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{|| Preface

The growth in the application of electrical and electronic devices
across a broad spectrum of military, industrial, commercial and consumer
sectors such as wireless device systems, navigation, air space technology,
military installations, etc. has resulted in the rapid boom of electronic devices
ranging from simple to sophisticated. The consequence has created a peculiar
form of pollution known as noise or electromagnetic interference (EMI).
EMI can cause serious harm to the effective performance of electrical and
electronic devices, different life forms as well as human beings. And so,
there is a greater need for the effective shielding of electronic devices from
the adverse effects of EMI noise with effective shielding materials. Materials
for this purpose are prepared by adding ferrites, carbon black or other
conducting fillers in a polymeric matrix. Conventionally, EMI shielding
techniques focused on metallic materials and their composites, which
effectively reflect the electromagnetic waves. Metals have good mechanical
strength but have the disadvantages of higher density, easy corrosion and
uneconomic processability. Additionally, it is difficult to retain a uniform
distribution of the metal filler throughout the matrix in which it is mixed
during its composites fabrication. This could result in deficiency of the
metallic filler in corners, edges and surfaces which tends to result in gaps in
the shield composite materials causing disconnection in the conducting path
and leakages of the radiation and thus diminishing the conductivity and
effectiveness of the shield. Hence, the need for conducting polymers that
displays several characteristics of organic polymers such as lightweight,
lower cost, resistance to corrosion and chemical attack, flexibility and greater

workability as well.

Conducting polymers in recent years have gained wide usage in
electrical/electronic devices, energy storage devices, sensors and EMI

shielding materials. Among the conducting polymers, polyaniline (PANI)



and PANI based materials have been researched most comprehensively
for the reason that they possess easier and inexpensive preparation
methods, good environmental stability in both doped and undoped forms,
excellent physical and chemical properties and high conductivity. But the
main limitations of PANI are that it requires a large amount of protons
attached to the polymer to be electrically conducting and it is a very poor
conductor when the pH is greater than 5. Therefore PANI tends to
experience loss of conductivity in neutral and high pH environments and
it is highly unstable even at moderate temperatures (>100 °C). Therefore,
there is the need to further expand the application possibilities of
conducting PANI in order to meet the requirements of sophisticated
technologies. Such a situation needs materials with stable conductivity
and opaque to microwaves. Conducting fillers can offer an attractive
solution for this. In this regard, CNTs based composites can provide a
vital role due to their stable conductivity, non-corrosiveness, nominal

processing cost and thermal and environmental stability.

Incorporation of CNTs in PANI and polymer matrices to make
composites, have been intensively studied. The unique structure of CNT
promotes several outstanding properties including thermal stability and
electrical conductivity. The act of incorporating CNTs into PANI to form
composites (PANI-CNTs) could extend the properties and applications of
PANI and CNTs. Despite this, however, the problem of processability is
unabated. This justifies the necessity to fabricate either a binary
composites of polymer matrix-PANI, polymer matrix-CNT or hybrid
composites of polymer matrix-PANI-CNTs.

Polymer materials (thermoplastics, thermosets, elastomers, etc.)
possess good melt strength to bind PANI, CNT or PANI-CNT particles
together in order to make it processable without compromising its
conductivity and other properties. One of the ways to achieve these
benefits lies in the exfoliation of PANI, CNTs or PANI-CNTs into the



polymer matrix to generate particles of high aspect ratio. Mechanical and
electrical properties of polymers are significantly influenced by the
presence of fillers. Mixing polymers with the electroconductive PANI,
CNTs or PANI-CNTs besides an increase of electroconductivity, lead to
an increase of modulus and tensile strength accompanied by a decrease of
deformability resulting in lower elongation at break and diminished
toughness of the material. Since the conducting polycomposites are stable
and retain the mechanical properties of the host polymer, films can be
fabricated by solvent evaporation or by melt-processing for use in anti-
static applications, for electromagnetic shielding, microwave absorption

devices, etc.

Addition of CNTs into PANI with unstable electrical conductivity
and the addition of PANI, CNTs or PANI-CNTs into polymer matrix that
is intrinsically highly insulating is of paramount industrial interest for
enhancing the processability of PANI, CNTs or PANI-CNTs as well as
enhancing the electrical conductivity of the insulating polymer. The
present work is an attempt to formulate an effective preparative route by
which composite blends with high conductivity and processability could
be obtained by chemical oxidative polymerization of aniline, insitu
chemical oxidative polymerization of aniline in carbon nanotube and
solution mixing PANI or PANI-CNTs with ionomers (sodium salt of
poly(ethylene-co-methacrylic acid) (EMAANa) or zinc salt of
poly(ethylene-co-methacrylic acid) (EMAAZn) using a blend of polar
and non-polar solvents at 65C to improve the processability of the
composites to facilitate their effective utilization as EMI shielding
materials. The emphasis is in solution processing as it is a more
economical way to achieve good homogeneity and rapid mixing of the

component materials with minimum energy consumption.

The thesis consists of seven chapters. The first chapter reviews

literatures on ionomers, conducting polyaniline, carbon nanotubes and



blending of polymers. Scope and objectives of the present work are also

presented in this chapter.

The details of materials used, the experimental methods and
characterization techniques applied for the study are outlined in the

second chapter.

Chapter three describes the synthesis and characterization of
hydrochloric acid (HCI) doped polyaniline (PANI) in bulk and nano
dimensions (bulk PANI-HCI and nano PANI-HCI) and toluene sulfonic
acid (TSA) doped polyaniline in nano dimensions (nano PANI-TSA). The
nanocomposites of polyaniline with MWCNT were prepared by in situ
polymerization of aniline in the presence of non-functionalized carbon
nanotube and functionalized multi-walled carbon nanotubes (amine and
carboxylic acid) using ammonium persulfate as initiator and TSA as
dopant tagged PANI-pristine CNT, PANI-ACNT and PANI-CCNT.
Scanning electron microscopy (SEM) was used to characterize the
morphology of the PANI and PANI-CNT nanocomposites. X-ray
diffraction (XRD) spectroscopy, Fourier Transform Infrared (FTIR)
spectroscopy and UV-Vis spectroscopy were used to characterize the
synthesized PANI and PANI-MWCNT nanocomposites. Thermogravimetric
analysis (TGA) was used to study the thermal behaviour of the samples.
The electrical conductivity of composites at room temperature was

measured and their percolation threshold was determined.

Chapter four is divided into two parts: A and B.

Part A reports the design and development of poly(ethylene-
methacrylic acid copolymer) neutralized with zinc salt (EMAAZn) and
polyaniline (PANI: bulk PANI-HCI, nano PANI-HCI and nano PANI-
TSA) binary composite films, with the aim of modifying EMAAZn in
order to achieve improved electrical conductivity and high electromagnetic
interference (EMI) shielding effectiveness (SE). EMAAZn-PANI binary



composites were prepared in solution by dissolving EMAAZn in solvent
using a solvent mixture of toluene/1-butanol (90:10) at 65 °C and mixing
PANI in it. These binary composites were characterized and evaluated by
FTIR, UV-Vis spectroscopy, XRD spectroscopy and thermogravimetric
analysis (TGA). The electrical conductivity of the PANI, EMAAZn-PANI
binary composites were measured by conventional four-probe method.
The EMI shielding effectiveness was studied using a wave-guide coupled
to an Agilent Synthesized Sweeper 8375A and a Hewlett-Packard
spectrum analyzer 7000 in the X band frequency range (8-12 GHz).

Part B reports the fabrication of poly(ethylene-methacrylic acid
copolymer) neutralized with sodium salt (EMAANa) and polyaniline
(PANI: bulk PANI-HCI, nano PANI-HCI] and nano PANI-TSA) binary
composite films, with the aim of modifying EMAANa in order to achieve
improved electrical conductivity and high electromagnetic interference
(EMI) shielding effectiveness (SE). The composites are prepared by
following the same procedure as described in PART A with sodium salt
of poly(ethylene-co-methacrylic acid) (EMAANa)) as ionomer instead of
EMAAZn ionomer. The characterization techniques was done using the
same methods as detailed in PART A.

Chapter Five is divided into two parts: A and B.

Part A describes the preparation, evaluation and applications of zinc
salt of poly(ethylene-co-methacrylic acid) ionomer-polyaniline-multi
walled carbon nanotubes tripartite hybrid composites. Zinc ionized
ionomer with as prepared PANI-pristine CNT, PANI-ACNT and PANI-
CCNT were fabricated into tripartite hybrid composite films of
EMAAZn-PANI-MWCNT by solution mixing in blend of solvents
(toluene (90%)/ 1-butanol (10%)) at 65°C. The electrical properties and
EMI shielding effectiveness characteristics of the conducting hybrid

composites were evaluated.



Part B describes the electromagnetic interference shielding
effectiveness of polyaniline functionalized carbon nanotubes filled sodium
ionomer hybrid composites. Sodium ionized ionomer with as prepared
PANI-pristine CNT, PANI-ACNT and PANI-CCNT were fabricated into
tripartite hybrid composite films of EMAANa-PANI-MWCNT by
solution mixing in blend of solvents (toluene (90%)/ 1-butanol (10%)) at
65°C. The electrical properties and EMI shielding effectiveness

characteristics of the conducting hybrid composites were also evaluated.

Chapter six presents the mechanical characteristics of ionomer-
PANI binary composites and ionomer PANI-MWCNT tripartite hybrid
composites. The mechanical properties of solution processed ionomer-
PANI binary composites and ionomer-PANI with different carbon

nanotubes at ratio 1:1 were examined.

The conclusions of the investigations are presented in the last

chapter of the thesis.
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LITERATURE REVIEW

1.1 Introduction

1.2 Ionomers

1.3 Conducting Polymers

1.4 (Carbon Nanotubes

1.5 Conducting Composite Blends

1.6 Microwave Absorption and Electromagnetic
Interference (EMI) Shielding

1.7 Scope and Objectives of the Work,

1.1 Introduction

Polymers were regarded as electrically non-conducting materials
until the oxidation of polyacetylene in the presence of iodine vapour
which resulted in a significant increase in electrical conductivity of
polyacetylene (PA) in 1977 [1,2]. Conducting polymers possess electrical
properties like that of metals and the characteristics of organic polymers
such as lightweight, lower cost, resistance to corrosion and chemical
attack, flexibility and greater workability [3, 4, 5]. They are widely used
in electrical/electronic devices and a myriad of applications. However,
they have limitations despite their unique characteristic properties and
ever growing areas of applications. The limitations are due to high
manufacturing costs, material inconsistencies, toxicity, insolubility in
many organic solvents, inherent brittleness, poor mechanical properties

and poor processability [6]
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Carbon nanotubes (CNTs) have become one of the most interesting
nanomaterials in the past three decades and have received significant
attention in terms of fundamental properties and potential applications. It
was first discovered and reported in 1991 by Iijima when he discovered
multiwalled carbon nanotubes (MWCNTs) [7]. They possess some
impressive and interesting structural, mechanical, electrical, optical,
thermal and chemical characteristics which are attributed to their small
size and mass, strong mechanical potency and high electrical and thermal
conductivity. Carbon nanotubes are allotropes of carbon, made of graphite
and constructed in cylindrical and tubular shapes with diameters in
nanometer and length in millimeters [8-11]. Composite materials reinforced
by either carbon nanotubes or conducting polymers have been prepared
and significant enhancement in mechanical and electrical properties have

been reported by many researchers.

Ionomers are classes of polymeric materials that comprise repeat
units of both electrically neutral units and a fraction of ionized units
usually not more than 15 mole % [12]. Ionomers have unique physical
properties including electrical conductivity and high melt viscosity. The
ionic interactions in ionomers allow for the control of physical and
mechanical properties of the polymers such as elastic modulus, glass
transition temperature, viscosity, melt strength, fatigue resistance and
transport properties [13-17]. However, it has a low and poor conductivity
which is dependent on water absorption. The resulting deficiencies in
electrical applications include operating temperatures restricted to below
100°C, poor durability of wet membranes and poor mechanical and

chemical stability at elevated temperatures.
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Based on the features of ionomers, conducting polymers and carbon
nanotubes highlighted above, proper enhancement of properties will be
possible if these uniquely special materials are blended together.
Numerous attempts have been made by researchers by the use of long
chain organic dopants, functionalization of monomer rings and
preparation of conducting polymer-thermoplastic composites by either
chemical blending (insitu polymerization or copolymerization) or
mechanical blending (melt or solution mixing) thereby allowing the
fabrication of composite films which exhibit a good balance of electrical

conductivity, mechanical properties and processing characteristics [18].

1.2 Tonomers

As the name sounds, they are ion containing copolymeric materials
with either positive [+] or negative [-] electric charge [12, 19] in which up
to 15 mol % of the repeat units contain ionic groups. They comprise of
both electrically neutral repeating units (nonionic) and a fraction of
ionized units covalently bonded to the polymer backbone as pendant
group moieties. The level of substitution of ionic groups as well as how
the ionic groups are incorporated into the polymer structure determines
the classification of polymers as ionomers. The non-polar polymer
backbone present in ionomers is incompatible with the polar ionic groups
thereby resulting in the microphase separation of the ionic groups into

ion-rich domains [12, 13, 14, 20, 21].

