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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF POLYTHIOPHENE/
MONTMORILLONITE AND POLYTHIOPHENE/
POLYPROPYLENE COMPOSITES

Dülgerbaki, Çiğdem
M.S., Department of Chemistry
Supervisor: Prof. Dr. Zuhal Küçükyavuz
September 2006, 89 pages

In this study, polythiophene(PTP)/montmorillonite(MMT) nanocomposites
were synthesized by in situ intercalative polymerization and chemical oxidative
polymerization. In in situ intercalative polymerization method, composites
containing 90 and 95% MMT were prepared. In chemical oxidative
polymerization method, a series of composites ranging from 1 to 15% by weight
MMT were synthesized. Thermal and morphological properties of samples were
investigated by Differential Scanning Calorimeter (DSC), Thermal Gravimetric
Analysis (TGA), X-ray Diffraction (XRD) and Scanning Electron Microscope
(SEM); electrical conductivities were measured by four probe technique.
Since PTP/MMT composites are unprocessable PTP/polypropylene(PP)
composites were prepared. Amounts of PTP were changed in the range 2-30 % by
weight in the composites. Mechanical properties were investigated by tensile tests.
Four probe technique was used for measurement of electrical conductivities.
Morphological characterizations were made by SEM.

iv

Formation of PTP and its incorporation in PTP/MMT composite were
confirmed by FTIR analysis. DSC results showed that PTP does not have any
thermal transition in the range 25-300 0C. TGA results showed that PTP/MMT
composites have outstanding stability compared to that of PTP. XRD analysis
revealed the formation of nanocomposites resulting from intercalation of
thiophene in MMT at high MMT contents. Composites were observed as globular
particles and clusters in SEM studies. Conductivity values of PTP/MMT
composites were in the order of 10-3 S/cm. It is observed that tensile modulus of
PTP/PP composites increases by the addition of PTP, but percentage strain at
break does not appreciably change. Increasing PTP content increased electrical
conductivity.

Keywords:

Polythiophene,

Montmorillonite,

Polythiophene/Polypropylene

composites, Nanocomposite, Thermal, Morphological, Electrical and Mechanical
Properties

v

ÖZ

POLİTİOFEN/MONTMORİLLONİT VE POLİTİOFEN/POLİPROPİLEN
KOMPOZİTLERİNİN SENTEZİ VE KARAKTERİZASYONU

Dülgerbaki, Çiğdem
Yüksek Lisans, Kimya Bölümü
Tez Yöneticisi: Prof. Dr. Zuhal Küçükyavuz
Eylül 2006, 89 sayfa

Bu

çalışmada,

politiofen(PTP)/montmorillonit(MMT)

nanokompozitleri,

yerinde polimerleştirme ve kimyasal oksidatif polimerizasyon yöntemleri ile elde
edildi. Yerinde polimerleştirme yönteminde, ağırlıkça % 90 ve % 95 MMT içeren
kompozitler hazırlandı. Kimyasal oksidatif polimerizasyon yönteminde ise
ağırlıkça % 1-15 aralığında MMT içeren kompozitler sentezlendi. Örneklerin
termal ve morfolojik özellikleri Differensiyal Taramalı Kalorimetre, Termal
Gravimetrik Analiz, X-ışını Kırınımı ve Taramalı Elektron Mikroskobu ile
incelendi; elektriksel iletkenlikleri dört nokta yöntemi ile ölçüldü.
PTP/MMT

kompozitleri

işlenemez

olduğundan,

PTP/polipropilen(PP)

kompozitleri hazırlandı. Kompozitlerde PTP miktarları ağırlıkça % 2-30 aralığında
değiştirildi.

Mekanik

iletkenliklerin

ölçümü

özellikleri
için

dört

gerilme
nokta

testi

ile

yöntemi

incelendi.

Elektriksel

kullanıldı.

Morfolojik

karakterizasyonlar Taramalı Elektron Mikroskobu ile yapıldı.
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PTP oluşması ve PTP/MMT kompozitinde yer alması FTIR analizi ile
doğrulandı. Differensiyal Taramalı Kalorimetre sonuçları, politiofenin 25-300 0C
aralığında herhangi bir ısısal geçişi olmadığını gösterdi. Termal Gravimetrik
Analiz sonuçları, PTP/MMT kompozitlerinin ısısal dayanıklılığının saf politiofene
oranla çok daha iyi olduğunu gösterdi. X-ışını Kırınımı analizi, yüksek MMT
içeriğinde tiofenin MMT kristal düzlemleri arasında polimerleşerek nanokompozit
oluşturduğunu

gösterdi.

Taramalı

Elektron

Mikroskobu

çalışmalarında,

kompozitler yumaksı parçacıklar ve kümeler halinde gözlemlendi. PTP/MMT
kompozitlerinin iletkenlikleri 10-3 S/cm mertebesindedir. PTP/PP kompozitlerinin
elastisite modülü değerlerinin PTP ilavesi ile arttığı, fakat uzama yüzdelerinde
kayda değer bir değişim görülmediği gözlendi. PTP miktarının artması elektriksel
iletkenliği artırdı.

Anahtar

Kelimeler:

Politiofen,

Montmorillonit,

Politiofen/Polipropilen

kompozitleri, Nanokompozit, Isısal, Morfolojik, Elektriksel ve Mekanik Özellikler
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CHAPTER 1

INTRODUCTION

1.1 History of Conducting Polymers

The traditional role of polymers in the electronics industry is based on their
nonconducting properties. For example, the elasticity, processability, and strength
of polymers have made them ideal for packaging materials and protective
coatings. They provide insulation for conducting materials and can be molded into
computer components. The ideal electronically conductive material would possess
the light weight, flexibility, and mechanical strength of polymers as well as the
conductivity of metals. To achieve this goal, research into π conjugated polymers
has grown immensely over the last two decades. These organic polymers can
exhibit high electronic conductivities and have been found to possess a variety of
unique magnetic, optical and electronic properties [1,2].

Conductive polymers, best described as electroactive polymers, mainly
comprise inherently conductive polymers and conductive plastics. The latter are
traditional plastics, almost exclusively thermoplastics that require the addition of
conductive fillers such as powdered metals or carbon (usually carbon black or
fiber). Inherently conductive polymers contain conjugated electron backbones that
display unusual electronic properties such as low energy optical transitions, low
ionization potentials and high electron affinities. This results in a group of
polymers that can be oxidized or reduced more easily and more reversibly than
conventional polymers. Charge transfer agents (dopants) have an effect on this
oxidation-reduction scenario and convert insulating polymers to conducting
versions close to metallic conductivity in many instances [3]. Figure 1.1 represents
conductivity of conductive polymers compared to those of other materials.
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Figure 1.1 Conductivity of conductive polymers compared to those of other
materials, from quartz (insulator) to copper (conductor).

Conductive polymers are a sub-group of a larger, older group of organic and
inorganic electrical conductors. In fact, as early as 1862, H. Letheby of the
College of London Hospital, by anodic oxidation of aniline in sulphuric acid,
obtained a partly conductive material which was probably polyaniline. In the early
1970s, it was found that the inorganic explosive polymer, poly(sulphur nitride)
was superconductive at extremely low temperatures (Tc=0.26 K). Many
conductive organic compounds were also known, such as those discovered by K.
Bechgaard together with D. Jerome and famous for being superconductive at
rather high temperatures (Tc around 10 K). They are salts of inorganic acceptors
and organic donors consisting of large, cyclically conjugated electron systems that
form coin-pile stacks in the solid state.

Natta and co-workers prepared polyacetylene in 1958 by polymerizing
acetylene in hexane. Though the resulting material was highly crystalline and of
regular structure, it was a black, air-sensitive, infusible and insoluble powder.
Ziegler-Natta polymerization was developed for polymerizing alkenes such as
ethylene by inserting an unsaturated molecule into the carbon-titanium bond of the
growing macromolecule. It depends greatly on the activity of the choice of catalyst
system. In the early 1970s, Shirakawa and co-workers adapted the method to make
the well-defined films of polyacetylene [4].
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The modern era of conductive polymers began at the end of 1970s when
Heeger and MacDiarmid discovered that polyacetylene, ((CHx )), synthesized by
Shirakawa’s method, could undergo a 12 order of magnitude increase of
conductivity upon charge-transfer oxidative doping. An important step in the
development of conjugated polymers occurred in 1979 when it was shown that
highly conducting and homogeneous free standing films of poly(pyrrole) could be
produced by oxidative electropolymerization of pyrrole. The essential structural
characteristic of conductive polymers is their conjugated π system extending over
a large number of recurrent monomer units. This characteristic feature results in
low-dimensional materials with a high anisotropy of conductivity which is higher
along the chain direction [24].

Generally, conducting polymers consisted of conjugated electronic structures
and are conventionally classified into three main groups: aromatic hydrocarbons
(e.g., polyaniline), heterocyclics (e.g., polythiophene, polypyrrole) and aliphatic
hydrocarbons ( e.g., polyacetylene) as shown in Figure 1.2 [5].

Figure 1.2 Structures of several conducting polymers
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Since the discovery of electrical conductivity in polyacetylene, the field of
conducting polymers has aroused a great deal of interest among scientists both in
industry and academia.

Over the years, tremendous progress has been made to increase the
conductivity, stability and especially the processability of conducting polymers.
Much effort has been focused on the synthesis of new polymers including poly(pphenylene) (PPP), polyaniline (PANI), polypyrrole (PPy), polythiophenes (PTP)
poly(p-phenylenevinylene)s (PPV) and their derivatives [1,2].

