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SUMMARY

The work described in this thesis is concerned with an investiga-
tion of the electrical conductivity of polymers in which conductivity
involves either a conjugated polymer backbone (polypyrrole para-toluene
sul fonate) or carbon black filled polymers (polystyrene and
polychloroprene).

The study presented on polypyrrole para-toluene sul fonate was
carried out in order to establish the way in which variation of con-
ditions used in the electrochemical preparation influence the conduc-
tivity of the films produced. It was found that the changes in the
electrical conductivity of polypyrrole para-toluene sulfonate can be
obtained by the variation in the voltage and concentration of electro-
lyte used in the synthesis of films. There is also a close correlation
between the conductivity, rate of growth and the voltage used in the
preparation of the films. It was found that the temperature dependence
of the conductivity follows a typical o ocexpl -(TO/T)Lﬁ] law. The
experimental results are analyzed in the framework of Mott's model, for
a variable range hopping process, and it was observed that the model
predicts the right qualitative behaviour for the conductivity.

The study presented on the carbon black composites were carried out
in an attempt to establish the influence of the matrix on the con-
centration conductivity relationship on composite systems. It was
found that the addition of carbon black to polychloroprene can lead to
the creation of filler-polymer interactions which influence the molecu-
Tar relaxation processes as well as the conductivity of the carbon

black composites.




Similar observations were made on polystyrene carbon black com-
posites. The conductivity-frequency dependence indicates that the con-
ductivity follows typically o (w)ocw® 1law and the carrier movement
could be ascribed to a “hopping mechanism". The conductivity-frequency
independence indicates that the conductivity does not follow a typical
o (m)CCwS law. The conductivity decays with frequency and reaches a
Timiting value which does not decay further with frequency. This is

indicative of the bulk conduction saturation.
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I. INTRODUCTION




CHAPTER 1. INTRODUCTION

1.1 Literature Review: Electronic Conductivity of Polymers

Electrical conductivity of materials is a property which spans a
very wide range as may be observed from the conductivity chart, figure
(1.1). Some of the polymers like polyethylene, polytetrafluoroethy-
lene and polystyrene are amongst the best insulators known. On the
other hand the salts of 7,7,8,8, - tetracyanoquinodimethane (TCNQ) and
combination of TCNQ and tetrathiafulvalene (TTF) have very high con-
ductivities (1).

In most polymeric materials it is very difficult to observe any
electronic conductivity at all and, even when conductivity is observed,
is usually due to the movement of impurity ions. Therefore, in order
to improve the quality of insulation in a polymer one should be very
careful at the time of preparation and purification so as to avoid as
much as possible the presence of ionic impurities, including catalyst
residues, products of oxidation and dissociable end groups.

In recent years high-conductivity polymers have been made. The credit,
for generating interest in organic structures which conduct electroni-
cally, goes to the biologist Szent Gydrgyi (2) who speculated about the
role of semiconduction in living systems. Although, semiconduction
failed to explain complete electron transfer in living cells, neverthe-
Tess, chemists have been led by this work to conjecture that in certain
organic compounds where the electrons are extensively delocalised in
the molecules, there might be enhanced conductivity. Eley (3) for the
first time demonstrated conduction on this premise. His work generated
a considerable amount of interest in preparing such compounds and espe-
cially conducting polymers. These polymers, by virtue of their chemi-

cal structure, permit electronic conductivity and are classified under
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conducting polymers. There is another class of conducting polymers
which are derived from the addition of metals or graphite particles to

organic matrix. A brief review of the work done on conducting polymers

is given below.

Wynne and Street (4) have reviewed the work done in this field in
a recently published paper. There are several types of conducting

polymers.

1. Intrinsically Conducting Polymers

Walatka et al. (5) demonstrated for the first time that polymeric
(SN)x crystals have high conductivity. The conductivity of (SN)y
at room temperature along the chain direction is 1000 S cm-1l

Below 0.3K it becomes superconducting. Brominated (SN)y (6,7) has
conductivity 10 S cml (8,9). Attempts to prepare similar polymer
with open-shell electronic structure have not given any positive

result (10).

2. Conducting Polymers Obtained by Electronic Modification of

Insulating Polymers

The open shell electronic configuration can be achieved by oxida-
tion or reduction of insulating polymers which contain an extended
m-bonded system. There are two broad methods - direct chemical
oxidation or reduction and electrochemical oxidation and reduction

by which insulating polymers can be converted to metallic conduc-

tivity.

i) Direct Chemical Oxidation or Reduction: Polyacetylene, (CH)x,

was the first insulating polymer to be converted to metallic con-

ductivity by chemical oxidation or reduction. MacDiarmid (11,12)




has given an extensive list of oxidising and reducing agent for
converting polyacetylene into a conductor. Two typical reactions

are given below (13):

(CH), + 3/,31, — (CH),» (1), bl

(CH), + yNa® — (CH),”(Na*), 1.2

Wnek and co-workers have shown that copolymer films of acetylene
and methylacetylene can be chemically oxidized with AsFg to give
high conductivity (14).

Brominated (SN)x (6,7) has been prepared by the oxidation of SgNg
with bromine vapor. Solid acetylene reacts with ASFg to give con-
ducting polyacetylene.

Non-polyolefinic polymeric conducting materials have been prepared.
Ivory (15) oxidised poly (p-phenylene) (PPP) using AsFg.

Conducting PPP has been prepared by the reduction of PPP using
alkali metals. The actual conductivity of the final polymer is
dependant on the degree of oxidation or reduction as in the case of
polyacetylene. Conducting materials of oligomers of PPP have also
been prepared (16).

Perhaps the most interesting of the polyphenylene derivatives are
the sul fur linked phenylene polymer chains (17,18). Treatment of
films of poly (p-phenylene sulfide (PPS) with AsFg5 leads to high

conductivity.

i) Electrochemical Oxidation or Reduction: Polyacetylene can be

oxidised or reduced electrochemically (19,20). Flexible films of
polypyrrole have been prepared by simul taneouse electrochemical

polymerization and oxidation of pyrrole (21,22).




3. Bridged-Stacked Phthalocyanines

A number of bridge-stacked phthalocyanines have been prepared as
have their oxidised products have also been prepared (23).

Different kinds of oxidants have been used to prepare conducting
oxo-bridge silicon, germanium and tin phthalocyanines (24).

Polymers with fluorine-bridged structure (24-26) have also been pre-
pared. Fluorine-bridged polymers are thermally stable, they can be
sublimed to form films, and they have potential optoelectronic pro-

perties.

4. Heterocyclic Aromatic Polymers

Part of the present work is on polypyrroles, therefore, a more
detailed review is presented.

Chemical oxidation of aniline and pyrrole gives aniline blacks (27)
and pyrrole blacks (28) respectively. By electrochemical polymeri-
zation of pyrrole, Dall'Olio (29) prepared high conductivity film of
pyrrole. Recent improvements on Dall‘'0Olio's technique have given
more flexible films with higher conductivity (21,22). N-substituted
pyrrole polymers have also been prepared electrochemically, but
their conductivities were found to be much lower (30). Co-polymers
can also be synthesized and they show intermediate activities (31).
Finally in the last few years, there has been increasing interest in
semi-conducting polymer films. Most of the work in this area has
been concentrated in two main classes of polymer; namely polyacety-
lene and its derivatives (11,32) and polyheterocyclic systems
(33-35). The interest in polyacetylene stems from the fact that it
is the simplest structure which can exhibit a high electrical con-
ductivity (o) when doped with iodine (36). On the other hand, poly-

heterocyclic systems such as polypyrrole exhibit high electrical




conductivity and also high stability when exposed to ambient
conditions (37). The drawbacks of these polymers are:

i) for polyacetylene, its poor stability at ambient conditions
(38), and 1ii) for polypyrrole, its poor mechanical properties as
indicated by its low elongation and its brittleness (39). These
properties severely restrict the technological applications of
these two classes of polymers. A number of attempts have been made
to rectify these problems and this has caused the research to be
extended into the study of composite systems. Part of the present
work relates to the study of polypyrrole, therefore, a detailed
review is being presented. Pyrrole monomer is very readily poly-
merized to give a black conducting powder (28). It can be poly-
merized by a large number of oxidizing agents and can even be
observed taking place on the outside of bottles of pyrrole if the
monomer is allowed to drip. The resulting conducting powders have
been referred to as pyrrole black for many years. Oxidation of the
powders with KMnOq has been shown to lead predominantly to the 2,5
dicarboxylic acid, and this has been interpreted as evidence that
the polymerization leads to an o, & bonded polymer (28). The
polymerization can take place electrochemically (29), as well as
chemically. Chemically, pyrrole can be oxidatively polymerized
both in solution and also in the vapor phase (40). Though chemical
oxidation usually leads to powders, film can be obtained by
allowing the oxidation to take place at a solid or liquid surface
(40,41), however, these films are of poor quality. In some cases,
there is no evidence that these chemically prepared films have much
in common with what is now meant by polypyrrole, indeed, they are

not even conducting (41). The pyrrole blacks like the analogous




acetylene blacks required to be doped to achieve high values of the
conductivity. Thus, even through a chemical preparation of poly-
pyrrole films remains a desirable goal, presently the electrochemi-
cal synthesis described below provides the only satisfactory route.
Good quality films were first obtained by Kanazawa et al. (21,22)
and Diaz et al. (37) using a modification of the electrochemical
technique pioneered by Dall'0lio (29). Soon afterwards it was
appreciated that their films consisted of polycationic chains of

pyrrole, analogues to bromine treated (SN)x or oxidized (CH)x pyt

with the charge counterbalanced by anions from the electrolyte
solution (42).

Polypyrroles are prepared by these electrochemical methods:

i) by an aqueous technique in which an aqueous solution of pyrrole
and copper sulfate are placed in a one compartment cell, equipped
with two conducting electrodes. Copper is used as cathode and tin
oxide coated glass slide as the anode (43). A bronze coloured to
blue-black film of polypyrrole sulfate forms at the anode when ~ 5V
is applied across the two conducting electrodes using a d.c. power
supply. Under these circumstances, the counter electrode reaction
is the deposition of metallic copper on the cathode. During the
preparation, the pH of the solution decreases consistently with

the elimination of the a -protons. This aqueous technique can be
used to introduce a variety of inorganic anions as well as some
organic anions which are discussed in Chapter 3.

i1) The technique described by Diaz et al. (44) used non-aqueous
acetonitrile solutions of silver-perchlorate as the electrolyte to
grow films of polypyrrole. Acetonitrile can be replaced by isopro-

pyl alcohol and acetone solutions of copper sulfate as the




electrolyte to grow films of polypyrrole.

Both the techniques were rejected because of the disadvantages
discussed in detail in Chapter 3.

iii) A modification of this technique, convenient for film prepara-
tion in the dry-box, used carefully purified pyrrole and silver
para-toluence sul fonate salt in acetonitrile and platinum as
cathode and the anode was constructed from vapour deposited gold on
a chrome plated glass substrate. The use of chrome ensures good
adhesion of the gold to the electrode and avoids the problems of
poor adhesion experienced when only gold is used by itself. The
polymer was grown in a two electrode cell. The current-voltage
control being obtained using a multi-range meter. Dry-box tech-
nique has been used extensively in the present work. A complete
study of conducting polymers should include study of the
electrochemical properties especially since one of the applications
of polypyrrole may lie in their use as electrodes (44-48). Cyclic
vol tamograms (33,45,49-69) can also be used to identify the
oxidation-reduction conditions for the preparation of polypyrrole
and the role of the electrode potential on the growth of such
films.

The electropolymerization of pyrrole to produce polypyrrole films
and the electroactive behaviour of the polypyrrole films represent
a unique combination of electrochemical processes (33). The
electrochemical polymerization can be viewed as the organic coun-
terpart to the known electrodeposition reactions of metals. The
electroactive behaviour of the film is unique because it is an
example of a redox polymer reaction which is accompanied by a

change in the electrical properties of the film from an insulator




to an electric conductor (51,54).

As regards the electropolymerization reaction, continuous polymeric
films are produced from the reaction when the nucleophilicity of
the solution is Tow and the electrode potential is sufficiently
positive to oxidize pyrrole. If the potential is reduced to a value
intermediate between the potential required to oxidize the pyrrole
monomer (51) (Epp = 1.2V VS. SSCE) and polypyrrole film (EO= -0.2V
VS.SSCE), the film will not continue to grow. Thus, film formation
proceeds only when the monomer is oxidized. The oxidation poten-
tial of polymer and monomer are also changed by the presence of the
substituent (52,56,58,67), electrolyte (68) and electrolyte salt
(51,70). These parameters will also change the cyclic voltametry,
especially in the case of polypyrroles (33,67) and these effects
along with the thickness of the films (71) play a dominant role on
changing their electrochemical properties.

Redox potential of pyrrole is 1.2V. In the present work, therefore,
vol tage range between 0.5V to 2.0V has been chosen to study the
properties of films grown in oxidizing and reducing conditions,
Cyclic vol tamogram has been obtained by using the Solatron 1186
Electrochemical Interface for one of the films. For such a film,
measurement has been made using a 0.1lm silver para-toluene sulfo-
nate in acetonitrile under the potential of -0.5V to 0.5V.

In the present work an attempt has been made to prepare films of
polypyrroles and to study the conductivity of these films.

Survey of 1%terature reveals that no systematic study has been made
so far in this direction. This work focuses attention on the
electrical properties of polypyrrole para-toluene sul fonate (22,

30-32, 39, 65, 72-82) because the mechanical properties (39) of




5.

polypyrrole para-toluene sul fonate are significantly superior to
other forms of polypyrroles which will be discussed in Chapter
four. Conductivity measurements were carried out on the films
using four probes contact method. The advantages and disadvantages
of 4-terminal will be discussed in Chapter 3.

The film thickness and also the surface-edge profiles of the films

were determined using Dektak II surface profile analyser.

Conducting Fiber Composites

One approach to the generation of conductivity in polymers is the
introduction of conducting additives in the form of metal whiskers
or carbon black particles. The additive which is used more than
any other to produce conductivity in plastics and rubbers is carbon
black. Carbon black can itself have different conductivities
depending on the particle size and surface area. As a result of
these variations, the conductivity of the composite materials can
vary over several orders of magnitude.

Carbon black is usually added to the plastic in the form of fine
particles of size typically O.1lum. Carbon black can also be added
as fibers-typically 500um in length and of cross section lum or,
alternatively, as a matt of woven fibers. The addition of carbon
black as fine particles should ideally lead to an homogenous com-
posite and is preferred mechanism of achieving conductivity in a
plastic. The nature of dispersion is critical for determining the
conductivity of the composite as well as its mechanical and other
physical properties.

Other additives which have been used to achieve conductivity are

the fibriliar forms of fine metal wires and silver-coated glass




fibers. The electrical performance of conducting fiber composites
are in some way analogous to the gelatin process. The fiber forms,
an interpenetrating network, allow high charge mobility to be

achieved in the fiber and also in inter-connections. If an inter-
percolating network is formed, high conductivities can be achieved

throughout the matrix.

5.1 Carbon Black Composites

Carbon black is, as mentioned above, used widely as an additive to
achieve high conductivity in non-polar plastics such as polyethy-
lene and polystyrene. |

Measurements of polyethylene and polystyrene filled with carbon
black show that there is conductivity variation with concentration
levels of about 1077 s cm ' order of magnitude (84-89). Similar
effects have been reported for rubbers, such as polychloroprene,
cis- polybutadiene and more rigid materials such as polyvinyl
chloride (90).

Carbon black has generally been preferred for producing conduc-

tivity because:

a) It is compatible with most polymers and mixes with and
adheres well to the matrix.
b) It does not change significantly the overall density of
the polymer matrix.
c) It is cheap and readily available.
The dependance of conductivity on concentration of a typical carbon
black is shown in fig. (1.2) (83). The upper limit of conductivity
which can be achieved is about 100 S cm~l and is limited to the

conductivity of the carbon black used in making the composite.
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Electron microscopy shows that the carbon black particles are essen-
tially spherical and have a marked tendency to form themselves into
continuous chain like structures. The chains form electrically con-
ducting paths through the rubber or plastic structure. Both channel
and furnace blacks are widely used as conductive fillers and have dif-

ferent conductivity values which depend upon the micro-structure.

5.2 Dielectric Studies of Pure Polychloroprene and the Influence of

Conducting Filler Carbon Black on the Dielectric Relaxation of

Polychloroprene

Polychloroprene was selected for the study of dielectric behaviour
because its dielectric constant is moderately high and its dispersion
region is situated in an easily accessible frequency region. On the
other hand, carbon black is known to reinforce this elastomer only
slightly (91), if at all, so that the interaction between polych-
Toroprene and carbon black ought to be fairly small. Many investiga-
tors (92-101) have confirmed the existence of two kinds of dielectric
absorption in polar polymer. In order to define completely the charac-
teristics of the two dielectric absorptions it is necessary to investi-
gate not only the temperature dependence of maximum loss frequency, but
also temperature dependence of the shape and the magnitude of the
dielectric absorption.

The effect of introducing fillers of different dielectric properties in
the matrix might be expected to lead to a change in the effective 1local
permittivity and hence to the motion of the molecular dipole. In order
to examine the effect of change in dielectric permittivity on the
relaxation, in the present work, Powles (102) relationship has been

used,




*
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where ( €, sbo) are zero and infinite frequency values of the per-
mitivity time, and (T) is the experimentally observed relaxation time,
and (;) is the time constant for the immediate molecular dipole relaxa-
tion. If the dielectric effect is dominant then the ratio (%/T) will
remain independent of the system and will be approximately equal to

unity.

5.3 Conduction in Carbon Black Composites

Over the last decade a number of papers have reported on the electrical
properties of carbon black filled polymers (83, 84, 86, 91, 103-112).
It has been recognised for a number of years that the inclusion of car-
bon black in insulating polymer matrix can alter its electrical conduc-
tivity. The nature of the carbon black can have a profound effect on
the properties of the resultant material. Carbon black is produced
.commercia11y via a variety of different methods: channel black, fur-
nace black etc. The carbon black produced by the various methods
differ in terms of their surface areas, chemical functionality, poro-
sity and crystalline size. Variations in the method of production
leads to changes in the chemical functionality at the surface, ren-
dering the carbon black acidic by incorporation of carboxylic or

sul phuric acid functionalities or basic through generation of hydroxyl
groups. The pH variation obtained using heterogeneous titration can be
from pH 2-10 and is directly correlated with the chemical func-

tionalities on the surface. Surface areas also can vary over large




range, typically from 150-600 m2/gram. In general, the particle size
of carbon black can be of the order of 503 but clusters can generate
particles of 1000A or more. For conduction to occur in a composite it
is essential that carbon black particles should link together forming a
string of connected elements. Electrical conduction results from
excess electron migration between the carbon black particles.
Fundamental and practical interest is the very sharp transition from
insulating to conducting behaviour, when the carbon black content is
increased by a few percent (83, 86, 103, 113). The carbon black con-
tent at which the transition occurs at room temperature as well as the
width of the transition depends on the origin of the carbon blacks, the
extent and nature of the intraction between carbon black, polymer, and
the method of sample preparation. When carbon black and polymers such
as polychloroprene (PCP) and polystyrene (PS) are mixed together, an
entirely new structure is formed (104), which has been studied in this
work. The clustering of the carbon spheres is not simply an indication
of poor mixing. Even under the best compounding conditions, some
degree of clustering of the carbon black occurs. The tendency of car-
bon to cluster, called "structure" forming, depends on the type of car-
bon black used.

Previous studies on carbon black composites have suggested that dif-
ferent conduction mechanisms might operate. The earliest interpreta-
tions of the mechanism of electrical conduction involves conduction
occuring through the carbon black particles dispersed in a resistive
matrix. It is easily seen that in such a mechanism conductance depends
on the length of the particle chains which can be built from the number
of particles available per unit volume. This model requires that the

conductance for a given carbon black should be proportional to specific
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volume of the black in the polymer matrix. In the absence of a con-
tinuous string of carbon particles, attention must be given to the
insulating gaps between the particies. The importance of the insu-
lating gaps in the mechanism of conduction of carbon black dispersion
in fluid media was first expressed by Veot (105) and later confirmed by
Polley and Boonstra (106). It is known that when electron tunnelling
occurs, the field emmission current varies exponentially with the gap
width (107). Thus, by assuming electron tunnelling to be the mechanism
of current conduction - it is found that for each particle junction the
resistance is an exponential function of the gap width. The electrical
behaviour is divided into three regimes (108,109) the dielectric or
tunnelling regime, the transition of percolation regime, and the con-
duction or metallic regime.

The electrical conductivities of these polymers are given in table 1.1.

- 17 -




Table 1.1

Electrical Conductivities of Various Conducting Polymers.