1.2.1 Classes of lonomers

Ionomers can be classified by the type of the ion chemically

attached to the backbone chains, the position of the ionic groups, and the
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distribution of the ionic groups on the polymer backbone, the counterion
used, the chemistry of reaction and the geometry of the polymer backbone.
The polymer architectures could be a linear macromolecule, macrocyclic,
branched, grafted (comb-like) chains, stars, dendrimers and tridimensional
networks [15, 22]. The chemical nature of the components in the backbone
can be organometallic, organic or inorganic [14]. Different types of ionic
groups such as sulfonic, ammonium, carboxylic, phosphonic and
phosphonium and imidazole can be introduced into the polymer backbone
[14, 15]. Ionomers can also be classified as cationomers (quaternary
ammonium polymers, polyurethane, etc.), anionomers (sulfonated
polystyrene, poly(ethylene-co-meth-acrylic acid) and polyampholytes or
zwitter ionomers (poly aminocarboxylic acids, proteins, etc.) depending on

the type of ionic group chemically attached to the polymer backbone [14].

1.2.2 Production of Ionomers

There are two techniques for the preparation of ionomers of

practical interest:

a) Copolymerization of a low level functionalized monomer with

an olefinic unsaturated monomer.

b) Direct functionalization of a preformed polymer.

The synthesis of ionomers involves a polymerization process referred
to as copolymer neutralization. The process involves ionomers being derived
from precursor copolymers containing both ionic and non-ionic repeat
groups. The ionic component is then neutralized to form an ionic pair with

the attachment of metallic cation. Ionic groups are usually formed as part of
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the polymer structure. The amount of acid groups neutralized during the
neutralization process influences the amount of ionic content that will be
present in the ionomer [23]. Typically, ionomers are obtained by
copolymerization of acrylic acid or methacrylic acid with ethylene, styrene,
or similar co-monomers by free-radical copolymerization. The resulting
copolymer is available as a free acid, which could be neutralized to the

desired degree with metal acetates, hydroxides and similar salts [22, 24].

The direct functionalization of a preformed polymer is utilized
when only a low degree of functionalization is desired as in the case of
sulfonated ionomers. This reaction is done typically in a homogeneous
solution, using the sulfonating agent - acetyl sulphate, generated in situ
from acetic anhydride and concentrated sulphuric acid. After neutralization
to the desired degree by a suitable agent, the ionomer is isolated by
coagulation in a non-solvent or by solvent flashing [22]. One of the
examples of a popular ionomer is poly(ethylene-co-methacrylic acid).
This polymer is a sodium or zinc salt (which provides the ions) of

copolymers derived from ethylene and methacrylic acid [12].

1.2.3 Poly(ethylene-co-methacrylic acid)

It is a commercial thermoplastic ionomer produced by DuPont in the
early 1960’s and was trademarked “Surlyn It is a random copolymer
consisting of poly(ethylene-co-methacrylic acid). It contains 5.4 mol %

methacrylic acid and neutralized with alkali metals or zinc hydroxide [23].

The production of Surlyn involves the copolymerization of ethylene
and methacrylic acid via a high-pressure free radical reaction. After

synthesis, the copolymer is then dissolved using tetrahydrofuran and the
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solvent is thereafter removed leaving the neutralized copolymer (ionomer)

as the final product [13, 23].This is illustrated in Figure 1.1 below.

CH;
H,C——CH, + H,C=——C
c—0
Ethylene | . .
Methacylic acid
OH
CH;3
"V\N_cHz_‘CHZ_‘CHg_‘CHz_‘cHz_‘CHZ—CHZ—C_CHZ—CHZ—CHZ NN
. . cC—=0
Poly(ethylene-co-methacrylic acid) |
OH
Neutralize with NaOH
CH;,
YV ——CH;—CH,—CH,;—CH,—CH,—CH,;—CH;—C——CH;—CH;—CH,—— vvvw»»
c—=0
@
O Na

Figure 1.1. Diagram of EMAA neutralized with sodium [12, 23].

1.2.4 Structure-Properties Relationship and Applications of
Ionomers

In a typical ionomer, the nonpolar chains are grouped together and
the polar ionic groups are attracted to each other. As a result, the ionic
groups would prefer to go off into a little corner by themselves which is
not usually possible due to the restriction imposed by their attachment to
the polymer chain. This allows thermoplastic ionomers to act in ways
similar to that of crosslinked polymers or block copolymers [12, 19, 24].
The ionic attractions that results strongly affect the polymer properties.

The phenomenon is illustrated in figure 1.2.
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The polar ionic groups tend to cluster
together, away from the nonpolar
polymer backbone chains

Figure 1.2. Polar ionic group clustering [12 — with permission]

When these clustered ionic groups are heated, they tend to lose their
attractions for each other and the chains will move around freely. This is
because ionomers are not crosslinked polymers; in fact, they are a type of
thermoplastics known as reversible crosslinkers. As the temperature
increases, the mobility of the chains increases and the groups can no
longer stay in their clusters (Figure 1.3). This allows for a polymer with
the properties of an elastomer and the processability of a thermoplastic

and is in most instances known as thermoplastic elastomers [12, 19, 24].

Heat

When heated, ionic groups
lose their attractions and the
chains move around freely

Figure 1.3. Thermoplasticity of ionomers [12 — with permission]

Studies on Ionomer-Polyaniline and Ionomer-Polyaniline-MWCNT Composites for
Electrical and Electromagnetic Interference Shielding Applications



Chapter 1

The combination of a stable backbone with an acidic sulfonic acid
groups in the case of sulfonated ionomers gives characteristic properties
such as high conductivity to cations (making it suitable for many
membrane applications), ability to resist chemical attack, high operating
temperature (up to 190 °C as a result of its backbone interlaced with the
ionic sulfonate groups), superacid catalyst and proton conductivity up to
0.2 S/cm depending on temperature and hydration state. However, it is
selectively and highly permeable to water and gases which is a drawback
for energy conversion devices such as artificial leafs, fuel cells, alkali
cells, sensors and water electrolyzers [25]. Other properties such as water
management, hydration stability at high temperatures, electro-osmotic
drag, as well as the mechanical, thermal and oxidative stability are also

affected especially at higher temperatures [26, 27].

Properties such as sealing performance, clarity and oil/grease
resistance are desirable features needed for packaging products such as food,
hence, making ionomers highly suitable for food packaging. Its high strength
and toughness properties makes it useful in sporting applications (such as
golf ball covers and ski boots), semipermeable membranes, sealing tapes and
thermoplastic elastomers. They have been utilized successfully in various
industrial fields including diffusion and electrodialysis, electrolysis, solid
polymer electrolyte for batteries, potentiometric sensors, membranes for
water treatment, solution recycling and filtering, proton exchange
membranes for fuel cells, packaging, coatings, optics, medical and biological
fields (as sensors, membranes and dental restorative materials, etc.) [21, 28,
29, 30].The exceptional chemical inertness and thermal stability coupled

with favourable electrical conductivity are of particular advantage in this
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application. The three main characteristics of ionomer membranes that
determine their applications are ion conductivity, hydrophilicity and fixed
carriers. lon conductivity plays an important role in electro-dialysis,
concentration and desalination of electrolytes, separation between electrolyte
and non-electrolyte, bipolar ion exchange membrane process to produce acid
and alkali, ion-exchange reaction across the membrane, electro-deionization,
electrolysis (chlor-alkali production, organic synthesis), diffusion dialysis
(acid or alkali recovery from waste), neutralization dialysis (desalination of
water), Donnan dialysis (recovery of precious metals, softening of hard
water, pre-concentration of a trace amount of metal ions for analysis), up-hill
transport (separation and recovery of ions), piezodialysis and thermo-dialysis
(desalination or concentration), battery (alkali battery, redox-flow battery,
concentration cell), fuel cell (hydrogen-oxygen, methanol-oxygen) and an
actuator (catheter for medical use). Hydrophilicity is applied in the field of
pervaporation  (dehydration of water-miscible organic  solvent),
dehumidification (dehumidification of air and gases) and sensors (gas,
chemical and biosensors). While fixed carriers (ions incorporated into
ionomer membrane) facilitates the selective transport of certain gases
through the membranes due to the formation of polymer coordinate
complexes in the ionomer (removal of acidic gas, separation of olefins from

alkanes, separations of sugars) and modified electrodes [20, 31, 32, 33].

They have unique structures that consist of hydrophobic main
backbones and pendant side chains with hydrophilic terminated sulfonic
groups. The hydrophobic main backbones endow them with superior
properties of structural integrity while the pendant hydrophilic side chains
give them desirable proton conductivity when fully hydrated. [34, 35].
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In the case of sulfonated ionomers higher degree of sulfonic acid
substitution to achieve higher proton conductivity results in the loss of
mechanical strength as the ionomer becomes soluble in water. This could
result in the microphase separation of ionomers into hydrophilic and
hydrophobic domains [31, 36]. The hydrophobic domains consist of the
main chain backbone while the hydrophilic domains bear the sulfonic acid
groups. Water absorbs into the polymers associating with the sulfonic
acid groups and swelling the hydrophilic domains. Proton conduction
occurs through the hydrophilic domains. Ionomers have hydrophilic
domains dispersed in a continuous hydrophobic matrix. At high water
content, ionomers show good proton conductivity. At low water content,
the hydrophilic domains may not be sufficiently connected to carry a
proton current. As water is absorbed into the material, the hydrophilic
domains swell and creates percolation path for proton conduction to take
place [31, 36, 37, 38, 39]. This drawback can be effectively managed by
optimizing the concentration of sulfonic acid groups which balance the
increased conductivity and decreased mechanical strength with increased
acid concentration; as well as several different approaches for the
modification of ionomers, including physical and or chemical treatment,
reinforcement by porous support materials and fillers (conducting

polymers, CNTs) and the addition of organic or inorganic compounds.

1.3 Conducting Polymers

Traditionally, polymers are considered as insulators. However, in
1977, a discovery by Alan G. MacDiarmid, Hideki Shirakawa, and Alan

J. Heeger changed this age long traditional concept and belief about
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polymers. They found that conductivity of polyacetylene after doping
with electron-withdrawing AsFs increased ninefold, reaching the order of
10° S/cm but was very unstable [1]. After this discovery, a series of more
stable conducting polymers, including polypyrrole (PPy), polyaniline
(PANI), and polythiophene (PTh), were reported from the end of the
1970s to the beginning of the 1980s, which opened up the unprecedented
research on conducting polymers. Conducting polymers include
electronically and ionically conducting polymers. Ionically conducting
polymers are usually called polymer electrolytes while electronically
conducting polymers are referred to as conjugated conducting polymers.
The conductivity of almost all conjugated polymers can reach the order of

107-10" S/cm after doping [3, 40].

Because of some of their special and unique properties such as
being a conducting mechanism, electrical properties, reversible doping-
dedoping process, controllable chemical and electrochemical properties
and easy processability, a variety of conducting polymers e.g., polyacetylene
(PA), polyaniline (PANI), polypyrrole (PPY), poly(p-phenylene-vinylene)
(PPV), poly(3,4-ethylene dioxythiophene) (PEDOT), polyfuran (PF) and
other polythiophene (PTh) derivatives, etc., have drawn special attention
in the field of nanoscience and nanotechnology [41]. For the purpose of

this work, polyaniline is the conducting polymer of choice.

1.3.1 Polyaniline (PANI)

Polyaniline (PANI) is a semi-flexible semiconducting rod-like
organic polymer. Because of its many attractive processing properties and

rich chemistry, polyaniline is one of the most studied conducting polymers.
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Figure 1.4. Main polyaniline structures

Depending on the acidity conditions, PANI possess a globular,
nano-fibrillar or nano-tubular morphology. The salt of polymer can
convert to non-conducting PANI base under alkaline conditions.
Polyaniline displays both the electronic and ionic conductivity. Its
electrical and thermal stability at high temperature and in unfavorable

media is quite good.

Polyaniline is polymerized from aniline monomer in the presence of
an acid as a dopant and oxidizing agent. PANI could be found in one of
three different idealized oxidation states. The synthetic methods to
produce PANI are quite simple. On the contrary, the mechanism of the

reactions are quite complex.

The formation of Leucoemeraldine can be described as follows,

where [O] is a generic oxidant.

nCgHsNH, + [0] — [C6HsNH], + H,O

The most common oxidant is ammonium persulfate. The components
are each dissolved in 1 M hydrochloric acid (other acids can be used), and
the two solutions slowly combined. The reaction is very exothermic. The
polymer precipitates is an unstable dispersion with micrometer-scale

particulates.
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Pernigraniline is prepared by oxidation of the emeraldine base, one

typical oxidant being Meta-chloroperoxybenzoic acid.

