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Polypyrrole composite films were prepared by chemical oxidation of the
vapor monomer using two different methods, dissalving and swelling method. In the first
method, polymeric matrices were dissolved with FeCl/THF selution, then casting as film,
and exposed to pyrrole vapor. In the second method, polymeric matrices films were
swollen in an FeCl,/THF solution and exposed to pyrrole vapor. The composite films
were characterized by FT-IR spectroscopy. Their conductivity was determined by Van
der Pauw method. In case of the dissolving method, it was assumed that the thickness
of the composite film was the thickness of polypyrrole layer. Several factors influenced
on conductivity were investigated such as FeCl, concentration, reaction temperature
and reaction time. The conduectivity of the polypyrrele composite films increased by
decreasing polymerization temperature, decreasing polymerization time and increasing
FeCl, concentration. It was found that polypyrrole composite film obtained by dissolving
method, polypyfrole could ‘disperse into matrix better than one-obtained by swelling
method as revealed by SEM and TEM. Mechanical property, thermal stability and time-

decay of the composite films were also investigated.
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CHAPTER |

INTRODUCTION

1.1 Development of conducting polymer

Electrical conductivity is fundamental property which distinguishes metal
from polymer. The value of €ondiciivity for metal is the order of 10°-10° S/cm, whereas
for insulating polymer this value does not exceed 10™ siem. However, after the
development of electrically eondugting polymer nearly two decades ago, the line
dividing electrical properties of metals, semiconductors and polymers has become less

distinguishable. Thus some polymers can be used as electrical material.

The advantage of conducting polymer are electrical conductivity, light
weight, strong, inert, greater workability and low temperature processing capability.
Intrinsically conductive polymers present very interesting properties which have potential
their application in several technological sectors [1,2], such as rechargeable batteries,
electrochromic displays,electronic ~devices as, schottky. type -diodes, field effect
transistors, electrochemical sensors, electrical shielding for information-carrying cables,
electromagnetic interference (EM1), electrical insulator (no’ electricity passes through
them), membrane separation that is in-situ control of molecular interaction act as

molecular gates, using as appropriate electrical stimuli, selected ion, controlled release,

sensar.



The term conducting polymer originated over a decade ago with the
discovery of polyacetylene. The most important structural feature of polyacetylene is its
highly conjugated carbon backbone composed of an array of alternating single and
double bonds. The conjugated backbone is the key of conductivity, therefore, organic
conducting polymer, based on similar fundamentals, have been generated in the 1980s.
Conducting polymer is conjugated polymeric backbone which allow electron transfer
when the materials are in certain oxidation states. Examples of conducting polymers are

polypyrrole, polythiophene, polyaniline, etc.

However, polyacetylene is unstable under ambient condition, but
polypyrrole, polyaniline and polythiophene have stability. High electrical conductivity
and the stability of conducting polymer are important for their applications. Polypyrrole
is one of the most widely studied conducting polymer due to its easy synthesis and
overall interesting properties. Polypyrrole was shown to be a conducting polymer in
1968 [3]. It was prepared by oxidation of pyrrole in sulfuric acid and was black powder.

The five member ring of pyrrole polymerizes through 2,5-position, Figure 1.1.

Figure 1.1, The struciure of polypyrrole molecular chain

Polypyrrole can be produced in the form of powders, coatings or a film
and is intrinsically conductive. The synthesis of polypyrrole was studied to obtain high
conductivity both in electrochemical polymerization and chemical polymerization

method. Electrochemical polymerization gives pure, high molecular weight polypyrrole



and eliminate the need for strong oxidizing or hazardous agent but it has low yield.
Chemical polymerization gives large quantities polypyrrole but the product is insoluble,
infusible. So that it is difficult to use in industry processing. Although polypyrrole has
high conductivity and rather stable in atmosphere, it is hard and brittle material. Many
factors for preparation such as reaction time, reaction temperature, dopant affect

properties of polypyrrole.

1.2  Conducting polymer composite

Disadvantages of polypyrrole are insoluble in any solvent, high melting
point, their poor mechanical properties and processability constitute major obstacles to
their extensive application. Seme procedure has used to avoid these problems, the
preparation of conducting polymer composite is one of other method to improve the
mechanical properties and processability, Cemposites are available by a variety of
blending techniques as well as by synthesis of the conducting polymer within a host

matrix [4].

Mechanical properties are usually determined by the matrix of non-
conducting polymer solong as the fraction of the conducting phase is low enough. But
the appropriate system consisting of a non-conducting. matrix and a conducting phase
be available in such a way that the non-conducting matrix allows the penetration of
conducting. species.. Improved. structural order as achieved by stretching leads to
material with higher conductivity and stability.  While intrinsically conducting polymers
embedded in matrix of non-conducting polymer is a possible method to introduce
flexibility and toughness into conducting material. Good mechanical properties can be

achieved if the content of the intrinsically conducting polymer is kept as low as possible.



The simplest conducting composites consists of a fine metal or carbon
powders dispersed uniformly throughout an insulating plastic matrix were investigated.
Polypyrrale is chosen for composite research because conductivity and stability of
polypyrrole are good. Generally, blends of polypyrrole and insulating polymers can be

chemically prepared by different methods [5].

1. Aninsulating polymer is dissolved in a solution of an oxidizing agent,
then pyrrole is added under stirring [6,7]. Stabilized polypyrrole colloidal solution is

evaporated for giving powder compaosite .

2. Polymerie films or textiles are covered by polypyrrole, the insulating

matrix is immersed in a mixture of oxidizing agent and pyrrole [8].

3. Aninsulating polymer is used for separating a monomer solution and
solution of an oxidizing agent. The monomer and oxidant diffuse across the matrix and

interfacial polymerization occurs [9,10].

4. Aninsulating polymer is swollen in an oxidizing agent, followed by

exposure to pyrrole vapar [11-14].

5. An insulating polymer and oxidizing agent are mixed, following by
film casting by solvent evaporation. The matrix containing oxidant are subsequently

exposed to monomer vapor [15,16].

The insulating polymers such as polystyrene, poly(vinyl chloride) and
poly(methyl methacrylate) were investigated. However, conductivity of polymer

composites has not been exhibited yet and polymer composites are not good enough for
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commercial applications. Materials that present conductivities in the range of 1 to 10
Sl/cm, are very efficient in electromagnetic shielding [2]. Blends containing a conductive
and an insulating polymer have an overall conductivity lower than that of the pure
conductive polymer. It is possible to obtain blends which associate a reasonable
electrical conductivity with suitable mechanical properties, making possible their

utilization for electromagnetic radiation shielding and anti-static pakaging.

So the improvement of composite properties to ease the application work
is very important. This research is a study of parameter effect on conductivity, stability

and processability of polymer composite.

1.3  Objective of research

The purpose of research is to prepare a highly conductive polypyrrole
composite films by chemical vapor polymerization, Various type of insulating polymer
are used to produce conductive polypyrrole composite. The major conditions such as
ferric chloride concentration, reaction temperature and reaction time, that influence the
quality of polymer composite are investigated. Electrical conductivities of polypyrrole
composites are measured by Van der Pauw method. Some instruments are used to

characterize the properties of polymer composites.



CHAPTER I

THEORETICAL BACKGROUND AND LITERATURE REVIEW

The electrical properties of any material are determined by the extent of
occupation of the energy bands and the magnitude of the band gap so that band theory

is the essential basic concept for understanding the electrical conduction of polymer.

2.1  The classical theory for electrical conductive material

Band theory [17] is the main information for explaining electrical
conduction behavior in materials. According to the theory, the lowest-energy orbital is
bonding (valence band; VB) and the highest-energy orbital is anti-bonding (conduction

band; CB).

1. Metal

The simple modelis'shown in Figure 2.1 (a).) Thearbital in the band is so
close together, electrons close to the top of the filled orbital. The energy level of the
empty orbital is very close to that of lined orbital. Some of the electrans are, therefore,

very mobile, and give rise to electrical conductivity.



2, Insulator

In these materials, show in Figure 2.1 (b), the valence band is completely
filled and an energy gap exists between the band and the next higher energy band.

The energy gap is very large, the chance of electrons to be excited into an empty

conduction band is very small.

3. Semi-conductor

In semi-conductor materials, the energy gap is small, some electron can
be easily excited into the CB. In some cases, when the impurity atoms are added into
the materials, although the band gap is wide, it may be possible to establish level within
the gap those facilitates the movement of electrons into CB. Another way of forming
carriers is to introduce impurities in ultra-pure material. If these impurities can withdraw
electrons from the full band, leaving holes which permit conduction; this is p-type semi-
conductivity.  Alternatively, the impurity might carry excess electrons and these

electrons swim in the empty bands, giving n-type semi-conductivity.

-
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Figure 2.1 Band filling (a) metal, (b) insulator, (c) semi-conductor



The previous description presents the concept of electrical conductivity
in ordinary materials, which are used in worldwide application for long time ago. This
concept, however, is not quite correct for the new materials, which have long molecular
chain, such as polymer, the feature of electrical transport in these materials is very

complicated and different from the traditional conductive materials.

2.2  Electrical conductive polymer [18-21]

Each monomer unit of polymer consists of molecular orbitals of the
molecule, thus bonding and anti-bonding molecular unit orbitals lead to polymer valence
bands and conduction bands, respectively. Organic materials exhibit semi-conducting
electrical behavior because in the solid state, organic molecules interact weakly as
maolecular van der Waals or electrostatic forces. In a linear polymer electron interactions
within a given macromolecular chain are much stronger than interaction between

chains. Therefore, most polymers, the macromolecules are not packed into perfect

single crystals.

Conjugated polymer without doping (i.e. oxidation and reduction) are
insulators or semiconductors at best. The chain is thermodynamically more stable by
lowering its free energy through the transition from the resonance structure of identical
bond length to the alternating short and long bonds, which in ‘effect will destroy the

electronic delocalization that can take place along the backbone.

When conjugated polymer is doped, it occurs carrier transport. The
initial species formed on ionization of a conjugated polymer is radical ion which
possesses both spin and charge, the radical ion is referred to polaron. A polaron is

either radical cation or radical anion. If another electron is remove from the already



oxidized polymer containing the polaron, electron could come from either a different
segment of the polymer chain, thus creating another independent polaron, or from the
first polaron level (remove the unpaired electron) to create a special dication, it is called

bipolaron. A bipolaron is a pair of charges.

Polypyrrole possess a non-degenerate ground state since ground state
corresponds to aromatic-like. A quinoid-like resonance structure can be envisioned but
has a higher total energy. The quinoid structure has a larger electron affinity than the
aromatic structure. On doping, gecmetry relaxes toward the quinoid structure, following

Figure 2.2.
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Figure 2.2 Aromatic and quinoid like geometric structure for (a) polypyrrole

(b) polythiophene

PPy without doping'is a poorly condueting material with a band gap of
3.2 eV between the conduction and valence bands. Oxidation removes one electron to
form a polaron (radical cation). “When further oxidation removes a-second- electron from
the backbone, a bipolaron (dication) is formed. A bipolaron is thermodynamically more
stable that of two polarons. The formation of polaron and bipolaron creates new
electronic states in the interband gap, and leads to a structural change of the polymer to

quinoid form extending over four monomer units. Both polarons and bipolarons can
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move along the conjugated backbone by the rearrangement of the double bonds and

single bonds.

Thus, polarons and bipolarons behave as the charge carriers in the
electrical conduction of PPy. As quantum chemical calculations of the structure of PPy
suggest that the quinoid form is a more conductive species than the benzoid form, the
association of the quinoid structure with the formation of polaron and bipolaron is not a
mere structural coincidence. On dedoping (reducing) PPy, the conductivity of the
polymer decreases very rapidly with the dedoping lime due to the loss of polarons and

bipolarons.
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Figure 2.3 Evolution of the electronic structure of PPy following the formation
of polaron and bipolaron along the backbone, (a) low doping,
polaron formation: (b) moderate doping, bipolaron formation, (c)

high doping formation of bipolaron bands
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Theoretical studies on polypyrrole, demonstrate that

1. polarons are formed on the chains at low oxidation level

2. wide bipolaron bands are present in the gap in the highly oxidation level.
2.3  Synthesis of polypyrrole
2.3.1 Electrochemical polymerization [1]

Conducting polymer is obtained by anode oxidation or cathode
reduction of monomer whigh'is involved in supporting electrolyte. Steps of this method
are very complicated and shown in Figure 2.4.

1. Monemer oxidation

§r— 24O

2. Resonance forms

o P LI

3., Radical-radical coupling

2Qf—n-f
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4. Chain propagation
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Figure 2.4 Steps.in the electropolymerization of pyrrole

Polypyrrole is formed in solution at electrode surface and operated free-
standing film. The polymerization reaction proceeds until dopant is incorporated and
eventually the solubility of polypyrrole in solution is exceeded, causing deposition onto
the electrode. Polypyrrole grows at active site on the electrode and provides a unique
opportunity, in that a wide range of counterions (A) can be incorporated. Counterions
are cation and anion (e.g. CIO,). Interaction types of polypyrrole and counterion are
ionic, ionic-dipole, H-bonding, dipole induction. One or more of molecular interaction

can be encouraged by incorporation appropriate counterion.

Electrochemical polymerization gives: pure, high molecular weight
polypyrrole and eliminates the need for strong oxidizing or hazardous agent but it has
low yield. The electrochemical: polymerization approach provides polypyrrole in the
matrix of thermoplastic polymer with higher conductivity, a technical possibility here is
the electrochemical of monomer-swollen matrix coated as film onto an anode, but
disadvantage is low penetration of monomer into insulating polymeric substrate.