The recent developments toward the synthesis of new and processable
polymers as well as discovering the broad range of physical phenomena and
chemical flexibility opens up opportunities for new technological applications.
The higher environmental stability and modification of properties to suit a given
end use and processability achieved with polymers have emerged as the materials
to replace metals and semiconductors in the electrical and electronics industry, as
well as offering themselves as the materials for the optoelectronic industry. The
specific engineering applications in these areas are charted in Figure 1.3 [6].
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Figure 1.3 Technological applications of conductive polymers

1.2 Conduction mechanisms

The electrical conductivities of materials allow them to be classified into three
groups called conductors, semiconductors and insulators. In polymeric materials
conduction may occur through the movement of either electrons or ions. In both
cases electrical conductivity depends on a number of fundamental parameters,
such as the number density of mobile charge carriers n, the charge q, and the
carrier mobility µ. The relationship between conductivity σ, and the three latter
quantities is expressed by the general relationship σ = n q µ

The conduction mechanism can be explained by using the band theory. The
atoms’ outermost shells that contain the valence electrons are said to be in the
valence band (VB). In order to provide conduction, an electron must gain
sufficient energy to promote itself to the conduction band (CB). The energy
difference between the valence and the conduction band is known as the band gap,
Eg, the size of which determines whether a material is an insulator, semiconductor
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or a conductor. In conductive materials, the highest energy level of the valence
band and the lowest energy level of the conduction band are of similar energy that
means there is no forbidden gap and electrons can easily pass from the valence
band to the conduction band. The high conductivity of metals comes from partially
occupied valence band or a zero band gap.

Figure 1.4 Schematic representation of a band structure of a metal,
semiconductor and an insulator

In a semiconductor, band gap, Eg is narrow and the thermal excitation of
electrons from the valence band to the conduction band provides the conduction.
Otherwise in an insulator, the band gap, Eg is too wide and the electrons cannot be
excited thermally at room temperature from the valence band to the conduction
band [7]. Figure 1.4 shows the energy diagram for metals, semiconductors and
insulators.

1.3 Composites

Early in history, it was found that combinations of materials would produce
properties in those materials that were superior to those of the separate
components for some uses. For instance; mud bricks reinforced with straw were
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used by ancient Israelites in Egypt, Samurai swords and Damascus gun barrels
combined layers and iron and steel for greater strength, Mongols made bows from
cattle tendons, wood and silk bonded together, and bridges and walls are
constructed today of steel-reinforced concrete. Nature uses the same principle in
celery where the pith surrounds a fibrous cellulose material which gives the celery
strength.

While all of these combinations of materials could be called composites in the
most general sense (because they consist of two or more identifiable constituents),
so many natural and man-made materials would come under this definition that the
category would be too broad for reasonable consideration. Therefore, a narrower
and more useful definition of a composite would be: The combination of a
reinforcement material (such as a particle or fiber) in a matrix or binder material.
This definition implies that the materials act in concert – that is one helping the
other – hence the term reinforcement. In some cases, the matrix can be thought of
as the glue that binds the reinforcements together and protects the reinforcement
from environmental effects. The term composite also implies that the materials are
macroscopically identifiable, that is, the materials are not merely different at the
molecular level but have distinctive component properties and they are generally
mechanically separable [8].

The final properties of the composites depend on not only the properties of
each phases but also the relative amounts of the constituents, the geometry of the
dispersed phase which includes the shape, particle size, orientation and dispersion
of reinforcing material as well as on the reinforcement-matrix interface [9].
Interface is the region through which material properties such as concentration of
an element, crystal structure, elastic modulus, density, thermal expansion
coefficient change from one side to another [10].

The matrix in a composite can be thought of as performing two major roles.
First, it transfer loads to the reinforcement. Secondly, it protects the reinforcement
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from adverse environmental effects. Matrix materials are generally polymers,
ceramics or metals. The polymer matrices, also called resins, are by far the most
common and they are usually divided into two general classifications– thermosets
and thermoplastics. These two polymer types differ in their respective
intermolecular structures with the thermoset materials being crosslinked in their
final state, and thermoplastic materials generally not crosslinked. The thermosets
are generally liquid resins which are heat-activated to achieve this crosslinking of
their molecular structures while the thermoplastics are solids which are melted,
formed and then cooled to achieve their solid form. The reinforcement material
determines the strengthening mechanism of a composite. It can be in the form of
either continuous (long fibers, sheets) or discontinuous (particles, short fibers, etc.)
[8].

1.3.1 Polymer Matrix Composites

The major classes of structural composites that exist today can be categorized
as polymer matrix composites (PMC), metal matrix composites (MMC), ceramic
matrix composites (CMC), carbon-carbon composites (CCC), intermetallic
composites (IMC) or hybrid composites. PMC are the most developed class of
composite materials in that they have found

widespread application, can be

fabricated into large, complex shapes and have been accepted in a variety of
aerospace and commercial applications. They are constructed of components
such as carbon or boron fibers bound together by an organic polymer matrix.
These reinforced plastics are a synergistic combination of high-performance fibers
and matrices. The fiber provides the high strength and modulus, whereas the
matrix spreads the load as well as offering resistance to weathering and corrosion.
Composite strength is almost directly proportional to the basic fiber strength and
can be improved at the expense of stiffness. High modulus organic fibers have
been made with simple polymers by arranging the molecules during processing,
which results in a straightened molecular structure [11].
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1.4 Nanocomposites

Nanoscience and nanotechnology have been identified worldwide as the key to
unlocking a new generation of materials and devices with revolutionary properties
and functionalities. Nanotechnology involves the control and manipulation of
materials at the nanoscale – particle sizes from 1 to 100 nanometers (nm), to create
new materials and structures that have novel properties due to their small size [12].

The synthesis of polymer nanocomposites is an integral aspect of polymer
nanotechnology. By inserting nanometric inorganic compounds, the properties of
polymers improve and hence this has a lot of applications depending upon the
inorganic material present in the polymers.

Polymer nanocomposites are materials in which nanoscopic inorganic
particles, typically 10-100 Ao in at least one dimension, are dispersed in an organic
polymer matrix in order to dramatically improve the performance properties of the
polymer. Due to nanometer length scale which minimizes scattering of light,
nanocomposites are usually transparent [13].

Polymer/layered silicate (PLS) nanocomposites have received a great deal of
attention during the past decade [14]. Systems in which the inorganic particles are
the individual layers of a lamellar compound – most typically a smectite clay or
nanocomposites of a polymer embedded among layers of silicates – exhibit
dramatically altered physical properties relative to the pristine polymer. For
example, the layer orientation, polymer-silicate nanocomposites exhibit stiffness,
strength and dimensional stability in two dimensions (rather than one) [13]. Most
studies of nanocomposites, over the last few years, have evolved clays as an
inorganic reinforcing material because clays have a large aspect ratio and
considerable ion exchange capacity [15]. In order to produce a nanocomposite, the
clay must be well dispersed throughout the polymer matrix. When this dispersion
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is not present, the material is described as either a microcomposite or as an
immiscible nanocomposite; in either case the clay is acting as a filler [16].

Polymer nanocomposites represent a new alternative to conventionally filled
polymers. Because of their nanometer sizes, filler dispersion nanocomposites
exhibit markedly improved properties when compared to pure polymers or their
traditional composites. These include increased modulus, lower thermal expansion
coefficient and gas permeability, higher swelling resistance and enhanced ionic
conductivity [13]. The main reason for these improved properties is interfacial
interaction between the polymer matrix and organically modified layered silicate
(OMLS) as opposed to conventional composites. Layered silicates (LS) have layer
thickness in the order of 1 nm and very high aspect ratios. A few weight percent of
OMLS that is properly dispersed throughout the matrix creates a much higher
surface area for polymer-filler interfacial interactions than in conventional
composites [14].

1.5 Layered Silicates

The commonly used layered silicates for the preparation of PLS
nanocomposites belong to the same general family of 2:1 layered or
phyllosilicates. Their crystal structure consists of layers made up of two silica
tetrahedral layers fused to an edge-shared octahedral sheet of either aluminium or
magnesium hydroxide (Figure 1.5). The layer thickness is around 1 nm and the
lateral dimensions of these layers may vary from 30 nm to several microns and
even larger depending on the particular layered silicate. Stacking of the layers
leads to a regular van der Waals gap between the layers called the interlayer or
gallery. Isomorphic substitution within the layers (for example Al+3 replaced by
Mg+2 or by Fe+2, or Mg+2 replaced by Li+1) generates negative charges that are
counterbalanced by alkali and alkaline earth cations situated inside the galleries.
The type of layered silicate is characterised by a moderate surface charge (known
as cation exchange capacity (CEC), and generally expressed by mequiv/100 g).
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This charge is not locally constant as it varies from layer to layer and must rather
be considered as an average value over the whole crystal. MMT, hectorite, and
saponite are the most commonly used layered silicates [14].

Figure 1.5 Structure of 2:1 phyllosilicates

There are two particular characteristics of layered silicates that we generally
consider in PLS nanocomposites. The first is the ability of the silicate particles to
disperse into the individual layers. The second characteristic is the ability to fine
tune their surface chemistry through ion exchange reactions with organic and
inorganic cations. These two characteristics are, of course, interrelated since the
degree of dispersion of layered silicate in a particular polymer matrix depends on
the interlayer cation [14].

Any physical mixture of a polymer and layered silicate, however, does not
form a nanocomposite. This situation is analogous to polymer blends, and in most
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cases separation into discrete phases normally takes place. In immiscible systems,
which typically correspond to the more conventionally filled polymers, the poor
physical interaction between the organic and the inorganic components leads to
poor mechanical and thermal properties. In contrast, the strong interactions
between the polymer and the layered silicate in PLS nanocomposites lead to the
organic and inorganic phases being dispersed at the nanometer level. As a result
nanocomposites exhibit unique properties not shared by their micro counterparts
or conventionally filled polymers [14].

1.5.1 Montmorillonite

Montmorillonite is a very soft phyllosilicate mineral that typically forms in
microscopic crystals, forming a clay. Montmorillonite, a member of the smectite
family, is a 2:1 clay, meaning that it has two tetrahedral sheets sandwiching a
central octahedral sheet. It is the main constituent of the volcanic ash weathering
product, bentonite. Montmorillonite’s water content is variable and it increases
greatly in volume when it absorbs water. Chemically it is hydrated sodium
calcium aluminium magnesium silicate hydroxide (Na,Ca)x(Al,Mg)2(Si4O10)
(OH)2.nH2O. Potassium, iron and other cations are common substitutes, the exact
ratio of cations varies with source [17].