{[CeHsNH]2[CeHuNTo} + RCOsH — [CHyN], + H,0 + RCO,H

Leucoemeraldine with n = 1, m = 0 is the fully reduced state.
Pernigraniline is the fully oxidized state (n = 0, m = 1) with imine links

instead of amine links. It is white/clear & colorless (C¢H4sNH),

The emeraldine (n = m = 0.5) form of polyaniline, often referred to
as emeraldine base (EB) is neutral, when it is doped (protonated) it is
called emeraldine salt (ES) in which the imine nitrogens are protonated by

an acid to give a green coloured material [2, 42].

@- @ * H
—r—NH NH N NH —
€]
al a®

L Polyaniline hydrochloride (emeraldine salt) n

® o
-2nH C1

Deprotonation
H
——N—= >:N——-< >—N—<: >—NH——-< >——

— Polyaniline (emeraldine base) -

Figure 1.5. Protonation and deprotonation of emeraldine base [2]
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Emeraldine base is regarded as the most useful form of polyaniline
due to its high stability at room temperature and the fact that, upon doping
with acid, the resulting emeraldine salt form of polyaniline is highly
electrically conducting. It is blue colour for the emeraldine base

([CeHsaNH]2[CeHaNT2)n

Leucoemeraldine and Pernigraniline are poor conductors, even

when doped with an acid. This is blue/violet coloured (C¢H4N)y.

1.3.2 Synthesis of Conducting Polymers

Many synthetic strategies (both physical and chemical) have been
adopted for the preparation of conducting polymers (CPs). Conducting
polymers can be synthesized by reacting aniline in acidic aqueous media
through techniques such as interfacial polymerization, reverse emulsion
polymerization, chemical, electrochemical, photochemical, metathesis,
concentrated emulsion, inclusion, solid-state, plasma polymerization. It
could also be obtained as thin films, coatings or as a colloidal dispersion.
and a variety of techniques. Pyrolysis and soluble precursor polymer
preparation could as well be used in the synthesis of conducting
polymers. Among the synthesis methods highlighted above, chemical and
electrochemical polymerization processes are reportedly the most
prominent and commonly used [2]. The mechanism (scheme) of

chemical polymerization is illustrated in figures 1.6 below.
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4n NH, .HCI
+ 5n (NHy) ; 8,04

Aniline hydrochloride Ammonium peroxydisulfate

Polyaniline hydrochloride (emeraldine salt)

+ 2nHCI + 5nH,S0, + 5n (NHy,SO,

Figure 1.6. Chemical polymerization of aniline [2].

In chemical polymerization (oxidative coupling), the monomers
are oxidized to a cation radical and coupled to form di cations to
generate the polymer with repetition of the reaction e.g., the oxidation of
aniline by peroxydisulfate in acid media leading to the conducting polymer
(Polyaniline) [2, 43, 44]. All the classes of conjugated polymers could
be synthesized by this technique. Chemical polymerization route is
reportedly the most useful method for preparing large amounts of
conducting polymers since it is performed without electrodes. A variety
of conducting polymers like polypyrrole, polythiophene, polyaniline,
polyphenylene oxide, polyazulene, polycarbazole, polyaniline/polymeric
acid composite and several other polymers have been synthesized using
this approach. Some of these conducting polymers are highlighted in

table 1.1.
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To understand the specific behavior and working of conducting
polymers and their wide range of applications such as in chemical and
bio-sensors, field-effect transistors, field emission and electrochromic
display devices, supercapacitors, actuators and separation membranes,

etc., the properties has to be understood [41].

1.3.3 Properties of Conducting Polymers

Conducting polymers do not only exhibit electrical conduction
properties, but also exhibit some extraordinary properties such as electronic,
magnetic, wetting, optical, mechanical, and microwave-absorbing properties

(Figure 1.7).

CONDUCTING
POLYMERS (CP)

Mechanical
properties

Magnetic properties

Figure 1.7. Properties of conducting polymers [41].

1.3.3.1 Electrical/Electronic Properties

After doping, the electrical conductivity of conducting polymers can
reach the metallic conducting regime up to the order of 10°-10° S/cm

[25, 41, 45, 46].
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1.3.3.2 Magnetic Properties

The magnetic properties of conducting polymers have been
extensively studied because they provide important information on
charge-carrying species and unpaired spins which is controlled by the

level of doping and doping type [25, 41, 45, 46, 47].

1.3.3.3 Optical Properties

The unique optical properties of conducting polymers have been
extensively explored because of their applicability in nanophotonic
devices. The materials are suitable for the fabrication of photodetectors,

photochemical sensors, and photonic wire lasers [25, 41].

1.3.3.4 Microwave Absorbing Properties

Conducting polymers as microwave absorbing materials have been
explored due to their lower density and excellent electromagnetic loss.
This indicates that conducting polymers can be used as high absorption,
wide frequency and lightweight microwave absorbents. Doped polyaniline
with fiber-like morphology has a better electromagnetic wave-absorbing
property than that of polyaniline with particle-like morphology [25, 41,
45-49]. The conductivity of the polymers can be tailored for a given
application. High conductivity and dielectric constant of the materials
contribute to high EMI shielding efficiency (SE). Therefore, conducting
polymers find their application in EMI shielding technology.

1.3.4 Applications of Conducting Polymers

Conducting polymers exhibit unique properties which are

multifunctional. Therefore, they are expected to find applications in many
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fields. The most documented are: as corrosion inhibitors, compact
capacitors, anti-static coating, smart windows, transistors, light emitting
diodes, lasers used in flat screen televisions, nanoelectronic devices,
chemical or biological sensors, catalysis or electrocatalysis, energy, electro
rtheological fluids and biomedicine, drug delivery and protein purification,
tissue engineering, neural interfaces, actuators, microwave absorption and

electromagnetic shielding[25, 40-54]. This is represented in Figure 1.8.

Nonvolatile
memory devices

s
CONDUCTING
POLYMERS
(cp)

\

Figure 1.8. Applications of conducting polymers [41].

1.4 Carbon Nanotubes

Carbon nanotubes (CNTs) have become one of the most interesting
nanomaterials in the past three decades and have received significant
attention in terms of fundamental properties, measurements and potential
applications. It was first discovered and reported in 1991 by Ilijima when
he discovered multiwalled carbon nanotubes (MWCNTs) [7]. Since then,
there has been a drastic revolution in the field of nano materials science

and technology culminating in great interest in application from both
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immediate (fundamental and technical) to futuristic applications [55, 56].
They possess some impressive and interesting structural, mechanical,
electrical and electronic, optical, thermal and chemical characteristics, which
is attributed to their small size and mass, their strong mechanical potency,
their high electrical and thermal conductivity etc. These unique characteristic
features have opened an array of limitless channels for present day and future
applications. Their length to width ratio (greater than 1,000,000) makes them
exhibit unique mechanical properties such as stiffness, strength and high
elastic moduli. Their electrical properties make them show semiconducting
as well as metallic behaviour which makes them useful in thermoelectricity,

superconductivity, electroluminescence and photoconductivity [56, 57].

Carbon nanotubes are allotropes of carbon, made of graphite and
constructed in cylindrical and tubular shapes with nanometer in width and
several millimetres in length [9, 58]. They contain at least two layers or
more ranging from about 3 nm to 30 nm in the outer diameter. Other
allotropes of carbon are diamond and graphite which are considered as the
two natural crystalline forms of pure carbon. Another allotrope form of
carbon known as Buckminster Fullerene (C60) molecule was first

discovered in 1985 by a research team led by Korto et al [57, 58].

1.4.1 Structure and Morphology

Carbon atoms exhibit sp® hybridization in the diamond form in
which four bonds are directed towards the corners of a regular tetrahedron
resulting in an extremely rigid three-dimensional network, resulting in its
hardness while in the graphite form, the carbon exhibits sp> hybridization in

which each atom is evenly connected to the three carbons at 120 in the xy
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plane and a weak mrr bond in the zz axis to form the hexagonal (honeycomb)
lattice typical of a sheet of graphite [7]. The bonding in carbon nanotubes is
sp? with each atom joined to three neighbours, as in graphite. The tubes can,
therefore, be considered as rolled-up graphene sheets (graphene is an
individual graphite layer). This bonding structure, which is stronger than the
sp’ bonds found in diamond, provides the molecules with their unique

strength [59]. Structure of nanotubes is as shown in Figure 1.9.

Figure 1.9. Structure of carbon nanotube [60]

1.4.2 Classification of Carbon Nanotubes

Carbon nanotubes are classified into two types. Single-walled carbon

nanotubes-SWCNTs and Multiple-walled carbon nanotubes-MWCNTs

1.4.2.1 Single-Wall Carbon Nanotubes (SWCNT)

Single-walled carbon nanotubes (SWCNTSs) synthesized about two
years later in 1993 by Dresselhaus and co-workers [11] though Iijima had
made the observation of single-walled carbon nanotubes (SWCNTSs)
earlier in that same year. Single-wall carbon nanotubes exhibit novel
properties as a result of their unusual structure. They comprise of a

hollow cylinder of carbon ~ 1nm in diameter and a tubular length of up to
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1,000,000 times as long as its width [59, 60]. The structure has an
extremely unique optical and electronic properties, high strength and
flexibility with high thermal and chemical stability. Therefore, it is
expected to have a sensational effect on a number of industries; including
electronics, displays, health and composites. The structure of a SWCNT
can be conceptualized by wrapping a one-atom-thick layer of graphite of
graphene into a consistent cylinder. The way the graphene sheet is
wrapped is represented by a pair of indices (n, m) called the chiral vector.
If m = 0, the nanotubes are called "zigzag, which is named for the outlook
of hexagons. On the other hand, if n = m, the nanotubes are called
"armchair", which depicts one of the two conformers of cyclohexene; a
hexagon of carbon particles. Else, they are called "chiral", in which the m

values lies between zigzag and armchair structures [56, 57, 61-67].

Figure 1.10. Single-wall carbon nanotubes [61]

1.4.2.2 Multi-Walled Carbon Nanotubes (MWCNTSs)

Multiwalled carbon nanotubes (MWCNTSs) was discovered in carbon
soot by lijima in 1991 [10]. The structures of multi-walled carbon nanotubes
(MWCNT) can be described by two models; the Russian Doll and

Parchment models. In the Russian Doll model, sheets of graphite are
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arranged in concentric cylinders i.e. a single-walled carbon nanotube
(SWCNT) inside a bigger single-walled nanotube while in the Parchment
model, a single sheet of graphite is rolled in around itself, looking like a
scroll or rolled up paper. The interlayer distance in multi-walled nanotubes
is close to the clearance distance, approximately 3.3 A (330 pm) separating
graphene layers in graphite [57, 60, 61, 62, 63]. The layers, constituting
the individual cylinders, are found close in pairs at the very tip of
MWCNT and its detailed structure plays a very important role in
electronic and field emission properties of nanotubes. The structure is a
barrel-shaped tube including six-membered carbon rings like graphite [60,
61]. Comparably MWCNTs consists of several tubes in concentric
cylinders. The quantity of these concentric walls may shift from 6 to at
least 25. The width of MWCNTs might be 30 nm when contrasted with
0.7- 2.0 nm for average SWCNTs. Comparisons between SWCNT and
MWCNT is as presented in Table 1.2.

=

Russian Doll models

Figure 1.11. Multi-Walled Nanotubes [61]
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Table 1.2. Comparison between SWCNT and MWCNT [57, 59]

St SWNT MWNT

No

1 A single layer of graphene which is Multiple layers of graphene.
beneficial in establishing a conducting
network.

2 Catalyst is required for the synthesis. Can be produced without

catalyst.

3 Bulk synthesis is difficult as it requires Bulk synthesis is easy.
proper control over growth and atmospheric
condition.

4 Purity is poor. Purity is high.

5 Chance of defect is more during Chance of defect is rare but
functionalization. Tubes may fracture once occurred it is difficult
during dispersion at defect sites, bringing to improve.
down the number of electrical pathways
and the resulting conductivity.

6 Less accumulation in the body. More accumulation in body.

7 Characterization and evaluation are easy. It has very complex structure

hence characterization and
evaluation is fairly difficult.

8 They are more pliable and easily twisted. It cannot be easily twisted

An increased aspect ratio is needed in
order to develop a conductive network in
the polymer matrix at a low loading of
additives.

and plied.

1.4.3 Functionalization of CNTs

The lack of solubility of carbon nanotubes in a wide range of media
has been a major technical limitations to its applications. To overcome this
problem, the modification of the surface of CNTs is done. This modification
is known as functionalization. This could be achieved by adsorption,

electrostatic interaction or covalent bonding of different molecules and
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chemistries that render them more hydrophilic. Chemical modification
through Amine (NH,) and Carboxyl (COOH) have made it possible to
solubilize and disperse carbon nanotubes in water, thus opening the path for
their facile manipulation and processing. Through such modifications, the
water solubility of CNT is improved and their compatibility profile is
completely transformed. Moreover, the bundling/aggregation of individual
tubes through van der Waals forces are also reduced by the functionalization

of their surfaces [55, 56, 57, 59].