Therefore, the procedure is limited to very thin film.
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2.3.2 Chemical polymerization in solution [22]

This method can be used to produce conductive electroactive polymer.
Polymerization is readily initiated, using a chemical oxidant such as FeCl,, AgNO,,
Fe(NO,),, etc. Mole ratio of FeCly/pyrrole is 2.33/1. Steps of chemical polymerization

are shown in Figure 2.5.

1. Dissociation of FeCl,

FeCl, ———»  Fe' + 3CI

2. Monomer oxidation

Q + Fed* oy —— 5. 9 + Fe2+

3. Resonance forms

l
=

4. Pyrrole ion coupling

2@& +20F +2HF @ — [ {11 + 2HC

i - N O\
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5. Reaction stoichiometries of pyrrole

i
n [/ , \> - X3iinFeCly —— = {/ \> 033001 £2 330FeCl  + 2nHCI

M
H H 1"

Figure 2.5 Steps of chemical polymerization of polypyrrole

Figure 2.5 shows that 2.33 meleFeCl, is required for the polymerization

of one mole of pyrrole. Polypyrrole in large quanlity can be prepared by this method.
2.3.3 Chemical vapor polymerization [23]

Takeaki et al. prepared firstly the conducting composite films of
polypyrrole by exposing polymeric matrix film containing ferric chloride to pyrrole vapor.
The composite film are highly transparent under the appropriate preparation condition.
Poly(vinyl alcohol} (PVA) was used as polymeric matrix. FeCl, was an oxidizing agent
for the polymerization. After dissolving PVA and FeCl, in the water, the solution was
casted on a poly(ethylene terephthalate} (PET) film Substrate. The preparation of
pyrrole-PVA composite films was carried out in a desiccator at —15 °C by exposing PVA
films containing FeCl, on the PET film to the pyrrole and H,O vapors which had been
deoxygenated sufficiently. ' The polymerization period was from 30 minutes to 24 hours.
The composite films were then dried under vacuum-at room temperature. At optimum

condition, the composite film shows about-10 S/cm conductivity.
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2.4 Literature review

Many polypyrrole composites were synthesized to improve properties

i.e., high conductivity, good mechanical strength and easy processability.

Kurachi et al, [24] prepared polypyrrole/polyethylene (PPy/PE) composite
films by the vapor-phase polymerization of pyrrole. PE porous films (average thickness
of 10-12 um, average pore size of 0.03 pm) were impregnated with appropriate oxidant
e.g. FeCl, or Fe(CIO,) and evaporating the solvent in the air. The conductivity of the
composite films increased by lowering polymerization temperature. A strong function of
the oxidation potential of oxidant solutions which was impregnated into the PE films prior
to the polymerization of pyrrole affected on conductivity. Maximum conductivity was
obtained using short chain algohol as solvent. Conductivity value was about 0.1-10
Sfem. It was found that the composite film have excellent mechanical properties

compared to PPy.

Yang et al. [25] prepared polypyrrole/polypropylene (PPy/PP) composite
films using a two direction permeation diffusion polymerization method. PP microporous
films were fixed between pyrrole solution and FeCl, solution in u-type reactor. The
maximum conductivity was 6.0/ 8/cm... The mechanical properties of the compaosite films
were better than, PPy film which synthesized by electrochemical polymerization in

aqueous solution.

Kang et al. [11] studied polypyrrole/polyvinyl chloride (PPy/PVC)
composite films. Pyrrole had been diffused into PVYC matrix in the swelling medium of n-
hexane and acetone mixture. The oxidative polymerization of the diffused pyrrole in the

binary solvent system of acetonitrile and methanol gave high conductivity of the PPy as
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well as the good penetration of the oxidant into the PYC matrix. The mole ratio of
acetonitrile to methanol in the binary solvent system with 1.0 mole of FeCl, showed
optimum in range of 0.80 to 0.85. The thickness of the conducting layer was measured

to be about 1.0 um. The electrical conductivity was measured as high as 20 S/cm.

Mano et al. [26] prepared PPy/PVC composite films. PVC films which
impregnated with FeCl, were obtained by casting a tetrahydrofuran (THF) solution
containing PVC and FeCl,. THF was evaporated at 45 °C and the films were dried in
vacuum at ambient temperature. The PPy/PVC films were obtained by exposure of

FeCl,/PVC films to pyrrole vapor. Conductivity of composite films varied from 10" to 10"

S/cm.

Kise et al. [27] prepared a composite film of PPy and PVC by oxidative
polymerization of pyrrole at the interface between an aqueous oxidant (Fe (Ill) salts)
solution and an organic phase consisting of a benzene or toluene solution of pyrrole
separated by a thin PVC film (thickness 90-100 pm). The reactants diffuse across the
film polymerizing pyrrole in or at the surface of the film. The nature of the oxidant-

deriving anions influences strongly the conductivity of the composite films.

Jousse et al. {28] prepared a composite film of PPy and PVC. Those
thermoplastic compaosites reach conductivity in the range between 10° and 1 Sfcm
already for pelypyrrole concentrations less than 15%. As describing elsewhere,
parameters such as solvent and nature of the oxidizing agent determine the properties

like structure and conductivity of the composite.

Fabianowski et al. [29] studied polypyrrole/polyvinyl alcohol (PPy/PVA)

composite film. Values of conductivity close to that of pure pyrrole are reported
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exposing films of PVA treated with K,Fe(CN), to pyrrole vapor. A relationship between
the reaction time and the amount of incorporated polypyrrole and the conductivity of the
composite is investigated. FeCl, and Fe(CIO),), give composites with higher
conductivity than those obtained with Fe(SQ,), or Fe(NO,), but Fe(CIO),), as oxidant
gave hard and brittle composites. Decrease of reaction lemperature causes the content
of pyrrole to decrease but the conductivity of the composite to increase. High electrical

conductivity of composite films were 15 Slcm.

He et al. [30] studied .palypyrmlefpolyurethane composite foam.
Polyurethane foam was impregnated with FeCl, in methanol and dried in vacuum. The
foam was exposed to pyfrole vapor. . Conductivity increased with increase in oxidant
content in polyurethane, Lewer reaction temperatures were preferable for higher

conductivity of 10 Sfem.

Zoppi et al, [2] studied f'éféﬁi;gm_maric blends based on EPDM-
rubber/polypyrrole. Rubber andw.qxidant weramlxad by calendering. CuCl-containing
matrix of the rubber are accessible by sorption of pyrrole vapor. The particle size of the
oxidant influences significantly the weight fraction of polypyrrole in the blend if the value
is kept below 106 nm whereas no significant influence of the oxidant concentration and
the polymerization.dime.op.the polypyrrole weight fraction is.measurted. After 72 hours of
exposure to pyrrole vapor at high oxidant concentration (50%), only a slight increase in
the Yourig's Mogitlus froni 2.2 to'3.9'MP4 and the conduativiti fiom 1010 107 Sicm was

measured.

Tieke et al. [31] studied electrical conductivity with high thermal stability
up to 350 °C is combined in polypyrrole/polyimide composite films, which are prepared

either by electrochemical polymerization of pyrrole on a polyimide coated electrode or
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by exposing polyimide films containing FeCl, as oxidant to pyrrole vapor. Films
prepared by the electrochemical route consist of sequence of three layers with the
polyimide sandwiched between the layers of the polypyrrole. These films show
maximum conductivity of about 10 S/cm. The chemically manufactured films consist of

polyimide containing finely dispersed polypyrrole particles of 10 to 500 nm in diameter

with a maximum conductivity of 5X10™ Sfecm.

However, previous researches were limited by diffusing of oxidant inside
the film. This obstacle could be partly avoided by the use of insulating films, in which

the ionic dopant was already bound to the polymer backbone, viz ionomers

Zinger et al. [32] prepared polypyrrole/polyethylene-base films grafted
with poly(styrene sulphonic agid) (PPy/PE-g-PSSA) composite films. PE films were
grafted with polystyrene (PS) then PE-g-PS films were sulfonated by sulphuric acid. PE-
PSSA films were immersed in @ FeCl; solution and polymerized with pyrrole. Electrical

conductivity varied range of 0.1-10 S/em. Mechanical properties were improved.

De Jesus et al. [33] studied polypyrmrole/polystyrene sulfonate (PPy/PSS)
composite films. Eleefrically conductive composite surfaces were prepared by
diffusion-controlled in-situ polymerization of pyrrole ir the surface layer of sulfonated
polystyrene ionomer films. 'Premolded films of the ionomer sulfonic acid derivative were
sequentially-immersed.in aqueous-solutions of pyrrole and FeCl,. | The penetration of the
PPy into the film was controlled by varying the immersion time in monomer solution.

Surface conductivity of 107-10" S/cm was achieved.

Somchoke Lauhasurayothin [37] prepared polypyrrole (PPy) composites.

PPy was synthesized by chemical oxidation method in the presence of PS particle using
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FeCl, as the oxidant. PPy was covered on PS and analyzed by attenuated total
reflectance spectroscopy. The other host polymers were attempted including polyvinyl
chioride (PVC), polyethylene (PE) and polypropylene (PP). The results indicated that
PPy/PS composite and PPy/PVC composite have the conductivity as high as 10 S/icm.
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3.1

3.2

CHAPTER Il

EXPERIMENT

Instruments

1. Fourier Transform Infrared Spectrometer (FT-IR); Nicolet Impact 410

2. Thermogravimetric Analyser (TGA); Perkin Elmer

3. Transmission Electron Micrascope (TEM); JEOL-JEM-200 CX

4. Scanning Electron Microscope (SEM); JEOL-JSM-6400

Materials and chemicals

1. Polyvinyl chloride powder K-61 (PVC)
2. Polyvinyl chioride films K-61
3. Polystyrene films MI 8 (PS)
4, Polystyrene pellet MW 100,000
5. Poly(sadium 4-styrene sulfonate)
MW 70,000 (PSS)
6. Pyrrole
7. Anhydrous ferric chloride (FeCl,)
8. Tetrahydrofuran (THF)

9. Methanol (CH,0OH)

APAC Plastic co.,.Ltd.
APAC Plastic co., Ltd.
Thai Modern co., Ltd.
Eternal Resin co., Ltd.

Aldrich

Merck
Fluka
Unilab

Analar
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3.3 Glasswares and equipments

1. Beaker

2. Vacuum Desiccator dimension 11 cm
3. Digital Multimeter

4, Water Pump

5. Refrigerator

3.4 Preparation of materials

3.4.1 Pyrrole monomer

Pyrrole was distilled at 110-120 °C as colorless liquid. The distillate was

stored at 4 °C for not more than 1 week.

3.4.2 Oxidation solution

Ferric chloride (FeCl,) was dissolved in tetrahydrofuran (THF) and filtered
before use. Concentration of FeCl, solution was varied 0.01-1.00 M in case of dissolving

method and 0.10-1.25 M for swelling method.

3.4.3 Preparation of poly(sodium 4-styrene sulfonate) films

To obtain poly(sodium 4-styrene sulfonate) films, with 380 pum thickness,
1.03 g of poly(sodium 4-styrene sulfonate) powder was dissolved in 5 ml distilled water.
This solution was casted on a glass plate, with rim height 5 mm, then evaporated at

50 °C for 48 hours.



22

3.4.4 Preparation of polypyrrole composite films by dissolving

polymeric matrices in FeCl, solution

Polymeric matrices were dissolved in FeCl, solution. Polymeric matrices
and FeCl, solution were pipetted about 0.5 ml and casted on glass plate, with rim height
1 mm. The casting solution was evaporated at 50 °C in oven about 15 minutes then

peeled it from glass plate. Films were yellow-orange transparency films.

Distilled pyrrole - was injected to a beaker in desiccator. After that
desiccator was evacuated and composite films prepared by dissolving polymeric
matrices in FeCl, solutioniwere polymerized at 10 °C for 2 hours. Green films were
formed instantaneous when désiccator-was evacuated. Black films were formed after
polymerization. The pﬂlgmerizaﬂﬂﬁ reaction’ was guenched by opening stopcock.
Polypyrrole composite films prepared by diséalving polymeric matrices in FeCl, solution
were washed several times with methano! until solvent remained colorless and dried in

air for 12 hours.

3.4.5 Preparation of polypyrrole composite films by swelling polymeric

matrices in FeCl, solution

Polyrmeric matrices films: were swollen in FeCl, solution by immersing
films inte-solution,. then evaparated at 50.°C in oven about 15-minutes., This procedure
of polymerization is similar to the preparation of polypyrrole composite films by

dissolving in FeCl, solution (Section 3.4.4).
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35 Determination of condition effect

Palypyrrole composite films prepared by dissolving polymeric matrices in
FeCl, solution and ones by swelling polymeric matrices in FeCl, solution were varied

condition effect, as following;
3.5.1 Types of polymeric matrices

Polyvinyl chloride (PVC), polystyrene (PS), and poly(sodium 4-styrene
sulfonate) (PSS) were used Lo study their effect on conductivity. The polymerization

was carried out undepthe reaction conditions similar to Section 3.4.4.
3.5.2 Immersion time in FeCl, solution

Only polypymrole mmpr:usite:f'ﬁlms prepared by swelling polymeric
matrices in FeCl, solution were varied immersion time from 1 to 20 seconds. In the
same manner, the polymerization was administrated under the reaction conditions

similar to Section 3.4:4.
3.5.3 FeCl, concentratiof

To study, effect-of-Felly cencentration, on conduetivity, , polypyrrole
composite films prepared by dissolving polymeric matrices in FECI.E solution,
concentration of FeCl, was used at the concentration between 0.01 to 1.00 M and
polypyrrole composite films prepared by swelling polymeric matrices in FeCl, solution,
FeCl, were used at the concentration between 0.10 to 1.25 M. The polymerization of this

section was carried out under reaction conditions similar to Section 3.4.4.
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3.5.4 Reaction temperature

To investigate the effect of reaction temperature on conductivity, the
polymerization was accomplished similar to Section 3.4.4 but temperature was changed
from -15 °C to 45 °C. The temperature of reaction was controlled by various
techniques. The temperatures of =15 °C and 10 °C were fixed by using refrigerator.
Moreover the 30 °C temperature (room temperature) and the 45 °C were controlled by

oven.