Montmorillonite occurs naturally as a sequence of stacked layers 1.0 to 1.5
nanometers thick. These layers are the fundamental building blocks of
montmorillonite and are strongly two dimensional. These layers are frequently
described as ‘stacks of cards’ or ‘layers of cards’ to better describe their unique
structure and form [18].

Similar to other clays, montmorillonite swells with the addition of water.
However, some montmorillonites expand considerably more than other clays due
water penetrating the interlayer molecular spaces and concomitant adsorption. The
amount of expansion is due largely to the type of exchangeable cation contained in
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the sample. The presence of sodium as the predominant exchangeable cation can
result in the clay swelling to several times its original volume. Hence, sodium
montmorillonite has come to be used as the major constituent in non-explosive
agents for splitting rock in natural stone quarries in order to limit the amount of
waste, or for the demolition of concrete structures where the use of explosive
charges is unacceptable [17].

It is the absorption and swelling characteristics that makes montmorillonite so
useful in industrial and commercial applications. Montmorillonite is used in cat
litters, industrial oil absorbents, filtration media, animal feeds and agricultural
applications [18]. It has been used in cosmetics and has reputed therapeutic
effects. Montmorillonite was discovered in 1847 in Montmorillon in the Vienne
prefecture of France, but it is found in many locations world wide and known by
other names [17].

1.6 Structure of PLS nanocomposites

Layered silicates have layer thickness in the order of 1 nm and very high
aspect ratio (eg.,10-1000), thus creating a much higher surface area for
polymer/filler interaction than in conventional composites. Depending on the
strength of interfacial interaction between polymer matrix and layered silicate two
different types of PLS nanocomposites are thermodynamically achievable [14].
Figure 1.6 represents structures of PLS nanocomposites.

1.6.1 Intercalated Nanocomposites

In an intercalated nanocomposite, single (and sometimes more than one)
extended polymer chain is intercalated between the silicate layers resulting in a
well ordered multilayer morphology build up with alternating polymeric and
inorganic layers [19].
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1.6.2 Exfoliated Nanocomposites

Exfoliated nanocomposites are defined as having insufficient attractions
between each two layer section, which is the reason why these materials cannot
maintain a uniform layer space. However, only a few stacks of clay layers, which
are dispersed homogeneously in the polymer matrix, belong to the family of
exfoliated nanocomposites. More commonly, the homogeneous dispersion of clay
layers and the large interfacial area between polymer and clay make exfoliated
clay/polymer nanocomposites desirable for greatly improving properties [15].
Usually, the clay content of an exfoliated nanocomposite is much lower than that
of an intercalated nanocomposite [14].

Figure 1.6 Schematic illustration of two different types of thermodynamically
achievable polymer/clay nanocomposites. Left: the intercalated system, where the
polymer chains penetrate into and swell the galleries of the silicate layers. Right:
the exfoliated or delaminated system, where individual silicate layers are dispersed
in the polymer matrix.
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1.7 Synthesis of PLS nanocomposites

Three main methods used for preparing PLS nanocomposites are: In Situ
Intercalative Polymerization Method, Solution Intercalation Method and Melt
Intercalation Method.

1.7.1 In Situ Intercalative Polymerization Method
In this method, the OMLS is swollen within the liquid monomer or a monomer
solution so that the polymer formation can occur in between the intercalated
sheets. Polymerization can be initiated either by heat or radiation, by the diffusion
of a suitable initiator, or by an organic initiator or catalyst fixed through cation
exchange inside the interlayer before the swelling step by the monomer [14].
Figure 1.7 represents in situ intercalative polymerization of thiophene in the
presence of MMT. As is well known [20] MMT may be conventionally
represented as containing sorbed cations (Mn+) between silicate network which are
coordinated to solvent moieties usually H2O, the coordination number depending
on the nature of the sorbed cations [21]. At reflux temperature a charge transfer
interaction could occur via the formation of a η6 complex [22]. η is called the
hepto number, i.e. the number of carbon atoms in a hydrocarbon ligand attached to
metal ion. Though TP is considered to be a five-membered aromatic heterocyclic
moiety but the number of electrons in the ring is six which could be involved
during complex formation with the sorbed cation leading to the formation of a η6
type of complex and [TP.+]. Propagation could then follow through interaction of
TP radical with the fresh [TP] moieties [23].
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Figure 1.7 In situ intercalative polymerization of thiophene in the presence of
MMT.

1.7.2 Solution Intercalation Method

This is based on a solvent system in which polymer or pre-polymer is soluble
and the silicate layers are swellable. The layered silicate is first swollen in a
solvent, such as water, chloroform or toluene. When the polymer and layered
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silicate solutions are mixed, the polymer chains intercalate and displace the
solvent within the interlayer of the silicate. Upon solvent removal, the intercalated
structure remains, resulting in PLS nanocomposites [14].

1.7.3 Melt Intercalation Method

This method involves annealing, statically or under shear, a mixture of the
polymer and OMLS above the softening point of the polymer. This method has
great advantages over either in situ intercalative polymerization or polymer
solution intercalation. Firstly, this method is environmentally benign due to the
absence of organic solvents. Secondly, it is compatible with current industrial
processes, such as extrusion and injection molding. The melt intercalation method
allows the use of polymers which were previously not suitable for in situ
polymerization or the solution intercalation method. This solvent-free method is
much preferred for practical industrial material production because of its high
efficiency and possibility of avoiding environmental hazards [14].

1.8 Polythiophene

Although the obtention of polymeric materials from thiophene derivatives has
been known for long, the origin of the intensive research efforts aiming the
optimization of the preparation of polythiophenes is in keeping with the
emergence of the widespread general interest for conducting polymers in the early
1980s [24]. Polythiophenes (PTPs) display a variety of electronic and optical
properties that make them interesting to study. The polymers have also
demonstrated a greater environmental stability in the conducting state than the
parent conjugated polymer, polyacetylene [25]. These properties and others have
resulted in much research into their potential applications in electronic,
optoelectronic, electrochromic and battery devices [24].
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1.8.1 Synthesis
Polythiophenes can be synthesized by electrochemical polymerization or by
chemical

methods.

Although,

because

of

several

distinct

advantages,

electropolymerization has been for a long period the preferred method at the
laboratory scale, the recent development of solution processable PTPs has
triggered a strong renewal of interest in chemical polymerization, which remains
the most suitable method as far as industrial production is envisioned.

The chemical synthesis of PTPs can be achieved by two main routes: oxidative
polymerization using ferric chloride and polycondensation of organometallic
derivatives using nickel or palladium catalysts. While the coupling of Grignard
compound is the most widely employed method, organometallic compounds
involving other metals such as zerovalent nickel or zinc have also been employed.
Electrochemical polymerization presents several advantages such as rapidity,
absence of catalyst, control of film thickness by the deposition charge, and direct
obtainment of the polymer in the oxidized conducting form. The polymers are
obtained as powdery deposits or free standing films depending on experimental
conditions [1].

1.8.2 Structure and Polymerization Mechanism
Polythiophene is a conducting polymer composed of five-membered
heteroaromatic rings [26]. The general structure of poly(five-membered
heterocycles) corresponds to the coupling of monomeric units in 2,5 positions with
preservation of the aromatic nucleus as shown in Figure 1.8.

Figure 1.8 Structure of PTP
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Figure 1.9 shows the proposed mechanism for thiophene oxidative
polymerization. The reaction starts by complexation between the thiophene sulfur
and the FeCl3 to form a cation radical, which upon deprotonation yields the
initiating radical. The mechanism also proposes that the combination of thiophene
radicals gives mainly the 2,5-disubstituted thiophene moieties in the PTP chains
[27].

Figure 1.9 Mechanism for oxidative polymerization of thiophene with FeCl3 in
CHCl3

1.8.3 Properties

The conductivity of oxidized polythiophene has been measured to be in the
range of 10-100 Scm-1. However, PTP suffers from insolubility, infusibility and
unprocessability due to the rigid conjugated backbone and the strong interactions
between chains. These drawbacks also limit full characterization and potential
applications of polythiophene.

A solution to the processability problem was the introduction of flexible
substituents on the polymer chain. Thiophenes have thus been chemically
functionalized by a variety of methods at the 3 (ß) position to give monomers that
can be polymerized. Polymerization of 3-alkylthiophenes with an alkyl chain
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length greater than three carbons results in polymers that are soluble in organic
solvents such as tetrahydrofuran, dichloromethane, chloroform, benzene, toluene
and xylene. Another advantage of polymerizing 3-alkylthiophenes is the decrease
of irregular linkages due to one of the 3 positions already being blocked by the
substituent. Alkylthiophene can be polymerized using the same synthetic routes
described for PTPs, to yield high molecular weight processable poly(3alkylthiophenes) (P3ATP) [28].

The discovery of the solubility and fusibility of PATPs represents a milestone
in the development of conducting polymers, and the resulting solution and melt
processability have considerably enlarged the potential technological applications
of PTPs [1].

1.8.4 Applications

A number of applications have been proposed for conducting PTPs, including
field effect transistors, electroluminescent devices, solar cells, photochemical
resists, nonlinear optic devices, batteries and diodes [29].

Various types of electronic devices involving the electronic properties of
neutral PTPs have been described. Photovoltaic cells based on electrogenerated
PTPs have been shown to present rather high quantum efficiencies under
monochromatic illumination, but the overall conversion yield under polychromatic
light remains low. Photoelectrochemical cells based on PTPs and CdS-PTP
junctions have been described as well as a photochargeable device based on a
bilayer membrane of PMeTP and Prussian blue. Thiophene oligomers, initially
investigated as active material in photovoltaic devices in 1974, have been used
recently for the realization of Schottky diodes by vacuum sublimation.