1.4.4 Properties of CNTs

Morphologically, CNTs have a high aspect ratio with lengths
typically more than 100 times the diameter, and in certain cases much
higher. Their performance and application are based not just on aspect
ratio, but also on the degree of entanglement and the straightness of the
tubes, which in turn is a function of both the degree and dimension of
defects in the tubes [60]. Carbon nanotubes are endowed with exceptionally
high material properties, such as electrical and thermal conductivity,
strength, stiffness and toughness. Three major properties of CNTs are
specifically interesting for the industry; the electrical conductivity (as
conductive as copper), mechanical strength (Up to 15 to 20 times stronger
compared to steel and at the same time 5 times lighter) and thermal
conductivity (same as that of diamond but five times more than that of
copper) [68]. Other impressive properties that endeared CNTs are
chemical, optical and field emission properties. A combination of these
impressive properties enables a whole new variety of useful and

beneficial applications.
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1.4.4.1 Mechanical Properties

The tensile strength and elastic modulus of carbon nanotubes have
been reported to be the strongest and stiffest materials discovered thus far.
CNTs have an excellent tensile strength and when integrated into a
composite, such as a thermoplastic or thermoset compounds, can
significantly increase its strength [60]. This strength is attributed to the
covalent sp? bonds formed between the individual carbon atoms. A
nanotube’s strength can be weakened by defects in the structure of the
tube. Defects occur from atomic vacancies or a rearrangement of the
carbon bonds. Defects in the structure can cause a small segment of the
nanotube to become weaker, which in turn causes the tensile strength of
the entire nanotube to weaken. The tensile strength of a nanotube is
dependent on the strength of the weakest segment in the tube similar to

the way the strength of a chain depends on the weakest link in the chain.

CNTs are extremely strong along their axes and exhibit a very large
Young‘s modulus in their axial direction because of the presence of
carbon-carbon (C-C) bonds making it suitable for the application as probe

tips for scanning microscopy.

A single perfect nanotube is about 10 to 100 times stronger than
steel per unit weight. The Young's modulus of the best nanotubes can be
as high as 1000 GPa which is approximately 5 times higher than steel.
The tensile strength or breaking strain of nanotubes can be up to 63 GPa,
around 50 times higher than steel. These properties, coupled with the
lightness of carbon nanotubes, gives it great potential in applications such

as aerospace. It has also been suggested that nanotubes could be used in
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the space elevator, an Earth-to-space cable first proposed by Arthur C.
Clarke.

1.4.4.2 Electrical/Electronic Properties

Not only are carbon nanotubes extremely strong, they have very
interesting electrical properties. They can be highly conducting, hence,
can be said to be metallic. Their conductivity has been shown to be a
function of their chirality, the degree of twist, their diameter as well as its
high aspect ratio. The needed conductivity level can be achieved with
much lesser loadings than for conventional solutions such as metal
particulates or carbon black. CNTs can be either metallic or semi-
conducting in their electrical behaviour [60]. The structure of a carbon
nanotube determines the conductivity of the nanotube. The structure of
atoms in a carbon nanotube minimizes the collisions between conduction
electrons and atoms, making carbon nanotube highly conductive. The
strong bonds between carbon atoms also allow carbon nanotubes to
withstand higher electric currents than copper. Electron transport occurs
only along the axis of the tube. Carbon nanotubes can transmit electrical
signals at speeds up to 10 GHz when used as interconnects on semi-

conducting devices. Nanotubes also possess a constant resistivity.

A single graphite sheet is a semimetal, which means that it has
properties intermediate between semiconductors (like the silicon in
computer chips, where electrons have restricted motion) and metals (like
the copper used in wires, where electrons can move freely). When a
graphite sheet is rolled into a nanotube, not only do the carbon atoms have

to line up around the circumference of the tube, but the quantum
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mechanical wave functions of the electrons must also match up. In theory,
metallic nanotubes can carry an electrical current density of 4 x 109 A/cm’

which is more than 1,000 times greater than metals such as copper [55, 57].

The electronic properties of carbon nanotubes are also extraordinary.
There are several areas of technology where carbon nanotubes are already
being used in electronics. These include flat-panel displays scanning
probe microscopes and sensing devices. A nanotube with a natural junction
(where a straight metallic section is joined to a chiral semiconducting
section) behaves as a rectifying diode (a half-transistor in a single

molecule) [55, 57, 60].

1.4.4.3 Thermal and Expansion Properties

There is a common claim that all nanotubes are expected to be very
good thermal conductors along the tube, exhibiting a property known as
ballistic conduction, but good insulators laterally to the tube axis. CNTs
have been revealed to display superconductivity below 20°K (approx. -
253°C). The thermal stability of carbon nanotubes is estimated to be up to
2800 °C in a vacuum and about 750 °C in the air based on the level of
defects and to a certain extent on the purity as a residual catalyst in the
product can also catalyze decomposition. It is also assumed that carbon
nanotubes can transmit up to 6000 W-m '“K™' at room temperature
compared to a metallic copper well-known for its good thermal
conductivity, but transmits 385 W-m "K' [60]. Many applications
properties such as in nanoscale molecular electronics, sensing and
actuating devices, or as reinforcing additive fibres in functional carbon-

carbon composite materials, have been utilized [55, 57, 60].
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1.4.4.4 Chemical Properties

CNTs are an allotrope of sp® hybridized carbon similar to graphite
and fullerenes and as such have high chemical stability. The chemical
reactivity of a CNT as compared with a graphene sheet is enhanced as a
result of the curvature of the CNT surface. This curvature causes the
mixing of the m and o orbital which leads to hybridization between the
orbitals. The degree of hybridization becomes larger as the diameter of
the CNTs gets smaller. Hence, carbon nanotube reactivity is directly
related to the m-orbital mismatch caused by an increased curvature. For
the same reason, a smaller nanotube diameter results in increased
reactivity. Covalent chemical modification of either sidewalls or end caps
has shown to be possible. For example, the solubility of CNTs in different
solvents can be controlled this way. Covalent attachment of molecular
species to fully sp’-bonded carbon atoms on the nanotube sidewalls
proves to be difficult. From the foregoing, nanotubes can be considered as
chemically inert. However, one can functionalize the nanotubes to

enhance both the strength and dispersibility of composites. [55, 57, 60].

1.4.4.5 Optical Properties

Optical properties of CNTs are related to their one-dimensional
nature especially. Studies have revealed that the optical activity of chiral
nanotubes disappears if the nanotubes become larger. Therefore, it is
expected that other physical properties are influenced by these parameters
too. Use of the optical activity might result in optical devices in which

CNTs play an important role [55, 57].
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1.4.4.6 Field Emission

Field emission results from the tunneling of electrons from a metal
tip into vacuum, under application of a strong electric field. Field emitters
are superior to conventional electron sources, hence finding their way into
all kind of applications, most importantly flat-panel displays. The small
diameter and high aspect ratio of CNTs is very favorable for field
emission. They are probably the best electron field-emitter known, largely
due to their high length-to-diameter ratios. Even for moderate voltages, a
strong electric field develops at the free end of the supported properties of
CNTs because of their sharpness [60].

1.4.5 Applications of Carbon Nanotubes

Because of their special physicochemical properties, CNTs are expected
to play a major role in numerous applications. There are a large number of

present and evolving applications as illustrated below in Figure 1.12).

Electrical conductivity Mechanical strength

* Antistatic behaviour -Electrostatic painting

*Fuel filler caps «Car body panels
«Automotive fuel lines Mirror housings
+Fuel filter housings «Adhesives
*Fuel hoses +Polymer fibers
«IC trays, carrier tapes « Aircraft parts
+Intermediate container Sport goods
« Coatings +Coatings

+EMI protection

- housings

*Mobile phones
-Sat-Nav systems
+ Coatings

+Electronic components

~"+Elastomers

Thermal conductivity

Figure 1.12. Properties of CNTs and potential application fields [68].
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Development time is an essential criterion that determines when an
application will reach the market. When plotted against time, several
broad categories of applications can be recognized: those in place
currently or available in the short term, those to be expected mid-term,
and those still in the realm of early R&D, classified as long-term (see

Table 1.3).

Table 1.3. Applications classification of CNTs in the short, mid and long-

term [68].
Current / Short-term Mid-term Long-term
Conductive polymers &  Coatings Microwaves
composites (automobiles (conductive thin films) antennas
and electronics) Catalysts
Sensors and Instruments  (petrochemical) Self-assembling
(microscope probe tips, Textiles &fibres yarns

gas leak detectors) Lithium-ion batteries

_ Membrane and filters
Electromagnetic

Shielding Is‘amPS e f/{er;spellc.e 1

Sporting goods (tennis ernlc.on ucting edical implants
materials

rackets) ' '
Advanced Ceramics Drug delivery
Fuel Cells

Caulks and sealants

Carbon Nanotubes are an example of true nanotechnology. They
have opened an incredible range of applications in materials science,
electrical, electronics, chemical processing, energy management, electrostatic
discharge protection in wafer processing fabrication, antistatic elastomeric
and plastic components for automobile fuel line components, plastics

rendered conductive to enable electrostatic spray painting of automobile
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body parts, RFI shielding materials, spray-coatable heater elements;
thermal interface and other heat conduction materials; enhanced carbon
fiber waterproof and tear resistant cloth fabrics, concrete and steel like
applications (a space elevator has even been proposed) based on the
property of strength, electrical circuits based on the property of electrical
conductivity, sensors based on the property of thermal conductivity,
vacuum proof food packaging, batteries and capacitors, solar cells,
transistors, nano-electronics, flat panel display, fuel cells, water filtration
membranes, composites and even as a vessel for delivering drugs and

many other present and evolving applications.

1.5 Conducting Composite Blends

A polymer blend is a mixture of two or more polymers blended
together to form a new material with different physical properties
encompassing the component polymers. The properties of the blends can
be manipulated depending on their intended end use by correct selection of
the component polymers [69, 70, 71]. Generally, there are five main types
of polymer blends: thermoplastic-thermoplastic blends, thermoplastic-
rubber blends, thermoplastic—thermosetting blends, rubber-thermosetting
blends and polymer-filler blends (ionomer/ conducting polymer binary
blends, conducting polymer/CNTs composites and ionomer/conducting
polymer/CNTs ternary blends). All these types of blends have been
extensively studied by other researchers previously. While modern
blending technology can greatly extend the performance capabilities of
polymer blends for specific applications, they must perform under specific

conditions too (e.g., mechanical, chemical, thermal or electrical) [72].
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Polymer blends are classified as either homogeneous (miscible) or
heterogeneous (immiscible). Miscible blends are usually optically transparent
and are homogeneous to the polymer segmental level. Compatibility
between the polymer phases decides the properties of a heterogeneous
polymer blend. Various processing techniques such as solution, melt (hot
compression and extrusion) and in-situ polymerization are being used to

prepare conducting polymer blends [71, 73].

Different methods have been described to prepare conducting
polymer-ionomer blends, such as mechanical mixing, casting of a solution
containing the components of the blend or polymerization of one polymer
into the other (either chemically or electrochemically). If the synthesis of
conducting polymer is performed in the presence of ionomers and CNTs
with the appropriate groups that are able to interact with the conducting
polymer, then the enhancement of the thermal stability, electrical
conductivity and its processability via methods briefly described below

may be possible.