3.5.5 Reaction time

The polymerization was carried out under the same manner as in Section
3.4.4, The other parameters were kept constant except the reaction time was varied
from 1 to 72 hours, for studying effect of reaction time on conductivity of polypyrrole

composite films.

3.6 Characterization

3.6.1 Electrical conductivity measurement

Each sample was size 2.5X3.5 cm. Van der Pauw method is technique

for measuring cconductivity (o) of samples., Four contacts are made-at edge of the

sample, Figure 3.1.
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Figure 3.1 Conductivity measurement by Vander Pauw method

Current (l,,).@pplied through contacts 1 and 2 and potential difference
(V,,) between contacts 3 and 4were measured. Applied current was changed to get |,
La lie 14, @nd potential difference V., V,,, _‘ﬁ.ﬁr‘;z. V., was measured, respectively. From
these measurements and from méasuradffjﬁilckness d of the film, four values of
conductivity of sample were. obtained by \r‘ar}-ﬂer Pauw method (Appendix A) and the

average value of the measurements was takenaﬁs"iqonductivity of the sample.
3.6.2 Time-decay of polypyrrole composite films

Some of polypyrrole composite films were subjected to conductivity
measurement at_several interval time using Van 'der Pauw method. Polypyrrole
composite films were’ suddenly measured conductivity after polymerized. They were
next medsured conductivity several times latér)i g3, 5,10, 150804560 and 90 days.

These measurements show the stability of electrical conductivity.
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3.6.3 Fourier transform infrared spectroscopy

The absorption spectra of polypyrrole composite films were obtained by
using FT-IR. FT-IR is used to compare between pyrrole composite films and polymeric

matrix.

3.6.4 Thermogravimetric analysis

Thermal stability of polypyrrole composite films was measured by
thermogravimetric analysis (TGA). Sample weight is about 3-10 mg. Range of

temperature is about 50-800 °C, for studying polymer decomposition.

3.6.5 Tensile strength

Toughness of polypyrrole composite film was tested by tensile strength.
Standard method of test of tensile properties of polypyrrole composite films is ASTM
D882. This test is used for thin film. Dimension is dumbell specimen. Length of narrow

section is 5 cm and width of narrow section is 0.4 cm.

3.6.6 Transmission electron microscopy

Morphology ~of ~polypyrrole ncompaosite, films, -was— indicated by

transmission electron microscopy (TEM). Samples were immersed in osmium solution

for coating pigment on double bond of polymer.
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3.6.7 Scanning electron microscopy

Morphology of polypyrrole composite films was investigated by scanning
electron microscopy (SEM). Polypyrrole composite films were prepared by firstly
coating with gold in order to discharge the electron from electron beam in electron

microscope.

AOUUINBUINT )
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CHAPTER IV
RESULTS AND DISCUSSION

41 PPy/PVC composite films

Much work on the preparation of PPy/PVC composite fiims by
electrochemical polymerization of pyrrole onto the elecirodes coated with PVC film has
been reported [4]. The electrical conductivity of those composite films were as low as
10° S/em [28] up to the highest one of 50 Sicm [34]. Even though the electrochemical
polymerization method would provide some composite films with high conductivity, it
has disadvantage when a large quantity of product is required. On the other hand

polypyrrole could be prepared by the chemical polymerization in a large quantity at one

time.

There are two common ways of chemical oxidation i.e., polymerization in
the presence of host matrix which is powder in an oxidant solution [35-37] and vapor
polymerization onto the substrate which is a film containing an oxidant [11,26]. The
latter method seems to have more advantages than the former one such as it is easier to
manipulate the polymerizationand the preduct is: more ready for use due tothe feature
of composite in a film form. From the literature review, PVC containing oxidant was
prepared by two different procedures, l.e., swelling of PVC film in a solution of monomer,
followed by immersing it into oxidizing solution [11] and dissolving PVC in oxidizing
solution, followed by casting and solvent evaporation [26], the matrices containing

oxidant were subsequently exposed to monomer vapor. The conductivity of those
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composite films was reported to be from 10™ to 20 Slcm [11,26]. Among these, the
highest conductivity of PPy/PVC composite film prepared by dissolving was reported to
be 10" Slcm [26], while by swelling method was 20 S/cm [11]. Although, the
conductivity of PPy/PVC composite film prepared by dissolving method was lower than
the one prepared by swelling method, in dissolving method PPy could be better
incorporated into PVC than the other thus significantly improve the mechanical property

of PVC matrix.

4.1.1 PPy/PVC composite films prepared by dissolving PVC in FeCl,

solution

4111 Preliminary investigation

Only the solvents in which PVC could dissolve were chosen in this study.
Therefore PVC powder was dissolved in 0.25 M FeCl, solution in different solvents, i.e.
chloroform, dichloromethane and THF at room temperature, then casted into thin films.
It was observed that THF was the most suitable solvent for film forming, since
discontinuous films were obtained when chloroform and dichloromethane were used as
solvent. In this experiment, the film was exposed ta pyrrole vapor at 10 °C. After 2
hours, it was observed that the yellow film turned black indicating that polymerization of
pyrrole occurred on the surface of those films. The conductivity of the film was
measured by Van der Pauw method which was found to be 0.10 S/cm,equal to the one
reported by Mano et al. [26]. Mano et al. had prepared PPy/PVC composite film by
dissolving PVC in FeCl, in THF, then casting as film and exposing to pyrrole vapor at

room temperature. To improve the electrical conductivity of PPy/PVC composite film,
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several factors on preparation were thus investigated such as FeCl, concentration,

reaction temperature and reaction time.

411.2 Effect of FeCl, concentration

In this study, FeCl, concentration in THF was varied from 0.01-1.00 M. At
FeCl, concentration higher than 1.00 M, it was observed that PVC powder could not
dissolve well. Figure 4.1 shows that the conductivity of PPy/PVC composite films

increase with the FeCl, concentration.
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Figure 4.1 | Effect of FeCl, concentration on the conductivity of PPy/PVC
composite films “prepared by dissolving method using 10 °C

polymerization temperature and 2 hours polymerization time.

This can be explained by the fact that higher concentration of FeCl,
results in higher polymerization rate. In addition, at higher concentration of FeCl,

polypyrrole could have long conjugation and higher level of doping in the molecule.
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This observation was similar to the one obtained by Bi et al. [38] who prepared
polypyrrole/poly(p-phenylene terepthalated) composite fiber by continuous vapor phase
polymerization, at temperature 40 °C. They reported that the increasing concentration
of oxidize agent from 10 to 40% w/w improved the polymerization rate, conjugation
length, the doping level of PPy and resulted in an increase of electrical conductivity from
0.08 to 0.68 S/cm. Moreover Mandel et al. [89] prepared polypyrrole/poly(vinyl methyl
ether) (PVME) composites by oxidative polymerization of pyrrole in ethanol using 2.5 M
FeCl, in the presence of PVME al 20 °C. They reported that conductivity of the

composites increased greatly with-increasing in FeCl, concentration.

However, PPy/PVC composite films developed at high FeCl,
concentration have rough surfaces. The optimum FeCl, concentration which provided
smooth PPy/PVC composite film was at 0.33 M which yielded the film with conductivity of
0.25 S/cm. It should be noted that the determination of electrical conductivity of the film
by Van der Pauw method involved the thickness of polypyrrole layer as shown in
Appendix A. For PPy/PVC composite films prepared by dissalving method polypyrrole
was incorporated into PYC matrix. The conductivity of the films was thus calculated by

using total thickness of PPy/PVC composite films.

4113 Effect of reaction temperature

In this research group, it‘was reported previously that the optimum
polymerization temperature for preparing polypyrrole with high conductivity was at 0 °C
[37,40]. They reported that reaction temperature affected on intrinsic conductivity of

PPy. In this work, the reaction temperature was varied from —15 °C to 45 °C. Figure 4.2
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shows that conduclivity of PPy/PVC composite film depends on reaction temperature

and the highest conductivity would be obtained at temperature between 0-10 °C.
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Figure 4.2 Effect of reaction temperature on the conductivity of PPy/PVC
composité films prepared by dissolving method using 0.33 M

FeCl, and 2 hours polymerization time.

Similar observations had been marked by several other research groups.
For examples, Kaneto et_al. [41] had prepared PPy film by electrochemical
polymerization in an aqueous medium. They explained that at lower reaction
temperature, PPy conductive composite films has higher conductivity-owing to the fact
that at low temperature structural features of polypyrrole  have, more extended
conjugated double bonds. Besides, Kise et al. [24] prepared polypyrrole/polyethylene
composite by vapor polymerization, using 0.50 M FeCl,. They reported that increasing
temperature from 0 °C to 10°C resulted in decreasing conductivity from 10 to 10° S/cm.

PPy formed at lower temperature had much higher intrinsic conductivity compared to
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PPy formed at higher temperature and PPy obtained by oxidative polymerization of
pyrrole may contain linkage at the 3-position of pyrrole. Furthermore, in some cases
carbonyl groups occurred in oxidative polymerization were defected in PPy. These
would cause reduction of effective length of conjugated bonds essential for conductivity.
In addition, He et al. [30] prepared polypyrrole/polyurethane composite foam by vapor
phase polymerization using FeCl/FeCl, at the ratio of 1/3.5 (mol/mol) at reaction
temperature 20 °C. They observed that lower polymerization temperature might be
indicative of the suppression of undesirable side reaction such as oxidation of pyrrole

ring or cross-linking of polymer ehain which decreases the length of conjugated double

bond.

Furthermore, Yang et al. [25] prepared polypyrrole/polypropylene
composite films by chemical polymerization using U-type reactor which consisted of two
L-shape tubes and polypropylene film fixed between two tubes. A 0.20 M pyrrole
solution was poured into one of L-shaped tube and 0.50 M FeCl, solution was poured
into the other. They found that the conductivity of the composite increased from 0.6 to

6.7 S/cm, with decreasing temperature from 50 °C to 1.5 °C.

However, in (this study, at reaction temperature below 0 °C, low
conductivity of PPyPYC composite film is obtained. This may be due to the low rate of
exposing of pyrrole onto substrate. It was found that conductivity of PPy/PVC
composite film did not change much when polymerization temperature increased from
0°Cto 10 °C. In this research, the conductivities of PPy/PVC composite films when the
polymerization temperatures are 10 °C and 0 °C are approximately the same. Thus in
this work temperature 10 °C was selected as optimum point of varying reaction

temperature.
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4114 Effect of reaction time

In this work, the reaction time was varied from 1 to 72 hours. Figure 4.3

shows the influence of reaction time on conductivity of PPy/PVC composite films.
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Figure 4.3 Effect of reaction time on the conductivity of PPy/PVC composite
films prepared by dissolving method using 0.33 M FeCl, and 10 °C

polymerization temperature.

It-clearly-exhibits that, maximum conductivity. ef-PPy/PVC composite
occurs at 2 hours. At reaction time below 2 hours, conductivity of PPy/PVC composite
films increases. It suggests that at short reaction time, the polymerization has not been
completed which results in the shorter conjugated double bond chain length.
Conductivity of PPy/PVC composite films increases rapidly with reaction time in the initial
stage and when conductivity approachs closely 2 hours, the conductivity increases

slowly. This appearance was similar to the one reported by Yin et al. [42] who prepared
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polypyrrole/crosslinked  poly(styrene-butyl acrylate-hydroxyethyl acrylate) (PSEH)
conductive composite film by vapor-phase polymerization of pyrrole within silicon-
crosslinked PSBH network at -8 °C using FeCl, anhydrous 1.20 g as an oxidant. They
suggested that the oxidative polymerization of pyrrole by vapor process included the
diffusion step and the oxidative polymerization step. If the reaction time was long
enough, the conductive PPy network was generated in the neighborhood of the surface
of matrix film. The network might form a shield near the matrix surface, which prevented
the diffusion of pyrrole and thus prevented the additional oxidative polymerization. The
surface of film was well coated by high conductive PPy layers establishing the

continuous PPy network on the surface.

However, at reaction time above 2 hours, it is found that the conductivity
of PPy/PVC composite film slowly decreases. This phenomenon can be explained by
the observation of Machida et al. [43] who prepared PPy by chemical polymerization in
FeCl, solution, using methanol as a sclvent. They suggested that the oxidant potential of
the solution played an important role in the polymerization process and the conductivity.
In the equilibrium state the oxidant potential (E) of the oxidanl solution was expressed by

Nernst's equation as:

E = E, # (RT/nF) In (ALJA )

Where A, = - the activity of the oxidant (FeCl,)
A~ the activity of reductant (FeCl,)
N = number of moles of electrons that appeared in the half-reaction
for the electrode process

F = the Faraday (96,485 Coloumbs)

TNa122360
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E, = a constant called the standard electrode potential, which was
characteristic for each half-reaction
R = the gas constant (8.314 JK ' mol™)

During this reaction, the FeCl, concentration decreased while the FeCl,
concentration increased. Hence, the oxidation potential would decrease during the
process as the reaction time increased. This fealure led to low conductivity because of

the less oxidized polypyrrole. So that the longer polymerization time is not suitable for

the preparation of PPy/PVC compaosite films.