The third nonlinear optical response of conjugated polymers has recently
received much attention in general and PTPs have attracted particular interest
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owing to their highly conjugated structure and to the recent improvements of their
processability. Experiments carried out on PTP and on several of its substituted
derivatives have shown that PTPs present a large and very fast nonlinear optical
response.

Perhaps the most worldwide-discussed application of CPs concerns their use
for electrical energy storage in rechargeable batteries. Initial works used PTPiodine adducts in conjunction with Zn or Li electrodes. Primary and secondary
cells were constructed using chemically and electrochemically prepared PTPs, the
latter leading to better performances. More recently, several substituted PTPs have
been investigated as possible electrode materials.

The considerable spectral changes in the visible region associated to the
doping/undoping process of PTPs have led to several proposals of electrooptical
systems such as display devices or electrochromic windows.

Selective modified electrodes and electrochemical devices appear as one of the
most promising fields of application of PTPs. Modified electrodes for
electrocatalysis have been prepared from PMeTP or PTP-metal hybrid materials.
The reversible electrochemical doping of a PTP derivative with a neurotransmitter
has been applied in a drug release device [24].

1.9 Polypropylene

Polypropylene is a crystalline thermoplastic and one of the major members of
the polyolefins family. It is the lightest of the widely used thermoplastics with the
exception of plastic foams. The structure of polypropylene is shown in Figure
1.10. With a specific gravity of less than one, polypropylene will float on water.
Polypropylene, while having excellent chemical resistance to a very wide range of
chemicals, is attacked however by strongly oxidizing reagents, eg. concentrated
nitric and sulphuric acid, dry chlorine and bromine gas. In the presence of certain
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organic solvents such as benzene, toluene and mineral oils, some swelling may
occur with polypropylene at room temperature due to absorption.

Polypropylene was invented in the mid 1950’s by Guillio NATTA’s group in
Italy through the polymerization of propylene (C3H6) in the presence of Titanium
tetra chloride (TiCl4) and Triethyl aluminium (AlEt3) catalysts. Three types of
polypropylene are used commercially: homopolymers, copolymers and random
copolymers. The choice between these will depend on the end use requirements
and specifications. Similarly, the product’s molecular weight can be varied to suit
a particular end product since this will have a major effect on many of
polypropylene’s properties.

Polypropylene is a thermoplastic material offering a combination of lightness,
rigidity, toughness, chemical resistance and high surface gloss. This combination
of properties rates the material suitable for the production of a wide range of
articles from housewares and industrial mouldings to fibre fabrics and clear
packaging film.

Polypropylene is extensively used in many household items including
tableware and picnic ware, mixing bowls and buckets. Other applications include
drink crates, electrical components such as dishwasher or washing machine parts,
outdoor furniture, automative components including car battery cases, toys,
hospital equipment and many building components [38].

Figure 1.10 Structure of Polypropylene
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1.10 Composites of Polythiophene

Many potential applications of CPs are still hampered by their poor
mechanical properties and insufficient environmental stability. A possible answer
to these problems consists in the preparation of composite materials in which CPs
are associated with classical insulating polymers of superior mechanical
properties. In the the case of PTPs, the first examples of electrogenerated
composites have been prepared by means of a one step method which consists in
the direct electropolymerization of thiophene

from an electrolytic medium

containing the dissolved host polymer (PMMA, PVC, poly(styrene) ). This
technique which leads to the simultaneous deposition of the host polymer matrix
and of the conducting phase thus allows the rapid obtention of very homogeneous
films whose composition, thickness, optical transmission, conductivity and
electrochemical properties can be widely tuned by means of the electrosynthesis
conditions. Another advantage is that the ordered structure of the conducting
polymer is retained in the composite material, thus allowing the obtention of high
conductivities with small concentrations of CP. Other types of PTP composites
electrogenerated by means of multistep methods have been reported including
PBTP-polyTHF, PTP-PVC, PTP-poly(styrene), PTP-poly(bisphenolA carbonate),
PTP and PMeTP-Nafion, PMeTP-nitrilic rubber and PBTP alloyed with PVC,
PVA and polycarbonate [24].

Kıralp and Küçükyavuz prepared conductive composite films of cis 1-4
polybutadiene (PBD) with polythiophene electrochemically. Thiophene was
polymerized on PBD-coated platinium electrodes. The composites with different
PTP percentages showed conductivity in the order of 10-3 S/cm. The FTIR spectra
of the PTP/PBD composite and PTP samples were analyzed. There was no
additional peak that implied any chemical interaction between PTP and PBD. DSC
thermogram of PBD showed a glass transition temperature at -107 0C. For the
composite this Tg was also observed almost at the same temperature, although it
was less pronounced. SEM micrographs of the composites showed that PTP grew
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uniformly in PBD. PTP crests grew out of the surface of the coated electrode,
producing cauliflower-like structures [39].

Sankır and Küçükyavuz synthesized a series of poly(dimethylsiloxane)
(PDMS)/polythiophene and PTP/carbon fiber(CF) composites by electrochemical
polymerization

using

tetrabutylammoniumtetrafluoroborate

as

supporting

electrolyte and acetonitrile as solvent. Conductivities of composites were in the
range of 2-5 S/cm. DSC results showed that electrochemically synthesized
conductive PTP did not have any thermal transition, except a decomposition peak
at 234 0C. TGA results demonstrate that after the removal of the dopant at 250 0C,
composites are stable up to 600 0C, then decomposition starts. SEM studies show
that CF were coated by PDMS/PTP matrix and well oriented in the matrix. In
mechanical tests it has been observed that higher percent elongation was obtained
by increasing PDMS content whereas tensile strength and modulus of composites
increases with increasing CF content [40].

A quite different approach consists in using the CP not as active element but as
host matrix in which metal particles are incorporated by electrodeposition. PATPs
electrogenerated in acetonitrile with triflate anions appear particularly interesting
for this purpose owing to their fibrillar morphology and large surface to volume
ratio. Thus PMeTP electrodes containing electrodeposited particles of Ag, Pt, or
Cu have been reported to exhibit important electrocatalytic activity for proton
reduction [24].

Ballav and Biswas prepared conducting composites of polythiophene with
acetylene black (AB) via chemical oxidative polymerization of thiophene in a
suspension of AB in CHCl3 at room temperature using anhydrous FeCl3 as the
oxidant. Scanning electron microscope analysis showed the presence of compact
clusters of particles. In contrast, the homopolymer revealed the formation of
relatively loosely bound lumpy structures. Transmission electron micrographs of
PTP/AB composite showed formation of globular polymer encapsulated AB
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particles with average diameters of the order of 100 nm. Thermogravimetric
analysis revealed that the overall thermal stability varied in the order:
AB>PTP/AB>PTP. DC conductivity values for the PTP/AB composite were of the
order of 10-2 Scm-1 [30].

Ballav and Biswas polymerized thiophene in bulk and in solution in CHCl3 by
FeCl3. The polymerization of TP with FeCl3 and nanodimensional Al2O3 resulted
in the formation of a nanocomposite which was partly dispersible in aqueous and
nonaqueous media. In scanning electron microscope analysis, the composite
particles were characterized by globular morphology; also, particles were not of
uniform size and exhibited a tendency to form clusters. The transmission electron
microscope image of the PTP/Al2O3 composite prepared in CHCl3 revealed the
formation of globular clusters of polymer/Al2O3 particles. By contrast, PTP/Al2O3
composite prepared in the absence of any solvent showed relatively irregular
particle formation. The average particle diameters were in the range 27-74 nm.
Thermal analyses (TG/DTA) revealed enhanced thermogravimetric stability of
PTP/Al2O3 composite relative to that of PTP. The conductivity of PTP and
PTP/Al2O3 composite was of the order of 10-3 Scm-1 for samples doped with I2.
PTP was not dispersible under any of the conditions applied. Significantly, the
PTP/Al2O3 composite showed some tendency to exist as a stable suspension in
water and in isopropanol [31].

Hebestreit and Pavlik prepared composite of polythiophene (PTP) and
nanoscopic titanium dioxide (TiO2), possessing core-shell structure, via oxidative
polymerization of thiophene by iron (III) chloride in the presence of TiO2
particles. The morphology of the obtained composite particles was studied by
transmission electron microscopy (TEM), proving the core-shell structure of the
prepared nanocomposite. The chemical structure of the composites was
investigated by Raman spectroscopy. The electrophoretic deposition (EPD)
technique was used as a method to prepare composite layers on various conducting
substrates. The characteristics of the composite layer after EPD were studied by
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electrochemical methods. The photoelectrical properties of PTP and TiO2 in the
nanocomposites were studied as well. In the photoelectrochemical spectra, the
characteristic anodic peak of TiO2 at λ=340 nm and cathodic peak of PTP around
λ=530 nm were observed. A bandgap energy, Eg=1.95 eV and a direct electron
transition of PTP were found. A cathodic peak in the photocurrent spectra was
detected unexpectably also around 340 nm, and ascribed to the photoelectrical
activity of TiO2 core. The redox processes in PTP were investigated via cyclic
voltammetry (CV) and electrochemical impedance microscopy (EIS) [32].

Ballav and Biswas achieved polymerization of a mixture of thiophene and Nvinyl carbazole in aqueous suspension in the presence of nanodimensional alumina
and FeCl3 as oxidant. The resultant composite was found to contain both
polythiophene (PTP) and poly(N-vinyl carbazole) (PNVC) components even after
reflux in benzene, which would remove any PNVC homopolymer. The presence
of the individual polymer components was endorsed by FTIR spectroscopic
analyses. Thermogravimetric analyses showed that the overall stabilities of the
composite and the corresponding homopolymers were in the order: PTP/Al2O3 >
PTP > PTP/PNVC/Al2O3 > PNVC. Differential thermal analyses (DTA) studies
showed the manifestation of two different exotherms corresponding to the two
different polymeric constituents in the PTP/PNVC/Al2O3 composite. Differential
scanning calorimetry studies revealed two glass transition temperatures (Tg)
suggesting the presence of two polymeric moieties in the PTP/PNVC composite.
Scanning electron micrographs of the PTP/Al2O3 and PTP/PNVC/Al2O3
composites showed distinctive morphological patterns. Transmission electron
microscopic images of the composite revealed that the average particle size varied
between 20 and 80 nm. DC conductivities of the composites were of the order of
10-6 Scm-1 [33].