1.5.1 Solution mixing

In solution mixing, a solution of the ionomer is prepared, the
conducting polymer is separately dispersed in a suitable solvent by
sonication, both are blended and the solvent is removed by evaporation
[74]. Rajik and Pillai [75] performed solution blending on conducting
polyaniline with elastomeric EVA and evaluated the properties. Castillo-
Ortega et al. [16] studied and reported the preparation and characterization
of electroconductive polypyrrole-thermoplastic composites. They prepared

homogenous films of polypyrrole-poly(vinyl chloride) blends by casting
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in the presence of poly(vinyl methyl ether) or poly(vinyl ethyl ether)
dispersants. Cheng-Ho Chen et al. [26] reported preparation and
characterization of conductive poly(vinyl alcohol)/polyaniline doped by
dodecyl benzene sulfonic acid (PVA/PANDB) blend films by solution-
blend method to prepare conductive poly(vinyl alcohol)/polyaniline doped
by dodecyl benzene sulfonic acid (PVA/PANDB) blend films. Emeraldine
base (EB)-type polyaniline (PANI) was dissolved in N-methyl-2-
pyrrolidinone (NMP) and then blended with PVA/dodecyl benzene
sulfonic acid (DBSA) solution at varying proportions. They found that the
electrical conductivity and the thermal degradation onset temperature of
the PVA/PANDB blend film was increased as the amount of EB-type
PANI solution is increased. Kingslin et al [27] worked on lithium ion-
conducting polymer electrolyte based on PVA-PANI doped with lithium
nitrate prepared by solution casting technique using DMF as solvent. Blend
polymer (92.5 PVA: PANI 7.5) electrolytes with different wt. % of lithium
nitrate (LiNO;) was prepared by solution casting technique using DMF as
solvent. Denice et al [76] prepared and evaluated electrical conductivity
of polyaniline/thermoplastic polyurethane blends. The aim was to obtain
and evaluate the electrical conductivity of polyaniline doped with
dodecylbenzenesulfonic acid (PANLDBSA)/polyurethane thermoplastic
(TPU) blends. The PANL.DBSA was synthesized from DBSA-aniline
(DBSAn) salt through an emulsion polymerization in tetrahydrofuran (THF)
or in the presence of polyurethane thermoplastic solution, resulting in pure
PANLDBSA or PANLDBSA/TPU blends. Blends of PANLDBSA/TPU
were also prepared through casting, at room temperature, after dissolving

both components in THF as a common solvent.
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1.5.2 Melt Blending

In melt blending process, the conducting polymer is mixed with the
ionomer in molten state at elevated temperatures using conventional
methods such as extrusion. It has the advantage of being free of solvents.
It is the most widely used and convenient method to prepare thermoplastic
nanocomposites compared to other methods because it is simple,
industrially favorable, low cost, and environmentally friendly. It is also
known that the processing method strongly affects the distribution and
dispersion of filler or conducting polymer layers, interfacial interactions,
and resulting structural and physical properties of the blends [77].Castillo-
Castro and co-workers [78] reported the synthesis and characterization of
composites of DBSA-doped polyaniline and polystyrene-based ionomers
in which DBSA-doped polyaniline blends were synthesized in the
presence of poly(styrene-metallic acrylate) ionomers. In a similar way,
composites of polystyrene sulfonic acid (PSSA)-polyaniline and
montmorillonite clay was synthesized and characterized by Yu-Feng Li and
co-workers [79]. They reported an exfoliated layered structure in the XRD
patterns indicating the presence of MMT clay in the composites while the
TEM photograph shows that the composites have a mixed nanomorphology,
indicating that some silicate layers were exfoliated in the polyaniline matrix.
The FTIR spectroscopy was reported to have demonstrated the interaction
between the PSSA-PANI chain and the surface of the MMT clay layer in the
composite. Kunteppa et al [80] reported the AC conductivity and battery
application of polyethylene oxide/PANI/sodium chlorate composites. The
blends showed good conductivity which is attributed to ionic polarization

and electrode polarization. They reported that as the PANI content increases
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in PEO there is an increase in the polarization current and in the voltage
stability. Chang-hsiu Chen and co-workers [81] reported the electrical
conductivity of polymer blends of poly(3,4-ethylenedioxythiophene),:
poly(styrenesulfonate): N-methyl-2-pyrrolidinone and polyvinyl alcohol.
They reported that the use of NMP in the blend increased the electrical
conductivity by two to three orders of magnitude and films of the blended
polymers with a PEDOT: PSS: NMP concentration equal to or greater
than 50 wt. % have a conductivity greater than 1 S/cm. Dhawal and
Sadhan [82] produced of electrically conducting networks in immiscible
polymer blends by chaotic mixing by using formic acid to dissolve
polyamide 6 (PA6) and polypropylene PP-phase at different stages of
mixing. The conductive compound of PP was prepared by mixing 10% by

volume of carbon black (CB) in twin screw extruder.

1.5.3 Latex processing

Latex processing technique for preparing ionomer/conducting
polymer blend involves the preparation of an aqueous colloidal dispersion
of the conducting polymer, mixing with a polymer latex to form a two-
component colloidal mixture and drying (lyophilization) of the colloidal
mixture in order to yield a composite [25]. This method facilitates direct
incorporation of conducting polymer into a highly viscous ionomer matrix
as well as the formation of three dimensional framework of conducting
polymer in the ionomer matrix. But due to the hydrophobicity of
conducting polymers, generating a homogenous dispersion in aqueous latex
is highly challenging, even after ultrasonication or intense mechanical

mixing. Taghipour and co-workers [83] modified polyaniline/polystyrene
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and polyaniline/metal oxide structure using surfactants by polymerizing
aniline and styrene in aqueous solution by polymerization of styrene and
aniline in two-stages. Styrene has been polymerized using ammonium
persulfate (APS) as an oxidant in the presence of various surfactants such
as poly (vinyl pyrrolidone) (PVP), hydroxypropylcellulose (HPC),
poly(vinyl alcohol) (PVA) and surfactive dopant sodium dodecylbenzene
sulfonate (DBSNa) in the first stage. In the next stage, aniline has been
polymerized using potassium iodate (KIOs) as an oxidant in the presence
of PS latex. In addition, nanocomposites of polyaniline containing
nanometer-size CuO (Copper oxide) and Ag,O (Silver oxide) were
synthesized by a chemical method using DBSNa as a surfactant. Hong-
Quan et al [84] prepared conducting polyaniline-sulfonated EPDM
ionomer composites from in-situ emulsion polymerization and studied
their properties. They prepared composites of polyaniline (PANI) and
zinc sulfonated ethylene—propylene—diene rubber (EPDM) ionomer by
polymerization of aniline in the presence of the ionomer by using a direct,
one-step in situ emulsion polymerization technique. The ionomers were
prepared by sulfonation of EPDM rubber with acetyl sulfate in petroleum
ether, followed by neutralization with zinc acetate solution. The in situ
polymerization of aniline was carried out in an emulsion comprising water
and xylene containing the ionomer in the presence of dodecyl benzene
sulfonic acid, acting as both a surfactant and a dopant for the PANI. The
composite obtained can further be processed by melt method. Yuming et al
[85] polymerized aniline with stable poly(methyl methacrylate-butyl
methacrylate-sodium acrylate) [P(MMA-BA-AANa)] and poly(methyl
methacrylate-butyl methacrylate-zinc acrylate) [P(MMA-BA-(AA),Zn)]
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ionomer emulsions to improve the processability of polyaniline (PANI).
The results indicated that the two ionomer emulsions not only improved
the tensile strength of PANI but also maintained the conductivity of PANI
at room temperature. Hossein Eisazadeh and Amin Kavian [86] carried
out copolymerization of aniline and styrene using various surfactants in
aqueous media to obtain polyaniline/polystyrene (PANI/PS) copolymer.
The reaction was carried out by using potassium iodate (KIO;) and
ammonium persulfate ((NH4),S,0g) as an oxidant in the presence of
various surfactants such as poly(ethylene glycol), hydroxypropyl cellulose,

and surfactive dopant sodium dodecylbenzene sulfonate.

1.5.4 In-situ Polymerization

While in the in situ polymerization method, the conducting polymer
is mixed with the liquid ionomer monomer in the presence of a suitable
initiator and polymerization is initiated either by heat or radiation. This
method is extensively used for the preparation of ionomer/ conducting
polymer binary blends, conducting polymer/CNTs composites and
ionomer/conducting polymer/CNTs ternary blends due to an advantage of
formation of a covalent bond between the conducting polymer and the
ionomer matrix [25, 74]. This technique allows the preparation of blends
with high conducting polymer loading for enhanced conductivity.
Terlemezyan et al [87] reported a research work on electrically conducting
polymer blends comprising polyaniline (PANI) as conducting constituent
and poly(methyl methacrylate) (PMMA), polystyrene (PS) and methyl
methacrylate-butadiene-styrene (MBS) copolymer as a thermoplastic

constituent (TC). It was shown that the highest conductivity values were
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obtained by the in situ prepared PANI/PMMA blends than the other systems
studied. Anupam Singh and co-workers [88] researched on in situ blending
and characterizations of aniline blended with polymethylmethaacrylate metal
containing polymer (Ba acrylate). They examined the physical properties
of the prepared polymer films such as appearance, polymerization yield
and absorption quality. Xian Feng Li and co-workers [89] synthesized
sulfonated poly(ether ether ketone ketone)s (SPEEKK)/Polyaniline (PANI)
composite membranes for direct methanol fuel cell usages by studying the
membrane morphology. Fernando and Bluma [90] devised a methodology
for determination of polyaniline doped with dodecylbenzene sulfonic acid
(Pani.DBSA) content in SBS/Pani. DBSA blends prepared by in-situ
polymerization based on UV-Vis spectrometry.

The list of works carried out by researchers (individual or groups)
on blending and composites of ionomers, conducting polymers and CNTs
in the bid to bridging their draw backs has been enormous in the last two
decades. New and emerging horizons are opening up regularly due to
technological advancement. In this regard, therefore, scientists and
researchers are challenged to meet up with the dynamics of these unique

materials and their applicability.

For the purpose of this work, we have synthesized polyaniline by
chemical oxidative polymerization, insitu polymerization of polyaniline-
CNT composite and solution blended ionomer/polyaniline binary composites

and ionomer/polyaniline/MWCNT hybrid composites.
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1.6 Microwave Absorption and Electromagnetic Interference
(EMI) Shielding

Electromagnetic radiation (EMI) in term of conventional theory, is
the flow of energy at the universal speed of light through free space or
through material medium in the form of electric and magnetic fields [91].
It may possibly come in the form of lightning strikes, interference from
radio emitters, nuclear electromagnetic pulses or even high power
microwave threats. For these reasons, there is a pressing need for the
effective shielding of electronic devices from the adverse effects of EMI
noise and protection of human being from radiations with shielding
materials such as conducting polymers and composites [92, 93]. Materials
for this purpose are usually prepared by adding ferrites, boron, tungsten,
titanium, tantalum, silver, gold, carbon black or other conducting fillers or
some form of combination of these materials etc., in a polymeric matrix. But
then, these fillers possess the disadvantage of higher density values, prone

to corrosion and difficulty in processing.

EMI shielding refers to the reflection and absorption of
electromagnetic radiation by material. In case of reflection of the
radiation by the shielding material, the shield material must possess
electron or holes (mobile charge carriers) which interact with the
electromagnetic field in the radiation. As a result, the shield material tends
to be electrically conducting. Electromagnetic interference (EMI) shielding
effectiveness (SE) is defined as the attenuation of the propagating
electromagnetic (EM) waves produced by the shielding material [94-108].
In general, SE is expressed in decibels (dB). This is schematically
illustrated in the diagram (Figure 1.13) below.
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Internal
reflections

Shield
thickness

Figure 1.13. Scheme of shielding principles [105]

When electric fields are applied to the surface of an ideal conductor
or simply hit to a shield material, it induces a current that causes
displacement of charge inside the conductor that cancels the applied field,
at which point the current stops. Electric fields will produce forces on the

charge carriers within the conductor [105, 106].

EMI Shielding puts impedance discontinuity to the path of a
propagating radiated EM wave, either reflecting it or absorbing it. When
an incident noise hit a shield, some portion of it will be reflected,
absorbed and pass through with an attenuated magnitude. In a good
shield, a weak noise wave can pass through. Below illustrates the
scenario. The effectiveness of a shield depends on the three factors;
reflections, absorption and multiple reflections. Reflection means an
instant reflection of incident wave when hit a shield surface. Multiple
reflections include internal reflections and re-reflections of waves or noise

[105-108] and can be expressed as:
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SE1(dB) = 10 logo (P/Py) (1)
= 20 10g1() (ET/EI) (2)
= 10g10 (HT/2OHI) (3)

Where; Py (E; or Hy) and Pt (Et or Hy) are the power (electric or magnetic
field intensity) of incident and transmitted EM waves, respectively. The
scattering parameters Si; (S22) and Si2 (S;1) of VNA are related to
reflectance (R) and transmittance (T) respectively, i.e., T = [Ev/Eif* = [S1*
=[S12P), R = [ER/Eif* =[St (=[S2[*). Once, the values of R and T are
known, absorbance (A) can be calculated as A = (1 —R—T). Further, the
relative intensity of the EM wave inside the shield (after primary
reflection from the face of incidence) is based on the quantity (1 —R), and
effective absorbance (A ) can be described as A.s = (1 —R-T)/(1 —R).
From the foregoing, attenuations owing to reflection (SEr) and absorption

(SEA) can appropriately be stated as:
SE r = 10 logjo (1 = R) (4)
SEA =10 log (1 — Aeff) = 10 logjo [7/(1— R)] (5) [105-108]

The below equation can be used to mathematically define shielding

effectiveness.
SEig = Rag + Agg + Mas
Where;
SEdB — Shielding effectiveness

RdB — Reflection loss
AdB — Absorption loss
MdB

Multiple reflections
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In far field, reflection loss is the predominant shielding mechanism
at the lower frequencies while at higher frequencies absorption loss is
dominant. For near field electrical sources, reflection loss is the
predominant at the lower frequencies while absorption loss is
predominant at higher frequencies. For near field magnetic sources,

absorption loss is the predominant mechanism at all frequencies [105].

