.0 1.34 ± 1.32 3.52 ± 1.20 5.7 x I0-3 ± 4 x lO-3 

NI A = Not available 
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Table A-6 Conductivity of PEDOT/PS composite films measured on the back side (in 

contact with glass substrate), using 3: I DBEDOT: polymer weight ratio and the 

DBEDOT concentration of 0.225 g/mL. The SSP was conducted at 50°C for 8 h. 

Reaction time 

4 

6 

7 

8 

12 

16 

24 

N/A = Not availab le 

UV -VIS absorption 

PEDOT/PS PEDOT/PB 
Conductivity (S em-I) Conductivity (S cm- I) 
50°C 70°C 50°C 70°C 

N/A N/A N/A N/A 

N/A 38.42 ± 4.65 0_09 ± 0.07 0.06 ± 0.05 

48.47 ± 5.89 38.02 ± 5.32 0.09 ± 0.07 0.06 ± 0.02 

48.65 ± 8.74 38.38 ± 6.11 0.09 ± 0.05 0.06 ± 0.07 

48.21 ± 4.56 38.50 ± 4.01 0.09±0.10 0.07 ± 0.04 

48.44 ± 6.84 38.65 ± 3.25 0.10 ± 0.02 0.07 ± 0.02 

50.14 ± 4.41 39.21 ± 5.66 0.10 ± 0.03 0.07 ± 0.04 

Front side PEDOTIPS 
3 

o - - ---,-----,--- --,--
200 350 500 

'A 11m 
650 

Figure A-2 UV -Visible spectrum of the front side of the PEDOT/PS composite film 

on glass slide . 
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650 

Figure A-3 UV -Visible spectrum of the front side of the PEDOT/PB composite film 

on glass slide. 

Back side PEDOTIPB 

3 

o +-------,------,-------,------

200 350 500 
A/rrm 

650 

Figure A-4 UV -Visible spectrum of the back side of the PEDOT/PB composite film 

on glass slide. 
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