Ballav and Biswas prepared composite of poythiophene (PTP) with 13X-zeolite
via chemical oxidative polymerization of thiophene in presence of a dispersion of
a 13X-zeolite in CHCl3 solvent using anhydrous FeCl3 oxidant. The SEM image
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of 13X-zeolite showed the presence of small nearly globular particles with
irregular sizes (1.5-3.0 µm). In contrast, SEM images of PTP/13X-zeolite
composite indicated the formation of lumpy agglomerates of non-uniform sizes
(average diameter varied from 5.0 to 10.0 µm). XRD pattern of 13X-zeolite
suggesting a typical crystalline arrangement was drastically modified to a grossly
amorphous pattern in the PTP/13X-zeolite composite during oxidative
polymerization of TP in the presence of 13X-zeolite. Thermogravimetric stability
studies

revealed

the

overall

thermal

stability

trend

as

follows:

13X>PTP/13X>PTP. The total weight loss up to 800 0C temperature suffered by
pure 13X, PTP/13X and PTP homopolymers were 20, 65 and 100 %, respectively.
DTA scan of the PTP/13X composite showed an exothermic peak in the
temperature range 430-450 0C, which was characteristic of PTP backbone.
PTP/13X-zeolite/FeCl3 system showed appreciably high DC conductivity value
compared to other PTP based systems. The DC conductivity value of PTP/13Xzeolite composite was in the order of 10-2 Scm-1 [34].

Ballav and Sardar synthesized nanocomposites of polythiophene with
montmorillonite clay and modified them by loading of polyaniline (PANI) and
polypyrrole (PPY) moieties via polymerization of aniline (ANI) and pyrrole (PY)
in aqueous dispersions of PTP/MMT nanocomposites. PANI or PPY modified
PTP/MMT composite showed much improved thermal stability compared to that
of PTP/MMT composite. X-ray diffraction patterns of PANI or PPY modified
PTP/MMT composites showed that PTP/MMT intercalates were still present in the
modified composites. Upon incorporation of PANI or PPY moieties in the
PTP/MMT composites, the conductivity values improved 103 fold. Formation of
spherical particles is clearly visible in the SEM images of various binary
composite systems and these morphological features could be due to the
encapsulation of PTP/MMT composite particles by the precipitating PANI or PPY
moieties [41].
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Yiğit and Hacaloğlu studied thermal degradation of conducting polymer
composites of polythiophene and rubbers by direct and indirect pyrolysis mass
spectrometry techniques. The samples were prepared by electrooxidation of
polythiophene using natural rubber or synthetic rubber as the insulating matrix.
The pyrolysis mass spectrometry studies of conducting polymer composites of
polythiophene/rubbers revealed that a chemical interaction between the
components of the composites formed during the electrochemical polymerization
of thiophene. It was also determined that thermal characteristics of rubbers were
totally disappeared in the composites indicating degradation of the rubbers during
the electrooxidative polymerization [42].

Sari and Talu synthesized polyurethane/polythiophene (PU/PTP) conducting
composites using PU as an insulating matrix by electrochemical method. The
electrochemical properties of polymers were investigated by cyclic voltammetry
(CV). The conductivities of polymers were measured by four probe technique.
FTIR spectra were taken to analyze the structural properties of polymers. Surface
analyses of polymers were clarified by scanning electron microscopy (SEM).
Thermal analyses of the polymer films were done by differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA). From thermal analyses,
it was found that among the PTPs, PTP (Et4NBF4) and among the copolymers
PU/PTP (Et4NBF4) were shown the highest thermal stability as 191 and 210 °C,
respectively [43].

Corbacioglu and Erturan prepared conducting composite of polythiophene
(PTP) with polyacrylamide (PAA) as the insulating matrix via electrochemical
methods. In DSC analyses, pure PAA has an exothermic peak at 259 0C. Under the
same conditions, PTP has thermal changes between 270 0C and 380 0C. In DSC
thermograms of PTP/PAA film, there exist three endothermic shoulders between
200 0C and 300 0C. The conductivity of pure PTP film was measured as 1.2x10-3
Scm-1 by the four probe method. As the PTP incorporated into the matrix
increased, the conductivity of the composite also increased. SEM analyses reveal
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some morphological differences between the films. The solution side of pure PTP
film shows hemispheres on the surface. The electrode sides and solution sides of
the electrolytic composites PTP/PAA films have different appearances [44].

1.11 Aim of the Study

Montmorillonite/polymer nanocomposites have gained considerable interest in
recent years. The homogeneous dispersion of montmorillonite clays in polymer
matrices could lead to enhancement in thermal stability, mechanical properties,
gas permeability and ionic conductivities. The aims of this study are to synthesize
PTP/MMT nanocomposites chemically, to investigate the thermal, mechanical,
electrical conductivity, morphological features and the dispersion of nanoparticles
in the polymer matrix then to compare the properties of these nanocomposites with
that of pure PTP. Since PTP/MMT composites are infusible and unprocessable,
composites of PTP with an elastomer (PP) were prepared for the purpose of
obtaining conductive materials having improved mechanical and thermal
properties.
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CHAPTER II

EXPERIMENTAL

2.1 Materials

The materials used have been: (i) Thiophene (monomer), which is produced by
Merck-Schuchardt, was distilled before use. Properties of thiophene are given in
Table 2.1. (ii) The filler used is montmorillonite, a sodium calcium aluminum
magnesium silicate hydroxide, produced by Sigma Aldrich Chemie GmbH. Some
of its properties are given in Table 2.2. (ііі) Anhydrous iron (III) chloride (FeCl3),
produced by Sigma Aldrich Chemie GmbH, was used as catalyst. (ıv) Chloroform
which is produced by Lab Scan Ltd. was used as solvent in polymerization. (v)
Methanol used in the washing process was obtained from Aklar Kimya. (vi)
Polypropylene which is produced by PETKIM, was used as the insulating matrix.
Its properties are listed in Table 2.3.

Table 2.1 Properties of Thiophene
Molecular formula C4H4S
Molar mass

84.14 g/mol

Density

1.051 g/ml

Melting Point

-38 0C

Boiling Point

84 0C
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Table 2.2 Properties of Montmorillonite
Molecular formula

(Na Ca) (Al Mg)6
(Si4O10)3 (OH)6 nH2O

Molar mass

540.6 g/mol

Density

2.35 g /cm3

Color

White, yellow

Table 2.3 Properties of Polypropylene
Molecular formula
Molecular weight of
repeat unit
Amorphous density

(C3H6)n

Crystalline density
Glass transition
temperature
Melting temperature

0.95 g/cm3

42.08 g/mol
0.85 g/cm3
0 0C
173 0C

2.2 Synthesis of PTP/MMT Nanocomposites

2.2.1 In situ Intercalative Polymerization Method

As a first step, MMT clay predried was weighed into a round-bottomed flask
fitted with a reflux condenser. A known amount of TP was syringed into the flask
and the mixture allowed to interact for 24 hour at the boiling point of TP. The
reaction was exothermic and any unreacted TP vapour was refluxed back into the
flask continuously. The colour of MMT clay gradually changed from whiteyellow-orange-brown-brownish black and finally to black followed by a gradual
rise in temperature of the TP/MMT clay system. The whole mass was then washed
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with MeOH to remove any unreacted monomer and dried at 50 0 C under vacuum
for 5 hour. Composites containing 90, 95% by weight MMT were prepared.

2.2.2 Chemical Oxidative Polymerization Method

A known mass of MMT was dispersed in a round-bottomed flask containing
30 ml CHCl3, after which a known quantity of TP was injected. A particular
amount of FeCl3 was then added to the solution in one go. The reaction mixture
was allowed to interact for three hour at the boiling point of TP. The whole mass
was thoroughly washed with methanol and distilled water. The deep brownishblack mass was dried at 60 0C under vacuum for 17 hour. In this method, a series
of composites having composition ranging from 1 to 15% by weight MMT were
synthesized.

2.3 Preparation of PTP/PP Composites

2.3.1 Preparation of mixed and moulded composites

To investigate mechanical properties of PTP, PTP/PP composites were
prepared by mixing virgin PP with chemically synthesized PTP at 60 rpm for 30
minutes using Brabender Plasti-Corder. Obtained composites were compressed in
a mould for 5 minutes at 210 0C and then these moulds were fast cooled. Amount
of PTP in the composites were 2, 5, 10, 20, 25 and 30% with respect to total
weight.

2.3.2 Injection Molding

The specimens for mechanical characterization were prepared by injection
molding using a laboratory scale injection molding machine (Microinjector, Daca
Instruments). During molding; barrel temperature (210 0C), mold temperature (0
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0

C), injection pressure (16 bars) and cycle time (3 min) were identical for the

preparation of each sample.

2.4 Characterization

2.4.1 Fourier Transform Infrared Spectrometer (FTIR)

FTIR spectra of the samples were recorded on a Bruker IFS 66/S FTIR
spectrometer in order to detect the functional groups.

2.4.2 X-Ray Diffraction (XRD) Investigation

The composites were analyzed by using a Rigaku Miniflex X-Ray
diffractometer. Cu-K anode radiation, generated at a generator tension of 30 kV
and and a generator current of 15 mA was used as the X-Ray source. The
diffraction patterns were collected at a diffraction angle 2θ from 20 to 350 at a
scanning rate and step size of 10/min and 0.050 , respectively.