The electrical conductivity of a shielding material is not a specific
scientific criteria for shielding since conduction only requires connectivity
in its path [89]. Metals are therefore the most common materials for EMI
shielding and they function mainly by reflection due to the free electrons
in them. The metal sheets are bulky, so metal coating made by
electroplating, electroless plating and vacuum deposition are commonly
used for shielding [88, 108]. But it suffers from poor wear or scratch
resistance. However, absorption of shield material depends on the electric
or magnetic dipoles, which interact with electromagnetic field of the
radiation. Carbon-based polymer composites are attractive compared to
conventional metal and polymer based EMI shielding materials due to their
light weight, corrosion resistance, flexibility, and processing advantages.
Therefore, research efforts in the past two decades have been on exploring

conducting polymer materials as alternative shielding materials [90-111].

The uses of conducting polymers as microwave absorbers and
electromagnetic interference shielding materials have attracted increased
attention due to their good electrical conductivity and processability
especially when combined with nanocomponents like CNT to enhance the

shielding performance [25, 41, 49]. Among the conducting polymers,
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polyaniline (PANI) and polyaniline based materials have been studied
most extensively because of their easier and inexpensive preparation
methods, good environmental stability in both doped and undoped forms,
excellent physical and chemical properties and high conductivity at
microwave frequencies [3-5, 112]. The disadvantage of using conducting
polymers such as PANI or PANI-CNTs composites alone is its
processability, which can be overcome by preparing blends with polymers
[25, 41]. Ionomers are polymers which possess unique properties
including electrical conductivity and high melt viscosity [6, 12]. The
ionic interactions in ionomers controls the properties of the polymers such
as elastic modulus, glass transition temperature, viscosity, melt strength,
fatigue resistance, processability and transport properties [13-17, 113].
These characteristics makes the ionomer based on poly(ethylene-co-
methacrylic acid) a potential host matrix for the development of
conducting polymer systems. There are several studies in literature
concerning blends of polymers with conducting polymers such as

polyaniline and MWCNTs [16, 17, 82, 114-130].

In this study, we have prepared blends of zinc or sodium salt of
poly(ethylene-co-methacrylic acid ionomer (EMAAZn or EMAANa) with
polyaniline (PANI) and polyaniline-MWCNT for EMI shielding
applications. PANI doped with HCI and TSA under different synthesis
conditions to tailor the particle size in both bulk and nano dimensions and
were synthesized and characterised. PANI-MWCNT composites were
prepared by insitu polymerization of aniline monomer in the presence of
multi-walled carbon nanotubes (MWCNT). Composites of EMAA-PANI
and EMAA-PANI-MWCNT were prepared by solution mixing in solvent
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blends (toluene-1 butanol) at 65°C. The electrical properties and EMI
shielding effectiveness characteristics of the conducting blends were

evaluated.

1.7 Scope and Objectives of the Work

Conducting polyaniline (PANI) possess electrical properties like
that of metals and the characteristics of organic polymers such as
lightweight, lower cost, resistance to corrosion and chemical attack,
flexibility and greater workability. These unique characteristics have led to
its wide usage in electrical/electronic devices and a myriad of applications.
However, unsolved issues, still remain concerning good conductivity with
good mechanical and thermal properties which have limited the full
utilizations of these unique characteristic properties it possess in the ever
growing areas of applications due to material inconsistencies, insolubility
in many organic solvents, inherent brittleness, poor mechanical and thermal
properties, poor processability and low conductivity. If combined with
CNTs to form composites, these limitations could be overcomed since
CNTs possess some impressive and interesting structural, mechanical,
electrical and electronic, optical, thermal and chemical characteristics,
which is attributed to their small size and mass, their strong mechanical
potency, their high electrical and thermal conductivity/stability. Carbon
nanotubes is utilized to form electronically conductive nanocomposites.
The aim with carbon nanotube composites is to form a stable dispersion of
individual carbon nanotubes in the PANI matrices with improved electrical
and mechanical properties by using in-situ polymerization techniques. Still,

these composites are limited using them alone in terms of processability,

Studies on Ionomer-Polyaniline and Ionomer-Polyaniline-MWCNT Composites for
Electrical and Electromagnetic Interference Shielding Applications



Chapter 1

which can be overcome by preparing blends with polymers such as
thermoplastics, thermosets, elastomers, etc. to significantly balance
electrical properties, mechanical properties, thermal characteristics,
processability, etc. lonomers are polymers which possess unique properties
including electrical conductivity and high melt viscosity, elastic modulus,
glass transition temperature, fatigue resistance, processability and transport
properties. These characteristics makes the ionomer based on poly(ethylene-
co-methacrylic acid) a potential host matrix for the development of
conducting polymer systems. However, despite its uniqueness as a class
of polymeric materials that comprise repeat units of both electrically
neutral units and a fraction of ionized units; yet, it has a low and poor
conductivity which is dependent on water absorption resulting in
electrical applications restricted to below 100°C operating temperatures,
poor durability of wet films and poor mechanical and chemical stability at
elevated temperatures. Based on the drawbacks of both ionomers,
conducting PANI and CNTs highlighted above, proper enhancement of
properties will be possible if the synthesis of conducting PANI is performed
in the presence of ionomers and CNTs with the appropriate groups that are
able to interact with the conducting polymer, hence the enhancement of the

thermal stability, electrical conductivity and its processability.

The aim of the thesis is to formulate a effective preparative route by
which composite blends with high conductivity and processability could
be obtained via chemical oxidative polymerization of aniline, insitu
chemical oxidative polymerization of aniline in carbon nanotube and
solution mixing PANI or PANI-CNTs with ionomers of poly(ethylene-co-
methacrylic acid) neutralized with sodium salt [P(E-MAA-Na)] or
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poly(ethylene-co-methacrylic acid) neutralized with zinc salt [P(E-MAA-

Zn)] using a blend of polar and non-polar solvents at 65 C to improve the

processability of electrically conducting PANI and PANI-CNTs

composites to facilitate their effective utilization as EMI shielding

materials. The emphasis is in solution processing as it is a more

economical way to achieve good homogeneity and rapid mixing of the

component materials without large energy consumption of blends.

The objectives of this work are-

To synthesize and characterize bulk and nano PANI with
different acid dopants by adopting a novel technique.

To prepare and characterize PANI-MWCNTSs hybrid core-shell
nanocomposites through insitu chemical oxidative polymerization

process to achieve high and stable electrical conductivity.

To develop, prepare and characterize binary blends of PANI-
ionomer blends of poly(ethylene-co-methacrylic acid) neutralized
with sodium salt [P(E-MAA-Na)] or poly(ethylene-co-
methacrylic acid) neutralized with zinc salt [P(E-MAA-Zn)].

To develop, prepare and characterize ternary blends of PANI-
MWCNTs-ionomer blends of poly(ethylene-co-methacrylic acid)
neutralized with sodium salt [P(E-MAA-Na)] or poly(ethylene-
co-methacrylic acid) neutralized with zinc salt [P(E-MAA-Zn)].

To evaluate the binary and ternary blends for utility and EMI

shielding applications.

Studies on Ionomer-Polyaniline and Ionomer-Polyaniline-MWCNT Composites for
Electrical and Electromagnetic Interference Shielding Applications



Chapter 1

Reference

[1]

Shirakawa H, Lewis EJ, MacDiarmid AG, Chiang CK and Heeger
AlJ, 1977. Synthesis of electrically conducting organic polymers:
halogen derivatives of polyacetylene, (CH)x. J Chem Society, Chem
Communications, 16 578-580.

Inzelt G, 2002. Conducting Polymers: A New Era in Electrochemistry,
Springer-Verlag Berlin Heidelberg, Monographs in Electrochemistry
book series, p123-148.

Ameen S, Akhtar SM, Song M and Shin HS, 2013. Solar cells -
research and application perspectives. In Arturo Morales-Acevedo
(Eds) Metal oxide nanomaterials, conducting polymers and their

nanocomposites for solar energy. InTech, p203-259.

Palaniappan S and John A, 2008. Polyaniline materials by emulsion
polymerization pathway. Prog Polym Sci, 33 732-758.

Bakhishi AK and Bhalla G, 2004. Electrically conducting polymers:
Materials of the twenty-first century. J Sci and Ind Res, 63 715-728.

Subrahmanyam AR, Geetha V, Kumar A, Alakanandana A and Siva
KJ, 2012. Mechanical and electrical conductivity studies of PANI-
PVA and PANI-PEO blends. Int J Mater Sci, 2 (1) 27-30.

Saifuddin N, Raziah AZ and Junizah AR, 2013. Carbon nanotubes: A
review on structure and their interaction with proteins. J Chem, 2013
1-18, doi.org/10.1155/2013/676815.

Varshney K, 2014. Carbon nanotubes: A review on synthesis,
properties and applications. Int J Eng Res General Sci, 2 (4) 660-677.

He H, Pham-Huy LA, Dramou P, Xiao D, Zuo P and Pham-Huy C,
2013. Carbon nanotubes: applications in pharmacy and medicine.
Biomed Res Int, 2013, 1-12, doi.org/10.1155/2013/578290.

Department of Polymer Science and Rubber Technology

Cochin University of Science and Technology



Literature Review

[10]

[11]

[14]

[15]

[17]

lijima S, 1991. Helical microtubules of graphitic carbon. Nature, 354
(6348) 56-58.

Dresselhaus MS, Dresselhaus G and Avouris PH, 2001. Carbon
nanotubes: Synthesis, structure, properties and applications. Springer-
Verlag, Berlin Heidelberg, Germany, Topics Appl Phys Book Series,
80 p1-9.

Mathias LJ, 2018. Available: www.pslc.ws/macrog/Polymer Science

Learning Center/ionomer. Accessed 2 June 2018.

Tant M and Wilkes GL, 1987. Viscoelastic behaviour of ionomers in
bulk and solution, in structure and properties of ionomers, Pineri M
and Eisenberg A(Eds), Reidel, Dordrecht, NATO ASI Series, p191-
226.

Schlick S, 1996. lonomers: characterization, theory and applications.
Boca Raton, Florida: CRC Press LLC.

Eisenberg A and Joon-Kim J-S, 1998. Introduction to ionomers. Wiley
Interscience, New York, p327.

Castillo-Ortega MM, Encinas JC, Rodriguez DE, Olayo R, 2001.
Preparation and characterization of electroconductive polypyrrole—

thermoplastic composites. J Appl Polym Sci, 81 1498-1506.

Castillo-Ortega MM, Rodriguez DE, Encinas JC, Plascencia M,
Mendez-Velarde FA, Olayo R, 2002. Conductometric uric acid and
urea biosensor prepared from electroconductive polyaniline-poly
(n-butylmethacrylate) composites. Sens Actuat B 85 19-25.

Castillo-Ortega MM, Del Castillo-Castro T, Encinas JC, Perez-Tello
M, De Paoli M-A and Olayo R, 2003. Electrically conducting
polyaniline-PBMA composite films obtained by extrusion. Appl
Polym Sci, 89 179-183.

Studies on Ionomer-Polyaniline and Ionomer-Polyaniline-MWCNT Composites for
Electrical and Electromagnetic Interference Shielding Applications



Chapter 1

[19]

[24]

Nandi A, Gupta DG and Banthia AK, 2002. Sulfonated polybutadiene
random ionomer as a stabilizer for colloidal copper nanoparticles.
Colloids and Surfaces A: Physicochemical and Eng Aspects, 197 119-
124.

Sata T, 2004. Ion exchange membrane, preparation, characterization,
modification and application. SC, 1-307, doi: 10.1039/9781847551177-
FXO001.

Capek I, 2005. Nature and properties of ionomer assemblies II. Adv
Colloid Interface Sci, 118 73-112.

Samuel J, Xavier T and Kurian T, 2000. Ionomers. Prog Rubber Plast
Technol, 16 (1) 1-15.

Reynolds PJ, 2012. A Surlyn® lonomer as a self-healing and self-
sensing composite. MRes Thesis, Department of Metallurgy and
Materials, University of Birmingham, UK.

Eisenberg A, Hird B and More RB, 1989. A new multiplet-cluster
model for the morphology of random ionomers. Macromol, 23 (18)
4098-4107.

Bhadra S, Khastgir D, Singha NK and Lee JH, 2009. Progress in
preparation, processing and applications of polyaniline. Prog Polym
Sci, 34 (8) 783-810.

Chen C-H, Mao C-F, Su S-F and Fahn Y-Y, 2007. Preparation and
characterization of conductive poly (vinyl alcohol)/polyaniline doped
by dodecyl benzene sulfonic acid (PVA/PANDB) blend films. J Appl
Polym Sci, 103 3415-3422.

Francis KMG, Subramanian S, Shunmugavel K, Naranappa V,
Pandian SSM and Nadar SC, 2016. Lithium Ion-conducting blend
polymer electrolyte based on PVA-PAN doped with lithium nitrate.
Polym-Plast Technol Eng, 55 (1) 25-35.