Conducting Polymers

Conductivity S cm-1
(Order of Magnitude)

Class of Polymer

Poly(sul fur nitride)(4)

Brominated poly(sul fur
nitride) (8,9)

1000

3.4 x 104

Intrinsically conduct-
ing polymer

(Sul fur nitride)pol ymen

Poly(sul fur nitride)
derivatives

Oxidized polyacetyl ene
with different degree
of oxidation (11)

Co-polymer films of
polyacetylene and
methylacetylene oxidi-
zed by AsFg (14)

Oxidized poly(p-
phenylene) PPP by AsFg
(15)

Poly(p-phenylene sul-
fide) PPS treated with
AsFgs (17,18)

Polypyrrole (21,22)

Oxo-bridged-stacked
phthalocyanines (24)

Fluorine-bridged
structures PCAIF
PcGaF and PcCrF
oxidized with iodone
(24-26)

Carbon black filled
insul ator polymers (33)

-9 3

10 7 to 10

50

500

1-10

1-100

-3

10 ¥ to 1

0.1-5

1073-1

Not i1ntrinsically con-
ducting polymer

Polyacetylene and
derivatives

Co-polymer films of
acetyl ene monomer and
derivatives

Phenylene polymers

Polyphenylene
derivatives

Pyrrole polymer

Bridged-stacked
phthalocyanine poly-
mers

Bridged-stacked
phthalocyanine poly-
mers

Carbon black compos-
ites
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1.2 Aims of the Thesis

The survey of literature reveals:-

1) that considerable work has been done on the preparation of films
of polypyrroles and the study of their conductivity. It has also been
observed that the electrical properties of these films depend on the
conditions under which they are prepared. These films may be of poten-
tial industrial importance. Therefore, in the present work films of
different thickness of polypyrrole para-toluene sulfonate have been
prepared under various conditions. Their thicknesses have been
measured accurately by using Dektak II surface profile analyser and
conductivity determined by four probes contact method. An attempt has
been made to explain the results on the basis of existing theories.
For abnormal behaviour of some films which could not be explained on

the basis of existing theories, a plausible explanation is given.

2) that no systematic work has been done on the electrical properties
of pure and carbon black filled polystyrene and polychloroprene. Since
these composites may be of potential industrial importance an attempt
has been made in the present work to prepare these composites under
various conditions and to study their electrical conductivity.
Dielectric relaxation properties of polychloroprene and its composite
have also been studied. An attempt has been made to explain the

results on the basis of the existing theories.
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CHAPTER 2. LITERATURE REVIEW OF THE BAND MODELS AND CONDUCTION
MECHANISMS OF AMORPHOUS SEMICONDUCTORS

2.1. Introduction

The electrical properties of polymeric materials have been the
subject of extensive study (1-5). Due to low production costs and
their excellent electrical and mechanical properties, polymers have
many industrial applications. Thin polymeric films can be used for the
investigation of the electrical and optical properties'and may be
obtained by several means including thermal evaporation (4) and deposi-
tions by polymerization of monomers on surfaces bombarded with
electrons or exposed to other radiations, e.g. a glow discharge (6) or
ultra violet 1light. Radio-frequency sputtering (7) and dipping of a
substrate into an appropriate solution can also produce thin layers of
polymers (8).

The structure of the polymeric materials play an important role
in controlling their electrical properties. Most polymers of practical
significance are composed of fine mixture of small micrometer size
crystalline regions, embedded in an amorphous matrix of similar com-
position (9).

The available theories for the crystalline, polycrystalline, and
amorphous inorganic solids are usually used to describe the conduction
processes of organic materials. In the following, a review of dif-
ferent band models and the conduction mechanism is given. The first
part deals with the various models which have been suggested for the
energy distribution of the density of states and is mainly concerned
with the important question of the existance of localized states in
tails of the valance and conduction band and of a mobility edge,

separating extended from localized states. On the basis of these
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models the different mechanisms for conduction in amorphous semiconduc-
tors have been briefly discussed. The next section is devoted to a
derivation of some basic transport coefficients which have contributed
considerably to our present knowledge about the conduction in amorphous
semiconductors. In this part we shall treat in some detail dc and ac
conductivity. Special attention has been paid to dielectric relaxation
of amorphous polymer insulators and carbon black composites. Another
theory has paid attention to variable range hopping in localized states
near the Fermi level, a type of conduction which is unique for
amorphous semiconductors. An important problem, which arises is the
role played by lattice deformation in noncrystalline solids. If strong
enough, the deformation may cause soliton-polaron formation and in

stable defect states may cause bipolarons.

2.2 A Review of Electrical Phenomena in Amorphous Materials

2.2.1 Band Structure in Solids

It appears in the energy diagram 2.la that the forbidden gap
separating the conduction and valence bands has been shown with well-
defined boundaries. A well-defined energy gap is a property of a
crystalline solid, in which electrons move large distances before scat-
tering occurs, but we are concerned with polycrystalline, or even
amorphous insulators. In amorphous solids, because of the lack of
long-range order, the electrons are scattered from atom to atom and
this causes smearing of the conduction and valence-band edges, among
other things, so that the energy gap is no longer well defined as shown
in fig. 2.1b. However, Mott (10) and Jonscher (11) have shown that the
basic features of the band structure, such as the width of the forbid-

den gap, are determined primarily by the short-range order within the
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solids; so the general properties of the band structure of the
crystalline state are carried over to the polycrystalline state. The
disappearance of medium and long range order does influence the
detailed shape of the band structure, however, in that it causes a con-
siderable "blurring" of the edges of the conduction and valence bands,
as well as giving rise to a distribution of deep localized levels (tail
states) in the forbidden gap. In a crystalline solid, there exists a
clear distinction between these "propagating" bands - conduction and
valance bands - and the forbidden gap. In the former, charge carriers
propagate freely except for collisions on thermal vibrations and other
lattice imperfections which determine a mean free path which is greater
than the lattice spacing. In the forbidden gap, the energy levels that
may exist due to imperfections are strictly localized and an electron
has to be excited from one of these levels into the conduction band
before being able to move on. It has been sugygested that when the
localized Tevels are spaced so closely that their wave functions
overlap this gives rise to the formation of the so-called impurity
band, leading to "metallic" properties with zero activation energy
(10). The spacing may not be as close as is necessary for the for-
mation of an impurity band, but enough for phonon-assisted tunnelling
between neighbouring centers, the so-called hopping conduction (12-14).
According to the band structure (15) of solid, an insulator is
characterized by a full valence band separated from an empty conduction
band by a forbidden energy gap of a few electron volts. Clearly, con-
duction cannot take place in either the filled or the empty band unless
additional carriers are introduced. Carriers may be generated or modu-
lated inside the insulator (bulk-limited processes), or injected from

the metal electrode (injection-limited processes). Non-metallic




materials deposited on glass substrates by evaporation are usually
amorphous, or at best polycrystalline, containing a large number of
donor or acceptor centers and traps. For crystallite sizes of 100;,
trapping densities as high as 1018 cm'3 are possible because of grain
boundary defects. In cadmium sulphide, trapping densities as high as

21 cm'3 have been reported (16). Furthermore, vacuum-deposited films

10
contain large stresses which induce further trapping centers. These
traps are extrinsic to the insulator. As the band edges are diffused,
there is a gradual transition from a quasi-continuous state (conduction
and valence band), in which the carriers can move freely, to strictly
localised states (density-of-states tail) or trap in which the carriers
are immobilised (10). These traps are intrinsic property of amorphous
insulators and probably exist in large quantities of order 1019 cm_3.
It is concluded that the vacuum deposited dielectrics can contain a

large density of both impurity and trapping centers.

2.2.2 Conduction in Dielectric Materials

Simmons (17) has reviewed conduction through thin dielectric-
films, generally less than 1 or 2pm thick, sandwiched between metal
electrodes. It is found that the conductivity in thin insulating films
is often due to extrinsic rather than intrinsic carriers. The current
density is much higher than would be expected, and the activation
energy associated with the conductivity is less than the insulator
energy gap. This is because the electrical properties of thin film
dielectrics are determined not by the intrinsic properties of the
dielectric, but by other properties, such as the nature of the
electrode dielectric contact. When the conduction process is electro-

nic, the conductivity is dominated by the dielectric properties and
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the interaction of the metal electrodes with the dielectric at the
interface and these are referred to as electrode-limited and bulk-
Timited conduction respectively. Simmons suggested the types of con-
tact that can exist at a metal-dielectric interface fall into three
categories: (i) ohmic contact, (ii) neutral contact; and (iii)
blocking contact.

For an ohmic contact at a metal-dielectric interface it is
necessary that the electrode work functionopm)be smaller than the insu-
Tator work function(wa; to satisfy the thermal equilibrium require-
ments, electrons are injected from the electrode into the conduction
band of the insulator, thus giving rise to a space-charge region and
hence a space-charge induced field in the insulator. This space-charge
region is termed the accumulation region.

This type of contact, acts as a reservoir of charge which is
capable of supplying electrons up to the insulator as required by bias
conditions. The conduction process is limited by the rate of electron
flow through the bulk of the insulator and the conduction process is

bulk-Timited.

2.2.3 A Blocking Contact

A blocking contact (Schottky barrier) occurs when@%]>qﬁ) and in
this case electrons flow from the insulator into the metal to establish
the thermal equilibrium conditions. A space-charge region of positive
charge, the depletion region, is thus created in the insulator and an
equal negative charge resides on the metal electrode. The free
electron density at the interface is much lower than in the bulk of the
dielectric. Thus the rate of flow of electrons through the system will
be limited by the rate at which they flow over the interfacial barrier

and hence the conduction process is electrode limited.
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2.2.4 Neutral Contact

When wm = Vs the vacuum and Fermi levels of the insulator and
electrode line up naturally without the necessity of charge transfer
between the electrode and insulator. Since no charge transfer occurs
between the electrode and insulator, the conduction band is flat right
up to the interface; that is, no band bending is present. This type of
contact is known as a neutral contact and represents the transitional
stage between an ohmic and a blocking contact.

According to Simmons (18) bulk conductivity measurements of Tay0g
and Si0 films are shown to be consistant with the Schottky effect
rather than the Poole-Frenkel effect. The Poole-Frenkel effect
(field-assisted thermal ionization) is the lowering of a coulombic
potential barrier when it interacts with an electric field, and is
usually associated with the lowering of a trap barrier in the bulk of
an insulator (19), (20) as shown in fig. 2.2.

The Poole-Frenkel effect is similar to the Schottky effect, which
is the attenuation of a metal-insulator barrier arising from electrode
image force interaction with the field at the metal-insulator inter-

face. Denoting the barrier attenuation by (A¢), we have for the

Poole-Frenkel effect (21)

3
Ad e : 4 1
P = 2 3
F ( ¢ - ):E BppE 2.1
) thath = ( £ )%
PF WEOK

and for the Schottky effect

2.2

Nl

bog = BET = %BPFE
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where (4¢ ) is the barrier attenuation, (e) is the unit of electronic
charge, ( €,) is the permittivity of free space, (K) is the high fre-
quency dielectric constant of the insulator, and (E) is the electric
field strength of the insulator. Both of these effects give the con-

ductivity a field dependence of the form:

Bottom of conduction
bond.

Fig. 2.2 Mechanism of Polle-Frenkel effect. The solid line
represents the coulombic barrier without a field.
The dashed line shows the effect of an electric
field on the barrier. The slope of the dash-dot
line is proportional to the applied field.
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Pool e-Frenkel

o = oo exp(gpcEt/KT) 2.3
Richardson-Schottky

o = 0, exp(BSE%/kT) 2.4

where (o0, ) is the low field conductivity. Poole-Frenkel conductivity
is observed only when the conduction process is bulk-1imited, and the
Richardson-Schottky when it is electrode-limited. Knowing that the
conductivity is either bulk-1imited or electrode 1imited, one can
calculate a value for the high-frequency dielectric constant of the
material by just equating the experimentally determined value for (B)

to its appropriate theoretical equation

(e3/7reor<) 1f2 for bulk 1imited

12
and (e%ﬁ4ﬂ1%x) I for electrode 1imited conductivity.

Mead (19) has investigated a number of Ta-Tap0s-Au diodes of dif-
ferent thickness over a range of temperatures in order to check the
conduction mechanism. A1l specimens were prepared in vacuum of
10'7 torr and Schottky emission appears at first sight to meet require-
ments involved because the current is quite accurately logarithmic when
plotted against (VLQ) and the temperature dependance is of the right
form. It has been pointed out by Mead (19) that, provided the dielec-
tric is sufficiently thick, the current should be 1imited by the bulk
properties of the dielectric rather than by conditions at the inter-
faces. However, he has proposed the following mechanism as the rate-
1imiting step in the current through tantalum oxide and other similar
films.

1) At Tow applied voltage and high temperatures, current is carried

by thermal excited electrons hopping from one isolated state to
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next. This mechanism gives an ohmic characteristic, exponentially

dependent on temperature (17).

2) At high fields and low temperatures, the rate limiting step in
the current flow is field-ionization of trapped electrons into the
conduction band. This process yields a current-voltage charac-

teristics (independent of temperature).

3) At high fields and high temperatures, the rate-limiting step in
the current flow is field-enhanced thermal excitation of trapped
electrons into the conduction band. This process is known as the

Poole-Frenkel effect.

0'Dwyer (22) suggested that the current voltage characteristic of
insulating films i; usu§11y regarded as being due to quantum-mechanical
tunnelling for very thin films and similar results were reported (23)
for thin Alp03 films in the form of the Al-Alp03-Al diode. He argued
(22) that a straight line plot of 1ogi0 Vs Vl/2 for a reasonably thick
dielectric film does not necessarily imply Schottky emmission from the
cathode; paradoxically the plot of logmvsvl"‘2 is only approximately a
straight line over the whole range of voltages when Schottky emission
is the mechanism of electron injection into the dielectric. Stuart
(24) investigated the current-voltage behaviour of evaporated silicon
oxide films, several microns thick, and found that at Tow voltages,
conduction is determined by contact barriers at the electrodes and at
high voltages 1ogl'o~\.(l/2 and conduction is by field enhanced thermal
excitation of electrons from donor centers (Poole-Frenkel effect).

Pollack (25) investigated the mechanism of electron transfer bet-
ween two metal electrodes, separated by a thin insulating film of

Pb-A1703-Pb and suggested that tunnelling and Schottky high-field
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emission are the two mechanisms which can be employed to explain the
current-voltage (I-V) and current-temperature (I-T) relationships
usually observed in his investigation on aluminium oxide films which

are of the order of 3003 thick.

2.3 Modern Ideas of Amorphous Materials

Introduction

The general approach is to consider the electronic structure and
transport in an impurity band in which conduction is quasi-metallic.

In a non-crystalline substance a minimum is expected in the density
of states, a so-called 'pseudogap’.

A brief theoretical review is given for the depth of the minimum at
which the one electron state becomes localised so that < of (o) vanishes.

Similarly in the second part the experimental evidence concerning
the density of states in amorphous semiconductors and the range of
energies in which they are localised is reviewed.

A modification suggested by Mott and Davis is also discussed.

Phenomenology of polaron and bipolaron is also discussed. Hopping
and variable-range hopping is reviewed.

In the last section a comprehensive review of the Anderson band
Tocalised states and o (o) and some aspects of the quantum electron

theory of amorphous conductors are reviewed.

2.3.1 Band Models

The electrical properties of a solid is intimately related to its
allowed electron energy levels or "band structure". For electrons to
move in a solid under an applied stimulus, such as an electric field
there must be higher - vacant states into which they can move. For the

consideration of their electrical properties solids can be divided into
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three categories: metals, semiconductors and insulators. These band
structure is shown schematically in fig 2.3. Electron movement is easy
in metals as a band contains both full and empty states. Whereas in
semiconductors and insulators there are forbidden bands (shaded areas
in fig. 2.3 denotes forbidden bands). The probability of crossing the
forbidden gap is proportional to exp(-Eg/ZkT), where (Eg) is the width
of the forbidden energy gap, (k) is Boltzmann's constant and (T) is the

absolute temperature.

METAL INSULATOR SEMICONDUCTOR
Empty | Empty Empty
Band Band Band
L

77/

/ / 77777,

/fj //;; FULL

EMPT Y FULL
STATES VALENCE ;i;i:CE
FULL BAND
STATES

Fig 2.3 Simplified energy band diagrams for a metal, insulator

and semiconductor. Shaded areas denote “"forbidden" bands.

In the case of metals resistivity which increase linearly with tem-
perature, whereas for semiconductors and insulators, the resistivity
decreases exponentially with temperature. This classification has been
explained on the basis of the band model and has been used (25,27) to
describe conduction of electrons generated intrinsically in polymers.
Detailed discussion of this model can be found in a number of text
books on solid state physics (23-31).

Briefly, the conduction process is modelled in terms of the motion
of an electron detached from its parent atom or molecule, and free to
move in a periodically varying potential. The field within the solid

can be described in terms of a modulated, travelling wave function.
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Such a wave function has a series of real solutions for certain values
of energy and these are termed energy bands. The ranges of energy for
which there are no real solutions to the wave function are called
“forbidden energies". In real solids we are concerned with the
highest filled band termed the "valance band", and the lowest empty
band called "conduction band". The difference in energy between the
valance and conduction bands is called the "forbidden energy gap". The
conducting properties of the solid are controlled by the width of the
forbidden energy gap and the range of allowed energies in the conduc-
tion and valance bands. The width of the band depends upon the inter-
atomic and intermolecular interaction in the systems. In strongly
interacting systems the allowed bands are wide, in weakly interacting
systems, such as molecular crystals, the bands are narrow. According
to the model if there is no forbidden energy gap the material is
metallic in nature, alternatively if the gap is large it is an insula-
tor. Likewise if there is a filled band below a small forbidden energy
gap the material is a semiconductor. Fig. 2.4 the diagram is useful to

illustrate the energy distribution.

Case I.

The energy gap in insulators is many orders of magnitude larger
than (kT) and hence generation of electrons from the valance band to

the conduction band is very unlikely.

Case II.

The existance of states within the energy gap can provide suffici-
ent probability for the electrons to gain the conduction state and
hence the material will be semiconductive. Typically (Ez) will be of
the order of (kT) or a little greater and (El) will be comparable with

(E,).
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The inter-gap-states can be generated in an atomic solid either by the

introduction of a defect or a dopant. The action of the semiconductor

depends critically upon the type of dopant used.

Case III.

The narrowing of the energy gap to a va]ue(E3)which is comparable
or less than(kT)a]]ows the thermal generation of charge carriers: free
electron and metallic conductivity is observed.

Covalent and ionic materials should have no conduction as they
possess orbitals and shells which are completely filled and hence leave
no free electron in conduction band (32-36). A low level of conduc-

tivity does however arise due to the existence of a small fraction of
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electrons with energy in excess of the energy gap. The number of such
electrons is statistically controlled by the Boltzmann distribution,

where (Eg) is the forbidden energy gap

Nty = Mo exp(-Eg/kT) 2.5

The excitation of n( electrons to the conduction band will leave

T)
behind an equivalent number of holes in the valance band.

Conduction also occurs by means of electrons in the valance band
moving to vacancies and results in a movement of positive holes in the
direction of the field. Both electron and hole conduction are
influenced by the magnitude of the forbidden energy gap width. When
the energy or when inter-band states are created then conduction occurs
as illustrated in case II and III above.

Several models were proposed for the band structure of amorphous
semiconductors, which were the same to the extent that they all used
the concept of localized states in the band tails. Opinions vary,

however, as to the extent for this tailing which will be discussed

shortly.

2.3.2 Mott's Model

According to Mott, if the distance between (37) atoms in a
crystalline lattice is increased, an energy gap appears which in a
divalent material will separate occupied from unoccupied states of an
electron. In a non-crystalline substance a minimum is expected in the
density of states (a pseudogap). Mott suggested that the density of

states would behave in the following way:

i) For non-crystalline structures the energy gap will be replaced
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by a "“pseudogap" or minimum in the density of states N(E) as in fig.
2.5 but in a liquid or crystalline solid, thermal fluctuations of the

density would take few states within the gap.
ii) States with energies (E) in the pseudogap may be localised.

Thus in Mott's model materials which are intrinsic semiconductors
1ike the chalcogenide glasses valence and conduction bands would exist
with a range of weakly Tocalised states at the bottom, with the tail of
strongly localised states due to structural defects which may give rise
to 'd.c.' or 'a.c.' impurity conduction.

Actually, there are more states in the tail below the conduction
band than above the valance band, so that the Fermi energy (EF) lies
near the valance than the conduction band for (P) type materials.

Stuke (38) gave this expression for the chalcogenide glasses

regarding the conductivity,

0O = 0o €Xp (T—(TE) 2.6

where (E) is constant over the wide range of (T) and
1

R4

(105 ohm~ cm_l).

Oo

2.3.3 The Cohen-Fritzsche-0vshinsky (CFO) model

The CFO model (39) shown in fig. 2.6b assumes that the tail states
extend across the gap in a structureless distribution. This gradual
decrease of the localized states destroys the sharpness of the conduc-
tion and valance band edges. The CFO model was specifically proposed
for the mul ticomponent chalcogenide glasses used in the switching devi-
ces. The authors suggested that in the chalcogenide alloys, the

disorder is sufficiently great that the tail of the conduction and
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N(E)

(a) Density of states in an amorphous semicoaductor alloy
according to Cohen, et al. (1969). Localised states
are shown shaded.

(b) Suggested density of states N(E) and mobility u as function
of energy in an amorphous semiconductor. Localised states
are shown shaded.

Fig. 2.5
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valance bands overlap, leading to an appreciable density of states in
the middie of the gap. A consequence of the band overlapping is that
there are states in the valance band, ordinarily filled that have
higher energies than states in the conduction band that are ordinarily
unfilled. A redistribution of the electrons may take place, forming
filled states in the conduction band tail, which are negatively
charged, and empty states in the valance band, which are positively
charged. This model, therefore, ensures self-compensation, and pins
the Fermi level close to the middlie of the gap, a feature required by
the electrical properties of these materials. One of the major objec-
tions to the CFO model was the high transparency of the amorphous

chalcogenides below a well-defined absorption edge.