2.4.3 Conductivity Measurements

Conductivity measurements were performed by four probe technique. Two of
the probes are used to source current and the other two probes are used to measure
voltage. In four probe technique, four equally spaced osmium tips were placed
onto a head. The head was lowered to the sample until the four probes touch with
the sample. The current source supplied the steady current through the outermost
probes and the voltage drop across the inner two probes was measured (Figure 2.1)
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Figure 2.1 Four Probe Technique

Conductivity was given by the equation

ln2 ( i/V )
σ =
πd

where σ is the conductivity, i is the current passes through the outer probes, V
voltage drop across the inner probes and d is the sample thickness. Using four
probes eliminates measurement errors due to the probe resistance, the spreading
resistance under each probe, and the contact resistance between each metal probe
and the specimen material. In order to determine conductivities, current voltage
measurements were done using FPP 0602 Electrometer.

2.4.4 Thermal Analysis

2.4.4.1 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry was performed by using a differential
scanning calorimeter General V4.1.C Dupont 2000. Measurements were carried
out in the temperature range of 25 0C to 450 0C with a heating rate of 10 0C/min
under nitrogen atmosphere.
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2.4.4.2 Thermal Gravimetric Analysis (TGA)

The thermal gravimetric analysis were performed by a Perkin Elmer Pyris1
Thermal Gravimetric Analyzer. Samples were examined at a heating rate of 10 0C
under N2 atmosphere.

2.4.5 Tensile Tests

Tensile tests were performed for each composition according to ASTM D638
(Standard Test Method for Tensile Properties of Plastics), by using a Lloyd LR
30K Universal Testing machine. The shape and dimensions of the specimens are
given in Figure 2.2 and Table 2.4.

Figure 2.2 ASTM Tensile Test Specimen

Table 2.4 Dimensions of tensile test specimen
Symbol

Specimen Dimensions (mm)

W, Width of narrow section

7.40

D, Distance between grips

50

L0, Total length of specimen

110

T, Thickness of specimen

2.05
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In discussing tensile properties it is of importance to be familiar with some terms.
Stress: Stress is defined as the force per unit area perpendicular or normal to a
force. Stress (σ) = F/A0
where; F = the force applied and A0 = the area of the specimen
Strain: Strain is defined as ε = ∆D / D
where; D = original gauge length and ∆D = the change in gauge length due to
deformation

Tensile Strength: It is calculated by dividing the maximum load in Newtons by the
original cross-sectional area of the specimen. The result is expressed in terms of
mega Pascal.
Tensile Strength = Force (Load) (N) /Cross Section Area (mm2)

Young’s Modulus: It is also called the tensile or elastic modulus. Young’s
Modulus can be calculated from the initial straight line portion of a stress-strain
curve; tensile modulus is the slope of this line. The result is expressed in MPa unit.
Young’s Modulus = Difference in Stress / Difference in Corresponding Strain

Tensile Strength at Break: When maximum stress occurs at break, it is designated
as Tensile Strength at Break. The result also is expressed in MPa unit.
Tensile Strength at Break: Load Recorded at Break / Cross Section Area (mm2)

Tensile Strain at Break: It is the main strain measured at the breaking point.

The crosshead speed used in measurements was 5.0 cm/min. The test was
performed by pulling the specimens from both grips until it fails. Stress versus
strain diagrams were obtained from the mechanical testing device and tensile
strength, tensile modulus and tensile strain at break values were determined by
using these graphs.
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2.4.6 Scanning Electron Microscopy (SEM)

JEOL JSM-6400 low voltage scanning electron microscope was used for
morphological studies of composites. Before SEM photographs were taken, the
fractured surfaces of PTP/PP composites were coated with a thin layer of silver in
order to obtain a conductive surface. Specimens were viewed using the secondary
electron image with an accelerating potential of 20 kV; at the magnification used.
The main purpose was to observe the way by which the MMT clay dispersed in
the PTP matrix and the fracture behaviour of the PTP/PP composites.
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CHAPTER III

RESULTS and DISCUSSION

3.1 PTP/MMT Nanocomposites

3.1.1 Synthesis of PTP/MMT Nanocomposites

In situ intercalative polymerization: This process involves mixing of the
clay mineral with the required monomer. The monomer then intercalates within
the interlayer and promotes delamination. Polymerization follows, initiated by a
number of ways, to yield polymer matrices. Table 3.1 presents some data on
polymerization and composite formation. The percentage yield of PTP decreased
to 5% from 10% by decreasing the TP amount to half of its initial value.
Percentages of PTP in the composites synthesized by this method were low.

Chemical oxidative polymerization: Table 3.2 represents some typical data
on composite formation and elemental analysis in PTP/MMT composite systems,
realized under varying MMT ratios. The addition of FeCl3 immediately changed
the colour of TP-MMT-CHCl3 mixtures from colourless to yellowish brown. This
was indicative of a charge transfer reaction between the Fe+3 centres and lone
pairs on the S atoms in TP leading to the formation of [TP+]. Propagation could
then follow as usual. Miyata and coworkers reported the preparation of highly
conducting PTP in high yields in the presence of anhydrous FeCl3 by using
variable FeCl3/TP ratios in CHCl3 medium. Ballav and Biswas polymerized TP in
CHCl3 medium in which nanodimensional Al2O3 powder had been finely
dispersed. As expected, the resultant PTP, being insoluble in CHCl3 , precipitated
out onto the Al2O3 particles thereby forming PTP/Al2O3 composite [31]. We
developed a new method for the synthesis of PTP/MMT composites. In this
method composites, containing higher amounts of PTP were prepared.
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Theoretically, it was found that C%, H% and S% in PTP were 57, 5 and 38
respectively. Elemental analysis results of chemically synthesized PTP with FeCl3
showed that the corresponding percentages were 50.46, 2.72 and 31.85
respectively. It can be inferred that 15% of FeCl3 is trapped into polymer chains
even after washing.

Table 3. 1 Some typical data for in situ intercalative polymerization of TP
MMT/TP
MMT(g)
(w/w)
1.75
1.75
3.5
1.75

TP(g)

PTP%

MMT%

1
0.5

10
5

90
95

C%

H%

S%

5.32
1.98

0.44
0.16

3.54
1.32

Table 3.2 Some typical data for chemical oxidative polymerization of TP
FeCl3/TP
(w/w)

MMT(g) TP (g) PTP% FeCl3% MMT%

C%

H%

S%

6/1

-

2

85

15

-

50.46

2.72

31.85

6/1

0.05

2

84

15

1

49.33

2.66

31.13

6/1

0.08

2

83

15

2

48.83

2.63

30.82

6/1

0.20

2

80

15

5

46.48

2.51

29.33

6/1

0.40

2

75

15

10

43.13

2.33

27.22

6/1

0.60

2

70

15

15

40.21

2.17

25.38
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3.1.2 FTIR Spectra of PTP/MMT Composites
Characteristic bands of chemically synthesized PTP (Figure 3.1) are 686 cm-1
for C-S vibration, 791 cm-1 for C-H out of plane stretching, 1428 cm-1 for C=C
ring stretching.
Characteristic bands of MMT (Figure 3.2) are 799 cm-1 for Si-O deformation,
1073 cm-1 for Si-O-Si stretching, 3631 cm-1 for OH stretching of H2O.
Peaks coming from both MMT and PTP were observed for PTP/MMT
composites (Figure 3.3). The appearance of peaks 791 and 686 cm-1 in the
composite and the PTP homopolymer readily endorsed the incorporation of PTP in
the composite backbone. Also, the composite FTIR clearly shows the presence of
characteristic peaks of MMT. Thus, FTIR data confirmed the incorporation of
either moieties in the structure of the composite.
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Figure 3.1 FTIR spectrum of PTP
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Figure 3.2 FTIR spectrum of MMT
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Figure 3.3. FTIR spectrum of PTP/MMT composite
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3.1.3 X-Ray Diffraction (XRD) Investigation

XRD is a convenient method for determining the crystal structure of
nanocomposites. By monitoring the position, shape and intensity of the basal
reflections from the distributed silicate layers, the nanocomposite structure either
intercalated or exfoliated may be identified [14]. The basal spacing (d-spacing)
from XRD measurement refers to interlayer spacing of the silicate layers and
calculated at peak positions according to Bragg’s Law.

In the case of exfoliated nanocomposites, the extensive layer separation
associated with the delamination of the original silicate layers in the polymer
matrix results in the eventual disappearance of any coherent X-ray diffraction
from the distributed silicate layers. On the other hand, for intercalated
nanocomposites, the finite layer expansion associated with the polymer
intercalation results in the appearance of a new basal reflection corresponding to
the larger gallery height [14].

Table 3.3 d spacing of the MMT and nanocomposites prepared by in situ intercalative
polymerization with the corresponding diffraction angles
95% PTP/MMT
composite

MMT
d-spacing
(A0)
9.76
4.92
4.42
3.32
3.29

2θ0
9.05
18.00
20.05
26.80
27.05

d-spacing
(A0)
13.48
9.98
4.97
4.45
3.34
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90% PTP/MMT
composite

2θ0

d-spacing
(A0)

2θ0

6.55
8.85
17.80
19.90
26.65

14.84
9.92
4.96
4.44
3.34

5.95
8.90
17.85
19.95
26.65

Table 3.4 d spacing of the nanocomposites prepared by chemical oxidative
polymerization with the corresponding diffraction angles
10% PTP/MMT
composite
d-spacing
2θ0
(A0)
4.50
3.35
3.32

15% PTP/MMT
composite
d-spacing
2θ0
(A0)