Department of Polymer Science and Rubber Technology

Cochin University of Science and Technology



Literature Review

[28]

[29]

[30]

Pinnau I and Freeman BD, 2000. Membrane formation and

modification. ACS Symposium Series, Oxford University Press, p376.

Green DW and Perry RH, 2007. Perry’s Chemical Engineers’ Handbook.
8th edition, McGraw-Hill Education, New York, United States, p2400.

Zemanl] and Zydney AL, 1996. Microfiltration and ultrafiltration,
principles and applications. Marcel Dekker, Inc., New York, United
States, p618.

Plazaneta M, Sacchetti F, Petrillo C, Deme B, BartoliniP and Torred
R, 2014. Water in a polymeric electrolyte membrane: sorption/
desorption and freezing phenomena. J] Membrane Sci, 453 419-424.

Wang D, 2014. Ionomer morphology, solution to film thermodynamics,
molecule transport, physical properties, and water desalination via
electrodialysis. Doctorial Theses and Dissertation, University of
Connecticut Graduate School.

Hensley JE and Way JD, 2007. Synthesis and characterization of
perfluorinated carboxylate/ sulfonate ionomer membranes for

separation and solid electrolyte applications. Amer Chem Society,
Chem Mater, 19 4576-4584.

Eikerling M, Kornyshev AA and Stimming UJ, 1997. Electrophysical
properties of polymer electrolyte membranes: a random network
model. Phys Chem B, 101 (50) 10807-10820.

Yang Y, Siu A, Peckham TJ and Holdcroft S, 2008. In Fuel Cells I,
Structural and morphological features of acid-bearing polymers for
PEM fuel cells. Adv Polym Sci, 215 (1) 55-126.

Wu X, Wang X, He G and Benziger J, 2011. Differences in water
sorption and proton conductivity between Nafion and SPEEK. J Polym
Sci Part B: Polym Phys, 49 1437-1445.

Studies on Ionomer-Polyaniline and Ionomer-Polyaniline-MWCNT Composites for
Electrical and Electromagnetic Interference Shielding Applications



Chapter 1

[37]

[41]

[42]

Teocoli F, Paolone A, Palumbo O, Navarra MA, Casciola M and
Donnadio A, 2012. Effects of water freezing on the mechanical properties
of Nafion membranes. J Polym Sci Part B: Polym Phys, 50 1421-1425.

Swier S, Shaw MT and Weiss RA, 2004. Design of polymer blend for
proton exchange membranes in fuel cells. Amer Chem Soc, Fuel
Chem, 49 (2) 532-533.

Zhang H and Shen PK, 2012. Recent development of polymer
electrolyte membranes for fuel cells. Amer Chem Soc, Chem Rev, 112
2780-2832.

Yongfang Li, 2015. Organic optoelectronic materials, Yongfang Li
(ed.), Springer International Publishing Switzerland, Lecture Notes in
Chemistry 91 p23-50.

Das TK and Prusty S, 2012. Review on conducting polymers and their
applications. Polym-Plast Technol Eng, 51 (14) 1487-1500.

https://en.wikipedia.org/wiki/File:Polyaniline structure.svg. Accessed
7th November 2017.

Gerard M, Chaubey A and Malhotra BD, 2002. Review application of
conducting polymers to biosensors. Biosensors Bioelectronics, 17 345-
359.

Kumar D and Sharma RC, Advances in Conductive Polymers. Eur
Polym J, 34 (8) 1053-1060.

Ciric-Marjanovic G, 2013. Recent advances in polyaniline research:
Polymerization mechanisms, structural aspects, properties and
applications. Synth Metals 177 1- 4.

Jangid NK, Chauhan NPS, Meghwal K, Ameta R and Punjabi PB,
2014. A review: conducting polymers and their applications. Res J
Pharm, Bio Chem Sci, 5 (3) 383-412.

Department of Polymer Science and Rubber Technology

Cochin University of Science and Technology



Literature Review

Bai H and Shi G, 2007. Gas sensors based on conducting polymers.
Sensors, 7 267-307.

Fogel R and Limson J, 2016. Developing biosensors in developing

countries: South Africa as a case study. Biosensors, 6 (5) 1-17.

Thomassin J-M, Jerome C, Pardoen T, Bailly C, Huynen I and
Detrembleur C, 2013. Polymer/carbon based composites as
electromagnetic interference (EMI) shielding materials. Mater Sci and
Eng R: Reports, 74 (7) 211-232.

Gupta N, Sharma S, Mir A and Kumar D, 2006. Advances in sensors
based on conducting polymers. J Sci Ind Res, 65 549-557.

https://en.wikipedia.org/wiki/Brain—computer_interface. Accessed 7"
November 2017.

https://www kaspersky.com/blog/direct-neural-interfaces/8560.
Accessed 7"November 2017.

https://en.wikipedia.org/wiki/Actuator. Accessed 7"November 2017.

https://www.thomasnet.com/articles/pumps-valves-accessories/types-

of - actuators. Accessed 7"November 2017.

Chavan R, Desai U, Mhatre P and Chinchole R, 2012. A review:
Carbon nanotubes. Int J Pharm Sci Review Res, 13 (1) 125-134.

Mahajan D, 2017. Carbon nanotubes: A review on synthesis, electrical
and mechanical properties and applications. Asian J Appl Sci Technol,
1 (7) 15-20.

Kuzmany H, Kukovecz A, Simona F, Holzweber M, Kramberger C
and Pichler T, 2004. Functionalization of carbon nanotubes. Synth
Metals, 141 113-122.

Kroto HW, Heath JR, O’Brien SC, Curl RF, and Smalley RE, 1985.
C60: Buckminsterfullerene. Nature, 318 (6042) 162—-163.

Studies on Ionomer-Polyaniline and Ionomer-Polyaniline-MWCNT Composites for
Electrical and Electromagnetic Interference Shielding Applications



Chapter 1

[59]

[63]

[64]

[68]

Hirlekar R, Yamagar M, Garse H, Vij M and Kadam V, 2009. Carbon
nanotubes and its applications: A review. Asian J Pharm Clinical Res,
2 (4)17-27.

https://www.nanoshel.com/applications-and-benefits-of-multi-
walledcarbon/Nanoshel LLC News on April 9, 2016, by Abhishek.
Accessed 7"™November 2017.

http://en.wikipedia.org/www/Carbon%nanotube. Accessed 7" November
2017

Odom TW, Huang J-L, Kim P and Lieber CM, 2000. Structure and
electronic properties of carbon nanotubes. J Phys Chem B, 104 2794-
28009.

Ganesh EN, 2013. Single-walled and multi-walled carbon nanotube
structure, synthesis and applications. Int J Innov Technol Exploring
Eng, 2 (4) 311-320.

Odom TW, Huang J-L, Kim P and Lieber CM, 1998. Atomic structure
and electronic properties of single-walled carbon nanotubes. Nature,
391 62-64.

Mamedov AA, Kotov NA, Prato M, Guldi DM, Wicksted JP and Hirsch
A, 2002. Molecular design of strong single-wall carbon nanotube/
polyelectrolyte multilayer composites. Nature Mater, 1 190-194.

Rafique MMA and Igbal J, 2011. Production of carbon nanotubes by
different routes-A review. J EncapsAdsorp Sci, 1 29-34.

Che G, Lakshmi BB, C. R. Martin CR and Fisher ER, 1998. Chemical
vapour deposition based on synthesis of carbon nanotubes and

nanofibers using a template method. Chem Mater, 10 260-267.

Applications and Benefits of Multi-Walled Carbon Nanotubes
(MWCNTs). http://www.cefic.org/Documents/Other/Benefits%200f%
20Carbon%20Nanotubes.pdf. Accessed 7"™November 2017, 1-6.

Department of Polymer Science and Rubber Technology

Cochin University of Science and Technology



Literature Review

[76]

Gogotsi Y, Naguib N and Libera JA, 2002. In situ chemical
experiments in carbon nanotubes. Chem Phys Letters, 365 354-360.

Gazotti Jr WA, Casalbore-Miceli G, Mitzakoff S, Geri A, Gallazzi MC
and De Paoli MA, 1999. Conductive polymer blends as electrochromic
materials. Electrochimica Acta 44 1965-1971.

Olabisi O and Adewale K, 2015. Handbook of thermoplastics. 2nd
Edition, CRC Press,doi: 10.1201/b19190-1.

Parameswaranpillai J, Thomas S and Grohens Y, 2015. Polymer Blends:
State of the art, new challenges and opportunities. Wiley-VCH Verlag
GmbH & Co. KGaA, 1-5, doi.org/10.1002/9783527645602.ch01

Rahate AS, Nemade KR and Waghuley SA, 2012. Polyphenylene
sulfide (PPS): state of the art and applications. Reviews Chem Eng, 29
(6) 471-4809.

Kaur G, Adhikari R, Cass P, Bown M and Gunatillake P, 2015.
Electrically conductive polymers and composites for biomedical
applications. RSC Adv, 5 37553-37567.

Paul R and Pillai CKS, 2002. Melt/solution processable conducting
polyaniline: Elastomeric blends with EVA. J Appl Polym Sci, 84
1438-1447.

Vicentini DS, Barra GMO, Bertolino JR and Pires ATN,
2007. Polyaniline/thermoplastic polyurethane blends: Preparation

and evaluation of electrical conductivity. Euro Polym J, 43 4565-
4572.

Ercan N, DurmusA and Kasgoz A, 2015. Comparing of melt blending
and solution mixing methods on the physical properties of
thermoplastic polyurethane/organoclay nanocomposite. J Thermoplast
Comp Mater 30 (7) 950-970.

Studies on Ionomer-Polyaniline and Ionomer-Polyaniline-MWCNT Composites for
Electrical and Electromagnetic Interference Shielding Applications



Chapter 1

[78]

[82]

[83]

Del Castillo-Castro T, Castillo-Ortega MM, Villarreal I, Brown F,
Grijalva H, Perez-Tello M, Nun~o-Donlucas SM and Puig JE, 2007.
Synthesis and characterization of composites of DBSA-doped
polyaniline and polystyrene-based ionomers. Composites: Part A,
Appl Sci Manufacturing, 38 639-645.

Li Y-F, Wang Y-P, Gao X-H and Gao J-M, 2006. Composites of
polystyrene sulfonic acid (PSSA)-polyaniline and montmorillonite clay:
Synthesis and characterization. ] Macromol Sci, Part A, 43 (2) 405-415.

Kunteppa H, Parveen A, Kumar HGH and Roy AS, 2013. AC
conductivity and battery application of polyethylene oxide/PANI/sodium
chlorate composites. Adv Mater Letters, 4 (11) 856-861.

Chen C-H, LaRue JC, Nelson RD, Kulinsky L. and Madou MJ, 2012.
Electrical Conductivity of polymer blends of poly (3, 4-
ethylenedioxythiophene): Poly  (styrenesulfonate):  N-Methyl-2-
pyrrolidinone and polyvinyl alcohol. J Appl Polym Sci, 125 (4) 3143-3141.

Dharaiya DP and Jana SC, 2006. Production of electrically conductive
networks in immiscible polymer blends by chaotic mixing. Polym Eng
Sci, 46 (1) 19-28.

Taghipour Z, Eisazadeh H and Tanzifi M, 2014. Modification of
polyaniline/polystyrene and polyaniline/metal oxide structure by
surfactant. Int J] Eng Transactions B: Applications, 27 (2) 227-238.

Xie H-Q, Pu Q-L and Xie D, 2004. Preparation of conductive
polyaniline-sulfonated epdm ionomer composites from in situ emulsion
polymerization and study of their properties. J Appl Polym Sci, 93
2211-2217.

Wang Y, Xie H, Cai Y and Guo J, 1997. Synthesis and properties of
polyaniline/sodium and zinc ionomer composites. Polym J, 29 875-
880.

Department of Polymer Science and Rubber Technology

Cochin University of Science and Technology



Literature Review

[86]

Eisazadeh H and Kavian A, 2009. Copolymerization of aniline and
styrene using various surfactants in aqueous media. Polym Comp, 30
(1) 43-48.

Terlemezyan L, Mihailov M, and Ivanova B, 1992. Electrically
conductive polymer blends comprising polyaniline. Polym Bull, 29
283-287.

Singh A, Jaiswar GL and Dhakarey R, 2010. Conducting polymer of
aniline blended by polymethylmethaacrylate metal containing polymer:
Insitu blending and characterizations. ] Chem Pharm Res, 2 (3) 647-655.

Li X, Chen D, Xu D, Zhao C, Wang Z, Lu H and Na H, 2006.
SPEEKK/polyaniline (PANI) composite membranes for direct
methanol fuel cell usages. J] Membrane Sci 275 134-140.

De Souza Jr FG and Soares BG, 2006. Methodology for determination
of Pani.DBSA content in conductive blends by using UV-Vis
spectrometry. Polym Testing 25 512-517.

Nandanwar DV, Modak P, Kondawar SB, Dhakate SR and Dudhe
CM, 2014. Electromagnetic interference shielding of multi-walled
carbon nanotubes/polyaniline nanocomposites. Int J Res Biosci Agric
Technol, 2 (1) 918-926.