2.3.4 The Davis-Mott Model

According to their modification (30) fig. 2.6c, they have distin-
guished between the ranges (EC) and (EA) and (EV) between (EB) and (EV)
where the localized states 1ie in the bands and are due to lack of
long range order and the hypothetical ‘tails' are due to defects in the
structure. The energies (EC) and (EV) separate the ranges of the
energy where states are localized and non-localized (extended). The
quality (EC - EV) defines a mobility gap. The current carried by

electrons or holes in extended states is given by

o = o, exp [-(E. - EF) J/kT 2.7

2.3.5. Phenomenology of Polaron and Bipolaron

The idea of a polaron is familiar in solid state physics (40) it
consists of an electron (or hole) localized to a deformed region of the
lattice. It is the coulomb interaction between the electron and the

ions, which is responsible for the Tattice distortion, and the breaking
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of the translation symmetry results in a localized wavefunction
occupied by the electron in question. We say that the electron is
"self-trapped".

The situation is similar in linear conjugated polymers. In this
case the lattice deformation consists of a tendency for the double
bonds to become longer more like single bonds and vice versa. Two
localized states are formed, one split off from the top of the valance
band, and one from the bottom of the conduction band (31-43) fig. 2.7b.
If the defect is formed by removal of an electron, then the lower state

is singly occupied and we have a hole-polaron as shown in figure 2.7b.

|

7/.(a) 7.(b) 7(€) 7(d)

Fig. 2.7 Energy level diagram of a conjugated polymer at
increasing Tevels of acceptor doping (oxidation): (a) Neutral polymer,
showing full valence (m) and empty conduction (n*) bands. (b) After
removal of a single charge a polaron is formed with spin S=lp. Three
new optical absorptions appear. (c) When a second electron is removed
a bipolaron is formed; S=0, and there are only two optical transitions
below the interband. (d) At heavier doping levels the bipolaron levels
broaden into bands, and the gap between valance and conduction bands

widens.

Electron injection results in the single occupation of the upper
level, while the lower state remains fully occupied. In either case,
there is a net charge of one unit (positive or negative) on the chain,

and the odd electron contributes spin lp.
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The energetics of polaron formation require consideration of the
elastic energy which it costs to form the lattice distortion and the
gain in electronic energy. Bredas (43) has described this gain, as the
reduction in ionization energy (or increase in electron affinity) of
the structure which has the double and single bonds reversed relative
to the stable ground state configuration.

Restricting the remainder of the discussion to the case of acceptor
doping (oxidation), which is relevant to the experimental situation in
polypyrrole (44), further charge transfer from the polymer chain with
one hole-polaron, may then proceed either by formation of other
polarons, or by removing the single electron in the lower polaron
level. The former process costs additional elastic energy, while the
latter involves the Coulomb energy of two charges in the same region of
space. In all of the materials of interest it is found to be
favourable to form the doubly charged species: the lattice deformation
increases slightly, further lowering the electronic energy, and the
Coulomb energy is largely compensated by the effect of the nearby coun-
terion (43). The doubly-charged spinless species which results is
called a bipotaron fig. 2.7c.

From the above discussion it is clear that polarons and bipolarons
are characterized by two experimentally measurable properties: changes
in optical absorption which result from the new energy levels created
in the band-gap, and appearance of addition susceptibility due to the
spin of the polaron. Specifically, we expect the following features in
the optical spectrum of polymers containing polarons fig. 2.7b: tran-
sitions from the valance band to each of the (1) lower and (2) upper
polaronic levels, and (3) promotion of the electron from the 1ower

level to the unoccupied upper level. When bipolarons are formed the
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Tast of these transition is no longer possible because the lower state
is unoccupied fig. 2.7c. The other two transitions are basically
unaffected, though they may shift in energy. Finally at high doping
levels, the depletion of states from the valance and conduction band
edges lead to a suppression of the intensity of the interband tran-
sition, as well as a blue shift (45).

As doping of the neutral polymer proceeds, it is expected that the
first species formed, at very low concentration, will be polarons,
detectable because of their spin susceptibility and three features in
the optical spectrum. At heavier doping levels, more and more bipo-
larons will be formed, the susceptibility should decrease and the

middie of the three optical sub-bandgap transitions should disappear

(46).

2.3.6 Anderson Band

In his model Anderson (47) has reviewed processes such as conduc-
tion in the "impurity band". These processes involve transport in a
lattice which is in some sense random, and in them diffusion is
expected to take place via quantum jumps between localized sites. 1In
this model the essential randomness is introduced by requiring the
energy to vary randomly from site to site.

Consider an (n) type compensated (48) semiconductor such that ND
(density of donors) > NA (density of acceptors). At some low tem-
perature with all the acceptor sites ionised and ND - NA of the donor
sites occupied. At sufficiently low concentrations the overlap of the
wave functions between different donor sites is small and the resonance
energy between them less than the energy difference due to variation of

Tocal electric fields (caused by the essentially random arrangements of
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charged acceptors sights). The electrons are then well localized and
neighbouring sites non-degenerate. Miller and Abraham (49) discussed
the conduction by hopping of electrons from occupied to unoccupied
localized donor states. Thus the energy difference would be made up by
the absorption or emission of a phonon. The conductivity in such a
band will obviously go to zero with absolute temperature. If, however,
ND is sufficiently large, then the wave functions on the donor sites
may overlap such that the electron states lose their localized
character. An impurity band is thus formed with the Fermi energy in
the band. From the tight binding theory the width (J) of this band is

shown to be
J = 271 2.8

where (Z) is the coordination number, and (I) is the overlap integral
between nearest neighbours.

and I = I, exp(- aR) 2.9
Here (a) is the rate at which the wavefunction on a single well falls
off with distance ( « =(2mNO)LQ/ f). For hydrogen-1ike wavefunctions
(I, can be evaluated (50)

I, = [3(+aR) + ler?] ¢ 2.10
Here (wo) is the energy level for an electron in a single well, (h) is
fundamental unit of angular momentum (Plank's constant), (h) divided by
2m), (R) is the lattice site, (e) is the unit of electronic charge, and

(m) is the effective mass.

The wave function for a single well will fall off as

y = constant exp (- Ro)

%

Another way of expressing the Anderson condition is to take for the
initial state an electron localized in a large volume of radius (Ax).

Then if (E) is taken at the center of the band there will be no
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diffusion if the condition is satisfied.

Some more recent work on Anderson localization Mott (1967), has
concentrated on the quantity o (0). If there is no diffusion the con-
ductivity too must vanish for all energies in the band.

The main objection that some people have expressed to Anderson
Tocalization is for the following reason. It is felt that starting
with a given localized state at sufficient distance there must exist
another state with just exactly the right energy to resonate with the
wave function, which should not be localized but have a series of peaks

and valleys.

2.3.7 Gubanov Theory of Amorphous Conductors

The most remarkable achievement of the quantum-mechanical theory of
solids occured in the development of semiconductor physics (51).
Electron and hole conduction, the influence of impurities, the dif-
ferent effective masses of carriers, could be explained in a natural
way by quantum mechanics.

Before taking the quantum-mechanical explanation of the electrical
properties of metals and semiconductors we discuss the Pauli principle,
according to which each allowed band has a 1imited number of electron
vacancies, which in the simplest case, is equal to double the number of
atoms in a crystal. Actually all electrons in a crystal are distri-
buted over such levels filling the bands beginning with the lowest one.
If one of the band is partly filled we have a metal with good electri-
cal conductivity because the periodically distributed atoms do not
impede electron motion in an external field, electrons are scattered
mainly by the thermal motion of atoms, which causes the electrical
resistivity of a metal to rise with temperature. If several bands are

completely filled and the nearest band is separated by a gap,
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conduction is prevented by the absence of free levels in the filled
bands and we have an insulator or a semiconductor.

Conduction is possible only when electrons are transferred ther-
mally from filled to a free band. Now the electrical conductivity
increases with increase of temperature and with increase of impurity
concentration, moreover, it may be of n-type (electrons) or p-typé
(hole conduction).

Actually the properties of semiconductors are very sensitive to the
energy spectrum structure and existence of semiconductors and
crystalline insulators depend on the presence of a forbidden gap.

The quantum-mechanical explanation of metals and semiconductors is
based on the periodicity of the potential and presence of long-range
order in the distribution of atoms.

Of course this contradicts the old established observation that the
electrical conductivity does not change greatly on melting and that it
retains its metallic nature.

The recent investigations of changes in the properties of semicon-
ductors on melting showed that in some cases their electrical conduc-
tivity and other properties change very little and retain their
semiconducting nature.

The question arises why semiconductors, which are so sensitive to
changes in their band structure, do not change their properties. Upon
the disappearance of the periodicity of the atomic distribution which
is responsible for the presence of allowed and forbidden bands in the
energy spectrum.

To prove it, it became rather essential to prove that in a liquid

or in an amorphous substance, the following features are retained:

1) forbidden bands in the energy spectrum
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2) allowed energy levels, forming continuous or quasi-continuous

bands

3) electron behaviour is described, at least in the first approxi-

mation by certain waves propagated in the substance, i.e., the
electrons are quasi-free as in crystals.

After proving these properties, one could develop the quantum
electron theory of amorphous substances using the standard solid state
theory as a model.

Calculations relating to a one dimensional model of an amorphous
substance, i.e., assuming a chain of nonuniformly distributed atoms or
cells are considerably more difficult than those relating to a one
dimensional model of a crystal.

This problem has been solved in different ways. One method con-
siders a chain of a finite, but sufficiently large number of cells and
solves the system of equations for all the cells.

Another method uses the assumption of quasi-crystallinity of an
amorphous substance, i.e., the distance between neighbouring atoms

fluctuate at random.

2.3.8 Hopping Model

In order for conventional band models to be applied a number of
conditions relating to the mobility must be considered. First, the
mean free path (A) of the charge carrier must be greater than the lat-
tice spacing (a) second (A) must be greater than the electron wave-
Tength i.e. momentum relaxation (t) must be greater than (h/kT) where
(h) is fundamental unit of angular momentum (Plank's constant,(h)
divided by 2m),(T)is the average time the charge carrier is free to
move between collisions. A third condition, w>h /r is imposed by

the uncertainty principle, where (w) is the band width. If these
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conditions are not met then the mobility of the charge carrier will be

2 1 sec'l) and cannot be described in conventional

often below (<1lcm® VvV~
terms. In this case it is probable that the charge carrier spends more
time in localized sites than in motion. Its movement then, must
involve hopping or tunnelling between localized sites as shown in fig.
2.8. This hopping mechanism occurs when the interaction between these

molecules is weak and the bands are narrow.

Encrgy

4

Hopping

+ Tunnelling

Site | Site 2
Fig. 2.8 Diagram of electron-transfer mechanisms between adjacent

sites separated by a potential-energy barrier.

If the charge carrier spends a time on the lattice site which is
greater than the period of vibration of the molecule or atom
surrounding it, as should be the case for very lTow mobility solids,
then the medium has time to relax around the charge carrier (52). This
gives rise to the generation of a region of polarization around the
charge carrier which is referred to as a polaron. The effect of this
process is to reduce the mobility of the charge carrier and to increase
its effective mass. Depending upon the coupling between the charge
carrier (electron) and the lattice phonons, the effective mass may be
increased to such an extent that the electron traps it within the

region of the polarized dielectric. When this occurs the motion of the
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charge carrier will involve a series of thermally activated hops (53).
This situation is thought to occur in disordered materials such as
transition metal oxides and in chalconide glasses, in which it is
assumed that the long range order is extended throughout the system.

Pollak and Geballa (54) report the first observation of charge
carrier hopping between two localized sites. In which they studied the
a.c. properties of compensated silicon at very low temperature. As
pointed out by Pollak it is difficult to distinguish the band-type from
hopping type condition by using static-field methods. However, the
frequency response of the conduction can be used to considerable effect
in this connection. The real part of the conductivity in both cases

can be written as

_ ne
(Ui)wn; T F SV ag (t=e) [1/(14 WoF) ] 2-11
a
_ he ¢
has T T b (=) LB i) 1 212

where <xi > is the carrier coordinate in the field direction of the ith
state, ( 2fi) is the deviation from equilibrium of the occupation pro-
bability (fi), < v,i> is the velocity component in the ith state along the
field (55). As can be seen by comparison of the last two expressions
the conductivity in the band type conduction decreases as the frequency
increasesﬁ where as that for hopping-type conduction will increase as
frequency increases.

There have been many reports of disordered and amorphous or glassy
materials exhibiting the same behaviour. Regions are observed in which
o(w) changes linearly with frequency and other regions in which o (w)

vary quadratically with frequency.

- 48 -




This subject was previously reviewed by Jonscher (56), it has been
recognised by Pollak and Geballe (54) that the two localized site
hopping is an idealized approximation and that there must be many site
paths in which a carrier executes a series of hops before coming to a
difficult hop where it may be blocked. The existence of a random
distribution of hopping sites in a disordered solid must give rise to a
wide distribution of hopping relaxation times which must follow an
exponentional dependence on distance between pairs of hopping sites
(57). This review includes a 1ist of papers which elaborate and refine
the fundamental idea of the two site hopping model and predicting a
wide variety of frequency dependences of conductivity from o (v) = o,
= constant to o (w) o< w? through a range of powers with exponents bet-
ween zero and one.

However, polymeric materials are by no means ordered even though
they may possess short range order within a given polymer chain. The
two site hopping model and its different modified forms can success-
fully be applied to describe a conduction in some polymeric materials
while it fails to interpret the electric properties of some other poly-
mers.

In 1974 Lewis (58) reported a generalized, but simple, localized
hopping model, which can be readily applied to conduction in organic
solids. It stresses the correspondence between the frequency depen-
dence conductivity o (w) and the consequent current decay j.(t)
following the application of a step-function field. According to this
model the concept of a distribution of activation energies rather than
of relaxation times (as it is always the case in dielectric measure-
ments) is a more natural explanation of current characteristics for a

wide variety of systems.
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2.3.9 Hopping and Variable - Range Hopping

In this section we continue our discussions of conduction in a
‘Fermi glass', that is a degenerate electron gas in a highly disordered
medium, and consider what happens to the d.c. conductivity when the Fermi
energy lie in the range of energies where states are localized. Then

two mechanisms for conduction are possible.

i) Excitation of electrons to EC’ the contribution to the conduc-
tivity is

0= Opin exp (=5 ) 2.13
min P Vi

where O pip is as before the value of of at E = EC’ and

S =k -

This form of conduction is normally predominant at high temperatures or

when €) is small.

1i1) Thermally activated hopping conduction by electrons in states
near the Fermi energy: This is illustrated in fig. 2.9, the rate-
determining process is the hopping of an electron from a state (A)
below the Fermi energy to one above (B). The probability (P) per unit

time that this occurs is the product of the following factors.

AE
B
4 A
— Ey

Fig. 2.9 The mechanism of hopping conduction. Two hops are shown,

from A (an occupied state) to B and from B to C.
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a) The Boltzmann Factor exp (-W/kT), where(w)is the difference between

the energies of the two states.
b) A factor Vph depending on the phonon spectrum.
c) A factor depending on the overlap of the wave functions.

As the temperature is further lowered, carriers will tend to hop
larger distances in order to find sites which 1ie energetically closer
than the nearest-neighbour site. This mechanism is called variable

range hopping. Mott shows that the hopping probability in this case is

2.14

©
!

= Voph exp (- -$t774)

where

= 2.1 [o3 /kN(EF)] YA 2.15

>
|

Equation 2.5 leads to a temperature dependence for the conductivity of

the form
o = 1/6 e%R? Vph N (EF) exp (- 5—774) 2.16
T_
= A
or g = (5(T) exp(--—;:T7A) 2.17
where R = 3Lﬁ/ [2mo N(EF) kT]]’/4 2.18

Equation 2.17 will have the form of section (d) in fig. 2.10.

The mechanism of conduction of polypyrrole can be explained by

variable-range hopping (44), (59-74).
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Log,q(0)

Condu&tivity

Reciprocal of Temperature (1/7)

Fig. 2.10 Illustration of the activation energies associated with

various conduction mechanisms

2.3.10 Hopping Conduction for Alternate Currents

Information about the nature of the conduction mechanism in a
material can be obtained from a.c. conductivity. In these experiments
the electrical conductivity is measured as a function of the frequency

(w)of an alternating electric field. The frequency range usually

covered in the measurements extends from 102 to 108 Hz. In this work
the frequency range covered in the measurements extends from 600 Hz to

10 kHz. A difference in behaviour of o (v) is expected when conduction
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occurs by motion of charge carriers in the extended states or by
hopping in localized states. The two types of conduction processes
will now be examined when carriers are excited across the mobility

edges into the range of extended states, the conductivity does not

8

depend on frequency, at least in the frequency range up to 10° Hz. On

the other hand, when conduction occurs by phonon-assisted hopping bet-
ween localized states one expects the conductivity to increase with
frequency. Austin (75) and Mott have derived a formula when hopping

conduction takes place near Ef:

4
o (W) =— e KT [N(EF)12a™® o [In( Vph /)] 2.19

where Vph is a phonon frequency (typically of the order of 10!3 s'l)
and (u)describes the decay of the localized state wave function (1/a
is the effective range of the wave function).

Two important features can be drawn from this equation: (1) ¢(w)
varies Tinearly with temperature; (2) because of the presence of the
Togarithmic term [In(vpp/w)] 4, the shape of a plot 1n g(y) versus
Inw is not constant, but decreases slightly with increasing frequency

of the applied field.

The above equation can be approximated by an expression of the form
o )= const. w® 2.20

where the exponent (s) is defined as d(Ino)/d(Inw)

and is given by
s =1- 4 2.21

In (\)ph /U) )

Taking v ph = 1013 s~1 the exponent decreases from a value s = 0.84 at
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2

w =10 s_1 to s = 0.65 atw = 1085'1. One often writes the frequency

dependence of the a.c. conductivity in the form,

o (w) = const. w0’8

which means that the logarithmic term [ 1n(vph/w)]4 varies as w-0.2,

in principle only strictly valid for frequency values in the neigh-

bourhood of 104Hz.

Experimentally it has been found that the a.c. conductivity of many
chalcogenide glasses follows over a large frequency range the rela-
tionship given by equation 2.20 with (s) (76) lying between 0.7 and
1.0. Values close to one are difficult to understand on the basis of
this formula, since they only can be obtained for unreasonably high
values of the phonon frequency (vph).

If one makes a proper choice of the parameter (a'l) (77) offers a
straightforward way for evaluating the density of state at the Fermi
Tevel. For a number of chalcogenide glasses estimates in the range

18_,420 eV'1 cm'3 were obtained. These values are considered to be

10°7-10
much too high and are difficult to reconcile with those deduced from
other experiments such as optical absorption or photo induced ESR,
which give estimates lower by several orders of magnitude. As seen in
thermopower, another approach to the evaluation of N(Ef) is based on
the temperature dependence of the d.c. conductivity for variable range
hopping at the Fermi level. By utilizing (78), an estimate of N(Ef)
should be obtainable from the slope of a In o versus T"l/4 plot. This
procedure has been followed for amorphous Si and Ge but cannot be
applied to most of the chalcogenide glasses because of the absence of

any observable variable range hopping even at the lowest temperature of

measurement. It must be remarked here that the use of the Austin-Mott
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formula to describe the observed ¢ (w) oc w® behaviour has been strongly
critisized essentially on the grounds that a similar frequency depen-
dence has been observed in a number of insulating noncrystalline ’
solids, such as polymers, molten quartz, S1'O2 glasses, etc.

Therefore, it is now generally accepted that there may exist many other

sources of dielectric loss mechanisms, such as surface barriers, ionic

dipoles, dipole layer, inhomogeneities, which could give rise to a

»> behaviour. These observations certainly indicate that the

interpretation of the results on the basis of the electronic model
described by (78) and which implies phonon-assisted hopping in loca-
lized states at (EF) is not necessarily the unique one.

According to the Davis-Mott model of the band structure a third
channel for conduction is available when charge carriers are excited in
to the Tocalized states of the band tails. Because of the thermally

activated nature of this transport process, one expects that o(w) will

0.8. A

also increase as w [In(vph/w)]4, i.e. approximately as w
distinction between hopping near the mobility edges and nearby the
Fermi energy can be found by looking at the temperature of g (w). The
creation of charge carriers into the band tails requires an activation
energy tp - Ef for electrons (Ef - Eg for holes), yielding an exponen-
tially increasing number of charge carriers with rising temperature.
This term must be incorporated in the expression for g (w), which will
therefore, have a temperature dependence of the form g (w, T)a kT exp
(-AE/KT). Since the exponential term usually plays by far the predomi-
nent role, the a.c. conductivity should show in the case of hopping in
the tails the same temperature dependence as the d.c. conductivity
curve. For transport at (Ep) the number of carriers remain constant

and o (w) varies linearly with temperature as can be: seen from (77).




It is clear that the mechanism yielding the highest contribution to the
conductivity at a given temperature will be observed experimentally.

When changing the temperature one should be able to see the transition

from one mechanism to another.