19.70
26.55
26.75

4.44
3.34
3.31

19.95
26.60
26.85

The wide angle X-ray diffraction (WXRD) pattern of MMT clay showed a
peak at 10.02 A0 (2θ0=8.8) indicative of the expected interlayer distance between
two silicate layers: 9.6-10.8 A0. This spacing was sufficient for intercalation of
PTP in the MMT which was endorsed by the XRD pattern of PTP/MMT
composite, where the appearance of a peak at 2θ0 = 5.36 corresponded to a basal
spacing of 16.47 A0 between the two silicate layers in the PTP/MMT structure
[35]. The XRD data including d-spacing and peak positions for MMT and
composite materials that are formed by the two methods are shown in Table 3.3
and Table 3.4. The exemplary diffractograms are presented in Figure 3.4 and
Figure 3.5 as well. A sharp XRD peak appeared at 2θ of 9.050 for the MMT as
shown in Figure 3.4, indicating that the interlayer distance of MMT was 0.976 nm,
based on the Bragg equation ( nλ=2dsinθ ). In the case of 95% PTP/MMT
composite, a broad WXRD peak appeared at 2θ of 6.550, indicating the
intergallery distance had been increased to 1.348 nm by intercalation of MMT
clay. For the 90% PTP/MMT composite, the d spacing value observed was 1.484
nm at 2θ of 5.950. An increase in d spacing is observed for the in-situ formed
composites with the reflection shifting progressively towards lower angles. This is
probably due to the diffusion of the propagating chains within the silicate sheets
expanding the galleries.
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In Figure 3.5 no diffraction peak was observed in the 2θ range of 2-350 for the
1%, 2% and 5% PTP/MMT nanocomposites. This result suggested that the layered
silicates in these composites could be mostly exfoliated in PTP matrix. Otherwise,
the absence of diffraction peaks in the WXRD data of composites should be due to
the clay contents, which are below the detection limit of the instrument. The XRD
pattern of 10% PTP/MMT composite revealed crystalline peaks around 2θ=
19.700, 26.550, 26.750 corresponding to the d spacings of 4.50, 3.35 and 3.32 A0.
XRD pattern of nanocomposite containing 15% MMT showed three peaks at
19.950, 26.600 and 26.850 with the resultant basal spacings of 4.44, 3.34 and 3.31
A0 which are close to those of 10% composite. WXRD data of 10% and 15%
PTP/MMT composites clearly indicated that the silicate layers in composites were
mostly intercalated. Dispersing of MMT clay into PTP matrix led to an effective
increase in crystallinity.
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Figure 3.4 XRD patterns of (a) pure MMT (b) PTP/MMT composite
containing 95 wt % MMT (c) 90 wt % MMT
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Figure 3.5 XRD patterns of PTP/MMT composite containing (a) 1 wt % MMT
(b) 2 wt % MMT (c) 5 wt % MMT (d) 10 wt % MMT (e) 15 wt % MMT

3.1.4 Electrical Conductivity Measurements
Conductivity of composites were measured at room temperature using four
probe technique. Under the adopted experimental conditions, the conductivity
values for various PTP/based composites were in the order of 10-4 S/cm [35]. The
conductivity values of PTP/MMT composites are presented in Table 3.5. Electrical
conductivity of composite materials in the form of a powder-pressed pellet was
found slightly smaller than that of PTP homopolymer, as shown in Table 3.5. This
is expected because composites have more insulating states than PTP, which
implies that MMT particles intercalated by the conducting PTP induce a weak
interchain interaction between the polymerized PTP chains [37]. MMT component
was not electronically conductive and the incorporation of MMT clay into PTP
matrix contributed a smaller molecular weight, leading to a lower electrical
conductivity.
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Table 3.5 Conductivity values of PTP/MMT composites
wt % MMT
0
1
2
5
10
15

Conductivity (Scm-1)
2.33. 10-3
1.48. 10-3
1.28. 10-3
0.98. 10-3
0.86. 10-3
0.77. 10-3

3.1.5 Thermal Properties of PTP/MMT Composites

3.1.5.1 Differential Scanning Calorimetry (DSC)

In differential scannning calorimetry (DSC), the thermal properties of samples
are studied. When the sample is under thermal transition, the heat absorbed by the
sample is measured. The DSC gives the data of absorption of heat by a plot of heat
versus temperature graphic.

DSC thermograms of chemically synthesized PTP, pure MMT and PTP/MMT
composite are given in Figure 3.6, Figure 3.7 and Figure 3.8, respectively.
Chemically synthesized PTP does not have any thermal transition in the range 25300 0C. It readily decomposes above 300 0C. An endothermic peak is observed
around 90 0C in the thermogram of MMT and around 112 0C in the thermogram of
composite which may be originating from dehydration of water.

48

Figure 3.6 DSC thermogram of PTP
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Figure 3.7 DSC thermogram of MMT
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Figure 3.8 DSC thermogram of PTP/MMT composite
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3.1.5.2 Thermal Gravimetric Analysis (TGA)
The thermal stability of polymeric materials is usuallly studied by
thermogravimetric analysis (TGA). Genarally the incorporation of silicate in the
polymer matrix enhances the thermal stability by acting as a superior insulator and
mass transport barrier to the volatile products generated during decomposition
[14]. Figure 3.9 through Figure 3.11 represent weight loss versus temperature data
for PTP, MMT and 90, 95% PTP/MMT composites. The weight losses observed
for PTP and MMT about 800 0C were 92 and 10%, respectively. For the 90 and 95
% PTP/MMT composites about 18% weight loss was observed at the same
temperature. Intercalation of PTP in MMT would lead to an extension of the
interlayer distance, thus resulting in looser arrangement of the originally compact
MMT unit cell structure. Consequently, PTP/MMT composites exhibit lower
thermal stability relative to unmodified MMT. On the other hand, incorporation of
MMT with higher thermal stability in PTP enhances the overall thermal stability
of PTP/MMT composite relative to that of PTP.
The dispersed clay particles act as a heat barrier, which could enhance the
overall thermal stability of the system, as well as assisting in the formation of char
after thermal decomposition. Thereby, in the beginning stage of thermal
decomposition, the clay could shift the decomposition temperature higher.
However, after that, this heat barrier effect would result in a reversed thermal
stability. In other words, the stacked silicate layers could hold accumulated heat
that could be used as a heat source to accelerate the decomposition process, in
conjunction with the heat flow supplied by the outside heat source [14]. Figure
3.12 shows typical TGA curves of 1, 2, 5, 10 and 15% PTP/MMT composites
synthesized by chemical oxidative polymerization of thiophene using FeCl3 . In
general, there appeared to be several stages of weight loss starting at about 100 0C
and ending at 1000 0C. For the 10 and 15% PTP/MMT composites 90% weight
loss was observed at 1000 0C. However, the weight losses observed for 1, 2, 5%
composites at the same temperature were 60, 50 and 47% , respectively. Evidently,
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the onset of the thermal decomposition of those nanocomposites shifted slightly
toward the higher temperature range than that of pristine PTP, which confirmed
the enhancement of thermal stability of polymer. After the curves all became flat,
mainly the inorganic residue (i.e., Al2O3, MgO, SiO2) remained. Increasing clay
content does not steadily increase the stability of composites. Nanocomposites
prepared with MMT content of less than 10 wt % lead to the exfoliated structure,
but more than 10 wt % MMT lead to the formation of intercalated structure as
found in XRD analyses. Generally, exfoliated nanocomposites exhibit better
properties than intercalated ones [36]. That may be the reason why low MMT
content nanocomposites exhibit higher thermal stability compared to high MMT
content nanocomposites in the second method.

Figure 3.9 TGA curve of PTP
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Figure 3.10 TGA curve of MMT

(a)

(b)

Figure 3.11 TGA curves of PTP/MMT composite containing (a) 90 wt % MMT ,
(b) 95 wt % MMT
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(b)
(c)

(d)

(a)

(e)

Figure 3.12 TGA curves of PTP/MMT composite containing (a) 1 wt % MMT,
(b) 2 wt % MMT, (c) 5 wt % MMT, (d) 10 wt % MMT, (e) 15 wt % MMT
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3.1.6 Scanning Electron Microscopy (SEM) Analysis

In order to investigate the morphological properties of PTP/MMT composites
scanning electron microscopy analysis was performed to all samples produced.

Scanning electron micrographs of PTP and MMT are presented in Figure 3.13
and Figure 3.14, respectively. In general, PTP particles were characterized by
globular morphology; also, particles were not of uniform size and exhibited a
tendency to form clusters [31]. The SEM image of MMT showed the presence of
small nearly globular particles with irregular sizes.

Figure 3.15 and Figure 3.16 correspond to the micrographs of the PTP/MMT
composites prepared by the in situ intercalative polymerization method at 90 and
95 wt % MMT, respectively. The existence of lumpy aggregates of varying sizes
formed from agglomeration of small composite particles cemented together was
clearly exhibited in the micrographs.

Figures 3.17 through 3.19 are SEM micrographs of 1%, 2% and 5%
PTP/MMT composites prepared by chemical oxidative polymerization. These
composites showed loose packing morphological image, reflecting amorphous
pattern of PTP at low MMT contents. Figure 3.20 and Figure 3.21 show SEM
images of 10 and 15% PTP/MMT composites prepared by chemical oxidative
polymerization. It is observed that wealthy and much larger compact packing of
crystalline domains are formed at higher MMT contents. This corresponds to a
polymer matrix with higher crystallinity which are consistent with the results
obtained from XRD studies.
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Figure 3.13 SEM micrographs of PTP
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Figure 3.14 SEM micrographs of MMT
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Figure 3.15 SEM micrograph of 90% PTP/MMT composite prepared by in
situ intercalative polymerization

Figure 3.16 SEM micrograph of 95% PTP/MMT composite prepared by in
situ intercalative polymerization
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Figure 3.17 SEM micrographs of 1% PTP/MMT composite prepared by
chemical oxidative polymerization
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Figure 3.18 SEM micrographs of 2% PTP/MMT composite prepared by
chemical oxidative polymerization
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Figure 3.19 SEM micrographs of 5% PTP/MMT composite prepared by
chemical oxidative polymerization
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Figure 3.20 SEM micrographs of 10% PTP/MMT composite prepared by
chemical oxidative polymerization
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Figure 3.21 SEM micrographs of 15% PTP/MMT composite prepared by
chemical oxidative polymerization
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3.2 PTP/PP Composites

3.2.1 Synthesis of PTP/PP Composites

Though various novel properties have been observed in conducting polymers,
their practical application have been rather limited, because of poor processability.
To improve the processability of a conducting polymer, various methods to
incorporate conducting polymer into processable insulating polymer have been
reported [45]. Electrically conductive composites with a thermoplastic matrix are
considered to be an important group of relatively inexpensive materials for special
applications [46]. To investigate the effect of processing on properties of PP
chemically modified by PTP, PTP/PP composites were prepared by mixing PP
with chemically synthesized PTP using a Plasticorder Brabender. Table 3.6
represents some data for preparation of PTP/PP composites. The amount of
conductive polythiophene was varied between 2 and 30 wt %.