In this study, it was observed that PPy/PVC composite film of high
conductivity with good appearance can be prepared by dissolving PVC in 0.33 M FeCl,
and carryir;g out the polymerization of pyrrole at 10 °C for 2 hours. Such film exhibited
the conductivity is 0.25 S/em, which was higher than the one, 0.10 S/cm reported by
Mano et al. [30]. They prepared PPy/PVC composite films with thickness of 100 um by
dissolving PVC in 0.25 M FeCl, solution and performing polymerization at 25 °C for 6
hours. This comparison demonstrated that the reaction condition directly influenced on

the conductivity of PPy/PVC composite films.
41.1.5 Characterization of PPy/PVC composite film

N B ATRIFT-IR spectroscopy of PPy/PVC

composite film

Figure 4.4 exhibits ATR/FT-IR spectra of PVC, PVC with FeCl;, PPy/PVC

composite film and pure polypyrrole.
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(a) IR spectra of PVC, PVC with FeCl, and PPy/PVC composite film

prepared by dissolving method
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(b) IR spectrum of pure polypyrrole

Figure 4.4  ATR/FT-IR of PVC, PVC with FeCl,, PPy/PVC composite film

prepared by dissolving method and pure polypyrrole.
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The IR absarption of PPy/PVC composite film is clearly different from PVC
matrix. IR spectrum of PPyPVC composite film shows the characteristic absorption
bands of both PVC and PPy. Absorption spectrum of PPy/PVC composite film confirms
the incorporation of conductive polymer Iinto PVC. Note that the absorption bands of
PPy located at 1540, 1460, 1300, 1040 cm"', and the absorption bands of PVC located
at 2920, 1730, 1430, 1250, 1160, 680 cm’. However, the absorption spectrum below
1700 cm’ has been dominated by the polypyrrele. It also indicated that there was no

chemical bonding between PVC and PPy, PVC acled only as a support.
4.1.1.52 TGA of PPy/IPVC composite film
Thermal behavior of PPy/PVC composite film was monitored by TGA in

order to observe its thermal stability. Figure 4.5 shows TGA curve of PPy/PVC

composite film comparing to PVC film and PVC with FeCl, film.
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Figure 4.5 TGA of PVC film, PVC with FeCl, film and PPy/PVC composite film

prepared by dissclving method.
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It can be seen that all samples begin to lose mass at temperature below
100°C. This initial loss results from residual solvent evaporation and FeCl, dehydration
since films were obtained by casting from THF solution either with or without FeCl,
incorporation. Volatilization of monomers and oligomer adsorbed in the matrix can also

be responsible for this initial mass loss.

Both PVC with FeCl, film and PPy/PVC composite film showed a second
mass loss starting at a lower temperature than PVC film, i.e., from 250 °C to 300 °C,
while the process occurring from 300 °C to 330 °C for PVC film. This mass loss of all
samples can be related to PVC dehydrochlarination. A third mass loss of PVC film
occurred at 500 °C can be assigned to cross-linking of the conjugated double bonds
generated in the dehydrochlorination process. However, third mass loss of PVC with
FeCl, and PPy/PVC composite film staried at 400 °C. TGA curves of these films are
shifted to the left. This may be due to the influence of FeCl, and PPy on PVC
decomposition. TGA curve of PVC with FeCl, has residual. Thermal stability of PPy/PVC
composite film is lower than PVC indicating that incorporation of PPy into PVC matrix

acts as filler which slightly alters property of PVC.

4.1.2 PPy/PVC composite films prepared by swelling PVC in FeCl,

solution
4121 Preliminary investigation
In this study, PVC film, with thickness of 220 pm, was immersed in FeCl,

solution in different solvents i.e., acetonitrile, methanol, chloroform and THF. By

observation of the film appearance it was found that THF was the most suitable solvent
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for swelling PVC film. Therefore PPy/PVC composite film was prepared by firstly
immersing PVC films in 1 M FeCl, in THF for 5 seconds, then solvent evaporated at
50 °C for 15 minutes and the film was subjected to vapor polymerization with pyrrole at
10 °C. After 2 hours of exposing to pyrrole, yellow film was turning black. Its
conductivity of polypyrrole showed to be only 1.65 S/cm. To improve its conductivity
several factors influenced on its conductivity were studied such as immersion time,

FeCl, concentration, reaction temperature and reaction time.

4122 Effect of immersion time

The swelling ef PVC film is necessary since it will allow polymerization to
proceed inside the film:" Therefore PVC films were immersed in 1 M FeCl, in THF for
different periods of time from 1-20 seconds, Figure 4.6 shows the influence of the
immersion time of PVC film in FeCl, solution on the conductivity of PPy/PVC compasite
films. To determine the conductivity of the composite film, the thickness of PPy was
again involved. In the case of PPy/PVC composite films prepared by swelling, it was
expected that FeCl, was deposited mainly on surface of PVC fiim. Therefore, the

conductivity of sample has been calculated by using only the thickness of PPy on top of

PVC film.
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Figure 4.6 Effect of immersion time on the conductivity of PPy/PVC composite
films: prepared by swelling method using 1 M FeCl,, 10 °C

polymerization temperature and 2 hours polymerization time.

At low immersion time, low conductivity of PPy/PVC composite film is
obtained while at longer immersion time, the conduclivity increases and seems to be
constant after 10 seconds of immersion time. It can be explained that at less immersion
time FeCl, is restricted to a surface of PVC film while more amount of FeCl, can be
interpenetrated inta PYCfilm as the immersion time is-longer. it should be noted that at
immersion time above 15 seconds, PVC films were distorted and started to dissolve in

FeCl, solution. 'Thus in the following studies PVC film was immersed in FeCl, solution for

10 seconds.
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4.1.23 Effect of FeCl, concentration

According to Section 4.1.1.2, FeCl, concentration had an influence on
conductivity of PPy/PVC composite films prepared by dissolving method, it was also
expected the similar result for the swelling method. Thus FeCl, concentration was varied
from 0.10-1.25 M. At FeCl, concentration greater than 1.25 M, FeCl, was not completely
dissolved in THF due to its solubility limit. Figure 4.7 shows that conductivity of PPy/PVC

composite films depend on FeCl, concentration.
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Figure 4,7 -Effect of FeCl;- concentration -on_the-conductivity of PPy/PVC
composite films prepared by swelling method using at 10
seconds immersian time, 10 °C polymerization temperature and 2

hours polymerization time.

It clearly exhibits that above 1 M FeCl,, conductivity of PPy/PVC

composite films approached a constant value. This may be due to constant rate of
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swelling of PVC. At low FeCl, concentration, even though high swelling ratio of PVC film

was obtained, conductivity of PPy/PVC composite film was low.

Analogous result was observed by Zoppi et al. [5] who prepared
polypyrrole/ethylene-propylene-5-ethylidene-2-norbornene rubber, EPDM, composite by
swelling of EPDM in FeCl/THF solution and exposed to pyrrole vapor for 26 hours at
room temperature. They explained that the swelling ratio decreased when FeCl,
concentration increased and reached a constani walue. This behavior was expected
because FeCl, reduced polymeric matrices solubility in THF. At 1.25 M FeCl,, this was
maximum limit for dissolubility of FeCl, in THF. Therefore, immersed PVC film was not

swollen in FeCl, solution of higher concentration.

Moreover, at above 1 M FeCl,, conductivity of PPy/PVC composite films
seemed to be saturated. This observation was similar to one obtained by Kise et al. [27]
who prepared PPy film by interphase chemical polymerization between aqueous solution
of Fe,(SO,), and organic solution of pyrrole monomer reactions at 10 °C for 4 hours.
They could explain that similar results have been reported for other oxidative
polymerization systems of pyrrole. At higher oxidant concentration, the content and bulk
density of PPy decrease because the oxidative polymerization of pyrrole occurred
rapidly. It seemed that polypyrrole layer which retarded the diffusion of the oxidant
solution was formed on surface of matrix film, thus generating of PPy was the non-
uniform composite films. Alternatively, excess amount of oxidant led to the loss of
regularity in the PPy structure and the overoxidative reaction of PPy, namely, decreasing
in the length of conjugation and defecting of structure in the composite films. So that the
maximum conductivity of PPy/PVC composite films (1.80 S/cm) was obtained at 1 M
FeCl,.
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4124 Effect of reaction temperature

To investigate the effect of the reaction temperature on conductivity of
PPy/PVC composite films prepared by swelling, the reaction temperature was varied
from =15 °C to 45 °C. Figure 4.8 shows that reaction temperature influences on
conductivity of PPy/PVC composite films. The reaction temperature which provided the
highest conductivity was at 10 °C, the same as for preparation of PPy/PVC composite
fims by dissolving method. The reason for oblaining lower conductivity at the

temperature lower or higherthan 10 °C was described previously in Section 4.1.1.3.
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Figure 4.8 ~ Effect of reaction temperature on the conductivity of PPy/PVC
composite films prepared by swelling method using 1 M FeCl,,

10 seconds immersion time and 2 hours polymerization time.
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4125 Effect of reaction time

To investigate effect of reaction time on conductivity of PPy/PVC

composite films, reaction time was varied from 1 to 72 hours as shown in Figure 4.9.
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Figure 4.9 Effect of reaction time on the conductivity of PPy/PVC composite
films prepared by swelling method using 1 M FeCl,, 10 seconds

immersion time and 10 °C polymerization temperature.

It clearly exhibits that the maximum conductivity (2.47 Sfcm) of PPy/PVC
composite film is obtained at 6 hours polymerization time. The similar explanation on the

effect of reaction time on conductivity was previously deseribed in Section 4.1.1.4,

Preparation of PPy/PVC composite film by swelling method closes to
preparation of PPy/PVC composite film by Kang et al. [11]. They reported that PVC

matrix was immersed in solvent systems of n-hexane, acetone and pyrrole, then
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immersed in FeCl, solution of the binary solvent system with acetonitrile and methanol.
The mole ratio of B5/15 of acetonitrile/methanol resulted in high electrical conductivity of
composite film when polymerized at 0 ® C. The high conductivity of the composite was
about 20 S/cm. The result of high conductivity of PPy/PVC compasite films obtained by
Kang et al. is expected effect of solvent. So that solvent was changed from THF to
binary solvent system of acetonitrile and methanol. PVC film was immersed in 1 M FeCl,
in acetonitrile and methanol. It was observed PVC film was not swollen in FeCl, solution.
However, PPy/PVC composite film, with only conductivity of 0.32 S/cm was obtained
when PVC film was immersed in-1 M FeCl, in acetone and 10 ° C polymerization
temperature for 6 hours palymerization time. The results in oxidation potential of solvent
were not successful. Moreover procedure of preparation of PPy/PVC composite films

obtained by Kang et al. was repeated but low conductivity could not be recorded.

In this research it was observed that high conductivity of PPy/PVC
composite films prepared by swelling in FeCl, solution is obtained at 1 M FeCl,
concentration, 10 °C polymerization temperature and 6 hours polymerization time.

4.1.2.6 Characterization of PPy/PVC composite film

4.1.2.6.1 FT-IR spectroscopy of PPy/PVC composite
film

Figure 4.10 exhibits FT-IR spectra of PVC film, PVC with FeCl, film and

PPy/PVC composite film.
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Figure 4.10 FT-IR of PVC, PVC with FeCl, and PPy/PVC composite film

prepared by swelling method.

The IR absarption of PPy/PVC composite film is clearly different from PVC
matrix. Absorption bands of PPywPVC compaosite fiim located at 1530, 1435, 1270, 1130,
1030, 880 cm' while the absorption bands at 2820, 1730, 1410, 1310, 1240, 1170, 950
cm’ belonged to PVC matrix. It is obvious that no absorption band at 2920 cm’
appeared in FT-IR spectrum of PPy/PVC composite film. It indicated that polypyrrole
layer covered on the surface of PVC film completely well. This can be confirmed by

SEM (Section 4,1.3).
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4.1.2.6.2 TGA of PPy/PVC composite film
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Figure 4.11 TGA of PVC film, PVC with FeCl, film and PPy/PVC composite film

prepared by swelling method.

Figure 4.11 shows that the stabilizer or filler which was used in PVC film,
volatilizatien of monomer and oligomer adsorbed in the matrix can be responsible for
initial mass loss of all composite films. For PVC with FeCl; film, initial mass loss may
result from solvent evaporation and FeCl, dehydration. ~Second mass loss occurring
from 280 °C to 350 °C can be related to PVC dehydrochlorination, PVC loses HCI in this
stepo. Third mass loss at 450 °C results from unsaturated carbon-carbon backbone
degradation. PVC with FeCl, film has residual. TGA curve of PPy/PVC composite film
resembles to TGA of PVC film. It can be pointed out that the incorporation of PPy into

PVC by swelling method seemed not change its thermal stability.
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4.1.3 Morphology of PPy/PVC composite film

Figure 4.12 shows that PPy/PVC composite film prepared by swelling
method is a sandwich type structure which two layers of PPy were coated on PVC film.
The layer of PPy starts to grow while FeCl, concentration increases and conductivity of
PPy/PVC film increases. SEMs of PPy/PVC composite film prepared by swelling method

are different from dissolving methed (Figure 4.13).
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(b) PPy/PVC composite film

at 0.25 M FeCl, X 550

(c) PPy/PVC composite film at 1 M FeCl, X 550

Figure 4.12 SEMs of PPy/PVC composite films prepared by swelling method.
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(c) PPy/PVC composite film {d) PPy/PVC composite film

at 0.20 M FeCl, X 550 at 0.20 M FeCl, X 6500

(e) PPy/PVC composite film {f) PPy/PVC composite film

at 0.33 M FeCl, X 550 at 0.33 M FeCl, X 550

Figure 4.13 SEMs of PPy/PVC composite films prepared by dissolving method.