2.4 Electronic Transport in Amorphous Semiconductors

2.4.1 Electrical Properties

2.4.1.1 D.C. Electrical Conductivity

The essential features of the Davis and Mott model for the band
structure of amorphous semiconductors are the existence of narrow tails
of localized states at the extremities of the valance and conduction
bands and furthermore of a band of localized levels near the middle of

the gap. This leads to three basically different channels for

conduction.

a) Extended State Conduction

Consider the case of electron conduction. In the nondegenerate
case and under the assumption of a constant density of states and
constant mobility like conductivity due to electrons excited beyond the

mobility edge into the extended states is given by

o = e N (E.)kT He exp [-(EC—EF) / kT] 2.22

C

where N(EC) is the density of states in the conduction band, (e) is the
electron charge, (k) is Boltzmann's constant and (UC) is the mobility.
In order to get an idea of the order of magnitude of (UC) we shall
follow Mott's treatment (79). Mott calculated the lowest value of the
electrical conductivity before the start of an activated process, i.e.

just at (EC.) This quantity he called the "minimum conductivity". He
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derived the expression
_ 2
omin = const e“/ha 2.23

where the constant lies in the range between 0.026 and 0.1, ¢ min is
usually of the order 200-300 S cm~l. Taking constant = 0.026, one

finds for the mobility

be = 0.078 ea’ B/hkT 2.24

where (B) is the width of the band, (h) is fundamental unit of angular
momentum (P1anck's constant, (h)divided by 2n) and (a) is a interatomic
distance. Taking a = ZR, B = 5eV one finds at room temperature that

2yl 1 This value corresponds to a mean free path com-

c.=10 cm
parable or less than the interatomic distance. Cohen (80) derived a
similar expression for the variation of (u) with kT as an equation
2.15. Equation 2.22 may be written therefore, as equation 2.7 which is
represented in fig. 2.10 by section (a) of the curve.
Optical absorption measurements made on amorphous semiconductors
have shown that the band gap decreases with increasing temperature.

The energy distance E. - E- therefore will show a similar behaviour,

and, under the assumption of a linear temperature dependence,
Ec - Ep = E(0) - vT 2.25
the expression for the conductivity becomes
o = g exp(y/k) exp [ - E(0)/kT ] 2.26

Here E(o) is the energy distance at T = Ok and (Y) is the temperature

coefficient, we can write this formula in the form

O = Cy exp [ - E(0)/kT ] 2.27
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where

Co =eN (EC) kT W exp (y &) 2.28

As seen before (uc)is proportional to 1/T, so that the preexponential
factor(C,)is temperature independent. Mott (81) has made an estimate

of the preexpontial(o). In general (9,) may lie between 10 and

3

107 S cm'1 in most amorphous semiconductors. An estimate of(y)can be

obtained from the temperature dependance of the optical gap. In
chalcogenide glasses the temperature coefficient of the optical gap

4 b e deg'l. As the Fermi

generally lies between 4 x 10° ' and 8 x 10~
Tevel is situated near the middle of the gap, values of(y)of approxima-
tely half this magnitude are expected and hence values of exp(Y/k) in

the range 10-100 seem to be most probable.

b) Conduction in Band Tails

If the wave functions are localized, so that ¢ (E) = 0, conduction
can only occur by thermally activated hopping. Every time an electron
moves from one Tocalized state to another it will exchange energy with
a phonon. It may be expected that the mobility will have a thermally
activated nature.

Lhop = Uy exp [ - W(E)/KT ] 2.29

W(E) is the hopping energy, and
Mo = (1/6)Vpn eRZ/KT 2.30
0 ph .

where(Vpp)is the phonon frequency and (R) the distance covered in one

hop.

For a typical phonon frequency Vpp = 10%3 3—1 and W ~ kT (37)

yields a mobility of the order 1072 cn? vl 5'1 at room temperature.
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Comparison of this value with the one calculated for conduction in the
extended states suggest, as postulated by Mott that the mobility may
drop by a factor of at Teast 100 at the energy which separates the

Tocalized and nonlocalized states. The conductivity in this case is

given by
9 hop = % hop (Ak—{f)S Cip exp [ -(Ep - EF +W)AT)]  2.31

where (W) is the activated energy for hopping, (Ep) is the energy at

which the band tail in the conduction band starts (or Eg in the case of

the valance band) where (Cj)

Ci1 =1 - expl(- %%- ) [ 1+ BE/KT) ]

Equation 2.31 is repeated by section (b) in fig. 2.10.

Conduction in Localized States at the Fermi Energy

If the Fermi energy 1lies in a band of localized states as pre-
dicted by the Davis-Mott model, the carriers can move between the sta-
tes via a phonon-assisted tunnelling process. This is the transport
analogous to impurity conduction observed in heavily doped and highly
compensated semiconductors at low temperatures. An estimate for the
temperature dependence of the hopping conductivity at (EF) has been
given by Mott (82). We shall follow here his original derivation. Let
us consider an electron that is scattered by phonons from one localized
state to another. The energy difference between the states is denoted
by (W). The probability (p) that an electron will jump from one state to

another is determined by the following factors:

i) The probability of finding a phonon with an excitation energy

equal to(W),given by a Boltzmann expression exp(-W/kT).
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ii)

mum

An attempt frequency Vph> which can not be greater than the maxi-

12 413 S—l).

phonon frequency (in the range 10°°-10

iii) The probability of electron transfer from one state to another.

by

This factor depends on the overlapping of the wave functions and
should be given by exp(-2¢R). Here (R) is the jumping distance,
which at high temperatures equals the interatomic spacing, and

o 1s a quantity which is representative for the rate of fall-off
of the wave function at a site. If overlapping of the wave func-
tion is important, the factor exp(-20R) becomes of the order of

one.
The probability (P) that an electron jumps will then be expressed
P = vpp exp(-2aR - W/kT) 2.32

This leads to the following expression for the conductivity

o = (1/6)e? R vpp N(EF)  exp(-2uR) exp(-H/KT) 2.33

where N(EF) is the density of states at the Fermi level. This equation

is indicated as section (C) in fig. 2.10.

As the temperature is lowered the number and energy of phonons

decrease, and the more energetic phonon assisted hops will progressi-

vely become less favourable. Carriers will tend to hop to larger

distances in order to find sites which lie energetically closer than

the nearest neighbours. This mechanism is the so-called variable range

hopping. The essential feature of the conduction due to variable range

hopping (14) 1is discussed in section 2.3.9.

2.4.1.2 A.C. Conductivity

As we have seen in section 2.4.1.1, there are three mechanisms
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of charge transport that can contribute to a direct current in

amorphous semiconductors. They can all contribute to the a.c. conduc-

tivity as follows:

a) Transport by carriers excited to the extended states near (EC) or
(Ey). For these we might expect that o (w) would be given by a formula
of the Drude type,
o (w) = % 2.34
1 T
The time of re]axation(z) will, however, be very short (%~ 1071°s) and a
decrease in o (w) as w-2 (i.e. free carrier intraband absorption) is

15 Hz is reached.

not expected until a frequency ~ 10
It is sufficient to state here that in the electrical range of
frequencies (up to, say, 107 Hz) no frequency dependence of the conduc-

tivity associated with carriers in extended states is expected.

b)  Transport by carriers excited into the localized states at the
edges of the valance or conduction band. No complete theoretical
treatments of ¢ (w) for hopping under conditions of non-degenerate
statistics are known, but we might expect a similar dependence on fre-
quency to that derived under degenerate conditions (see (c) below), and
thus as u)[]n(vphﬂn)]4. This varies approximately as w> where s<1 when
w<Vph. In order to estimate the frequency at which such an increase is
expected a comparison with the magnitude of the d.c. hopping conduction
(2.4.1.1.) would be required. The temperature dependence of this com-
ponent of the a.c. conductivity should be the same as that of the
carrier concentration at the band edge, so that for the conduction band

it should increase as exp [ -(Ep - Ef)/kT].




(c) Hopping transport by electrons with energies near the Fermi level,
provided N(EF) is finite. There have been several theoretical treat-
ments of o (w) for this mode of conduction (see the review by Pollak
1976). o (w) should increase with frequency in a manner similar to
that for process (b). However, the exponential dependence on the tem-
perature will be absent, and ¢ (w) should be proportional to(T)if(kT)
is small compared with the energy range over which N(Ep) may be taken
as constant, and independent of(T)if(kT)is larger than the width of
some well-defined defect band in which (Ep) lies. An analysis of
observed results has been given by Davis and Mott (1970) using the for-
mula given by Austin and Mott (1969) and reviewed in 2.3.10.

Fig. 2.11 illustrates schematically the frequency dependence

of the conductivity expected for the three conduction mechanism

outlined above.

(a)

In {o (w))

(b)

In w

Fig. 2.11 Schematic illustration of the frequency dependence of
conductivity for the three modes of conduction described in the

text.
For the hopping processes (b) and (c), ¢ (#) increases as w°. In
practice the mechanism giving the highest conductivity at a particular

temperature is observed; in the situation shown this would mean that
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hopping at the band edge would not be observed at any frequency.
Conversely, if the onset of the w> behaviour for process (b) occurred

at a lower frequency, then this would operate to the exclusion of pro-

cess (c).

2.5 Dielectric Relaxation

2.5.1 General Theory

Orientation of molecular dipoles is relatively slow if comparison
is made with electronic transitions or molecular vibrations which have
frequencies generally above 1012 Kz (80), (84-88). It does not consist
of a uniform switch in the arrangement of all molecules - it is more in
the nature of a slight adjustment of their average orientations in the
face of continued thermal agitation. Only when sufficient time is
allowed after the application of an electric field for the orientation
to attain equilibrium will the maximum polarisation, corresponding to
the highest observable dielectric constant, be realised in a material.
If sample time is allowed, then the observed dielectric constant is
called the static dielectric constant (85). On the other hand, if the
polarisation is measured immediately after the field is applied,
allowing no time for dipole orientation to take place, then the
observed instantaneous dielectric constant, denoted(%b)wi]l be low and
due to deformational effects alone. Somewhere in between these extre-
mes of timescale there must therefore be a dispersion from a high to a
Tow dielectric constant. In the above mentioned discussion the
material under examination (the sample) 1is considered as a capacitance
shunted by its conductance and the measured parameters are readily

given by
€ = CP/CO 2.35
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e =G = G
U)Co 27rf7:0 2.36

where (Cp) and (G) are capacitance and conductance of the sample at

frenquency (f) and (Cy) is the air capacitance. Linked by the relation
€/€ = tan § 2.37

It is convenient to combine these two quantities into a complex

dielectric constant or relative permittivity

= €- ig 2.38

The meaning of the real and imaginary parts may be readily appreciated
by considering the material in a capacitor (capacitance Co when empty),
as shown in fig. 2.12. The current (I) which flows in the external
circuit after application of an alternating voltage given by the real

part of V =V, elvt may be calculated as follows:

I =wCy (€ +i€) V 2.39
This implies that we have a capacitive component of the current,
Ic. = iwCpeV 2.40

which leads the voltage by 900, and a resistive component,

IR =wCy €V 2.41

which is in phase with the voltage, work can only be done by the latter
component, and the physical meaning of the useful quantity tan §, pre-
viously defined by equation 2.37, becomes apparently

energy dissipated per cvcle

tand = & =
€ energy stored per cycle
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(E)is called the dielectric loss factor and tand is usually called

the dielectric loss tangent or dissipation factor.

vy, dwt . |
:

| |
o/
|

I

_:1 > V
Loss current, wC, EV

(h)

Fig. 2.12 A.C. Tosses in a dielectric: (a) circuit diagram,

(b) Argand diagram of complex current-voltage relationship.

(€)and (€)are experimentally observable quantities which may be used
to characterise the dielectic dispersion over a range of frequencies.
In order to be able to interpret any such dispersion behaviour, it is
first necessary to forge a link between their macroscopic, observable
quantities and molecular properties, by postulating a reasonable model
which describes the way the molecules respond to the applied field.

The basic theory of dielectric relaxation behaviour, given by Debye
(88), Frohlich (89), Smyth (90), and Hill et al (91), begins with a
macroscopic treatment of frequency dependence.

Consider the application at time t =0 of a steady field(Ey)across

a dielectric. The resulting electric displacement D(t) at subsequent
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times (t) will then comply with the equation
= g - .
o(t) = gfg +(g-g)v 0]e 2.42

The first term on the right hand side, %),%J, Eg, represents the
instantaneous response of the materials to the field. The second term,

&( €-€, ) v (t)Eq, represents the slower contribution from polarisa-
tion of the dipoles, with the factor v (t) describing the time develop-
ment of the underlying orientation process. By this definition v (0) =
o and V(=)= 1. We further assume that the rates at which dipolar

Dp (=) =

pol arisation Dp(t) progresses towards its equilibrium value
%( 85—800 ) EO is proportional to its degree of departure from

equilibrium, i.e.

Doit) = Dp(e=) - Dp(e) 2.43
T

Here (t) is a characteristic time constant, usually called the

dielectric relaxation time. By intregration of equation 2.43:

Dp(t) = Dp(w) (1-e Y7y 244

1-e /7 2.45

so that ¢ (t)

In general, for a series of field increments the electric displacement

in the material

D) L pey - Tee  dER) €% E(t) 2.46
dt dt
For the particular case of an alternating field represented by the real
part of E(t) = £, e'“t
(t-6)

, Which produces an alternating displacement

D(t) = Dy e '* , the solution to equation 2.46 may be written
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*. s .
,8((‘3) = —QLQ :.% + _Si 2.47
€ E(t) 1+ jwT

which is called the Debye dispersion equation. Equation, real and ima-

ginary parts of the two sides

5 ) e € - ¢
glw) = T+ S ®
® ——— 2.48
1 +w 22
= € €
gw) = s = wT 2.49
1+ 21

The graphs of (€) and (5) against frequency of the applied field
through the dispersion region are shown in fig. 2.13. The dielectric
Toss peak has a half-height width of 1.14 decades. The maximum 10ss

value occurs when wt =1, corresponding to a critical frequency @ max

= 1/, and

]

el

logw

Fig. 2.13 Debye dielectric dispersion curves.
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location of this peak provides the easiest way of obtaining the relaxa-
tion time from experimental results. The difference in dielectric
constant measured at low and high frequences is called the strength of
the relaxation and it is related to the area under the absorption

curve:
AE = 80 _8 = 2 / E‘ (()) d (lnw) |

This is a particular case of the Kramers-Kronig relaxation which
expresses the general inter dependence of quantities 1like (€) and (€)
for any linear system.

The dependence of (E) on (€) may be used to test how well the Debye
model fits a real case. If we eliminate the parameter (wt) between

equations 2.48 and 2.49, we obtain

.t ,e\? o f e \2
§- s+ 52 (%% 2.51

This is the equation of a circle, centre [ (€5 +€ )/2.0 1, radius
(g-—g )/2, so that a plot of (3) against (€) should give a semicircle,
as shown in fig. 2.14(a). Experimental results for many polar liquids
give excellent agreement with this theoretical curve, their relaxation
times being of the order 107115,

Relaxation observed in polymers, however, show broader dispersion
curves and lower loss maxima than those predicted by the Debye model,
and the ( €-¢ ) curve falls inside the semicircle. This led Cole and

Cole (92) to suggest the following semi-empirical equation for

dielectric relaxations in polymers

= § + 07 @ 2.52
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where (o) is a parameter, 0 < o 1. The corresponding circular arc
plot is shown in the fig. 2.14(b). Although the exact form of the
distribution of relaxation times in the Cole-Cole equation is

compl icated and is not based on any special model, the parameter (a) is
a convenient one for specifying the broadness of experimental relaxa-
tion peaks, and it has been used extensively for this purpose.

Davidson and Cole (93) improved the fit with experiment by using a

= _ 8 —
[ ¢ 2
ma X
£
a.
CI g %
[
€
b.
§ .
[3:1 0
e 073
C.

Fig. 2.14 Co]e;Co1e arc diagram.
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slightly different semi-empirical equation:-

e _¢€
=€ + S o 2.53

(1 + i) B

where (B)is a parameter 0 < g 1. Equation 2.52 (93) corresponds to a
skewed distribution of relaxation times about CT)and hypothetical
representation is shown in fig. 2.14(c), but it again has no particular
theoretical foundation apart from the improved agreement with experi-
ment for certain materials. For Debye semicirc]e(a , 8=9, a com-
bination of the equations have some time been used referred to as the

Havriliak-Negami equations (94). The proposed equations of the form

« -B
© (g =(1 4,(1-&,-r 1‘“)) 2.5

e -
s %

appears:

to be a general representation of the three known dispersion i.e.,
Debye, circular arc and skewed semicircle. The complex dielectric
constants calculated with the aid of this expression were found to be
in excellent agreement with experimental results. In this equation
2.54 the (a) and (B) parameters indicate the presence of a distribution
of possible processes of similar type and the existance of more than
one type of relaxation, each of which is assumed to have an ideal
distribution of relaxation times. Equation 2.54 fits most data and it
is possible from an examination of the dependence of‘(o) and (B)on tem-
perature to gain insight into the nature of the molecular processes
giving to the observed dielectric processes.

More recently, it has been suggested that a departure from the
assumed exponential from the approach to equilibrium may be responsible

for the breadth of dipolar relaxation in polymers. A decay function of
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the form

v
v o(t) = e (V/7) 2.55

with 0Ky 1, gives very good agreement in the case of many polymers,
but the physical explanation for this kind of decay function has not

yet been established (Williams et al (95) and Bailey et al (96).)

2.5.2 Thermal Activation of Dipolar Relaxation

In order to progress further in the interpretation of dipolar
relaxation behaviour (83) one must study a molecular model in still
more detail. In this thesis, two theories which are particularly rele-
vant to polymers and provide a suitable basis for general discussion of
the main features encountered have been discussed. Theory which has
been central to the understanding of the temperature dependence of

nearly all reaction rate processes: thermal activation over a potential

energy barrier has been discussed.

————— Energy, U

Reaction coordinate —————+

Fig. 2.15 Potential-energy diagram for a thermally activated

process.
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The model fig. 2.15 simply consists of two molecular states, (A)
and (B), separated by a potential-energy barrier of height AUX, and the
reaction whose rate is calculated,is the change A—> B. (A) and
(B) may be taken to represent two orientations of a dipolar group about
a valance band linking the group to the rest of the molecule, the reac-
tion coordinate being the angle of rotation about the bond. The reac-

tion will follow the usual monomolecular rate equation:

Tdt

where (Ca) is the concentration of dipoles in state (A) and (kp) is the

rate constant. It is clear that molecules must acquire an extra amount
of energy (AU*) in order to surmount the energy barrier to passing from
state (A) to state (B). Now it is well known from Boltzmann statistics
that the probability that a given molecule POssesses energy in excess
of an amount (AU%) ig proportional to e'AU*YkT, so that we may expect

the rate constant (ka) to be given by

kpy = aeBUM/KT 2.57

where (A) is a constant or a function which only varies slowly with
temperature, and (AU*) is called activation energy. The relaxation

time (z) may be roughly identified with 1/ka, so that we shall have

*
Int = %% + constant 2.58

This equation should give straight line when plotted In T against

1/T  whose slope is directly related to the activation energy.
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2.5.3 Dielectric Relaxation in Solid Polymers

An enormous amount of work has now been carried out on the study
of dielectric relaxation in solid polymers (96). The principle impetus
for this has been derived from the use of such materials as insulators
and dielectrics. The major objective of such studies has been to
characterise the various loss and dispersion processes in the time (or
frequency) and temperature domains, and to provide an explanation in

terms of various polarization (usually dipole orientation processes).

2.5.3.1 Nomenclature

Considerable confusion exists in the literature with regard to the
naming of the different relaxation or loss processes observed in poly-
mers. This has arisen because of the custom of naming the process
observed at higher temperatures or lowest frequencies as the " o
-process" and then naming subsequent lower temperature (higher frequen-
cy) processes B,y,S etc. Of course this has depended, in a somewhat
arbitrary way, on the initial temperature or frequency selected and on
the dielectric activity of the processes observed. Bailey et al (96)
prefers the system which designates the process associated with the
main glass transition in amorphous polymer as the o-relaxation

retaining a clear «- relaxation at appropriate temperatures and fre-

quencies, and naming subsequent relaxations of amorphous pol ymery,Setc.

2.5.3.2 O0Origin of Dielectric Activity

The dielectric activity of polymers is usually discussed in terms
of partial segments between orientation polarization. This movement of
non-polar segments between orientations of different energy may consti-

tute a relaxation observable by dynamic mechanical or acoustic
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techniques and not be observable as dielectric relaxation. Conversely,
reorientation of dipolar segments through iso-energetic conformations
may create dielectric polarization relaxation with no anologous mecha-
nical relaxation.

The extent of reorientational freedom of the resultant dipole vec-
tor of the polymer chains determines the degree of polarization. The
various component-group dipole moments, which together constitute the
total resultant moment, may have differing degrees of freedom, and con-
sequently achieve reorientational freedom at different temperatures so
giving rise to the different transition or relaxation processes. It is
important to note that this includes not only different chemical
groupings but different degrees of co-operation in the movement of
neighbouring identical groups or different amplitudes or degrees of
orientationl freedom of individual groups. Indeed the application of
time-correlation functions to dielectric relaxation in polymers has
yielded through the cross-correlation terms, insight into the extent of

interaction between neighbouring group dipoles (96-98).

2.5.3.3 Relaxations in the Temperatures or Frequency Domains

Several distinct dielectric relaxation processes are usually pre-
sent in a solid polymeric material. This multiplicity is seen most
easily in a scan of dielectric loss at constant frequency as a function
of temperature as shown in fig. 2.16. As the temperature is raised,
molecular mobilities of various types become successively energised and
available for dipolar orientation. By convention the dielectric
relaxation processes are labelled a ,B etc and so on, beginning at the
high-temperature end. The same relaxation processes are generally

responsible for dispersions in mechanical properties too, although a
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@

Temperature ———

Fig. 2.16 A Schematic dielectric loss curve obtained by varying
the temperature with the frequency of observation
maintained constant.

particular molecular rearrangement process may produce a stronger
dielectric than mechanical effect, or vice versa.

Some polymers are wholly amorphous and there is always a high-
temperature o -relaxation associated with the micro-Brownian motion of
the whole chain end, in addition, at least one Tow-temperature (B, v
etc) subsidiary relaxation. The relative strength of the a- and
B ~-dielectric relaxations depends on how much orientation of the dipo-
lar groups can occur through the Timited mobility allowed by the
B -process before the more difficult but more extensive mobility of the
O -process comes into play; there is a partitioning of the total dipo-
lar alignment amongst the molecular rearrangement processes.