Table 3.6 Some typical data for preparation of PTP/PP composites
PP (g)
44.1
42.75
40.5
36
33.75
31.5

PTP (g)
0.9
2.25
4.5
9
11.25
13.5

PTP (%)
2
5
10
20
25
30

3.2.2 Tensile Properties

In this study, tensile test was performed to examine the mechanical properties
of PTP/PP composites. The incorporation of polythiophene with different weight
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percents into thermoplastic polypropylene matrix produces changes in the
mechanical properties of the resulting composites.

The response of a material in a tensile test is well understood by means of
stress-strain curve. The effect of different PTP concentration on tensile properties
can be seen by stress-strain curves of specimens which are illustrated in Figure
3.23 through Figure 3.28. The response of the materials to applied stress
distinguishes them as ductile or brittle. As it is seen from Figure 3.22, the virgin
PP is very ductile at a test rate of 5 cm/min. The area under the curve is the
measure of the energy necessary to break the material. Addition of PTP to the
virgin PP, makes it more brittle and decreases the energy required to break it.

The tensile properties including tensile strain at break (%), tensile strength,
and Young’s modulus of all the composites prepared in this study together with
the value of the corresponding virgin PP are evaluated and the data are presented
in Table 3.7. The tensile strain at break (%), tensile strength and Young’s modulus
of pure PP were determined as 432.12%, 26.42 MPa and 431.89 MPa respectively.
Figure 3.29 demonstrates the effect of PTP content on the tensile strain at break of
the composites. Addition of 2 wt % PTP to PP resulted in a dramatic decrease in
the tensile strain at break of the material since a more brittle structure is obtained.
However, there is no remarkable change in tensile strain at break with increasing
PTP content.

As seen in Figure 3.30, addition of 2 wt % PTP decreased the tensile strength
of PP. This is attributed to relatively weak interaction between PP matrix and PTP.
However, tensile strength increases with increasing PTP content, but this rule is
not satisfied at 20 and 30 wt % PTP. So no regular improvement in tensile strength
can be noticed for different weight % PTP composites.

It is clearly seen in Figure 3.31 that the Young’s modulus, expressing the
stiffness of the material at the start of a tensile test, has shown to be strongly
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improved when composites are formed. As the amount of PTP increases, strain
will decrease and stress increases, this affects the Young’s modulus which
increases simultaneously. The increase in Young’s modulus is expected, since
extension of PP matrix is prevented by PTP acting as the reinforcing phase.
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Figure 3.22 Tensile stress-strain (%) curve of polypropylene
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Figure 3.23 Tensile stress-strain (%) curve of 2% PTP/PP composite
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Figure 3.24 Tensile stress-strain (%) curve of 5% PTP/PP composite
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Figure 3.25 Tensile stress-strain (%) curve of 10% PTP/PP composite
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Figure 3.26 Tensile stress-strain (%) curve of 20% PTP/PP composite
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Figure 3.27 Tensile stress-strain (%) curve of 25% PTP/PP composite
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Figure 3.28 Tensile stress-strain (%) curve of 30% PTP/PP composite
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Figure 3.29 Effect of PTP content on the tensile strain at break (%) of
composites
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Figure 3.30 Effect of PTP content on the tensile strength of composites
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Figure 3.31 Effect of PTP content on the Young’s modulus of composites

Table 3.7 Tensile Properties

wt % PTP
0
2
5
10
20
25
30

Tensile Strain at
Break (%)

Tensile Strength
(MPa)

432.12±8.35
4.77±0.53
6.34±0.86
9.41±0.99
6.57±0.16
7.01±2.55
6.65±2.63

26.42±0.55
11.65±1.24
20.58±3.18
27.89±1.83
22.13±1.17
22.94±3.49
19.81±2.61
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Young’s Modulus
(MPa)
431.89±9.77
451.86±24.10
470.70±11.22
487.69±21.26
491.29±23.98
565.87±20.07
580.55±12.68

3.2.3 Electrical Conductivity Measurements
The influence of the amount of PTP in the PTP/PP composites on their
electrical conductivity was investigated. Table 3.8 represents conductivity values
of PTP/PP composites. Conductivity of prepared composites increases with
increasing weight percentage of PTP, this is expected because a conducting
polymer is added to an insulating matrix polypropylene.

Table 3.8 Conductivity values of PTP/PP composites
wt % PTP
2
5
10
20
25
30

Conductivity (Scm-1)
6.56. 10-5
7.25. 10-5
7.87. 10-5
8.64. 10-5
9.42. 10-5
1.46. 10-4

3.2.4 Scanning Electron Microscope (SEM) Analysis
In Figures 3.32 through 3.37, SEM micrographs of fractured surfaces PTP/PP
composites are shown at magnifications of x1000 and x10000 respectively. It is
seen from Figure 3.32 and Figure 3.33 that 2% and 5% PTP/PP composites have
smooth surfaces and a few crack propagation lines are observed. Due to the rough
surface of the filler, the amount of bound PP increased. This can be shown clearly
in Figure 3.34.

Figures 3.35 through 3.37 show the SEM micrographs of 20%, 25% and 30%
PTP/PP composites. No significant differences were observed in the morphology
of fractured surfaces. It is obviously seen that the surfaces are highly rough and
the crack propagation lines are tortuous.
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Through the examination of SEM micrographs, surfaces of some materials are
similar and they are not distinguishable from each other. For more precise analysis
of the morphology, a more powerful technique like transmission electron
microscopy (TEM) analysis should be performed.
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Figure 3.32 Fracture surface of 2% PTP/PP composite
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Figure 3.33 Fracture surface of 5% PTP/PP composite
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Figure 3.34 Fracture surface of 10% PTP/PP composite
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Figure 3.35 Fracture surface of 20% PTP/PP composite
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Figure 3.36 Fracture surface of 25% PTP/PP composite
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Figure 3.37 Fracture surface of 30% PTP/PP composite
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CHAPTER 4

CONCLUSIONS

Composites of polythiophene (PTP) with nanodimensional montmorillonite
(MMT) were prepared via in situ intercalative polymerization and chemical
oxidative polymerization of thiophene (TP) in presence of a dispersion of MMT in
chloroform solvent using anhydrous FeCl3 oxidant. In the first method, composites
containing 90 and 95 wt % MMT were prepared. In the second method, a series of
composites having composition ranging from 1 to 15% by weight MMT were
synthesized.

FTIR spectra of the composites showed characteristic absorptions for PTP
homopolymer which endorsed the formation of PTP and its incorporation in
composite. For the in-situ formed composites the d-spacing increased from 9.76
A0 to 13.48 A0 and 14.84 A0 at 95 and 90 wt % MMT contents, respectively,
suggesting the formation of intercalated structures. This feature confirms that TP
have actually penetrated the interlamellar spaces of MMT and eventually been
polymerized to form the PTP/MMT intercalate. The absence of diffraction peaks
in the 1%, 2% and 5% PTP/MMT composites prepared by chemical oxidative
polymerization indicates that MMT in these composites could be exfoliated in
PTP matrix. XRD data of composites containing 10% and 15% MMT reveal the
formation of intercalated structures.
Electrical conductivity of PTP/MMT composites were in the order of 10-3
S/cm. Increasing MMT content resulted in a slight decrease in the conductivity of
composites. This was expected because the MMT component is not electronically
conductive and the incorporating of MMT clay into PTP matrix contributes a
smaller molecular weight, reflecting a lower electrical conductivity.
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DSC analysis elucidated that PTP does not have any thermal transition in the
temperature range 25-300 0C. PTP/MMT nanocomposites showed improved
thermogravimetric stability compared to the PTP homopolymer. The incorporation
of nanolayers of MMT clay in electronically conductive PTP matrix resulted in an
increase in thermal decomposition temperature based on the TGA studies.
Introduction of inorganic components into organic materials can improve their
thermal stability, as the dispersed silicate layers hinder the permeability of volatile
degradation products out of the material. Increasing clay content does not steadily
increase the stability of composites. 1%, 2% and 5% PTP/MMT composites which
were found to be completely exfoliated in XRD analysis, exhibited higher thermal
stability compared to composites containing 10% and 15% MMT.

SEM analysis of PTP/MMT composites prepared by in-situ intercalative
polymerization exhibited the existence of lumpy aggregates of varying sizes. SEM
micrographs of 1%, 2% and 5% PTP/MMT composites prepared by chemical
oxidative polymerization showed loose packing morphological image. In contrast,
SEM images of 10 and 15% PTP/MMT composites indicated that wealthy and
much larger compact packing of crystalline domains are formed.

Since PTP/MMT composites are unprocessable, composites of polythiophene
with a thermoplastic polymer (PP) were prepared in the range 2-30 weight % PTP.
For the PTP/PP composites, addition of 2 wt % PTP to PP, resulted in a dramatic
decrease in the tensile strain at break and tensile strength of composites.
Increasing PTP content, does not appreciably change these mechanical properties.
10% PTP/PP composite has the highest improvement in tensile strain at break (9.4
%) and tensile strength (27.9 MPa). However, increasing PTP content increases
Young’s modulus of composites. Increase in the PTP content in PTP/PP
composites results in an increase in conductivity.
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It is seen from the SEM images of 2% and 5% PTP/PP composites that they
have smooth surfaces. Due to the rough surface of the PTP, the amount of bound
PP increased as can be seen in the micrograph of 10% PTP/PP composite. SEM
micrographs of 20%, 25% and 30% PTP/PP composites reveal no significant
differences in the morphology of fractured surfaces.
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