Figure 4.13 shows that PPy can disperse in PVC matrix. At higher FeCl,
concentration, large amount of globules of PPy particles are obtained. This result led to

high conductivity of PPy/PVC composite film.

(a) PPy/PVC composite film prepared (b) PPy/PVC composite film prepared

by dissolving method by swelling method

Figure 4.14 TEMs of PPy/FNVC composite film prepared by swelling and

dissolving methods.

Figure 4.14 clearly exhibits that PPy in PPy/PVC composite film prepared
by dissolving method could disperse into PVC matrix better than by swelling method.
For PPy/PVC composite film prepared by swelling, FeCl, can be dispersed into PVC
matrix, however, most of PPy are occurred on surface. This phenomenon explains that
during polymerization, pyrrole vapor interpenetrated into PVC film was shielded by PPy
network on surface of PVC. After washing compaosite film in methanol, it was found that
FeCl, was leached out into methanol. SEM and TEM of PPy/PVC composite film
prepared by swelling show that less of PPy was interpenetrated into PVC, PPy layer is

occurred on surface of PVC film.
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4.2 PPy/PS composite films

Many researchers reported on the preparation of PPy/PS composites by
chemical polymerization of pyrrole in matrix of host insulating polymer [44-47] and by
electrochemical polymerization of pyrrole on electrode coated with PS [48]. The
conductivities of composites were as low as 10° S/cm [48) upto the highest one of
10 S/cm [44,45]). However, very few reports on PPy/PS composites were noted. In this
study, preparation of PPy/PS composite films by vapor polymerization of pyrrole on PS
films impregnated on oxidant was investigated and compared with PVC and poly

(sodium 4-styrene sulfonate) (PSS) films.

4.2.1 PPy/PS composite films prepared by dissolving PS in FeCl,

solution

PS pellet was dissolved in FeCl; solution in different solvents, i.e.
chloroform and THF. It was observed that THF was a suitable solvent for film forming.
PPy/PS composite film was thus prepared by firstly dissolving PS pellet in 0.10 M FeCl,
in THF at room temperature, casting into thin film and then subjected to vapor
polymerization with pyrrole at 10 °C for 2 hours. Even though the black composite film
was obtained, its\ canductivity could not be measured because less current passed
through composite film. Higher FeCly concentration was also attempted but the
discontinuous film was formed. Therefore PPy/PS composite films prepared by

dissolving method could not be successful.
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4.2.2 PPy/PS composite films prepared by swelling PS in FeCl,

solution

4221 Preliminary investigation

In this study, THF was also the most suitable solvent for
preparing PPy/PS composite film. PPy/PS compesite film was prepared by immersing
PS film, thickness 220 pm, in 1 M FeCl, solution in THF for 5 seconds, then solvent was
evaporated at 50 °C for 15 minutes. After that the film was subjected to vapor
polymerization with pyrrole at 10 °C. After 2 hours of exposing to pyrrole vapor, yellow
film was turning black. The gonductivity of composite film was 0.51 S/cm. To calculate
the conductivity the thickness of PPy was a important parameter. In the case of PPy/PS
composite films prepared by swelling, it was expected that FeCl, was deposited mainly
on surface of PVC film. Therefore, the conductivity of sample has been calculated by
using only the thickness of PPy on PS film. Teo improve its conductivity several factors
were studied such as immersion time, FeCl, concentration, reaction temperature and

reaction time.

4222 Effect of immersion time

According to Section 4.1.2.2, immersion time had an influence on
conductivity of PPy/PVC. composite film prepared by swelling method, it was also
expected the similar result for PPy/PS composite films. Immersion time of PS films in 1 M
FeCl, was varied from 1-20 seconds. Figure 4.15 shows that longer immersion time of

PS film in FeCl, solution increases in conductivity of PPy/PS composite films. The
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conductivity seems to be constant after 10 seconds of immersion time. It should be note

that at immersion time above 15 seconds, PS films were dissolved in FeCl, solution.
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Figure 4.15 The conductivity of PPy/PS composite films prepared by swelling
method at various immersion time of PS in 1 M FeCl, using 10 °C

polymerization temperature and 2 hours polymerization time.

The immersion time which provided high conductivity of PPy/PS
composite films was at 10 seconds, the same as for PPy/PVC composite films obtained
by swelling methed. The effect of immersion time on conductivity is the same as was
described in Section 4.1.2.2. In this research, 10 seconds was used as the optimum

immersion time for preparation of PPy/PS composite films.



55

4.2.2.3 Effect of FeCl, concentration

As FeCly concentration influenced on conductivity, PPy/PS composite
films were prepared at various FeCl, concentration from 0.10-1.25 M. Figure 4.16 shows
that conductivity of PPy/PS composite films depends on FeCl, concentration. At 1 M
FeCl,, the conductivity of PPy/PS composite films reaches 0.53 Sfem. It clearly exhibits

that above 1 M FeCl,, conductivity of PPy/PS cempesite films approached a constant

value.
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Figure 4.16  Effect of FeCi; concentration-on the conductivity of PPy/PS
composite films prepared by swelling method using 10 seconds
immersion-time, 10 °C-polymerization temperature-and 2 hours

polymerization time.

The same expianatlan as previously described in section 4.1.2.3, is
applied in this case as well, In this work, 1 M FeCl, was chosen as the optimum

concentration for the preparation.
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4224 Effect of reaction temperature

To investigate effect of reaction temperature on conductivity of PPy/PS
composite films prepared by swelling method, reaction temperature was varied from

-15 °C to 45 °C. Figure 4.17 shows that reaction temperature affects on conductivity of

PPy/PS composite films.
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Figure 4.17  Effect of reaction temperature on the conductivity of PPy/PS
composite films prepared by swelling method using 1 M FeCl,,

10 seconds immersion time and 2 hours reaction time,

The reaction temperature which provided PPy/PS compaosite films, high
conductivity, was at 10 °C, the same as for preparation of PPy/PVC composite films by
swelling method. The result of the reaction temperature influence on conductivity of
composite films was previously described in Section 4.1.2.4. The optimum reaction

temperature for the preparation of PPy/PS composite films by swelling method was

about 10 °C.
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4225 Effect of reaction time

To investigate the effect of reaction time on conductivity of PPy/PS

composite films, reaction time was varied from 1 to 72 hours.

1.80

1.60
1.40 A

1.20 -

MIASES ]
- 1 |

Conductivity (Sfcm)

0.40 -
0.20
0.00 T = | = ) T T
0 10 20 30 40 50 60 To 80

i Reaction time (hours)

Figure 4.18 Effect of reaction time on the conductivity of PPy/PS composite
films_prepared. by swelling method using 1 M FeCl,, 10 seconds

immersion time and reaction temperature 10 °C.

The reaction time inflienced on’ conductivity of composite films was
previously described in Section 4.1.1.4. Therefore the highest  conductivity of
preparation PPy/PS composite films by swelling (1.48 S/cm) is obtained at 10 seconds
immersion time of PS film in 1 M FeCl, at 10 °C polymerization temperature and 6 hours

polymerization time.



4226 Characterization of PPy/PS composite film

4.2.2.6.1 FT-IR spectroscopy of PPy/PS composite
film
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(b) FT-IR of PPy/PS composite film

Figure 4.19 FT-IR of PS film and PPy/PS composite film prepared by swelling

method.



59

IR spectrum of PPy/PS composite film is clearly different from PS matrix.
PPy/PS composite film exhibits the absorption bands at 1540, 1450, 1280, 1160, 1030,
880 cm’ while absorption bands of PS matrix appeared at 3000, 2920, 1580, 1490,
1450, 1070, 1030, 970, 760, 690 cm”'. The absorption band at 3000 cm”' characterized
as aromatic ring did not appear in the IR spectrum of PPy/PS composite film. It

indicated that polypyrrole layer covered on the surface of PS film completely well. This

can be confirmed by SEM (Section 4.2.3).

4.2.2.6.2 TGA of PPy/PS composite film
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Figure 420 TGA of PS film, PS with FeCl, film and PPy/PS composite film

prepared by swelling method.

Figure 4.20 shows that PS underwent only one time of mass loss,
probably due to partial depolymerization or evaporation of trapped monomer, starting at

350 °C. In case of PS with FeCl, film and PPy/PS composite film, mass loss started at
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400 °C, higher than mass loss of purely PS film. This indicated that FeCl, and PPy had

some influences on PS decomposition.

4.2.3 Morphology of PPy/PS composite film

(a) SEM of PS with FeCl, X 580 (b) SEM of PPy/PS at 0.25 M FeCl, X 550

Figure 4.21 SEMs of PS with FeCl, film and PPy/PS composite film prepared by

swelling method.

(a) TEM of PPy/PVC composite film (b) TEM of PPy/PS composite film

Figure 4.22 TEMs of PPy/PVC and PPy/PS composite films prepared by

swelling method.
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SEMs indicate that most of PPy formed at surface of PS film which made
PPy/PS composite films prepared by swelling method a sandwich type. In comparison,
PPy of PPy/PS composite film could less interpenetrated into PS film than PVC as

revealed by TEM.

4.3 PPy/PSS composite films

In this study, it was observed that low conductivity of PPy composite
films was obtained. This is probable that it is rather difficult for an oxidant agent to
diffuse inside the film. This obstacle may be partly avoided by the use of insulating films
in which the ionic dopant is already bound to the polymer backbone. The advantage of
the ionomer-conducting polymer composite is that the composite preparation is no
longer dependent on the diffusion rate of dopant in the film [32]. Recently, polymeric
anion has been used as the doping counterion to prepare conducting polymer [49-53].
Advantages reported for this type of polymer include the improvement of mechanical

properties and processability [49] and ability for cation exchange [50].

Many researchers have prepared PPy/PSS composite films by
electrochemical polymerization of solution of pyrrole and PSS. They reported that PPy
was doped with PSS. The conductivity of these composite films were obtained in ranges
from 107 to 10.S/cm [52]. However, Arfibas et al. [53] have reported the preparation of
conductive PPy/PSS by chemical polymerization, the ‘conductivity of PPy/PSS composite
films (4 S/cm) was obtained. So that PSS was expected to improve conductivity of PPy

composite films.
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4.3.1 PPy/PSS composite films prepared by dissolving PSS in FeCl,

solution

PSS powder was dissolved in FeCl; solution in different solvents, i.e.
chloroform, THF and water. It was observed that H,0 was only solvent for dissolving
PSS, but it could not be formed film. So that PPy/PSS composite films prepared by

dissolving method was not successful.

4.3.2 PPy/PSS composite films prepared by swelling PSS in FeCl,

solution

4.3.2.1 Preliminary investigation

PSS film, with thickness 380 um, was prepared by dissolving in
H,O and casted as film, at 50 °C for 48 hours. PSS film could swell very well in THF,
thus it was immersed in 1 M FeCl, solution in THF at room temperature for 1 second,
then the solvent was evaporated at 50 °C for 15 minutes and followed by vapor
polymerization with pyrrole at 10 °C. After 2 hours of exposing to pyrrole, the yellow film
was turning black. Its conductivity showed to be 2.34 S/em. It should be noted that at
immersion time above 1 second, PSS films were easily fractured. The conductivity of
sample has been calculated by using only the thickness-of PPy on PSS'film. To improve
its conductivity several factors was studied such as FeCl, concentration, reaction

temperature and reaction time.
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4322 Effect of FeCl, concentration

As previously described, FeCl, concentration has influenced on the
conductivity of the prepared film. Therefore, PPy/PSS composite films were prepared at
various FeCl, concentrations from 0.10-1.25 M. When the concentration of FeCl, is lower

than 0.50 M, the immersed PSS films were fractured.
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Figure 4.23 Effect of FeCl, concentration on the conductivity of PPy/PSS
composite films prepared by swelling method using at 10 °C

polymerization temperature and 2 hours polymerization time.

Figure 4.23 shows that the conductivity of PPy/PSS composite films
increases with the FeCl, concentration. This can be explained that higher concentration
of FeCl, results in higher polymerization rate. The optimum oxidant concentration was

1.25 M.
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4323 Effect of reaction temperature

To investigate the effect of reaction temperature on conductivity of
PPy/PSS composite films prepared by swelling, reaction temperature was varied from

—15 °C to 45 °C. Figure 4.24 shows that the reaction temperature affects on conductivity

of PPy/PSS composite films.
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Figure 4.24 Effect of reaction temperature on the conductivity of PPy/PSS
composite films prepared by swelling method using 1.25 M FeCl,

and-2 hours polymerization time:

At reaction temperature above 30 °C, it was noticed that PPy/PSS
composite film was fractured while polymerization of PPy occurred. The influence of
reaction temperature on conductivity of composite films was previously described in
Section 4.1.1.3. The optimum reaction temperature of preparation of PPy/PSS

composite films by swelling was at 10 °C.
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4324 Effect of reaction time

The reaction time was varied from 1 to 72 hours.
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Figure 4.25 Effect of reaction time on the conductivity of PPy/PSS composite

films prepared by swelling method using 1.25 M FeCl, and 10 °C

polymerization time.