Detailed examination of the relaxations requires isothermal scans

of dielectric constant and loss as a function of frequency (f) so that
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effective dipole movements and activation energies of relaxation times
may be obtained.

The high-frequency g ,Y etc subsidiary peaks in amorphous polymers
are characteristically very broad with half-height width of several
decades (compared with 1.14 decades for a single Debye relaxation
process), although a good, linear Arrhenius plot is usually obtained

suggesting a non-cooperative mechanism.

2.5.4 Interfacial Polarization

When a system contains internal boundaries to charge migration, as
in heterogeneous polymers,polarization can arise due to charge build-up
at the interfaces between regions of differing conductivity (0) and
dielectric constant € . This phenomena is called interfacial, or
Maxwell-Wagner-Sillers polarization, and have been reviewed by

Van Beek (99).

The phenomenon was first considered theoretically by Maxwell (100)
who treated the case of a layered system of which the phases differed
in conductivity and dielectric constant. He showed that the equations
for real permittivity and loss were very similar to the simple Debye
equations-Wagner (101} produced similar equations for a system of small
conducting spheres embedded in a continuum of lesser conductivity.

Si11afs(102) extended the theory to spheroids, showing that the
magnitude and frequency position of the observed loss were a function

of the occlusion shape and volume fraction.
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3. EXPERIMENTAL TECHNIQUES AND APPARATUS
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CHAPTER 3. EXPERIMENTAL TECHNIQUES AND APPARATUS

3.1 Review of the Experimental Techniques

Measurement of Bulk Conductivity

The measurement of conductivity is the most fundamental of the
routine measurements which are customarily made on solid polymers.
Basically, any such measurement is made by passing an accurately known
current through the sample and measuring a voltage drop between the
points, at a known distance apart. A few of the specific techniques,
are of sufficient importance to warrant extended discussion. A broad
classification of methods can be based on the kind of current (direct

or alternating) and the number of electrodes (two or four) (1-3).

3.1.1. Direct - Current Methods

Most measurements have been made with direct current and two
electrodes. Although observations on organic and nonorganic semicon-
ductors have been made more accurately with a four-electrode arrange-

ment.

The Two - Electrode Method

In this method, voltage (V) is applied to the system and the
resultant current (I) is measured in the external circuit as shown in

fig. 3.1b, it gives a d.c. conductivity
o =11/va 3.1

where (a) is the cross-sectional area and (1) the length of the sample,
but the value of (o) thus obtained may not be characteristic of the

material between the electrodes for two reasons.

1) A high resistance at the interface between the sample and the
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1

(4)

Fig. 3.1. Circuit diagrams for conductivity measurements:

(a) 4-terminal method, (b) 2-terminal method with guarding.

—oI 2r, e
7 7

A

(a)

(h)

Fig. 3.2. Types of 2-terminal conductance probes: (a) hemispheres
in a conductive solid, (b) disc electrodes on a conductive surface.
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electrode will result in the voltage drop across the sample being less
than the applied voltage (V). Consequently, (o) will be lower than the
true conductivity of the sample material. Either a poor mechanical
contact or a rectifying junction at the electrode-sample interface will

produce this effect.

2) Contacts can also affect the result if the electrodes inject holes
or electrons into the sample, or, if in placing the electrode into the

sample, some damage is done to the latter as shown in fig. 3.2.

The choice of apparatus to be used in making conductivity measure-
ments depends on the conductance of the sample and the accuracy desired
(3). When the conductance is low, a number of precautions must be

taken in its measurement. These include,

a) use of a guard ring to eliminate conduction in the surface layers,
which is often much greater than in the bulk as shown in fig. 3.1b;

b) placing the sample in an inert atmosphere or in a vacuum to pre-
vent interactions and a consequent alteration either in the number or
in the mobility of the carriers;

c) shielding against radiofrequency fields as well as coupling with
power line fields (the use of both shielded cable and a metal container
with only one single earthing point around the sample and the grid
resistor of the electrometer is essential);

d) the removal of water vapor from the atmosphere around high value

resistors.

Four - Electrode Methods

Difficul ties arising from the electrode contact can be overcome,

sometimes, by the use of four electrodes instead of two. Two probes
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can make contact with one face of the sample having the form of a
parallelepiped, two opposite faces of which meet two electrodes. A
current is passed between the two electrodes, and the voltage drop bet-
ween the probes is measured most accurately with a potentiometer, which
prevents current from being drawn from the probes.

Instead of using two extended electrodes and two probes as
described above, all four electrodes can function as probes. Figs. 3.3
and 3.1(a) show an arrangement of this type by Valdes (4). The
distances between adjacent probes, Sl’ 52, and 53, were all about 1 mm.
Where the size of the sample preferably a single crystal, permits, the
four probes should be mounted clear of a boundry of the sample. If
this is not possible, correction factors given by Valdes (4-7) should
be introduced. A current (I) is passed between the two outermost pro-
bes, and the voltage (V) developed between the two inner probes is
measured. With this arrangement, the conductivity of the outer con-
tacts need only be sufficiently high to allow a measurable current to
pass; the conductance of the inner contacts must be high in comparison

with that of the current-measuring device.

Fig. 3.3 Model for the four-probe conductivity measurements.

After Valdes (4).
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When S1 = 52 = 53 = S are distances between the adjacent probes, when
(S) is small compared to the smallest dimensions of the sample and when

the probes are near a sample boundary (8); then

g = II(Z ™V S) 3.2

The form of the sample can affect the results. In general a measure-
ment of V/I using four-point probe leads to an accurate value of con-
ductivity only if the following requirements are met.

a) The minority carriers injected by the points recombine in the

immediate proximity of the points.

c) The point area is small compared to the spacing between the

points.

d) The thickness of the semiconductor sample is large compared to the

point spacing.

e) The four points are not applied close to the semiconductor edge.
f)  The spacing between the points is equal.

g) The sample diameter is large compared to the point spacing.

Other Timitations of the four-probe method have been discussed by
Kronick and Labes (9) in connection with organic semiconductors. They
point out that, with samples of compressed powders, both the aniso-
tropy of crystals and the presence of interparticle contact conduc-
tances make the results difficult to interpret. In addition, the
presence of surface effects may raise problems that make it difficult
if not impossible to understand the terms of the properties of the bulk

crystal.




In order to eliminate contact resistance, in the present work

four-terminal method has been used for conductance measurement for

polypyrrole.

3.1.2 Alternating-Current Methods

We now consider that the potential (V) applied to a dielectric or
near-dielectric is alternating, so V = V0 sin wt. The resultant
current flow depends not only on the conductance of the sample but also
on the capacitance. The essential feature of the alternating-current

methods is discussed in Section 2.5.

Parallel Conductance and Parallel Capacitance

Parallel conductance and parallel capacitance refer to values
measured, a sample which is regarded as equivalent to a resistance and
a capacitance in parallel. This is an approximation frequently made

for organic crystals.

Alternating-Current Conductivity o a.c.

Alternating-current conductivity ( 0, is the a.c. conductance
of a sample of unit dimensions and refers to the active or conduction
component of the current. Thus, for a capacitor showing some
dielectric loss or for sample equivalent to a capacitor plus a resistor

in parallel,

Uac= w € 80 3.3

= * - =
where (€ ) is the imaginary parts of the permittivity € = € + i , (0)
is angular velocity, therefore, related to the frequency by f = w/2m.
Because (0yc) depends on frequency, it is not a simple constant of a

material. In computing dielectric loss, the d.c. conductivity can be
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subtracted from the a.c. conductivity.

The choice of apparatus to be used in making a.c. conductivity and
dielectric loss, depends on the resistance of the sample and the
accuracy desired.

Bridge methods, of which the Wheatstone bridge is the basis, are
discussed (10,11). These methods are inferior to the four-electrode
methods, especially when a contact resistance is present. The

Wheatstone bridge is most useful when (R) is between 10 and 10,000

14 ohms. The null

ohms, but it can be used to measure values up to 10
bridge circuit using resistors which are wire-wound increases the
accuracy, but these can be obtained only up to 107 ohms.

In the present work bridge-method, a two terminal cell-
configuration, and Farnell LFM2 sine-square oscillator with associated
bridge network were used for dielectric loss and a.c. conductivity
measurements have been used for carbon black composites and polychloro-
prene.

Al ternating-current methods have the advantage of eliminating cer-
tain resistances at the contacts between particles, because such

resistances, if large, are electrically shorted by the capacitance of

the contacts.

3.2 Electrode Systems used for Measurement

In the present study (i) electrodes used for measurements of con-
ductivity for polymers (polystyrene and polychloroprene) and carbon
black composites were (a) a brass electrode system and (b) colloidal
graphite suspension (Aquadag) was used to generate a strongly adhering
electrode system. (ii) Evaporated gold electrodes were used for

measurements of conductivity for polypyrrole.
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3.3 Sample Cells

3.3.1 Conventional Dielectric Cell

The first cell used in this study was a conventional dielectric
cell fig. 3.4. The cell was designed in the laboratory. The cell was
contained in a sealed copper canister and good contact between it and
the cell ensured efficient thermal conduction from the thermostatic
bath in which the cell was immersed. Two different cell electrode
systems were used in this study, the brass electrode system and the
colloidal graphite suspension (Aquadag) electrode system. They gave
good contact between the sample and the electrode surface. The upper
electrode was attached to a micrometer to provide reproducible measure-
ments of sample thickness. The electrical connection was made by
coaxial cable to the 1id of the cell housing from which connection
could be made to the measuring bridge. A thermocouple was fed into the
cell via a hole drilled in the 1id of the cell housing. The canister
was sealed before each measurement. The rod which passed through the
1id of the canister allowed the contact of the electrodes to the sample
to be checked during measurements without disconnecting the cell from
the bridge. This rod was always disconnected before measurements. All
measurements using this cell were made in the frequency range of 600 Hz

to 10 KHz.

3.3.2 Conventional Four Terminal Cell Configuration

The second cell used in this study was a four terminal cell con-
figuration fig. 3.5. This cell was designed in the laboratory. Two
wires were connected to each of the two brass electrodes and the other

two wires were connected to the thermocouple. These wires were in turn
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connected to terminals in the glass-1id of the cell allowing a vacuum

to be maintained in the cell. An evaporated gold electrode was used in
this study. The electrical connections were made by coaxial cables to
the 1id of the cell housing from which connections could be made to the
DVM, 1186 Electrochemical Interface Solarton Schlumberger and Digitron

3754 digital thermometer. The 1id was sealed before each measurement.

3.3.3 Electrochemical Cell

The apparatus used for the electrochemical synthesis of pyrrole
consisted, as shown in fig. 3.6, of a 100 ml beaker supported on a cork
base and housed in a large glass straight-sided vessel. Through the
1id of this vessel passed electrical wires connecting the electrodes,
suspended in the chemical system, to the circuitry. Two glass connec-
tors were also positioned in the 1id allowing the apparatus to be eva-
cuated and purged with nitrogen gas as required.

Current and voltage measurements were recorded using a multi-range

meter.

3.4 Preparation and Purification of Chemicals

3.4.1 Purification

Po1ystyrené (PS)

Polystyrene supplied by British Drug House Ltd., (BDH) had a

mol ecul ar mass of 100,000 and was used without further purification.

Polychloroprene (PCP) (Chloroprene Rubber (CR))

Polychloroprene supplied by E. Dupont de Nemours Ltd., was
purified by reprecipitation from Analar toluene in a large excess of

methanol at about -20°C. The methanol was stirred constantly during
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Fig.(3.6) Diagram of the electrochemical cell -
A Reaction vessel
B Power supply
C Avometer
A three electrode configuration using a SCE (standard calomel
electrode) reference electrode and the 1186 Electrochemical

Interface - Solarton Schlumberger was used for the growth of
the silver para-toluene sulphonate films. :




the precipitation process. This process was repeated to ensure a high

purity of the sample and the polymer was finally dried under vacuum for

48 hours at room temperature.

Pyrrole (Py)

Pyrrole supplied by British Drug House Ltd., (BDH) was purified by
redistillation several times at a pressure of 20 mm mercury at 32°.
Purified pyrrole was stored under a nitrogen atmosphere and in addition
to storage conditions, it was necessary to encase the flask confaining
the monomer with aluminium foil to exclude completely from 1ight. This
additional precaution was necessary as it was found that pyrrole was
highly susceptible to photopolymerization.

Pyrrole was analysed before and after purification by proton
magnetic resonance lH-NMR and 13C-NMR. The study of the spectra
revealed (see Appendix A) a reduction in the intensity of impurity
peaks. (Pyrrole is easily oxidized and is colourless when it is pure,

and brown when it is exposed to air).

Carbon Black (CB)

Carbon black (Regal 300) supplied by Cabot Corp., was used without

further purification.
3.4.2 Preparation

Preparation of Carbon Black Filled Composite

(A) Preparation of Carbon Black Load Polystyrene Discs

The polymer (sample 1, table 3.1) was soluble in toluene, there-
fore, samples of this polymer prepared in the form of discs were
generated by mixing the polymer and carbon black in solution. Carbon

black Regal 300 and polystyrene were dissolved in a mixture of acetone
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Table 3.1. Structures and the Physical Properties of the Different

Samples used in this Study.

Sample Structure Colour Conductivity
s cm
1 Carbon black (Regal 300) + black ~ 5 x 10'6
polystyrene
£CH_CH,}.
2 Carbon black (pulverised -3
Regal 300) + polychloroprene black ~1x10
Cl

I
4CH, —C=CH_CH, 3.

3 Polypyrrole para-toluene
sulfonate prepared by special -2
method of dry-box technique black ~1.27x10 © to
Me 22.65x1072
+
N
H
n
SO3




and toluene and left for 24 hours in a laboratory shaker. The solvent
was allowed to evaporate yielding a powder which was finally dried
under vacuum at room temperature. The solid was then pressed into a
circular form using a moulding pressure of 600 psi at 150°C. Discs of
various thickness in the range of 0.11 to 0.35 cm were prepared. The
thickness was determined using a micrometer. The precoating of the
carbon black was found to be necessary because of the difficulty in

obtaining good dispersion of the carbon black.

(B) Preparation of Carbon Black Load Polychloroprene Discs

The polymer (sample 2, table 3.1) was provided as a solution in
toluene. Samples of these polymers, were prepared in the form of
discs. A mixture of pulverised carbon black Regal 300 and polychloro-
prene were dissolved in toluene and acetone and poured dropwise into
the moulder which was 1ined with polytetrafluoroethylene (PTFE), the
mixture was finally left to dry in the moulder at room temperature and
was covered with a watch glass to prevent formation of air bubbles.
This method could be used up to 40% carbon black 1oad polychloroprene,
above 40% the discs were prepared as previously described and then the
mixture was pressed into discs using a moulding pressure of 600 psi at

room temperature. The thickness was determined using a micrometer.

Synthesis of Polymer Films (polypyrrole) Electrochemically

Polypyrroles were prepared by the following electrochemical
methods:-

(A) Aqueous technique
(B) Non aqueous technique

(C) Dry-box technique

- 92 -




(A) Aqueous Technique

Electrochemical preparation is probably the most simple method of
preparing pyrrole. 'fhis technique is based on the original Dall'0Olio
(12) electrochemical synthesis. The main parameters of the four
samples preparations are listed in table 3.2. They were mounted on the
four probes measurement system. Measurements have been performed at
room temperature.

Aqueous techniques were not used due to the following
disadvantages:-

i) Polypyrrole produced was black, insoluble and brittle.
Colourless bubbles were evolved underneath the anode, preventing the
formation of a good smooth film. In general the films obtained were
non-uniform.

ii) The bubbles formed between the electrode and the conducting
film 1ed to a bad contact between the film and the electrode.

iii) The film formed had poor mechanical properties.

iv) The excess of oxygen in the solution led to a decrease in the

conductivity of the film.

(B) Non-Aqueous Technique

This technique is based on the Diaz et al., (13) who used aceto-
nitrile instead of water to minimize the excess amount of oxygen in the
electrolyte solutions which produced polypyrrole films. The main para-
meters of the three samples prepared are listed in table 3.3.

The non-aqueous technique was not used because the film had poor
conductivities and non-uniform surfaces.

In both the techniques the tin oxide SnO2 electrode was replaced

with gold vapour deposited on a chrome plated glass substrate
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electrode because analysis of the detached polypyrrole films produced
using SnO2 electrodes indicated that some of the electrode material
was removed with the polymer. This was not the case when stabilised

gold electrodes were used in the synthesis.

(C) Dry-box Technique

This method is useful in avoiding contamination of the film by
oxygen or moisture. For film preparation in dry-box (14) repurified
pyrrole and silver para-toluene sul fonate salt in acetonitrile were
used. Platinum was used as a cathode and evaporated gold on a glass
slide as anode.

The reaction vessel was purged with N2 and evacuated. The silver
ions play the same role as the copper ions in the aqueous preparation,
providing a facile cathode reaction which does not interfere with the

film forming reaction at the anode. Silver ions were used because the

l

This technique led to extremely smooth films of good stoichiometry

cathode reaction is simple:

Ag+ + e —>Ag

and eliminated problems arising from accumulation of excess oxygen.
However, these films, 1ike all other polypyrrole films prepared so far,
contained an excess of hydrogen. The origin of excess hydrogen was not
well understood at the time this study was undertaken. Possible expla-
nations will be put forward for its origin in the discussion part of
the present work.

Despite their improved stoichiometries, these films had better
electrical conductivities than previous films. Polypyrrole films doped

with para-toluene sul fonate were used extensively in this investigation
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for the following reasons, they formed very thick black uniform films,
the composite electrode reaction was very simple and the films could be
prepared reproducibly under anhydrous conditions.

These films prepared by dry-box technique were used in the exten-
sive characterization experiments described in this work.

The main parameters for the first three sample preparations are
Tisted in table 3.4 and for the fourth sample of polypyrrole para-
toluene sul fonate, a special method was used. Details are given
separately for this method. A1l the samples have been prepared using
dry-box technique. Prepared samples were washed with acetonitrile.
They were mounted on jig for four probes measurements.

The special method used for preparation of a series of films of

polypyrrole para-toluene sul fonate will be described in detail.

The synthesis of polypyrrole para-toluene sulfonate (sample 3,
table 3.1) was carried out by using 0.05m silver para-toluene sul fo-
nate and 0.1m freshly redistilled pyrrole in 100% acetonitrile solu-
tion. Both the pyrrole and the solvent were thoroughly degassed and
carefully dried before they were placed in the synthesis cell. This
precaution was taken to avoid possible effects of water contamination
of the film influencing the elemental analysis performed on the
samples. The solutions were thoroughly degassed with nitrogen prior to
polymerization and the reaction system was enclosed in a nitrogen
atmosphere. In this synthesis a platinum foil served.as the cathode
and the anode was constructed from vapour deposited gold on a chrome
plated glass substrate. The use of chrome ensured good adhesion of the
gold to the gold and avoided the problems of poor adhesion and sub-
sequent contamination observed with the Sn0y electrodes. The polymer
was grown at potentials ranging from between 0.5 and 2.0 volts relative

to a standard calomel electrode.
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The films formed over a four hour period and during this time the
vol tage remained constant, however, the current level varied. All the
films formed had thick, black uniform surfaces. Polypyrrole films
doped with para-toluene sulfonate were used extensively in this
investigation. The thickness was determined using a Dektak II surface

profile analyser.

3.5 Effects of Changing the Anions and Cations of the Supporting

Electrolytes, Electrolytes and Voltage on the Morphology of the

Polypyrrole Films.

Polypyrrole morphology is dependent on the conditions used in the
preparation, the type of supporting electrolytes, purity of materials,
electrode materials and voltage applied to the system. From the
experiments described above it is clear that the most consistent films
could be prepared using a dry-box method using purified pyrrole and
silver para-toluene sulfonate as the support electrolye in dried

acetonitrile.

1) Effect of electrolytes on the morphology of the polypyrrole film.

In the following experiments the preparation conditions used in
the synthesis were identical for the range of electrolytes studied.
The method of preparation was as described above. The single compart-
ment cell was filled with a platinum cathode and an anode of gold eva-
porated on a glass slide, and a 0.2m pyrrole and 0.1m silver
tetrafluoroborate were taken in a mixture of water and propylene car-
bonate solution in a ratio of 1:99. A voltage of 0.25 V was applied to
the cell and a current of 87.5 yA was observed to flow in the cell.
The film formed at the anode had a granular structure and a non-uniform

black surface. When the electrolyte was replaced with a mixture of
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water and acetonitrile solution in a ratio of 1:99, a current of 0.6mA
was observed to flow. The film was shiny black and had a flaky sur-
face. It was clear from these experiments that the structure of the

films was dependent on the electrolyte used.

2) Effect of cations on the morphology of the polypyrrole film.

The single compartment cell was filled with a platinum cathode
and an anode of gold evaporated on a glass solid and 0.1 m tetraethyl
ammonium tetrafluoroborate and 0.06 m pyrrole in a mixture of water and
acetonitrile solution in a ratio of 1:99. The voltage applied to the
cell was 3 V and the current in the cell was 3 mA. The film formed on
the electrode had a glassy finish and was uniform. When the support
electrolyte was replaced with silver tetrafluoroborate the current
generated was 0.6 mA and the film was shiny black and had a flaky sur-
face. The cation of the electrolyte appeared fo play a role on the

morphology of film forms at the anode.

3) Effect of voltage on the morphology of the polypyrrole film.