The result of the reaction time influence on conductivity of composite
films was previously described in Section 4.1.1.4. The highest conductivity of PPy/PSS

composite films was obtained at reaction time 2 hours.

The highest conductivity (2.51 S/cm) PPy/PSS composite films prepared

by swelling is obtained at 1.25 M FeCl,, polymerized with pyrrole at 10 °C for 2 hours.
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4.3.3 Morphology of PPy/PSS composite film

Morphology of PPy/PSS composite film prepared by swelling are shown

in Figure 4.26.

(a) SEM of PSS film X550 (b) SEM of PSS with FeCl, film X 550

it driat 8

(c) SEM of PPy/PSS compesite film X 550 (d) TEM of PPy/PSS composite film

Figure 4.26 SEMs and TEM of PPy/PSS compaosite film prepared by swelling

method.
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SEMs of PPy/PSS compaosite film show that PPy occurred on surface of
PSS film and PSS film is very brittle. TEM explains that PPy can interpenetrate PSS film

well,

4.4 Mechanical properties of PPy composite films

Generally, a serious problem in technological application of free-
standing PPy films was that these films are hard and brittle. Mechanical properties and
processability of PPy films were improved by polymerization of pyrrole into mechanically
superior but electrically inert materials. In this study, mechanical properties of PPy
composite films were measured by the stress-strain technique and summarized in

Appendix B but maximum stress and strain at maximum load of PPy/PSS composite

films could not be measured.

Purely casted PVC films behave like brittle, with high maximum stress of
34.10 N/mm’ and short strain at maximum load of 6.03%. Mechanical properties of PVC
was improved from brittle to tough, depending on the addition of FeCl,. It was observed
that at lower FeCl, concentration, PPy/PVC composite film was still obtained high tensile
strength of 20.56 N/mm’ and low elongation at break of 8.15%. Therefore the properties
of PPy/PVC composite films prepared by dissolving method were similar to purely
casted PVC. When incorporation of FeCl, increased, these composite films were
changed from britlle to soft and tough. ' At 0.83'M FeCl,, lower maximum stress (6.72
mema) and longer strain at maximum load (25.86%) of PPy/PVC composite film were
obtained. However, at the highest FeCl, concentration, the amount of PPy in matrix was
too much that PPy/PVC composite film began to brittle, with short strain at maximum
load (4.15%). Its property likes pure PPy which has high stress at break ca. 64 MPa and

short elongation break lower than 5% [26].
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The result is similar to observation of Mano et al. [26]. They reported that
PVC changed from hard and brittle to soft and tough, depending on the degree of FeCl,
incorporation. In this work, it was found that increasing in reaction time would decrease
the toughness of PVC film. When reaction time increased from 2 hours to 12 hours,

strain at maximum load decreased from 25.86 to 20.65%.

Maximum stress of PVC film and PS film were 53.57 and 36.44 N/mm®
and strain at maximum load were 12.06 and 10.33%, respectively. For PPy composite
film prepared by swelling method, immersion time of matrices in oxidant solution
affected on tensile strength. At longer immersion time, maximum stress (40.23 N/mm®)
of PPy/PVC compaosite film decreased while strain at maximum load was sleady, ils
property was compared with pure PVC film. It shows that hardness of PPyPVC
composite film was reduced and its toughness retained original property of PVC.
Maoreover maximum stress (20.53 N.l'mmz} and strain at maximum load (6.47%) of PPy/PS

composite film decreased from purely PS film.

Stress-slrain behavior shows thal FeCly concentration affects on tensile
strength of matrix. At 0.256 M FeCl,, maximum stress (32.38 memz} of PPy/PVC
composite film reduced and strain at maximum load (10.68%) was constant when its
property is compared with pure PVC film. Maximum stress (12.26 N/mm’) and strain at
maximum load (5.04%) of PPyPS composite film reduced when its property is
compared with purely PS film. However, at 1.25 M FeCl,, maximum stress of PPy/PVC
and PPy/PS compaosite film increased from 32.38 to 39.56 and 12.26 to 21.83 N/mm’,
respectively. When its property was compared with PPy composite films polymerized at

lower FeCl, concentration.
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The effects of reaction time on stress-strain behavior of PPy composite

films were studied and shown in Table 4.1.

Table 4.1 Stress-strain behavior of PPy composite films prepared by swelling method

at various reaction time

Type of composite Reaction time Maximum stress Strain at maximum
film (hours) (N/mm?) load (%)
PPy/PVC 2 4023 11.96
12 34.68 11.98
PPy/PS 2 20.53 6.47
i 18.36 4.35

Table 4.1 indicated that at 12 hours, maximum stress (34.68 N/mm’) of
PPy/PVC composite film decreased. Maximum stress (18.36 N/mm’) and strain at
maximum load (4.35%) of PPy/PS composite film decreased. Tensile strength and
elongation at break of PPy/PVC composite film prepared by swelling method are higher
than the one prepared by dissolving method because PVC film was filled plasticizer to
improve the hardness for using application. The optimum PPy/PVC composite films
prepared by dissolving method with lower maximum stress (6.72 memz'_l. higher strain
at maximum-load(25.86%) behave like soft and tough; its mechanical-property retains
PVC matrix. Moreover mechanical property of PPy/PVC composite film prepared by
swelling method retains property of pure PVC film. It can explain that PPy acted as filler

into matrices because property of matrices was changed from the original property.
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4.5 Time-decay of PPy composite films

It is known that conductive polymer is sensitive to air oxidation. In this
study, the conductive stability was explored by measuring the conductivity after storing
for 3, 5, 10, 15, 30, 45, 60 and 90 days. Figure 4.27 shows that the conductivities of all
the samples prepared by swelling decreases dramatically in the first 10-15 days of

storing time.

2.50
- PPy/PVC prepared by dissolving method

2.00
—=— PPy/PVC prepared by swelling method

—— PPy/PS prepared by swelling method

Conductivity (S/cm)

—»— PPy/PSS prepared by swelling method |

0.50

0.00

0 20 40 60 80 100
Storing time (days)

Figure 4.27 Conductivities of PPy composite film after certain storing time.

They slowly decay and finally seem to approach a low value. The
conductivity of PPy/PVC composite film prepared by dissolving method decreased
slowly until steady at 0.04 S/cm after 45 days. This behavior was suggested by
Tanawadee [40] that the possibility of anion on the surface of the polymer matrix was
less than anion which hold below the surface because anion on the surface is interfered

by moisture or temperature. It was found that conductivity of PPy/PVC, PPy/PS and
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PPy/PSS composite films prepared by swelling method, decreased rapidly at the first
10-15 days. The decrease in conductivity of these composites was then, very slow.
Conductivities of PPy/PVC, PPy/PS, PPy/PSS composite films prepared by swelling

method were steady at 0.10, 0.03, and 0 S/cm after 60, 30 and 30 days, respectively.

46 Comparison of PPy/PVC composite films prepared by dissolving and

swelling methods

Morphology of PRy/PVC compaosite film obtained by swelling method was
a sandwich type structure. PPy was formed at surface of PVC matrix film. The only layer
of PPy was determined condugtivity of PPy/PVC composite film. Its mechanical
properties such as toughness, retain the same as the property of PVC matrix. Thus PPy
acted as filler is less interpenetrated into plastic. Morphology of PPy/PVC composite film
obtained by dissolving method shows that ne layer was formed. Since PPy was
developed where FeCl, existed as a blend with PVC. Conductivity of one by dissolving
method was calculated bi.r using thickness of PPy/PVC composite film. It was found that
polymerization time for preparation of PPy/PVC composite films by swelling method is
longer than the one by dissolving method. Thermal and air stabilities of PPy/PVC
composite film prepared by dissolving method are better than the ones prepared by

swelling method.
4.7 Comparison of PPy/PS and PPy/PVC composite film
Conductivity of PPy/PVC composite film is better than one of PPy/PS

composite film. It was expected that PVC was polar group polymer and highly flexible.

So it could allow interpenetration of polypyrrole into matrix film. The stress-strain



72

behavior shows that PPy/PS composite films were more brittle than PPy/PVC composite

film.

48 Comparison of PPy/PS and PPy/PSS composite film

In previous purpose, PSS was expected to improve conductivity
of PPy composite films. In this study, it was observed that conductivity of PPy/PSS
composite film was higher than the one of PPy/PS composite fim. However, its
conductivity was equal to PPy/PVC composite film obtained by swelling method.
Polymerization time of PPy/PSS composite film was shorter than PPy/PS composite film.
Even though, high conductivity of PPy/PSS composite film was obtained, other property,

such as tensile strength, air stability, were not suitable for its further applications.



CHAPTER V

CONCLUSION

Polypyrrole compesite’ films were obtained by two different
methods. The first method, pelymeric matfices.used such as polyvinyl chioride,
polystyrene and polystyrene sulfonate wera‘)dissnlved in oxidant solution, then casted as
films. These samples were exposed o 9yrrﬂle vapor.. In this case, only PPy/PVC
composite film was obtained at 0.33 M F‘APQI,.. 10 °C reaction temperature, 2 hours
reaction time. Its condugtivity’ showed o be 0.253 Sicm. An alternative preparation

method was investigated in order to obtain finél products with higher conductivity. In

second method, polymeric Matrdices films were swollen in oxidant solution, the swollen
f.:'aa

polymer matrices were exposed ta pysrole vapor. in this case, PPy/PVC composite film

was obtained by using 10 se;pnds immers

v § N

temperature and 6 hours reaction time. Its conductivity showed to be 2.475 S/cm.
PPy/PS composite film was obtained by using 10 seconds immersion time in 1 M FeCl,,
10 °C reaction temperature and 6 hours reaction time. Its conductivity showed to be
1.475 Sfem. PPy/PSS composite film was.obtained by using 1.second immersion time in
1.25 M FeCl,, 10"°C reactiontemperature and 2 hours reaction time. Its conductivity

showed 10 be 2547 Slem.

In former method, polypyrrole could interpenetrate into polymeric
matrices well, it was also possible to incorporate some reinforcement polypyrrole that
improved the mechanical properties of polymeric matrices. The second method may

allow less amount of polypyrrole into polymeric matrices, therefore, polypyrrole
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composite films retained property of insulating polymer and conductive polymer, except
PPy/PSS composite film which is easily fractured. All polypyrrole composite films could
be used in electromagnetic interference application with the process developed in this

study.

52  Suggestion

To improve conduclivi posite film for suitable application

industry, polymeric mat polymer such as nylon 6,
polyamide and retained mechanical p ies of plasti \~\- polar group polymer can

%

accept incorporation of po
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APPENDIX A

Electrical conductivity was measured by Van der Pauw method.

Van der Pauw is one technigue for measuring conductivity (o) of sample.

Four contacts are put at edge of sample, Figure A-1.

O g
5
5]
4 3 _
——————» Sample
1 2 4 —13
1 2
(@) Iz Vaq (b) g, Vi

Sample — 1

- F
oo W
eduegy —-—1
—

O,

{G) IZH" UIZ {d} I411 uza

Figure A-1 Van der Pauw method
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First, contacts 1 and 2 are applied suitable current (I,;) and contacts 3
and 4 are measured voltage potential (V,,). Each | ,is used the resistance 100 kQ, 200

kQ and 300 kQ, respectively. Table A-1 can show data of |,, and V,,.

Table A-1 Current and voltage potential data

Resistance Current Voltage
(ﬁqnpere] ~ potential (Volt)
100 kQ - Vi,
200 k@2 & Vs
300 kQ g Vi,

When these data are plotted between | and V, the R, is obtained,

following equation A-1.

"%

R,y A-1

Second, |, is applied and V,, is measured. Data are obtained in the
same way. So that R, is obtained. Conductivity (o) can be calculated from R, and R,,

following Equatiﬂ}i A-2,

exp(-niR,de,) + ‘exp(-nR,doc,) =01 A-2

Where d is the thickness of the sample.



Third, 1., is applied and V,, is measured, o, is obtained. Finally, |, is
applied and V,, is measured , g, and o, are obtained. Table A-2 shows o, g,, 5, and o,

respectively.

Table A-2 Conductivity data

Conductivity R, : R,
| W | v
o, Iz Vs |25 Vay
o, s Vi g Vig
O, b, Vi L Vay
a, Lai Vas o Vi

Equation A-3 is accuracy conductivity (average conductivity).

o = (o, +0,+0,+0,)4 A-3

Contacts resistance is problem of accurate measurement. So that it may

be reduced by using carbon paints.
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Detail of calculating conductivity

Computer program is constructed following equation A-1 by using

program “GW basic” language. The detail of program is shown below:

Ok

List

10 INPUT “ SAMPLE THICKNESS=", D
20 INPUT “Resistance No.1 =", R,

30 INPUT “Resistance No.2=", R,

40 M=3.141527*D

50 R=R,

60 S=R,

70 A=MR

80 B=M'S

90  C=(A+B)'0.5

100 X=0.69314/C

110 | = EXP (-A*X) + EXP (-B*X)

120  IF 1 == 0.00001 THEN GOTO 150
130 X=X4

140 GOTO 110

150  PRINT *Conductivity =1 ; X

Ok



Example for calculating conductivity

obtained by least square fit technique.

Sample

Thickness

The slope of graph

n

0.0035 cm

|2 Vs, : (0.88,0.065); (0.44, 0.033); (0.30, 0.023);

Ly, Ve ( 0.87,0.021); (0.43,0.010); (0.30, 0.007);

lye Vg'* (0:88, 0.066); (0.43, 0.033); (0.29, 0.023);

I Vit (0.88,0.021); (0.44,0.010); (0.30, 0.007);

Calculation program

Run

Sample Thickness
Resistance No.1
Resistance No 2
Conductivity

Ok

Run

Sample Thickness
Resistance No.1
Resistance No 2

Conductivity

0.0035
72.49
24.67

1.42

0.0035
24,67
72.99

1.42

86

After Is were applied through 4 contacts, Vs are measured. R can be

R, =72.49
R, = 24.67
R, =72.99
R, =24.35
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Run

Sample Thickness = 0.0035
Resistance No.1 = 72.99
Resistance No 2 = 24.35
Conductivity = 142

a,, G, @ . These value are averaged to obtain

the final value. Conductivi

AOUUINBUINT )
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Electrical conductivity value of polypyrrole composite films

Table A-3.1 Effect of reaction time on conduclivity value of PPy/PVC compesite films prepared by dissolving method

Reaction Gme (howrs) Conductity (Sfcm) Thickness {cm)
#1 #2 &3 =q average S0 # #2 #3 - average 5D
1 01445 | 01515 LOOC1196 | 01445 09400 DUD14Y DO1E5 | QUOTI0 | Q25 | G.0130 | 00120 0.0009
2 02me2 | 02314 p2505 | 02550 | 02533 00184 | Dui20 | OuMS | Q0425 | 00420 | Q20 0.0004
4 02403 | 02046 | 02572 | 02687 [ 02430 00288 | 00115 | 00115 | 00615 | QUOA15 | OW0AS 0.0000
B 07208 | 02310 | 02133 02697 | o224z  ooess | oo140 | oowo | ooz | om0 | o020 000
8 01895 | 0.9900 | 0.2433 | 02485 | D29E1 0028 | 0135 | 00120 | Ou0dE0 | 0M0S | 20 U002
12 01237 | 047S9 | 02215 | 0.24%0 | 02100 0020 | 00120 | 0025 | OUONES | OU0M20 | QU120 QL0004
24 iTms | Q8777 | 04343 | 0arsE | OPEE2 00213 | 0005 | QD115 | 0UMES | 00135 | 0020 0U00d3
T L1277 | 0863 | 01326 | Ou1=Ds | 0148 . 00269 | 00150 | Q0090 | 0U0M20 | 00100 | 00115 OL0026

Table A-3.2 Effect of FeCl , concentration on conductivity value of PPy/PVC composite films prepared by dissolving method

Fell Concentration (M) Conductivity (S/cm) Thickmess {cm)
’ #1 22 &3 g4 | average SD #1 &2 #3 #4 | average 5D
020 0.0280 | -0I0260 [un298 0.0279 00279 - 00016 |- 0.00%0 00080 0,000 0003 | 000 0J0006
025 oo 01045 o054 1116 0.1003 | D014t 00120 ] 00110 00415 0.0095 Qa0 00011
033 02Taz | 02314 | 02505 02550 02533 00184 00120 | 005 00125 020 U120 CL0004
05 02a36 | o2gis | 02611 [ 02362 | 02706 00273 | 0025 | 00M5 | 0011S | 0L0MES | 00120 D.0006
100 0. 3600 04008 | 0.2853 | 0.2665 : 0.32s2 0.0631 00420 00120 .0120 00130 | 0023 00005
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Table A-3.3 Effect of reaction temperature on conductivity value of PPy/PVC composite films prepared by dissolving method

Reac$on temperature (oC) Conductivity (Siom) Thickness [om)
#1 2 #a #4 average S0 # w2 #3 b average SO
15 0.1365 0. 1680 0211 02362 0.1885 00436 00135 | 025 0115 00105 0.a120 0.0043
] 02603 | 0266 |o023a7 | 02113 | 02467  0U0283 | 00125 | 00125 | OuO120 | 00120 | 00423 OUD00G
10 02762 02314 02505 | - 022550 02533 0016 L0920 oS | oudi2s | 0120 0L20 0UO004
30 01184 QL0904 01343 _ 08463 | OU12d QU242 Loa1s 00130 | 0020 | 00115 | 00120 00007
45 0.0296 0oa12 01112 Q1037 | OS50 00128 o110 00420 | 00100 00110 | o Quoo08

Table A~4.1 Effect of FeCl , concentration on conductivity value of PPy/PVC composite films prepared by swelling method

FeCl Cooncentration (M} Conductivity (Shcm) Thickness (cm)
#1 2 #3 B AvErBgE SD #1 2 23 =1 average S0
025 0.1410 01213 02030 | 01630 0.15m™ 00650 0,030 | 00235 OUEZ30 | 00230 Qo3 00002
050 0.3990 022190 Q2857 0. 3030 03ga2 00T Q240 0250 | 0250 | 04l | oul2ds 0.0006
0.5 0.T08s oLno3a8 09860 10300 | OBS5TE IR LT 00255 00260 | 00245 | 00240 | 00250 0000
1.00 1.9292 18193 1.4160 20423 18017 02728 | 0.0245 QLOZS0 00255 00250 00250 000
1.5 1.65280 1.5368 17444 | 20460 17388 02217 00245 U245 QL0245 00240 0244 00003
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Table A-4.2 Effect of immersion time on conductivity value of PPy/PVC composite films prepared by swelling method

Immersion trme (seconds) Conductvity (Sicm) Tricimess (cm)
#1 #2 #3 £ averags S0 #1 #2 #3 =4 average sD
1 10250 | o963z | 0oeET | 14850 | 10800 0U10000 | 00240 | 00250 | 00250 | 00240 | 00245 00006
5 18680 | v.mea0 | 55200 43480 | 16480 02440 | 00245 | 00245 | 00245 | 00245 | 00245  0.0000
10 10202 | 18193 | 44160 | 20423 | 18017 02728 | 00245 | 0.0250 | 002556 | 0.0250 | 00250 00004
15 16650 | 14114 | 17433 | 1.8900 16772 02004 | 00245 | 00255 | 00250 | Q0250 | 0U0250  0.0004
Table A-4.3 Effect of reaction time on conductivity value of PPywPWVC composite films prepared by swelling method
Reaction ime (hours) Conductivity (Sicm) Thickness (cmj)
&1 &2 #3 # | average Sh # #2 3 a4 average S0
1 11507 | 16605 | 08507 | 12200 | 12477 02984 | 0.0250 | 00240 | 00250 | 0.0240 | 00245  0LOOOG
2 19202 | 18193 | 14180 | 20423 | 18007 02723 | ooess | ocozso | oozss | ooeso | 0020 0.0004
4 23450 | 16940 | 18100 | 23140 | 20490 03355 | 00240 | 00260 | 00255 | 00245 | 00250 00009
6 20280 | 25600 | 22360 | 21640 | 24720 03494 | 00245 | 00245 | 00245 | 00245 | 0.0245 0000
8 23156 | 25720 | 19971 | 20640 | 22172 02881 | w0245 | 00245 | 00285 | 00245 | 0.0248  0.0005
12 22060 | 18286 | 22700 | 19620 | 20044 02270 | 00245 | 00255 | 00240 | 00255 | 0.0249  0.0007
24 10475 | 16233 | 16748 | 16826 | 1.5070 03075 | 00260 | 0.0250 | 0.0245 | 00255 | 00253  0.0006
72 16436 | dom68 | 16748 | 23556 | 19127 | 03313 | ooe4s | 00245 | 00245 | 0.0245 | 00245 010000
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Table A4.4 Effect of reaction temperature on conductivity value of PPyPVC composite films prepared by swelling method

Reaction temperature (C) Conductily (Sicm) Thickness (cm)
#1 #2 &3 7 E2 average 5D #1 #2 &3 #4 averags S0
A5 09340 | 14885 | aa388 | 1833z | 12887 0282 | oozss | ooeso | oo24s | ooess | oozes  ooo0e
0 15000 | 19305 | 48770 15310 | 17324 02005 | 00255 | 0.0245 | 0.0250 | 00260 | 0.0253  0.0006
10 19202 | 18193 | 4460 | 20423 | 18047 02728 | 00245 | ooese | 00255 | oweso | 00250 0.0004
30 05580 | o257 | 07943 | 04703 | 05821 01034 | 0020 | 00250 | 0.0250 | 0.0250 | 0.0250  0.0000
45 0.9405 | 02280 | 0.1880 | 0.1083-f oufE55 OS2z | Qwoes0 | 00250 | 0.0250 | 00280 | 00285  0.0006
Table A-5.1 Effect of FeCl ; concentration on conductivity value of PPyWPS composite films prepared by swelling method
FeCl, Concentration (M} Conductvity {Sicm) Thickness [cm)
# &2 #3 = average 5D #1 #2 #3 =L average 50
0.25 0712 | 02330 | 02608 | 01820 | 02198 (L0420 | 00225 | 00225 | 00225 | 00225 | 00225  0.0000
0.50 03558 | 02516 | 03030 | 04056 | 03290 00665 | 00225 | 00225 | 0.0225 | 00225 | 00225  0.0000
075 04810 | 03870 06378 | 0.3544 | 04651 01271 | 00230 | 00230 | 00225 | 00235 | 00230  0.0004
1.00 04330 | 04880 | 06368 | 05840 | 05355 00920 | 00230 | 00230 | 00230 | 00230 | 00230 00000
125 03810 | 04040 | 05210 | 05840 | 04725 00953 | 00230 | 00230 | 00230 | 0.0230 | 00230  0UDD0O
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Table A-5.2 Effect of immersion time on conductivity value of PPyPS composite films prepared by swelling method

Immersion time (seconds) Cenductity (Siom) Thickness {cm)
# #2 #3 24 average sD # 2 #3 =4 average sD
1 03180 | 03300 | 04450 | 04820 | 03895 0QOTED | 00225 | 0.0225 | 00225 | 0.0225 | 00225  0.0000
5 03510 | 05ee0-| 06120 | 04360 | 05125 01184 | 00230 | 00230 | 00230 | 00230 | 00230  0.0000
10 04333 | n4ee0 | 06368 | 05840 | 05355 00949 | 00230 | 00230 | 00230 | 00230 | 00230  0.0000
15 05230 | 04120 | @340 | 05620 | D47Z8 00824 | 00230 | 00230 | 00235 | 00230 | 0023 00003
Table A-5.3 Effect of reaction temperature on conductivity value of PPyWPS compaosite films prepared by swelling method
[Reaction temperature (oC) Conducity (Siem) Thickness (cm)
#1 #2 #3 e average S0 #1 #2 #3 £4 average <D
-15 04663 | 04630 | 05016 | D#tBT | 04852 . 00744 | 00230 | 00230 | 00230 | 00230 | 00230  0.0000
10 04333 | 04se0 | 06366 | 05840 | 05355 0.0019 | 00230 | 00230 | 00230 | 00230 | 00230  0.0000
30 0.1283 | 02180 | 0.2560-{ 0.1480 { 02051 00450 00230 | 00230 | 00230 | 00230 | 00230  0.0000
45 01227 | 02220 | 00067 | 02800 | 01803 00856 | 00235 | 00225 | 00235 | 00225 | 00230  0.0006
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Table A-5.4 Effect of reaction time on conductivity value of PPy/PS composite films prepared by swelling method

Reaction fime (hours) Conducvity (Sicm) Thacikness (cm)
#1 #2 #3 2 average sD &1 #2 #3 =2 average 50
| 0.3190 | 0.2180 [ 03950 02430 | 02938 00800 | 00230 | 00230 | 00230 | 00230 | 00230  0.0000
2 04333 | 043800 05368 | 05840 | 05385 0019 | 00230 | 00230 | 00230 | 00230 | 00230 00000
4 1.4500 16320 | 11200 | 40850 | 13368 02728 | 00230 | 0.0230 | 00230 | 00230 | 0230  0u000D
6 1.3700 16200 | 44700 | 52400 | 14750 0BS5S | 00230 | 0.0230 | 00230 | 0.0230 | 00230  0uD000
a8 oss00 | 134000 | 0BTS1 | L4800 | 1.0688 02303 | 0U0235 | 00230 | 00230 | Q0230 | Qo231 U002
12 08320 | 07500 | 0.65M0 1.2520 | 0B8TE 02695 | 00230 | 00230 | 00230 | 00225 | 00229 00002
24 12840 | o480 | o021 | 07900 | 0BS60 02985 | 0225 | 00230 | 00230 | 00230 | 00229 0WD002
T2 09738 | 0.6497 | 0.6410 12622 | OB81T 02372 | 0225 | 0.0230 | 00230 | Q0225 | 00228 00003

Table A-6.1 Effect of FeCl , concentration on conductivity value of PPy/PSS composite films prepared by swelling method

FeCL, Concentration (M} Conducthvizy (Sfem) Thickness (cm)
#1 #2 3 ] awerage sD # &2 £ # average 0

05 24800 | 20033 | 10800 | 14800 | 17833 o0.62e0 | 0.0390 | 00395 | 00400 | 00295 | o0mes 00004

0.75 21733 | 13800 | 19750 | 21200 | 19121 03645 | 00205 | 0.0405 | 00400 | 0.0400 | 00005  0.0004