The single compartment cell was filled with a platinum cathode and
an anode of gold evaporated on a glass slide and 0.2 m pyrrole and 0.1
m silver tetrafluoroborate in a mixture of water and acetonitrile solu-
tion in a ratio of 1:99. Voltage of 1 V was applied to the cell and a
current of 4 mA was observed to flow. Quite a thick crumbly surface
was formed with the first layer being brown and the later layers
appearing black. When a voltage of 0.25 V was applied across the two
conducting electrodes a current of 0.6 mA was oberved to flow with the
formation of a shiny flaky film at the anode. The results of this

study will be described later.
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4) Effect of anions on the morphology of the polypyrrole film.

The single compartment cell was filled with a platinum cathode and
an anode of gold evaporated on a glass slide and 0.05 m silver perch-
lorate and 0.06 m pyrrole in a mixture of water and acetonitrile solu-
tion in a ratio of 1:99. The voltage applied was 0.5 V and the current
flow was 125 mA. The film had matt finish with a black and granular
surface. When the electrolyte was replaced with silver para-toluene
sul fonate, the current was found to be 2.6 mA. The film was quite
thick and of uniform black surface. The electrical studies on these
films will be discussed later.

It was clear from these observations that the morphology and
hence, possibly the conductivity would be influenced by the conditions

used in the generation of the doped films of polypyrrole.

3.6 Experimental Techniques

3.6.1 Dielectric Measurements

Dielectric measurements have been carried out for three systems:-

1) Polychloroprene (PCP)

2) Carbon black composites (carbon black filled polystyrene
and polychloroprene) ((CB/PS) and (CB/PCP))

3) Polypyrrole para-toluene sulfonate (PPTS)

1) Polychloroprene (PCP)

The real and imaginary parts of the dielectric permittivity were
measured for polychloroprene at 1 kHz, as a function of temperature
using a Teradyne 357 automatic bridge and a two terminal electrode cell
configuration. The temperature was recorded on a Digitron 3754 K digi-

tal thermometer attached to a thermocouple located close to the disc.




The cell was flushed with dry nitrogen prior to cooling the sample and
contained a drying agent, silica gel, which was added as a precaution
against the effects of condensation on the electrical measurements.

The cell was cooled in 1iquid nitrogen then heated up. The conductance
and capacitance were measured. All the samples in this study were
coated with graphite (Acheson - Aquadag) to improve the contact between

the electrodes and the samples.

2)  Carbon black composites ((CB/PS) and (CB/PCP))

For carbon black composites (carbon black filled polystyrene and
and polychloroprene) the real and imaginary parts of the dielectric
permittivity were measured at 600 Hz to 10 KHz as a function of tem-
perature using a WayneXKerr B224 universal transformer ratio arm
bridge. A two terminal cell configuration and sine and square wave
oscillator were used. A frequency selective detector amplifier was
used to improve the null point. The temperature was recorded on
Digitron 3754 K digital thermometer attached to a thermocouple located
close to the disc. The cell was flushed with nitrogen prior to cooling
the sample and contained a drying agent (silica gel) as an added pre-
caution against the effects of condensation. All the samples in this
study were coated with graphite (Acheson-Aquadag) to improve the con-
tact between the electrodes and samples. All measurements were per-
formed at a fixed temperature using either water bath at high
temperatures, 20°C to 90°C or ethanol bath fitted with a crycool tem-

perature controller for low temperatures (-70°% to + 20°C).

3) Polypyrrole para-toluene sul fonate (PPTS)

The real and imaginary parts of the dielectric permittivity were

measured as a function of frequency at room temperature using a 1186




Electrochemical Interface Solartron Schlumberger, and a four terminal

cell configuration.

3.6.2 D.C. Conductivity

Conductivity measurements were carried out on the films using a
four point contacts method. In general, the polypyrrole films peeled
off from the gold electrode and could be studied as detached films.

The conductivity of the peeled film was determined by clamping these
films between heavy copper electrodes. The thinner films could not be
detached and were examined in situ. In this case the conductivity of
the films were measured by the deposition through a mask from the
vapour of a gold overlayer at right angles to the origina1'e1ectrode.
Four point contacts were made to the upper and lower electrodes and the
resistance of the sandwich was measured in the usual manner. Care had
to be taken when performing this type of measurement to ensure that the
resistance of the electrodes themselves were significantly 1ower than
those of the polymer so as to ensure that the results obtained are
reliable. The conductivity was determined from the value of the film
resistance (R) using the equation
1T .t

o = R A
where (o) is the conductivity, (R) is the resistance obtained from a
current-vol tage plot, (t) is the thickness of the film and (A) is the

geometrical area of the active element.

3.6.3 A.C. Conductivity

Polystyrene and polychloroprene polymers and carbon black com-
posites were used for these measurements. The a.c. conductivity was

measured at 600 Hz to 10 kHz, firstly as a function of temperature and
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then as a function of the amount of carbon black. The same apparatus
and technique as described above were used for measuring the dielectric
parameters. The conductivity was determined from the value of the disc

conductance (G) using the equation

3.4

oo Gt 1
= K ° R

3|+
3

where (r) is the radius of the disc.

3.6.4 The Current-Voltage Characteristics

Polypyrrole para-toluéne sul fonate films were used for these
measurements using four-terminal method. Measurements were carried out
by adjusting the voltage in the range -1 to +1 V and the results were
recorded for both the voltage and current values for the film samples
using the gold electrode system. The currents were measured as func-
tions of temperature using the 1186 Electrochemical Interface Solarton
Schlumberger. The voltages were measured as functions of temperature
using Hewlett Packard 53268 Timer Counter DVM. The samples were
mounted in a four terminal cell configuration. The temperature was
recorded using a Digitron 3754 K digital thermometer attached to a
thermocouple located close to the film. Measurements at a fixed tem-
perature were performed using either a water bath at high temperature
or a crycool temperature controller at low temperature. The range of
-1 to +1 V was used to minimise the efects of the current passing
through the cell generating heat in the sample. The rate at which work

(W) is converted to heat is given by the equation,

W = iR 3.5
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3.6.5 Microanalysis of the Polymer Films

Samples of polypyrrole for the thicker films could be detached
from the gold electrodes and allowed elemental analysis to be per-
formed. It was clear from the analysis that a small amount of gold was
retained in the film and this 1ed to an error in the elemental analy-
sis. The amount of sample was, however, insufficient for an accurate
analysis of sulphur to be performed and because of the problem of gold
transfer, it was not possible to estimate the anion concentration
accurately. The computation of the anion:monomer ratio were thus based

on the carbon, hydrogen, sulphur and nitrogen analysis.

3.6.6 Cyclic Vol tametry

Cyclic voltametry was carried out for the polypyrrole para-toluene
sul fonate using the Solatron 1186 electrochemical interface on thin
films of theApolymer and were measured using a 0.1 m silver para-
toluene sulphonate in acetonitrile. The electrochemical cell was also

used to obtain cyclic voltamograms.

3.6.7 Surface Thickness and Profile Measurements

The film thickness and also the surface edge profiles of the poly-
pyrrole para-toluene sulfonate films were determined, using a Dektak II
surface profile analyser. The resolution of this instrument was
approximately 80; vertically and 0.1 microns horizontally. The tra-
‘ces obtained were normalized for variations in the surface of the
substrate and 1inearized. The electrode configuration used in these
studies was a half plated microscope slide allowing examination of the
contour of the glass parallel to that of the film and hence transverse

measurements provided the film thickness and surface profile.
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3.7 Summary of Matrices Used

The materials used in this study were the plastic polystyrene and
the rubber polychloroprene which were filled with carbon black and the
doped conjugated polymer polypyrrole para-toluene sul fonate. The

structure and the physical properties of the different samples used in

this study are illustrated in table 3.1.

Polymer 1 and 2 were soluble in a mixture of toluene and acetone,

polymer 3 was insoluble in all normal solvents.
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4. RESULTS AND DISCUSSION
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CHAPTER 4. RESULTS AND DISCUSSION

Part I: Electrical Conductivity and Dielectric Studies of

Carbon Black Composites of Polystyrene and Polychloroprene

and Influence of Fillers on the Dielectric Relaxation

Properties of Polychloroprene

4.1 Electrical Conductivity of Carbon Black Filled Polystyrene

A) Dependence of the conductance on the carbon black con-

tent

The dispersion of the carbon black (Regal 300) in the polymer
matrix has a profound effect on the conductivity. At very low carbon
black loading, the conductivity of the composite is low and charac-
teristic of the polymer matrix, i.e. dielectric or tunnelling regime.
Addition of carbon black increases the conductivity until a critical
carbon black concentration is reached at which the conductivity of the
composite changes many orders of magnitude for a small change in the
amount of carbon black. Further addition of carbon black leads to only
small increase in the conductivity. At high concentration a saturation
value characteristic of the carbon black itself is obtained. The
general features associated with changes in the carbon black 1oading
are shown schematically in fig. 4.1

Variation of the carbon black content in the range 1% to 3% leads
to the electrical conductivity decreasing from 2.51 x 10'11 to -

6.31 x 10712 g ¢yl and then swings up to 5.00 x 1077 s em L. Above
about 7% the electrical conductivity becomes almost concentration
insensitive up to values of greater than 20% carbon black. Carbon

black filled polystyrene has previously been shown to have
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Concentration by weight of carbon black in polystyrene.
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conductivities which level off at about 4.46 x 10~
unspecified carbon black. The difference between the reported values
in the literature (1) and these data are due to differences in the car-
bon black structure, porosity and specific area for a given con-
centration.

The dependence of the conductivity on carbon loading is widely
documented (2). The critical concentration of carbon black, at which
the conductivity changes most rapidly, is called the percolation
threshold and depends on the structure of carbon black dispersion (2),
and has been found to correspond to 5% of carbon black filled
polystyrene in the present work. The percolation threshold for Regal
300 appears low indicating a high tendency of the carbon black par-
ticles to aggregate and form conducting paths in the polymer system.
This hypothesis was confirmed by an optical examination of the discs,
which showed the presence of extended aggregates of carbon black in a
chain type of structure observable at an optical level.

In the generation of cunductivity paths in the resin, optimal car-
bon black loading of 15-20% is usually necessary. It is clear that the

coating procedure used initially to aid dispersion has infact helped to

prepare the aggregated chains necessary for conduction.

B) Dielectric constant (€) dependence on carbon black content

The structure of carbon black in polymer matrix has a profound
effect on the dielectric constant.

The general features associated with changes in the carbon black
Toading are shown schematically in fig. 4.2. At very low carbon black
loading, the dielectric constant of the composite is low € = 3.6. The

addition of carbon black increases (€) of the composite to 121.5. This
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could either arise from the effect of increasing in the dipole moment

but is more probably the effect of chained carbon black increases the

magnitude of the Maxwell Wagner Sillars loss for this system. Dipole

relaxations rarely add an increment of more than 2-5 to the dielectric
constant and, therefore, would be unable to account for an increase of
approximately 120. It is therefore, more likely that the increment is
associated with the effects of aggregation and chaining of the carbon

black particles; the Maxwell Wagner Sillars process. Theoretical ana-
1ysis would indicate that the dielectric loss will be higher in (A),

fig. 4.3, than in (B), the increment ( € d) to the

sample Eunfﬂ]e
permittivity being proportional to the volume fraction of the carbon
black chain, where (A) is the situation corresponding to chained par-
ticles of carbon black dispersed in the polymer matrix and (B) is the
situation corresponding to carbon black particles dispersed in the
polymer matrix. This increase in the increment may be ascribed to the

occurrence of chained aggregates of carbon black particles as shown in

fig. 4.3. These ideas are consistant with the optical structures

:OCPOOoo
¥
Carbon black particles chain Carbon black particles
dispersed in the polymer matrix dispersed in the polymer matrix
A

Figure 4.3. B
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observed in the 1ightly loaded discs. In the 5% and greater extensive
chaining was observed consistent with a preponderance of type A struc-

tures in the system.

C) Temperature dependence of the A.C. frequency

At lower carbon black 1oading, dependence of conductivities on the
temperature is shown in fig. 4.4. The activation energy equation (2.6)
depends on the percentage of carbon black in polystyrene. For 15% car-
bon black in polystyrene, it is 0.03 + 0.015 ev which is essentially
the value of the carbon black itself (3). The temperature dependence
of conductivity is predominantly determined by the number of electrons
that can contribute to the conductance. In certain samples, for
example 5%, 7% and 13% loading discs, the electrical conductivity
decreases with temperature due to expansion of the polystyrene in the
regions between the carbon black particles. Expansion of the polymer
will decrease the probability of the electron migration between carbon
black particles, and hence reduce the number of effective chains
contributing to the conductivity of the disc. The decrease in the con-
ductivity, therefore, reflects a compensation of the greater probabi-
Tity of electron tunnelling as a consequence of expansion the polymer
matrix with a decrease in tunnelling because of the increased distance
between the carbon black particles. At very high loading, the data
shows that the temperature dependence of the conductivity is very weak
(4). This is indicative of the matrix tunnelling having a negligible

effect on the electrical conduction of the matrix.

D) Frequency dependence of the conductivity of carbon black

polystyrene composite

The electrical conductivities are independent of frequency in the
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range 600 Hz to 10 kHz. For 7% and above loading of carbon black-
polystyrene composite, conductivity remains constant and is not
affected by frequency. At lower loading from 1% to 6% the conductivity
increases with frequency as shown in fig. 4.5. The observation of a
rapidly increasing conductivity with increasing frequency is typical of
that observed for charge carrier migration in amorphous materials
(5,6). This is typical of the behaviour observed in this study.

In charge carrier migration it has been observed that despite
large differences in composition and structure, charge conduction in
amorphous solids can be described by a simple law (7,8). The problem
of charge carrier hopping between localized sites in amorphous solids
has been considered theoretically by Mott (8), Pike (9) and Lewis (10).
It has been pointed out that if energy states exist in the band gap
then the coefficient (s) in equation (2.20) will not remain constant,
but will fall below unity and ¢ (w) will become independent of (w)
(11,12). In this study the coefficient (s) fig. 4.6 does not remain
constant but rises above unity. The value of (s) decreases to (o) for
high values of (w) indicative of a change in the conduction mechanism
in the system. Figures 4.7 and 4.8 are the plot of conductivity
divided by angular frequency against angular frequency. Fig. 4.7 shows
that the factor o /w increases with frequency and the coefficient (s)
has a value about 1.2 which indicates that mechanisms other than a
simple hopping model are operative. But in fig. 4.8 the factor ¢ /uw
decays with frequency and réaching a limiting value which does not
decay further with frequency, this is indicative of the bulk conduction

saturation having been achieved.
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4,2 Electrical Conductivity of Carbon Black Filled

Polychloroprene

A) Dependence of the conductance on the carbon black content

The variation of electrical conductivity at room temperature with
different carbon black (pulverised Regal 300) contents is shown in
fig. 4.9. Change of the carbon black content in the range 4% to 8%

leads to the decrease of electrical conductivity from 1.47 x 10'10 to

10 1 -1

and then swings up to 1.04 x 107° s cm Above

2.04 x 107" S cm
about 20% the electrical conductivity becomes almost concentration
insensitive up to a value of greater than 20% carbon black. Carbon
black filled polychloroprene has previously been shown to have a con-

4 s em! for an unspecified car-

ductivity level off at about 4.89 x 10~
bon black. The difference between the reported values in the
literature (13,14) and these data are due to difference in structure,
porosity and specific area for a given concentration of carbon black.
The critical concentration of carbon at which the conductivity changes
most rapidly is 14%. This is in contrast to the value of 5% observed
in the case of polystyrene. In the polychloroprene the carbon black
appears to be dispersed more easily and as a result it is more dif-
ficult for aggregated chain structures to be formed. The differences
in the ability of the matrix to disperse the carbon black is probably a
reflection of the differences in the characteristics of the matrix.
Polystyrene has a high glass transition temperature and as a result its
cbating will be maintained and hence, the aggregate structure is
generated in the matrix. The rather more polar polychloroprene is

able to stabalise better individual carbon black particles and this

will itself enhance the dispersion of the individual carbon black
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particles. The initial change in the conductivity of the matrix on the
addition of the carbon black is consistent with the idea that the
impurities which add to the conductivity of the pure polymer are
absorbed onto the surface of the carbon black and immobilised. This
process leads in turn to a reduction of the conductivity of the matrix
and a resultant curve of the form figures 4.1 and 4.9. The conduc-
tivity of the composite at 85% carbon black loading is 7.9 x 10"4
S cm'1 and is in the range of semiconductors which are normally taken

to be in the range 10710 5 107 cm'l, which is quite reasonable for
a mixture of rubber and carbon black where the electrical properties

vary from near insulators to near semiconductors (Appendix B).

B) Dielectric constant dependence on carbon black content

The general features of the dependence of dielectric constant ( €)
on carbon black loading are shown schematically in fig. 4.10. It is
found that addition of carbon black increases the dielectric constant
from 3.4 to 396.8. This change is once more consistent with the idea
of the carbon chained structures leading to a high value of the
dielectric permittivity through a 1arge Maxwell Wagner Sillars loss

contribution.

C) Temperature dependence of the A.C. frequency

At lower carbon black loading the conductivity of the composites
is strongly temperature dependent as shown in fig. 4.11. The activa-
tion energy equation (2.6) depends on the percentage of carbon black in
polychloroprene. For example, 0%, 1%, 8%, 12% and 17% the activation
energies are 0.70 eV, 0.50 eV, 0.60 eV, 0.82 eV and 0.35 eV respec-

tively. 1In certain of the samples for example 4%, 15%, 16%, 18%
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loading discs, the electrical conductivity decreases with temperature
due to expansion of the polychloroprene in the regions between the car-
bon black particles. Expansion of the polymer decreases the probabi-
Tity of electron migration between carbon black particles. At very
high 1oading the data shows that the temperature dependence of the con-
ductivity is very weak. The apparent scatter and non systemmatic
changes in the data near to the critical loading for the generation of
an interpercolating net work are consistent with the idea that the for-
mation of chained structures is a delicate process which can be
influenced by a number of subtle factors. The general trends are
assumed correct although individual data points are probably highly

scattered.

D) Frequency dependence of the conductivity of carbon black

polychloroprene composite

The electrical conductivities are independent of frequency in the
range 600 Hz to 10 kHz. For 15% and above loading of carbon black
polychloroprene composite, conductivity remains constant and is not
affected by frequency. At lower loadings of 1 to 14% conductivity
increases with frequency as shown in fig. 4.12. This behaviour is
similar to that observed for polystyrene and a similar explanation is

belived to apply for the polychloroprene/carbon black matrix.

4.3 Characterization of (o) Relaxation for Pure Polychloroprene

and Carbon Black Composites

1) Characterization of (o) relaxation of pure polychloroprene

In the case of polychloroprene, dipole relaxation behaviour in

addition to the effects of pure electronic conduction can be observed
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in the dielectric spectrum. The absorption peak which appears at the
highest temperature is usually called the high temperature absorption,
the primary dispersion, br the (o) absorption. For the sake of simpli-
city the process will be called the o absorption.

The real parts of the complex permittivity (€) are illustrated in
figures 4.13 and 4.14 and was found to increase with temperature and
decreasing frequency. The rate of increase of (€) with decreasing fre-
quency was slow at high frequencies, and increased at low frequencies.
The imaginary part of the complex permittivity (E), calculated from the
measured conductance value at each frequency, was found to increase
with decreasing frequency as shown in figures 4.15 and 4.16. The rate
of increase of (E) with decreasing frequency was small at high frequen-
cies and increased markedly at low frequencies. These results show
that a clear dipole relaxation process is observed at -21°C and 1 kHz
(13-16), further increase in temperature results in a shifts in

.Emax towards high frequencies, also (€) increases with temperature.
The dielectric results for polychloroprene are shown in figures 4.17,
4.18, 4.19 and 4.20 respectively. The loss curve 4.17 and 4.18 rises
rather steeply, and the sample possesses a definite d.c. conductivity
and a loss maxima at -21°C. The dielectric constant, fig. 4.19 rises
steeply with temperature due to increasing cooperative motion of dipole
bond of C—Cl with temperature associated with an increasing degree of
molecular motion in the polar polymer with temperature. The conduc-
tivity, fig. 4.20, rises rather steeply with temperature and the sample
possesses a definite d.c. conductivity with activation energy 1.26 eV
and the maxima peak appears at -21°C, is indicative of a definite a.c.
conductivity with activation energy 1.74 eV. An analysis was conducted

using the Havriliak and Negami circular arc law (17) to discuss the
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data obtained. As is well known, the law consists of plotting the
values of (£) against the corresponding values of (€), (€, - € )
corresponding to the length of the chord of the circular arc, where (%)
is the dielectric constant for lower frequency and (€) is the
dielectric constant for the higher frequency. The value of (% -gn )
represents the magnitude of the dielectric absorption, (ar) corresponds
to the angle between the radii of the arc drawn to the points (%) and
(€) from the center of the circle and (o) is the parameter representing

the degree of the broadness of a dielectric absorption curve. The

generalized relaxation time (%) is given by 7 =1/2 mfaax Where (fmax)

is the frequency corresponding to the loss maximum. The results of the
Havriliak and Negami plot for the absorption are shown in fig. 4.21 and
the value of (a),(%-em) and (B) at each temperature are obtained from
each circular arc, i.e. the magnitude of the absorption (% - gm). (o)
representing the broadness and (g) representing the degree of skew of
the dielectric absorption are determined using Havriliak and Negami
analysis at each temperature. The plots of ( % -€ ) and («) against
temperature are shown in fig. 4.22. The shape of the absorption curve
does not change with temperature which leads to the conclusion that the
() and (g) parameters do not vary with temperature, and hence, the
breadth of the relaxation does not change with temperature also. This
is consistent with the idea that the dominant process involves molecu-
Tar motion of the to C—Cl bond, and further that the nature of the
process does not change the temperature. Detailed analysis of
dielectrics relaxation spectra have indicated that in many systems the
reorientation of the dipole involves cooperative motions of between six
and eight bonds. The observation that the breadth of the process does

not change with temperature implies that the relaxation mechanism is
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not changing significantly with variation in temperature. The so
called "transition map" for polychloroprene fig. 4.23 is obtained
by plotting the logarithm of the frequency of the relaxation process
versus the reciprocal of the temperature.