1 24050 |..26600 | 18020 | 26200 | 23393 04444 | 00400 | 0.0895 | 00405 | 0.0400 | 00005  0.0004

125 18771 |1 33133 | 23840 |-23800 | 2513  Dsees | ood15.| 0oses | ooeos | oos0s | cooce  0.0008
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Table A-6.2 Effect of reaction temperature on conductivity value of PPyw/PSS composite films prepared by swelling method

Reaction temperature (C) Conductivity [Sicm) Thickness [cm)
# #2 #3 =3 average SO #1 #2 #3 #4 averape S0
15 34067 | 10143 [o290900 | 15567 | 20419 10289 | 00395 | 00415 | 00400 | 00410 | 00405 00009
10 19771 | 33133 [0238s0 | 23900 | 25136 05683 | 00415 | 00535 | 00405 | 00405 | 00405  0.0006
30 16880 | 15200 | 476000 | 20520 f 17560 02221 | 00405 | 00405 | 00405 | owos0s | 00405  0.0000
Table A-6.3 Effect of reaction time on conductivity value of PPy/PSS compesite films prepared by swelling method
Reaction fme (hours) Condiactivity. (S/cm) Thickness {cm)
#1 #2 #3 # | everage  SD # o] a3 #4 | average SO
1 12025 | 13567 | 29900 | 17467 | 18240 . 0.5140 | 0.0420 | 00410 | 0.0400 | 0.0410 | 00410  0.0008
2 10771 | 33133 | 23840 | 23800 | 25136 05663 | 00415 | oo3es | 00405 | 00405 | 00405  0.0008
4 27720 | 28250 | 23400 | 16771 | 24085 05307 | 0.0%065 | 00400 | 0400 | 0.0415 | 00405  0.0007
6 28055 | 13543 | 22060 | 17371 | 20857 06360 | G000 | 00415 | 00410 | 0.0415 | 00410  0.0007
3 17097 | 22370 | 25280 | 1.3306 | 19738 05230 | 00410 | 00410 | 00405 | 0.0415 | 00410 00004
12 13657 | 24400 | 15267 | 20994 | 19480 0.4450 | 0.0415 | 0.0405 | 0.0410 | 0.0415 | 00411  0.000
24 22367 | 16143 | 13109 | 15743 | 16840 03822 | 0.0410 | 00415 | 00435 | 0.0415 | 00418 00011
T2 12229 | 19680 | 13109 | 14500 | 14904 03331 | 00450 | 0.0430 | 0.0435 | 0.0445 | 00440  0.0009
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Table A-T

Time-decay of polypyrrole composite films
Type of composite fim | Storing time {days) Conductivity (Sicm) Thickness
#1 #2 #3 & aEverEge SD (em)
PPy/PVC prepared o 02762 | 02314 | 02505°) 02550 | 02533 00184 | 00120
dissolving method 3 02518 | 02047 | 02211 | 02280 | 02284 00195
5 02004 | 01778 | 02055 | 02048 | 0.1994 00145
10 0.1668 | 0.1516 | D670 | 0.1845 | 01675 00135
15 gi3sd | G126 | 0u234 | 032 | o2 o007
30 00947 | 00630 | 00922 | 00823 | 00880  0UDOG3
45 00468 | 00416 | 00411 | 00377 | 00419 00033
£0 000Te | 00076 | 00075 | 00065 | 00074  0UDDGD
%0 00021 | 00005 |ro00t7 | o021 | oooz1 ouooos
PPYIPVC prepared 0 29280 | 25600 | 22360 | 21640 | 24720 03404 | 0.0250
swelling method 3 28560 | 24500 | 21300 | 20856 | 23804  0.3562
5 25g5s | 2agen | poean 148800 | 22000 0.3133
0 14276 | 19040 | 18840 | 18400 | 1.7380  0.2543
15 05356 | 05912 | 06296 | 05832 | 0.6000  0.0285
30 03941 | o2es0 | 02052 | 03693 | 03411 0.0479
45 01432 | 01742 § 0.1250 | 0.1648 | 04518  0.0221
80 00e9q | owoss | 00849 | DoS4s | 00920 0,006
20 00219 00190 | 00208 | 00215 | 002ES 0.0013
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Continue Table A-T

Typea of composite film Storing time (days) Conductvity | Sfcm) Thickness
&t &2 #3 # averags S0 fcmi
PPwPS prepared ] 13700 1.8200 14700 12400 1.4750 02485 0,030

swelling method 3 1.0230 1. 4580 12330 .00 11973 0197
5 08475 1.10@0 0ETrsd | 0.TSs0 | 05204 01513

10 04586 U502 0.5470 01.4125 0.5051 0.0&56

15 00955 | OU1047 0.10:58 01380 | 010 0.0185

30 0.0564  0uD459 | 00485 | 00650 | 00542  0.0090

45 0162 Qo227 00126 oaov 0031 0.0023

60 00047 | 00068 | L0064 | OL0DET | Q0082  0.0010

= G0000 | 000000 | 00000 | O0LODOO | 00000  0.0000

PPYIPSS prepared 0 19773 | 33133 | 23840 | 23800 | 25136 05663 | 00405

swelfing method 3 0o286 | 11893 | 13880 | 15832 | 12723 02799
5 LS SR R 0£140 (L4256 04207 0.0928

10 01423 | 00836 | O.1302 262 0.1206 00256

15 00263 | O0e63 | 00370 | OUO3GE | 0J038S  OUDDER

30 0.0000 | 0.0000 | 00000 | C.ODOO | 00000  0UDDCO

45 00000 | o000 | 0.0000 | 00000 | 00000 QL0000

60 Q0000 | u0OOd || Qw0000 | 0.0000 | 0.0000  0.0000

90 0.0000 0.0000 0.0000 0.0000 0.0000 00000
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APPENDIX B

Stress-strain of polypyrrole composite films

Table B-1 Stress-strain of PPy/PVC prepared by dissolving method at various FeCl,

concentrations using 2 hours reaction time and 10 °C reaction temperature

FeCl concentratian (M) No. sample Maximum siness (Mimm ) BaStrain &t maximam load

0 #1 3490 B.45
w2 32.45 558

k] 34.85 6.08

BVEFEGE M0 B3

50 143 045

.10 ul 21.38 163
B2 20,74 2.20

Lk | TEER T.61

avafage 20.56 B.15

&0 0.90 091

0.20 #1 .50 16,14
N2 8.4 15.45

#3 958 14.27

Average W13 15.29

5D 1.19 0.85

025 1 768 2085
w2 9.48 20

B3 B.ai 19.56

average 852 20.14

50 081 065

033 -;1 6.68 25.41
] 723 26,34

2 6.26 2584
average 672 25,86

] 0.49 0.47




Continue Table B-1

a8

FelCl concantratan (M) Mo, sample Maximem sthess (NfmmY ) "eSlram al masimum load

0,50 i1 598 945
#2 634 11.35

#3 555 10,40

average 595 10,37

S0 040 0.80

1.00 " 10,24 4.23
"2 14.29 3.95

w3 1472 4.28

Averane 73,08 4.15

S0 247 o0Aa7

Table B-2 Stress-strain of PPy/PVC prepared by dissolving method at various reaction

time using 0.33 M FeCl,, 10 °C reaction temperature

Reactan time (hours) Mo, sample Maximem stress (Mmrd ) “s5train &t meximum load

2 # -E6a 2541
2 73 26.34

k] B2% 2584

averaga B.r2 25,88

S0 a9 0.47

B L] 7.58 2047
e B.51 2121

w3 6.69 2027

average T.06 20065

S0 0.80 0.50

12 #1 T.03 2187
w2 826 2014

#3 5.50 20.15

averpge 683 20.68

so 138 .88
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Table B-3  Stress-strain of PPy/PVC prepared by swelling method at various FeCl,
concentration using immersion time of 10 seconds, reaction time of 2 hours

and reaction temperature of 10 °C

FeCl conceniration (M} Mo, sample Maximum stress (NmrF ) ®.51rmin a1 maxmum load
o .41 52.41 12.88
w2 53.58 12.84
Lk ] 54 32 1025
average £157 1206
5D 1.07 1.56
0.25 ] 30,14 10,47
LF 3325 11.689
k! 3374 988
average 3238 068
50 1.86 oaz
05 o 364 11.35
H2 35,32 1128
H3 3520 10.25
average 3554 10.96
5D ouGT 062
075 #1 38.45 11.88
w2 4027 12.94
#3 3869 10,63
Bveragea 3914 11.654
50 053 116
1 B 41.03 187
H2 4029 1154
a3 3838 12.38
gverage 40.23 11.96
5D 0.83 0.42
1.25 1 4023 13.22
w2 3856 11.86
H3 3,88 13,39
average 3956 12.85
sD .68 78




100

Table B-4 Stress-strain of PPy/PVC prepared by swelling method at various immersion

time using 1 M FeCl,, reaction time of 2 hours and reaction temperature of

10°C
Immersson lima (seconds) No. sample Maxsmurm Slrass (Mma¥ | "sSlrain a1 maxmum load

1 L 46,23 1215

N2 4587 1024

#3 44,98 12.54

AVETEQE 45 69 11,64

5D 064 1.23

5 b | a7 a2 11.32

w2 41,30 11,69

= 40,48 1246

average av.42 11.82

50 I 0.98 0.58

10 " 41.03 11.497

L A0 29 11.54

#3 39.38 12.38

average 4023 11.96

o] 0.B3 0.42

Table B-5 Stress-strain of PPy/PVC prepared by swelling method at various reaction

time using immersion time of 10 seconds,1 M FeCl; and reaction

temperature of 10 °C
Reaclion lsmig (hours) No. sample Maximum stress (Nimnv | BaSara@in at maximoem ioad

2 #1 41.03 11,97
W2 4029 11.54

x ] 39.38 12.38

avevage 40.323 11.96

S0 0.82 042

[ #1 39.56 1328
g ar.se 12.28

i3 53.71 1258

Bverage 3885 12,71

5D 1.19 0.50

¥ i 3429 11.858
w2 35,64 11.52

#3 3412 12.56

average 34,68 11,58

50 083 0.53
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Table B-6  Stress-strain of PPy/PS prepared by swelling method at various FeCl,
concentration using immersion time of 10 seconds, reaction time of 2

hours and reaction temperature of 10 °C

FeCl conceniration (M) Mo, sample Maximum stress (Nimer | "aStran @1 maxmum load

o u1 36 10.23
a2 ar.i 10.45

&3 BE.01 1031
average 36,44 10,33

5D 0.59 0.1

025 51 13,26 523
L 1210 4.98

w3 11.42 4,91

avarace 1288 504

5D 083 0.17

0.5 L 1647 569
g 14,69 6.23

w3 13,59 594

averdge 15,05 5.95

S0 1.28 027

075 ol 21.88 6.25
2 1887 621

fc] 18.52 551

average’ 2016 599

S0 1.74 0.42

1 4] 2086 6.58
L 2041 R

&3 201 B.53

BVETBQE 20.53 BT

5D 039 0.4

1.25 L} 2111‘.; B.45
W2 241 5.23

W3 2296 T.18

avarage 2ve3 629

50 1.50 098
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Table B-7 Stress-strain of PPy/PS prepared by swelling method at various immersion

times using 1 M FeCl,, reaction time of 2 hours and reaction temperature of

10°C
Immarsign lime [Seconds) Mo, samphs Barimum sirgss [Nime ) BSirmn at mawmum load

1 ] 30 896
w2 Nnas 7.25

w3 28.65 B.04

average 30,04 8,08

5D £ 0.86

5 LB 2% 6.13
W2 204 654

w3 21.08 587

averans 2118 6.21

sD 1.12 0.29

10 #1 20.96 6.58
2 20,41 .31

¥ 202 6,53

AVEragG 2083 6.47

50 039 0.14

Table B-8 Stress-strain of PPy/PS prepared by swelling method at various reaction time

using immersion time of 10 seconds,1 M FeCl, and reaction temperature of

10°C
Rizaction lime (hours) Ho. zampla ) Maximum siress (NimnF ) *oStrgin a1 maxemurn load

2 Bl 20,96 6.58

w2 20.41 831

#3 20.21 B6.53

average 2053 6.47

50 0.39 0.1a

- V 1 2148 £.23

a2 2033 58

W3 19.86 5.85

avarage 20509 594

5D ) 0.25

12 1 19.02 412

a2 17.89 469

w3 18.16 425

avarage 18.36 435

5D 0.59 030




APPENDIX C

The attenuated total reflectance FT-IR and Kubelka-Munk spectroscopy
are sampling techniques based on internal reflection spectroscopy (IRS) and diffusion
reflectance, respectively. The ATR technique relies on the intimate contact of a sample
with the surface of a high refractive index, infrared transparent character or ATR prism,
see Figure C-1 (a), (b). IR radiation was entered the prism at an angle greater than the
critical angle and internally reflected within the prism. Its energy was attenuated by
absorption of the sample attached to the prism [54]. Spectrum of Kubelka-Munk
technique was attenuated by diffusion of sample. Diffuse reflectance accessory is

shown in Figure C-2

\/

L | Bt st
Ly o b

SAMPLE
()

Figure C-1 Schematic diagram of internal reflection spectroscopy

The incident angle is important for obtaining absorption band. |If the
incident angle is small, the inner layer of polymer sample will be detected. Thus, in this
investigation an incident angle of 45° was employed to observe the outer layer only of

polymer composite.
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Micro sample cup

tMacro sample cup
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