The experimental data on dielectric loss is normally represented
by the plot of 10910 g versus 10910 f, with temperature as a variable

parameter, together with the normalised plots of 10910 E’,Emax ver-

max where- emax and W ax represent the values at the

loss peak (Appendix C) and are shown in fig. 4.24. The loss peak is

sus 10910 w/ w

symmetrical and has a full width at half height of A= 2.4 decades.
Loss peaks of the Debye type are sometimes, but by no means always,
observed in the dielectric relaxation of liquids (18), but they are
never seen in solid polymers. In polymers the observed 1oss peaks are
always broader usually not less than two decades and sometimes con-
siderably more and are invariably asymmetric in the 10910 w plot,

being steeper on the low frequency side than on the high frequency side
of the peak. The dependence of dielectric 1oss on temperature may pro-
vide valuable insight into the nature of the physical mechanism
governing the loss processes in polymer. The results show that the
loss peak is broader than two decades. Applying this method of
plotting, fig. 4.25, the Togarithm of the frequency shift, required to
achieve normalization of the experimental data corresponding to dif-
ferent temperatures, against the reciprocal of the corresponding tem-
perature yields activation energy plots. The resulting activation
energy has been calculated. The activation energy (13) for the absorp-
tion of polychloroprene is 160 kJ/mole (1.66 eV) and corresponds to the
dipole relaxation of the chlorine-carbon dipole. Table 4.1 summarizes

the results of dielectric technique data for pure polychloroprene.
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Table 4.1 Summary of the Results of the Dielectric Technique for

Pure Polychloroprene

Material Data Reference

Polychloroprene| AE = 160 kJ/mole (1.66 eV) This work
€=2.33, €=0.058 s Hz! F!
at -32.9°C and 3 KHz

€=09.8, £=8.5 sHz! Flat
3 kHz and 60°C

AE = 164 kd/mole (1.69 eV) 13
€=3.6, £=0.40 s HzL FL at
-32%C and 3 kHz

Polychloroprene| €= 7, €= 1.1 s 'l Fl at 14
gum o

3 kHz and 60°C
Polychloroprene €= 17, €= 3.8 S Hz‘l F'l at

tread o
3 kHz and 60°C

2) Characterization of () Relaxation of Carbon Black Composites

A) Characterization of (x) relaxation for 4% carbon black in

polychloroprene

In the case of 4% carbon black Toaded polychloroprene, the whole
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range of behaviour of the dielectric absorption can be observed. The
() absorption appears at high temperature. The real part of the
complex permittivity (€) is illustrated in figure 4.26 and was found
Tike pure polychloroprene, to increase with temperature and decreasing
frequency. The imaginary part of the complex permittivity (5), was
found to increase with decreasing frequency as shown 1n:figure 4.27.
An analysis was conducted using the Havriliak and Negami circular arc
equation (2.54) to discuss the data obtained. The results show that
the loss péak was broader than the ideal Debye and spreads over two
decades. The loss peak was symmetrical but the (1) value was only half
that of the ideal Debye (Havriliak and Negami graph was depressed to
half the value of ideal Debye), as shown in figure 4.28. The experi-
mental data on dielectric loss is normally represented by the nor-
malization plot of 10910 E'/Emax versus 10910 w/w max 35 shown in
figure 4.29. " The loss peak has a full width at half height of A = 2.4
decades. By plotting the logarithm of the frequency shift required to
achieve normalization of the experimental data at different tem-
peratures against the reciprocal of the corresponding temperature, as
shown in figure 4.30;'resu1t§ in an activation energy for the relaxa-

tion of 156 kJ/mole (1.62 eV).

B) Characterization of(«)relaxation for 8% carbon black Toaded

polychloroprene

In the case of 8% carbon black loaded po]ychioroprene, the
complete spectrum of the dielectric absorption could be observed. The
() absorption appears at high temperature. The real part of the
complex permittivity (€) is illustrated in figure 4.31 and was found to

increase with temperature and decreasing frequency. The imaginary
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Figure(4-29) Variation of the logarithm. of the normallized
dielectric loss with normalized freqguency for

‘4% carbon black in polychloroprene.
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temperature for 8% carbon black in polychloroprene.
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part of the complex permittivity 05) was found to increase with
decreasing frequency as shown in figure 4.32.  An analysis was con-
ducted using the Havriliak and Negami circular arc equation (2.54).
The results showed that the loss peak was broader than ideal Debye and
measured two decades, as shown in/figure 4.33.7 The experimental data
on dielectric loss is represented by the normalization plot of

1og10 E/Emax versus 10910 w/ mmax as shown in figure 4.34. The loss
peak has a full width at half height of A = 2.4 decades. From figure
4.30 the activation energy of relaxation has been found to be
190.4kd/mole (1.97 eV). This is significantly higher than for the 0%,

4% and 12% carbon black loading and suggests some polymer carbon black

interaction.

C) Characterization of () relaxation for 12% carbon black in

polychloroprene

In the case of 12% carbon black loaded polychloroprene the whole
spectrum of relaxation could be observed. The real part of complex
permittivity (€) is illustrated in figure 4.35 'and was found to
increase with temperature and decreasing frequency. The imaginary part
of the complex permittivity (S), was found to increase with decreasing
frequency as shown in figure 4.36. " Analysis using the Havriliak and
Negami circular arc equation (2.54) produces figure 4.37. The experi-
mental data on dielectric loss is represented by the normalization plot
figure 4.38. From figure 4.30 the activation energy of relaxation has
been found to be 168 k¥mole (1.74 eV). Table 4.2 represents the data
for the behaviour of dielectric relaxation of the dipole C—C1 bond at

high temperatures.
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Variation of the logarithm of the normalized
dielectric loss with normalized frequency for

8% carbon black in polychloroprene.
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Table 4.2. Summary of the Results of (&) Relaxation at High
Temperature for Polychloroprene and Carbon Black

Filled Polychloroprene Samples.

Material Data

0% CB in PCP o =0.5, B=1,

A =2.4 AE =160 kJ/mole (1.66 eV)
4% CB in PCP & = 0.5, B = 0.85,

A =2.4,0 Ea = 156 kJ/mole (1.52 eV)
8% CB in PCP o =0.5, B =0.85,

A =24, 0 E, = 190.4 kJ/mole (1.97 eV)
12% CB in PCP o =0.5, B =0.85,

A =2.4, A E, = 168 kJ/mole (1.74 eV)

Two affects appear from these studies:-

(i) the variation of the activation energy with carbon black content

and, (ii) the relaxation increment.

The process being monitored is‘the reorientation of the C—Cl
dipole. An initial decrease in the activation energy may be due to the
error in determining the activation or can also be ascribed to the car-
bon black opening the matrix. But it is clear that this decreasing
effect is very small if present at all. Further addition of carbon

black Teads to an increase in the activation energy consistent with
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either removal of free volume or adsorption of chains into the carbon
black surface. Still further addition of carbon black leads to a
return of the activation energy to a low value but also a reduction in
the magnitude of the relaxation increment. This observation is con-
sistent with the idea of a reduction in dipole activity either due to
strong adsorption or the dilution effect of the carbon black. It is
not possible to differentiate between these two mechanisms. It has
“been reported previously with the change in carbon black content, there
was no effect on the value of () and (1) but there is a slight change
in the value of (AEa) and (B). There is an affect on the magnitude of
absorption (-80 -soo), (%g, (E'max) and (Emax) as the émount of carbon
black is increased as shown in figures 4.39, 4.40, 4.41 and 4.42.
This means the addition of carbon black to the polymer can lead to

the creatioﬁ of the filler polymer interaction and these influence the

relaxation processes which occur in the composite (19).

4.4. Powles Relation and the Study of Change in the Dielectric

Amplitudes of Carbon Black Filled Polychloroprene

Analysis of the shift of the dielectric loss with varying amounts
of carbon black, indicates that the addition of the carbon causes a
shift initially to low frequency and then a shift to high frequency.
The motion of a dipole will depend on the dielectric properties of the
environment in which it resides. The effect of introducing a filler of
different dielectric properties from that of the matrix might be
expected to lead to a change in the effective local permittivity and
hence to the motion of the molecular dipole. 1In this study, Powles
relationship (20) has been used in order to examine the effect of

change in dielectric permittivity on the relaxation. A variation of
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Figure( 4-39 ) Variation of the magnitude of absorption
with the concentration of carbon black in

polychloroprene .
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[
lTogarithm of (T ) with reciprocal of temperature is shown in fig. 4.43

and table 4.3. Analysis of the data indicates ¥/‘r is not unity,
this means that the dielectric effect does not explain the observed
effects of the shift in the position of the diel;ctric loss on the tem-
perature axis. It can be seen that shifts are not simply described by
the change in the bulk permittivity of the sample and it is probable

that these shifts are really the manifestation of real changes in the

polymer matrix.

4.5 Discussion

4.5.1 Influence of Carbon Black on the Dielectric Relaxation

of Polychloroprene

It is found experimentally that the addition of carbon black to
the polymer can lead to the creation of filler-polymer interactions
and these may be expected to influence the molecular relaxation

‘processes occuring in the composite. Interaction between polymer
chains and the surface of the carbon black can 1ead to a reduction in
the mobility of the dipoles and this will cause a broadening of the
relaxation towards the low frequency side of the curve as in the 8 and
12 percentage by weight of carbon black in polychloroprene samples.

Al ternatively, the filler can open the chain structure creating addi-
tional free volume and either lower the (Tg) (glass-transition tem-
perature, i.e. the glass-to rubber transition) or broaden the
relaxation towards the high frequency as in the 4 percentage by weight
of carbon black in polychloroprene samples. It is assumed in all these
cases the changes in dielectric behaviour are associated with motion of
dipoles attached to the polymer. It was found in this study that the

. . . . ..
dielectric effect is not dominant because the ratio 7/T depends
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upon the system and indicates that other effects in the system are

responsible for these changes in the dielectric relaxation.

4.5.2 Influence of Carbon Black on the Conductivity of

Polychloroprene and Polystyrene

The dispersion of the carbon black in the matrix has a profound
effect on the conductivity as shown in CB/PS and CB/PCP composites. At
very low carbon black loading, the conductivity of the composite is low
and is close to that characteristic of the polymer matrix. Increasing
the concentration of carbon black increases the conductivity of the
matrix which is also reflected in relaxation characteristics.
Increasing the concentration of carbon black increases the probability
of hopping between the particles. At high concentration a saturation
value characteristic of the carbon black itself is obtained. The
nature of the dispersion helps to determine the dielectric constant of
the matrix which in turn reflects the conductivity of the composite.
There is a connection of A€ =€ sample ~ € unfilled against
dispersion:- A

Two situations can be identified, (i) good dispersion of carbon

black particles and, (ii) poor dispersion of carbon black particles.

i. Good dispersion of carbon black particles

Let the number of charge carrier be n; then the increment (A€)
will be proportional to n, but in this case the displacement is small
and hence the increment is small, which is consistent with a low con-

ductivity.

ii. Poor dispersion of carbon black particles

Touching carbon black particles form the conducting chains: If




the carrier level is the same as above, then the increment USg ) is
increased by the number of particles forming the chain. Hence the
increment is directly proportional to the length of the carbon black
chain. The sample at 8% carbon black appears to have a poor disper-
sion, which is confirmed optically, than the samples of lower carbon
black content. Therefore, it has higher conductivity. Further
increase in carbon black content beyond 8% increases the conductivity
reaching a maximum value at 24% of carbon black content.

It is concluded, therefore, that a correlation exists between the
dispersion of carbon black and the conductivity of the polymer

composites.

4.5.3 Electronic Conduction Mechanism on the Carbon Black

Composites (Carbon Black Filled Polystyrene and

Polychloroprene)

The data pertaining to the moderately conducting carbon black
composites have been chosen for discussion because of the three
points:- (i) frequency dependent conductivity, (ii) frequency inde-
pendent conductivity and, (iii) because of the conductivity decays with
frequency and reaching a 1imiting value which does not decay further
with frequency. This is indicative of the bulk conduction saturation
having been achieved as shown in fig. 4.8.

A conductivity which increases with frequency is usually
interpreted as evidence for hopping-type conduction rather than
unrestricted (not-trapped) band-type conduction.

There are three mechanisms of charge transport observed in this
study which can contribute to the a.c. conductivity as follows:-

a) Transport by carriers (electron or holes) excited to the extended
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states near Ec or Ey which is indicated by the conductivity independent
on the frequency i.e. does not follow ¢ (w)oc w® and have been found
for 15% and above CB/PCP and 7% and above CB/PS in the frequency range
600 Hz to 10 kHz.

b) Transéort by carriers excited into the localized state at the
edges of the valence or conduction band i.e. the conductivity depen-
dence on the frequency, indicates that-conductivity follows the

typical law o (w) o wS,

c) Hopping transport of electrons with energies near the Fermi level
provided N(ﬁ,) is finite. The frequency dependence predicted by

Austin and Mott can be written as o (w)ocw®. In the present study,
a, b or c mechanisms have been found to be applicable for 1 to 14% CB/
PCP and 1 to 6% CB/PS in the frequency range of 600 Hz to 10 kHz. They
are represented in figures 4.5.‘ and 4.12 for CB/PS and CB/PCP

respectively.

Part II: Electrical Properties of Polypyrrole Para-Toluene

.Sulfonate

4.6 D.C. Measurement Results

A) Effects of variation of current with the applied

voltage (I-V) plots

The current voltage characteristics plotted for PPTS prepared at
various voltages in the range 0.5V to 2V are given in figure 4.44.
Straight line plots are obtained for voltage versus current measure-
ments as expected if the material exhibits ohmic characteristics. From
these graphs it is clear that the (I-V) relationship is ohmic within

the measured range of applied voltage. It was also found there was no
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effect of the ambient atmosphere on the measurements, data having been
obtained under normal atmospheric pressure, vacuum and also under
nitrogen and produced the same results. Ohmic conduction is rather
suprising.as one would expect that during conduction, mass transport of
the counter ions might occur and this would lead to internal field gra-
dients which would generate non ohmic conduction. This data clearly
indicates that this is not the case, however, it does not indicate the

nature of the conduction process occuring in these systems.

B) Effects of variation of voltage on the preparation of pol y-

pyrrole para-toluene sul fonate and study of its conductivity

The conductivities of films of polypyrrole synthesized at one salt
concentration and a range of potentials 0.50 to 2.00 volts are shown in
fig. 4.45. It is found that as the voltage is increased the conduc-
tivity increases until a critical voltage is reached (1.50V), a further
increase in the voltage leads to a decrease in the conductance. The
oxidation reduction potential determined by cyclic voltametry for this
film is close to this value. Decrease in the conductivity probably
reflects the fact that as the growth rate (see section D) is increased
the amount of anion incorporated may be slightly reduced and this
variation might be as little as 0.5% and would probably lead to a
decrease in the hopping probability, hence, the observed decrease in
the conductivity. We shall consider this point Tater in this chapter.
There is some doubt regarding the accuracy of the thickness of these
films and hence, of the absolute values of the conductivity, however,
the relative trends are significant. The rise in the conductivity does
not appear to correlate with any significant variation in the elemental

composition. The rise in the conductivity of the polypyrrole films
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must clearly be connected with changes in the film structure which are
evident in its optical texture. The maximum conductivity coincides
with the oxidation reduction voltage and implies that the oxidised
state of the film is also of importance. We will discuss these effects

1ater.

C) Effects of variation of conductivity with the temperature

The conductivity and temperature characteristics plots are shown
in fig. 4.46. It is found from these graphs that the conductivity
increases with temperature for films prepared at vol tage above 1V, and
decreases for films prepared at voltages below 1V. In general the con-
ductivity slightly increases and decreases with temperature in both the
cases as shown in fig. 4.46 i.e. the conductivity is slightly dependent
on temperature and such a behaviour suggests a hopping or metallic con-
duction mechanism (21-31). From fig. 4.46 and table 4.4 the activation
energy of PPTS films have been estimated. These values are low which
is consistent with the high values of the conductivity of these

materials.

Table 4.4. Variation of Activation Energy with the Voltage

Applied in the Preparation of PPTS

Vol tage V Activation energy x 10%3 eyl

0.5 -/.712

0.75 -7.73

1.00 ~ -3.51 x 1073

1.25 +1.28

1.50 + 6.97

1.75 + 5.02

2.00 + 3.42
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The data, although very restricted in temperature range, shows
reasonable linearity when plotted as 10910 g versus T -4 K 'Lm'as shown
in fig. 4.47. This functional form is predicted by model for so-called
three dimensional variable range hopping (32-34), which is in agreement

with the data of other workers (24,28, 35-43').

D) Effects of variation of salt-electrolyte concentration in the

synthesis of films and subsequent effect on the conductivity

of films

The effect of variation Qf the salt-electrolyte concentration is
shown in fig. 4.48, the concentration of freshly redistilled pyrrole
was held constant at 0.0lm and the potential used in the growth of the
films was maintained constant at 1.0V. An increase in the salt con-
centration (silver para-toluene sul fonate) during the preparation from
a value of 0.001 to 0.1m has a marked effect on the conductivity of the
films produced. The initial increase is very marked, thereafter the
rise is slower. Elemental analysis of the films did not indicate any
significant variation in the concentration of anion incorporated in the
films, however, solvent contamination and other effects limit the
precision of these data and do not preclude the possibility of
variations of the order of 8% in composition. It was anticipated that
the change in the electrolyte concentration might lead to different
Tevels of anion incorporation, and this is consistent with the range of

ratios of anion to monomer found in this study and also by Street et al.

4.7 Dielectric Measurement Results

In the case of the most insulating of the PPTS films the behaviour

of the dielectric absorption could be observed. The real part and
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imaginary part of the complex permittivity are illustrated in fig.
4.49. Dielectric constant (€) increases with frequency and the rate of
increase of (€) with decreasing frequency is slow at high frequencies
and increases rapidly at low frequencies. The imaginary part of the
complex permittivity () is found to increase with decreasing frequency
and the rate of increase of (E) with decreasing frequency is small at
high frequencies and increases markedly at low frequencies. These
resul ts show that no clear relaxation process is observed at room tem-
perature in the frequency range of these measurements and these effects

may be associated with the conductance process.

4.8 Results of Variation of Anions and Cations in the Supporting

Electrolytes, Electrolytes and Voltage on the Morphology of

Doped Polypyrrole

Polypyrole morphology is dependent on the conditions used in the

preparation:-

A) Electrolyte variation

The electrochemical preparation of doped polypyrrole has been
described previously, and the morphology dependence on the electrolyte
has been recordéd. The topology of the growing surface of the film is
influenced by the electrolyte (44). The dielectric constant of
electrolyte and the rate of growth increases proportionally; because
changes in the electrolyte can altér the rate of growth as shown by
changing the electrolyte study in the previous experiments. It is
found that when the rate of growth increases it produces uniform films,
however, at high growth rates the surface covered becomes irregular.

This indicates that the rate of growth alters the morphology of the

- 179 -




(3 Olﬁol) jusuoduod aseyd-40-3n0 607

o~ —
<t (a2] { [
~
P
L
4
P
N N
x
\I
-
< o
o
< -
P
<
<
<
<
—td
<«
«
| Py l <+ l l o
Vo) wn ~ ™ o~ —~ o

In-phase component( ¢ )

Figure( 4.49 )Variation of dielectric constant and
dielectric loss as a function of frequency

at room temperture for PPTS film-

-.180 -




films. In addition the redox reaction is quite sensitive to the nature
of the electrolyte, since it involves movement of the anion. The anion
is a counter ion to the incipient cations on the polymer chain and

hence can markedly influence the chain packing and also the interchain

distances.

B) Cation variation

The action of the cations in the supporting electrolytes produces
changes in the morphology of polypyrrole as shown in previous experi-
ments. It is found that polypyrrole tetrafluoroborate has a different
surface when prepared by different supporting electrolytes such as
silver tetrafluoroborate and tetraethyl ammonium tetrafluoroborate.

The mole ratio of anions has not been determined, but it might be
possible that some form of complex bonding between the anions and the
polymer is occuring. In the case of the silver salt the electrochemi-
cal process is simple, because the tetraethyl ammonium tetrafluoro-
borate will undergo a complex series of electrochemical processes,

i.e. the counter ion species, however, have been shown to influence the
conductivity of polypyrrole films as well as their morphologies
(41,43,44). Differences in the morpholgy of this case must be attri-
buted to the influence of the cation in the chemistry. Although the
reactions involving the cation should occur at the other electrode, for
electrical neutrality to be achieved it is necessary that the cations
should be in the electrical double layer close to the growing polymer
and this is probably the way in which they influence the structure of

the growing films.
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C) Anion variation

Variation of the anions also produces a small change in the flota-
tion density of the films obtained and show very dramatic changes on
the topology of growing surface. This variation changes the stability
and conductivity of the films upon heating as shown experimently in
polypyrrole perchlorate and polypyrrole para-toluene sul fonate. It is
1ikely that these variations result from the chemical nature of the
. anions and not from the changes in the stochiometry of the unit in the
films which remains in the narrow range of 0.2 to 0.33. It is also
possible that the grdwth rate will influence the micro structure and
hence the polymer chain packing. This ratio agrees with the
electrochemical results and again suggests that the level of oxidation
of the polymer in the film is determined by the chemical nature of the
polymer and much less by the nature of the anion. The anion of the
electrolyte produced changes, as indicated by cyclic voltamogram for
the oxidation reduction potentials of the polymer films. Changes in
the size, shape, and charge on the anion can be expected to markedly
influence the extent and type of chain packing which occurs and this
will be reflected in the gross structure of the films of polypyrrole
(44). The anion reacted chemically with the cationic polymer. This
variation in the form of the voltamogram with anion was observed and
explained in terms of the generation of electrochemically discreet cen-

ters in the film (45).

D) Vol tage variation

Variations in voltages in the preparation of polypyrrole para-
toluene sulfonate by the electrochemical methods played a role in the

morphology and conductivity. It is found that as the voltage is
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increased, the rate of growth of the films appeared to increase and
also the thickness linearly altered as shown in figures 4.50 and 4.51
respectively. The rate of growth is dependent on the voltage at low
voltages and is uniform. As shown in previous experiments on poly-
pyrrole tetrafluoroborate and polypyrrole para-toluene sul fonate, dif-
ferent surfaces are obtained when prepared at different voltages. It
was found by other workers (21,46,47) that polypyrrole tetrafluoro-
borate of different thicknesses produced different cyclic vol tamogram.
The cyclic vol tamograms are produced when polypyrrole tetrafluoroborate
electrode in pure (blank) electrolyte with a platinum electrode are
used. Only a broad background current is observed with the thicker
films (0.8-5um) (21,46,47), while thinner film (.lum) give a broad peak
near 0.2V (48) due to the oxidation and reduction reactions of the
films, fig. 4.52. Films of intermediate thickness (0.5-2um) produce
cyclic vol tamograms that are consistent with this, fig. 4.52. The
electrode reaction yields figure 4.52 which is associated with the
extended w-system of the polymer being oxidized and the film
switches from neutral to the oxidized state. This involves a
delocalized radical cation structure. This reaction is accompanied by
a visible colour change, the neutral film is yellow and the oxidized
film is brown/black. Generally speaking as the thickness varies so
does the surface structure. The wide variation in the topologies of
the surfaces again emphasize the complexity of the electropolymeriza-
tion process which among other things, produces regions in the films
with different growth rates. The differences observed in the surface
topologies are not reflected in the packing structure of the bulk
material since the flotation densities of the films show little

variation (21,46,47).
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Figure( 4.50 )Variation of voltage with current used

in the preparation of PPTS film.
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Figure 4.52.

4.9 Elemental Analysis Results

The elemental analysis of polypyrrole sul fate gives a small

variation in results for the total carbon, hydrogen, nitrogen and

sul phate contents. Two formulae are obtained; (C3.9 Hy 1 N (504)3.5)
and (C4 H3.4 N, (504)4.9). The elemental analysis indicates that there
is 65% by weight of polymer, 35% anion and 58% polymer, 42% anion
respectively. The elemental analysis for polypyrrole perchlorate

gives a small variation in results for the total carbon, hydrogen,
nitrogen and chlorate content; three formulae are

N1 (c1o

(C

(c10 ) and (C4.1

(C3.g Hy g Ny (C104)q 405 (Cf 5 Hg 1.6
H:,)'9 Ny (C104)0.9). The ratio of polymer to the anion by weight are
respectively (62% : 38%), (69% : 31%) and (56% : 44%). The variation
of the elements in the polypyrrole is dependent on the conditions used
in the synthesis. The ratio of hydrogen to nitrogen 3:1 and carbon to

nitrogen 4:1 indicates that the polymer rings remain intact, hence a
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long chain structure is obtained. The chemical analysis of polypyrrole
in general appears to indicate the incorporation of the anion is at the
1-4 ratio indicating that every fourth pyrrole ring probably contains
an extra proton and this helps to explain the fact that the analysis
reveals a higher than expected hydrogen content and this is in
agreement with the observation of other workers (49). The conducting

polymer is, therefore, more correctly written as shown in fig. 4.53.

Figure 4.53

The excess hydrogen observed will infact be present in the system pro-
tonated ring structures. The extent of protonation will depend on the
voltage used in the synthesis and this is in turn reflected in the

changes in conductivity.

4.10 Cyclic Vol tametry

An example of the type of cyclic voltamogram for this system is
shown in fig. 4.54. The number of electrons transferred in the
electrode reaction, (n), for a reversible couple can be determined from
the separation of the peak potentials (50). This produces a value of
(n) equal to 2.23 from this trace. The determination of the peak

potentials is subject to quite a large error as a result of the breadth
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Figure 4.54. Cyclic voltametry of PPTS using 0.1m silver para-

toluene sulfonate in acetonitrile.
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of the peaks. The value of 2.23 is reasonably close to a value of 2.25
suggested by Street (51,52). The cyclic vol tamogram shows further
peaks at -0.34 and +0.37 volts relative to the SCE (standard calomel
electrode). These peaks have been ascribed to the effect of the
background processes associated with the gold electrode. The polymeri-
zation reaction involves two electrons per monomer unit and elemental
analysis and the above observations indicate that 0.25 electrons per
molecule are used in the partial oxidation of the film (48). This is
consistent with the final structure having one anion per four pyrrole
units. It is observed from the cyclic voltamogram that whilst the pro-
cess occuring is not completely electrochemically reversible, repeated
scanning can be performed without significant change in shape which is

indicative of a certain degree of chemical reversibility in the system.

4.11 Thickness Determination and Structural Properties

The thickness of polypyrrole para-toluene sul fonate PPTS films
were determined by using a Dektak II surface profile analyser.
Estimation of the thickness of polypyrrole films at the various volta-
ges are shown in figures (4.55, 4.56, 4.57, 4.58, 4.59, 4.60 and 4.61)
and table 4.5.

Figure 4.51 illustrates the effects of variation of voltage used
in the preparation on the thickness of the film. It is also found that
the Towest voltage, close to the 1imiting voltage for the electrochemi-
cal reaction where the’oxidation-reduction potential of the growth of
the polypyrrole is approximately 1.2V relative to calomel electrode,
the growth is very slow. However, under these very poor growth con-
ditions, it is found that the anion incorporated is fairly high. At

Tow voltages the growth is uniform. Once the critical voltage of 1.2V
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has been exceeded there is a very interesting change in the growth pat-
tern. It is found that a 1ip appears at the point where the gold
electrode meets the glass. This 1ip is small for the lower voltages
but rapidly increases and becomes very large for the larger voltages.
The size of the 1ip reflects the enhanced rate of growth of the poly-
pyrrole in the region of the electrode. The reasons for the enhanced
growth are as follows:-

i. The edge of the electrode will have associated with it a field
gradient. The films formed at the higher growth rates tend to be less
conductive than those at the lower voltages, hence, it is found that
there is the possibility of a 1ocal filled inhomogenity at the edge of
the electrode. This will increase the potential, hence, a corres-
ponding increase in the growth rate.

ii. The larger growth rate will also lead to a reduction in the
concentration of the polypyrrole in the region close to the electrode
edge and this in turn will create an over potential which will
influence the potential difference applied to the system. The results
of the two effects is to generate this marked 1ip at the edge of the
films and also to produce a very considerable difference in the
thickness of the film in this region compared with the bulk of the
polypyrrole film. The abnormal lip is less conductive than the bulk
because it has been generated in a region of high overvol tage.

Examination of the edge profile of the films grown at various
vol tages indicates that both concentration and voltage used in the
synthesis of the film have a significant effect on the product. It can
be seen from figures 4.57 and 4.56 that at 0.5V and 0.75V there is a
sharp edge to the film conforming to the edge of the gold electrode.

As the voltage is raised above 1.0V the edge becomes a pronounced 1ip.
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The 1ip at 1.25V is now a sharp point and its magnitude increases with
increased voltage. The observation of this 1ip can be attributed to a
combination of two effects. The edge will have associated with it a
high field gradient and hence the effective potential in this region
may be higher than over the main part of the electrode. As shown in
the previous figure, the rate of growth depends on the applied voltage
and hence the observation of point associated with this high field is
consistent with the previous observation. The high growth rate can
lead to a depletion of the electrolyte in the region close to the
electrode and hence generate an over-vol tage which itself will enhance
the growth rate. It should be noted that since the higher the voltage
the lower the conductivity, then this region will have a larger
resistance, hence, generating an even higher over-potential.

Finally it should be noted that the surface roughness of the poly-
pyrrole films as determined by the Dektak do not appear to be dependent
on potential used for growth or the electrolyte concentration but are
simply a function of the absolute thickness of the films formed. The
thin films 17,000 to 32,000 Z grown at potential of 1.0V and 1.5V are
very smooth, figure 4.61, whereas films grown under similar conditions
and aliowed to become 100,000 to 200,000 K thick are rough. It is
possible that the local internal inhomogenities in the films are now
leading to differential growth rates and hence microscopic peak for-
mation. This observation is, therefore, consistent with the effects of
edges in producing peaks described above. The thick films lose their
glossy appearance and become matt. A similar observation has been
reported by Tourllon and Garnier (53) in a study of the morphology of
polythiophene. These authors however, make no comment on the possible

origin of these effects.
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Table. 4.5. Variation of the Thickness of the Films with Changing

Voltage used in the Preparation of the Film.

Voltage V Thickness x 10°% A°
0.50 2.7
0.75 4.7
1.00 12
1.25 26
1.50 55
1.75 80
2.00 140
Area of the film = 1.54 x 10 T16 (49)2

4.12 Discussion

4.12.1 Electrochemical Polymerization of Pyrrole

The oxidative electrochemical polymerization of pyrrole produces
conducting black flexible films (35,50) of polypyrrole doped with
various anions. The first step in the electrochemical polymerization
of pyrrole is the generation of the radical cation at the anode as
shown in figure 4.62. The mechanism involves oxidation and dimeriza-
tion of pyrrole followed by aromatization and oxidation of the dimer.
The last step is included because the aromatic dimer (E=PA=.06V VS
SSCE) and the higher molecular weight oligomers are known to oxidize

more easily than the monomer (54) by extension of these reactions.
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The steps for the polymerisation process can be described as in
equations 4 and 5 figure 4.62.

The polymerization reaction has been shown to involve 2
electrons/molecule of pyrrole and the resulting polymer is produced in
the oxidized state with 0.25 to 0.33 cation centers per pyrrole unit
depending on the electrolyte anion used (23,55). This is confirmed by
the data presented in this thesis.

This mechanism is also consistent with the number of electrons
consumed in the reaction which has been found to be between 2.33 and
2.25 per pyrrole (56). These numbers also agree with the number of
anions found in the film. Chain propagation may then proceed by reac-
tion of two radical cations, pairing the spins and eliminating two pro-
tons to produce the neutral dimer. The elimination of the protons is
confirmed by the slow rise in the pH of the electrolyte solution during
the film growth (57, 58). The polymer is not exclusively a , O -bonded
so to some extent elimination of B - hydrogen can also take place. We
believe that the radical cation of the monomer plays a key role in the
synthesis of the chains because of its high reactivity and con-
centration in the region of the anode.

At the potential necessary to oxidize the monomer presumably the
dimer and higher oligomers are also oxidized to the corresponding radi-
cal cations allowing chain propagation to continue. Reaction of the
oligomer radical cations occurs primarily with the radical cations of
the monomer, which are present in high concentration in the region of
the anode but can also react with other oligomeric species. As the
chain grows the pyrrole oligomer becomes insoluble and eventually pre-
cipitates out on the electrode, where the chain can continue to grow

until the oligomer radical cation becomes too unreactive or until it
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becomes prevented from reacting for steric reasons. If polypyrrole is
generated in a neutral form it will stop conduction and polymerization
will cease.

Elemental analysis reveals that the situation is more complex than
this simple mechanism would indicate. Additional oxidation of poly-
pyrrole chain leads to the formation of cationic sites with incor-
poration of the electrolyte anion to maintain charge neutrality. As
regards the electroactive properties of the film, the film can be
reversibly switched between the oxidized and neutral forms. The cyclic
voltamogram for this reaction shows that it is very sensitive to the
nature of the anion in the electrolyte solution. In fact, the
switching speeds depend on the mobility of the anions in and out of the
film. Results on both polypyrrole and poly (g8 ,B -dimethylpyrrole (P8R
DMP) perchlorate indicated the presence of one perchlorate for every
three rings in the polymer chain. However, analysis also indicates the
presence of one perchlorate anion for every three pyrrole rings and
there is also one more hydrogen than that corresponding to the
idealized neutral structure that this would indicate. Although the
amounts of hydrogen and perchlorate are almost identical, spectroscopic
data would indicate that these species are not present in the form of

perchloric acid. Indeed, infrared (57) and13

CNMR studies (59) indi-
cate the presence of sp3C—H moieties in polypyrrole, perhaps arising
from the addition of hydrogen to the pyrrole ring under the acidic con-
ditions of the electrochemical polymerization (60). The quaternized |
pyrrole entity will influence the electro-delocalization on the con-
Jjugated backbone as well as giving sites on such which the anion can

lTocalize. In addition chain ends would contribute to the excess

hydrogen observed in the elemental analysis as would the presence of
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the oxidized form.

Because the excess hydrogen may be distributed among several dif-
ferent types of sites the elemental analysis data can not be used to
derive either chain length or conjugation length. Thus, if all of the
excess hydrogen were present at chain ends the data would indicate a
chain length of 7 to 8 pyrrole rings, the presence of hydrogen at
internal chain sites makes this a lower limit on the chain length. The
effects of the sp3 hydrogen depends on their currently unknown distri-
bution between o and g-sites. Hydrogen at an o -pyrrole carbon defi-
nitely intercepts the w-conjugation along the polymer backbone,
whereas substitution at a B -carbon may not, if the excess hydrogen
were all at o -sites the average conjugation length would be of the
order of three pyrrole rings. In fact, the presence of hydrogen at
other positions makes this a lower limit on the conjugation length.

The possibility of a very short conjugation length in polypyrrole
is difficult to reconcile with the observation of a single oxidation
peak in cyclic voltametry unless a single conjugation length dominates
the distribution, also, extrapolations o% electrochemical properties
and optical data for short chain pyrrole oligomers suggest a con-
Jugation Tength of the order of six or more pyrrole rings (61).
Moreover, EPR results indicate only a spin for every 50 pyrrole rings
(62). Single oxidation of a given conjugation segment would result in
a polaron state (a radical cation with an unpaired spin) thus, the con-
Jugation length must be long enough to support a doubly oxidized state
(bipolarons) which do not have unpaired spins as shown in figure 4.63,
(35,38,52,57,63-66) which represents valance band of (a) polaron and
(b) a bipolaron on a polypyrrole, more accurately, the charge and spin

are delocalized over the whole defect. In conjunction with the
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Figure 4.63.

elemental analysis data indicating one perchlorate and thus one charge
per three pyrrole rings, a Tower Timit on the conjugation length of six
rings would be indicated. To be consistent with the cyclic voltametry
however, this model required that the first and second oxidation poten-

tials for a conjugated segment fall within the same envelope.

4.12.2 Conductivity and Electronic Conduction of PPTS

The conductivity of polypyrrole para-toluene sulfonate film may be
related to the morphlogy, i.e. related to conditions under which PPTS
is prepared. It has been reported by various researchers for doped

polypyrrole (49,67) values of the electrical conductivity as high as

1

200 and as low as 0.001 S cm ~. In the present work the conductivity

2 2

of PPTS varies between 1.27 x 107 to 22.65 x 102 S cm™ L. Therefore,
the variation in the conductivity is quite reasonable. 1In the case of
polypyrrole, Street (51) has indicated that defects in the structure of

the conjugated system associated with the formation of alpha -beta
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rather than alpha-alpha linkages, oxidation during the polymerization
process as well as variation in the dopent level all contribute to the
observed variations in the electrical conductivity of polypyrrole. It
is also important to note that the oxidation reduction potential for
the polypyrrole system is 1.2V and it appears that at this point maxi-
mum conductivity is achieved. At lower voltage the two electron
reduction will occur but the product will be neutral. Above 1.0V there
will be a pyrrole ring in four oxidized state, therefore, the growth
becomes very rapid and whilst oxidation can occur, the incorporation of
the anion will be less effective, this will decrease the probability of
inter chain hopping and hence the conductivity of the films. In figure
4.47; the conductivity (o) of the PPTS films is plotted versus

T'l'(4 where (T) is the temperature. A1l the data fits rather well with
straight lines in this type of plot, which indicates that (o) follows
the typical law ¢ (T) exp(-T'La) i.e. Mott's model, a conventional
model of variable range hopping process, gives the right qualitative
behaviour of the conductivity. Scott et al (38), Bredas et al (66) and
Kaufman (65) presented evidence that the species responsible for the
conductivity are either polaron or bipolaron. Although qualitatively
good, this model does not provide a satisfactory quantitative descrip-
tion of the transport properties in polypyrrole partly because the
nature of the condition mechanism in this polymer has proved extremely
difficult to determine because of the high degree of disorder (68)
inherently produced by the electrochemical polymerization process, and
partly because the transport properties themselves defy description in

terms of any conventional model (53, 57).
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4.12.3 Conclusions

I. Behaviour of Polypyrrole

This study indicates that very large, yet consistent changes in
the electrical conductivity of polypyrrole films can be obtained by the
variation in the voltage and concentration of electrolyte used in the
synthesis of films. There is also a close correlation between the con-
ductivity, rate of growth and the voltage used in the preparation of
the films. If we correlate all the above observations, a possib]e ori-
gin of the phenomena of synthesis of the films may emerge. Al though
the elemental analysis of the films indicates an anion incorporation of
1:4, it is possible that changes in the effective level of incorporated
anion at the 2-5% level could have a significant effect on the conduc-
tivity. If we assume that inter-chain charge transfer must involve the
anions, then the concentration near ends or at points of close contact
can have a dominant effect on the probability of charge transfer. If
this is accepted then it is easy to see for a high molecular weight
conjugated system that only small changes can have a profound effect on
the electrical conductivity. It is also apparent that shorter chains
suitably complexed could lead to high levels of conductivity and these
in turn will be soluble. From the data presented here it is only
possible to conjecture at the origins of the effects and more detailed
studies are necessary to establish the validity or otherwise of this

hypothesis.

I1. Comparison between the behaviour of PPTS and carbon black com-

posites ((CB/PS) and (CB/PCP))

Clearly the two parts of the thesis connect by being concerned
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with electronic conductivity. However, the factors influencing these
observations are very different and reflect the way in which various
parameters influence the observed electronic mobility. In the case of
PPTS, the d.c. conductivity is slightly dependent on temperature and
seems to fit the possibility of the three dimensional variable range
hopping conduction. The charge carrier is either polaron or bipolaron.
In the case of carbon black composites (cB/PS) and (CB/PCP), the a.c.
conductivity is dependent on temperature and seems to fit the possibi-
1ity of hopping conduction and the charge carrier is an electron or hole.
The type of conduction depends on the activity of the supporting
matrix. Both polypyrrole and the carbon black are intrinsic electron
conductors ; polypyrrole can be protonated and when highly anion doped
leads to highly conducting systems. The conductivity in the case of
the carbon black system is controlled more by particle-particle contact

than by any active effects of the supporting matrix.
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APPENDICES

Appendix A

Spectroscopic Measurements

Examination of the purity of pyrrole before and after purification
1 13

H-NMR and ~“C-NMR.

by proton magnetic resonance

1H—NMR and 13C-NMR were obtained on a

Proton magnetic resonance
Perkin - Elmer R-32 instrument (90 MHz) using deuterium chemical
shifts. The measurements were expressed in parts per million (ppm)
with respect to tetermethyl silane (TMS) as an internal standard.

f 13C-NMR before and after purifi-

It was found that the spectra o
cation of pyrrole were identical as shown in figures (a), (b), (c¢) and
(d). Figures (a) and (b) were proton noise decoupled spectra (fully
decoupled with all carbon atoms as singlets). The study of the spectra
revealed identical peaks in the regions of 108 and 118 ppm. These were
due to the B and o -carbon atoms respectively. Moreover, figures (c)
and (d), which were off-resonance decoupled technique (i.e. shows
coupling to directly bound protons), show identical peaks in the
regions of 106, 110, 118 and 120 ppm which were due to the o and B -
carbon coupling to the directly bound protons. The 1H-NMR spectra
before and after purification of pyrrole were also identical as shown
in figures (e) and (f). The spectrum of the purified pyrrole indicated
a reduction in the impurities, which might be due to the formation of
the oligomers. The study of the spectra revealed identical peaks in

the regions of 6.2 and 6.5 ppm which were due to the 8 and o C-H

groups respectively.
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Appendix B

The data illustrates the range of values obtainable with several

types of carbon black (13) (chapter 4) loaded polychloroprene (Neoprene).

A.C. Resistivity, ohm cm
Type of Black
50 parts 100 parts
2 2
acetylene 2.7 x 10 1.2 x 10
soft black 1.6 x 108 2.0 x 10
reinforcing 1.0 x 108 6.7 x 10
channel 8.5 x 10/ 1.7 x 10°

Appendix C

Normalised plots of logm-,g/gmax vs. Togj, T/ f max

Defining the normalised loss g /€ max - Y and the normalised fre-

quency f/fmaX = x where ¢ nax and fmax represent the values at the
loss peak, the normalised curve may be represented as the result of the
reciprocal ‘addition of two power law contributions

-mo bxl-n

i = ax
Y

where (a) and (b) are constants and in the present instance (m) = 0.5

and (n) = 0.77.
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