John H, Thomas RM, Jacob J, Mathew KT and Joseph R, 2007.
Conducting polyaniline composites as microwave absorbers. Polym
Comp, 28 (5) 588-592.

Geetha S, Kumar SKK, Rao CRK, Vijayan M and Trivedi DC, 2009.
EMI shielding: Methods and materials-A review.J Appl Polym Sci,
112 (4) 2073-2086.

Faez R, Martin IM, De Paoli M-A, Rezende MC, 2001. Microwave
properties of EPDM/PANI-DBSA blends.Synth Metals, 119 (1) 435-
436.

Studies on Ionomer-Polyaniline and Ionomer-Polyaniline-MWCNT Composites for
Electrical and Electromagnetic Interference Shielding Applications



Chapter 1

[95] Saini P and Arora M, 2012. Microwave absorption and EMI shielding
behavior of nanocomposites based on intrinsically conducting
polymers, graphene and carbon nanotubes, in Newpolymers for special
applications, De Souza Gomes A, (Ed.), InTech p73-112.

[96] Ott HW, 2009. Electromagnetic Compatibility Engineering, John
Wiley &Sons, Hoboken, NJ, USA, p3-4.

[97] Saini P, Choudhary V, Singh BP, Mathur RB and Dhawan SK, 2011.
Enhanced microwave absorption behavior of polyaniline-CNT/
polystyrene blend in 12.4-18.0 GHz range. Synth Metals, 161(15-16)
1522-1526.

[98] ColaneriNF and Shacklette LW, 1992. EMI shielding measurements of
conductive polymer blends. IEEE Transactions Instrum Measur, 41 (2)
291-297.

[99] Chung DDL, 2000. Materials for electromagnetic interference
shielding. J Mater Eng Performance, 9 (3) 350-354.

[100] Saini P and Choudhary V, 2013. Enhanced electromagnetic interference
shielding effectiveness of polyaniline functionalized carbon nanotubes

filled polystyrene. J Nanopart Res, 15 1-7.

[101] Wu J and Chung DDL, 2002. Increasing the electromagnetic interference
shielding effectiveness of carbon fiber polymer-matrix composite by
using activated carbon fibers. Carbon, 40 (3) 445-447.

[102] Yang Y, Gupta MC, Dudley KL, and Lawrence RW, 2005. Novel
carbon nanotube-polystyrene foam composites for electromagnetic
interference shielding. Nano Letters, 5 (11) 2131-2134.

[103] Shacklette LW, Colaneri NF, Kulkarni VG and Wessling B, 1992.
EMI Shielding of intrinsically conductive polymers. J Vinyl Additive
Technol, 14 (2) 118-122.

Department of Polymer Science and Rubber Technology
Cochin University of Science and Technology



Literature Review

[104] Yang Y, Gupta MC, Dudley KL and Lawrence RW, 2005. A
comparative study of EMI shielding properties of carbon nanofiber
and multi-walled carbon nanotube filled polymer composites. J
Nanosci Nanotechnol, 5 (6) 927-931.

[105] Electronicsbelieverhttp://electronicsbeliever.com/emi-shielding-
techniques/March 21, 2017. Accessed on 23™ of August, 2018.

[106] https://en.wikipedia.org/wiki/Electromagnetic_interference. Accessed on
23" of August, 2018.

[107] Saini P, Choudhary V and Dhawan SK, 2012. Improved microwave
absorption and electrostatic charge dissipation efficiencies of conducting

polymer grafted fabrics prepared via in situ polymerization. Polym Adv
Technol, 23 343-349.

[108] Saini P, Choudhary V, Vijayan N and Kotnala RK, 2012. Improved
electromagnetic interference shielding response of poly (aniline)-

coated fabrics containing dielectric and magnetic nanoparticles. J Phys
Chem C, 116 13403-13412.

[109] Khan S, Arora M, Wahab MA and Saini P, 2014. Permittivity and
electromagnetic interference shielding investigations of activated

charcoal loaded acrylic coating compositions. J Polym, 2014 1-7.

[110] Gupta TK, Singh BP, Mathura RB and Dhakate SR, 2014. Multi-walled
carbon nanotube-graphene-polyaniline multiphase nanocomposite with

superior electromagnetic shielding effectiveness. Nanoscale, 6 842-851.

[111] Basuli U, Chattopadhyay S, Nah C and Chaki TK, 2012. Electrical
properties and electromagnetic interference shielding effectiveness of
multiwalled carbon nanotubes-reinforced EMA nanocomposites.
Polym Comp, 33 (6) 897-903.

[112] Yanmin Wang, (2014). Microwave absorbing materials based on
polyaniline composites: A review. Int J Mater Res, 105 (1) 3-12.

Studies on Ionomer-Polyaniline and Ionomer-Polyaniline-MWCNT Composites for
Electrical and Electromagnetic Interference Shielding Applications



Chapter 1

[113]

[114]

[115]

[116]

[117]

[118]

[119]

Yong Li, Changxin Chen, Song Zhang, Yuwei Ni and Jie Huang,
2008. Electrical conductivity and electromagnetic interference
shielding characteristics of multiwalled carbon nanotube filled
polyacrylate composite films. Applied Surface Science, 254 (18)
5766-5771. DOI: 10.1016/j.apsusc.2008.03.077.

Li YL, Li MJ, Pang ML, Feng SY, Zhang J and Zhang CQ, (2015).
Effects of multi-walled carbon nanotube structures on the electrical
and mechanical properties of silicone rubber filled with multi-walled
carbon nanotubes. J Mater Chem C, 3 5573-5579.

Wang HB, Teng KY, Chen C, Li XJ, Xu ZW, Chen L, F HJ, Kuang
LY, Ma MJ and Zhao LH, 2017. Conductivity and electromagnetic
interference shielding of graphene-based architectures using
MWCNTs as free radical scavenger in gamma-irradiation. Mater Lett,
186 78-81.

Wang R, Yang H, Wang JL and Li FX, 2014. The electromagnetic
interference shielding of silicone rubber filled with nickel coated
carbon fiber. Polym Test, 38 53-56.

Zeng ZH, Jin H, Chen MJ, Li WW, Zhou LC and Zhang Z, 2016.
Lightweight and anisotropic porous MWCNT/WPU composites for
ultrahigh performance electromagnetic interference shielding. Adv
Funct Mater, 26 303-310.

Wang GL, Zhao GQ, Wang S, Zhang L and Park CB, 2018. Injection-
molded microcellular PLA/graphite nanocomposites with dramatically
enhanced mechanical and electrical properties for ultra-efficient EMI
shielding applications. J Mater Chem C, 6 6847-6859.

Jin L, Zhao XM, Xu JF, Luo YY, Chen DQ and Chen GH, 2018. The
synergistic effect of a graphene nanoplate/Fe;O4@BaTiO; hybrid and
MWCNTs on enhancing broadband electromagnetic interference
shielding performance. RSC Adv, 8 2065.

Department of Polymer Science and Rubber Technology
Cochin University of Science and Technology



Literature Review

[120]

[121]

[122]

[123]

[124]

[125]

[126]

Poothanari, M.A.; Abraham, J.; Kalarikkal, N.; Thomas, S. Excellent
electromagnetic interference shielding and high electrical conductivity
of compatibilized polycarbonate/polypropylene carbon nanotube blend
nanocomposites. Ind Eng Chem Res, 57 4287-4297.

Abraham J, Arif MP, Kailas L, Kalarikkal N, George SC and Thomas
S, 2016. Developing highly conducting and mechanically durable
styrene butadiene rubber composites with tailored microstructural
properties by a green approach using ionic liquid modified MWCNTs.
RSC Adv, 6 32493.

Wang P, Xu P, Zhou YY, Yang YW and Ding YS, 2018. Effect of
MWCNTs and P[MMA-IL] on the crystallization and dielectric
behavior of PVDF composites. Eur Polym J, 99 58-64.

Al-Saleh MH, 2015. Influence of conductive network structure on the
EMI shielding and electrical percolation of carbon nanotube/polymer
nanocomposites. Synth Met, 205 78-84.

Ajitha AR, Mohammed AP, Aswathi MK, Lovely PM, Geethamma
VG, Nandakumar Kalarikkal, Sabu Thomas and Tatiana Volova, (2018).
An effective EMI shielding material based on poly(trimethylene
terephthalate) blend nanocomposites with multiwalled carbon nanotubes.
New J Chem, 42 13915-13926. DOI: 10.1039/C8NJ02410C.

Yang H, Yu Z, Wu P, Zou H and Liu P, 2018. Electromagnetic
interference shielding effectiveness of microcellular polyimide/insitu

thermally reduced graphene oxide/carbon nanotubes nanocomposites.
Appl Surf Sci, 434 318-325.

Duan H, Zhao M, Yang Y, Zhao G and Liu Y, 2018. Flexible and
conductive PP/EPDM/Ni coated glass fiber composite for efficient

electromagnetic interference shielding. J Mater Sci: Mater Electron,
29 10329-10336. D0i:10.1007/s10854-018-9089-x.

Studies on Ionomer-Polyaniline and Ionomer-Polyaniline-MWCNT Composites for
Electrical and Electromagnetic Interference Shielding Applications



Chapter 1

[127]

[128]

[129]

[130]

Na R, Liu J, Wang G and Zhang S, 2018. Light weight and flexible
poly(ether ether ketone) based composite film with excellent thermal
stability and mechanical properties for wideband electromagnetic
interference shielding. RSC Adv, 8 3296-3303. Doi:10.1039/
C7RA11675F.

Zhang K, Li GH, Feng LM, Wang N, Guo J, Sun K, Yu KX, Zeng JB,
Li T, Guo Z and Wang M, 2017. Ultralow percolation threshold and
enhanced electromagnetic interference shielding in  poly(l-
lactide)/multi-walled carbon nanotube nanocomposites with electrically
conductive segregated networks. J Mater Chem C, 5 9359-9369.
Doi:10.1039/C7TCO02948A.

Bhawal P, Ganguly S, Das Tushar K, Mondal S and Das NC, 2018.
Mechanically robust conductive carbon clusters confined ethylene
methyl acrylate-based flexible composites for superior shielding
effectiveness. Polym Adv Technol, 29 95-110. Doi:10.1002/pat.4092.

Ajekwene KK, Johny JE and Kurian T, 2018. Sodium salt of
polyethylene-co-methacrylic acid ionomer/polyaniline binary
blends for EMI shielding applications. PIER C, 88 207-218.
doi:10.2528/PIERC18093003.

Department of Polymer Science and Rubber Technology
Cochin University of Science and Technology



Chapter 2

EXPERIMENTAL

2.1 Materials

2.2 Synthesis and Preparation Methods
2.3 Characterization Techniques
2.4 Sonication Technique

In this chapter, the materials used and the experimental techniques adopted
are outlined and described. The various characterizations and tests
performed to investigate the prepared samples (PANI, PANI-MWCNTs and
the composites (PANl/ionomer and PANI/MWCNT/ionomer)) are also
described.

2.1 Materials

Chemicals and solvents: Ammonium persulphate (APS), p-toluene
sulfonic acid monohydrate (TSA) and aniline obtained from Sigma Aldrich
Chemical Company were of very high purity (99.9%). Hydrochloric acid
(HCI) 98%, and acetone were obtained from Spectrochem Pvt. Ltd.,
Mumbai, India. The aniline was distilled before use. All other materials

were used without any pre-processing.

Carbon nanotubes (CNT): Ordinary non-functionalized multi-walled
carbon nanotubes (pristine CNT), carboxylic acid functionalized MWCNT
(CCNT) and amine functionalized MWCNT (ACNT)) were obtained from
AdNano Technologies Pvt. Ltd., Bangalore, Karnataka, India.
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Ionomers: The ionomers used in this study were:

a) Zinc salt of poly(ethylene-co-methacrylic acid) (HIMILAN
1702 EMAAZn) with melt flow index (190 °C/2.16 kg) of
16 g/10 min, and

b) Sodium salt of poly(ethylene-co-methacrylic acid) (HIMILAN
1555 EMAANa) with melt flow index (190°C/2.16 kg) of
10 g/10 min.

These ionomers were supplied by Mitsubishi Plastics, Inc., Japan.

2.2 Synthesis and Preparation Methods
2.2.1 Chemical oxidative polymerization

The synthesis of polyaniline (PANI) by chemical oxidation
polymerization involves the use of either sulphuric or hydrochloric acid in
the presence of ammonium persulphate as the oxidizing agent in the
aqueous medium. The main function of the oxidant is to withdraw a
proton from the aniline molecule, without forming a strong co-ordination
bond either with the intermediate /substrate or with the final product.
Polymer chains proceeds by a redox process between the growing chain
and aniline with addition of monomer to the chain end [1]. The high
concentration of a strong oxidant, (NHy4),S,0s, at the initial stage of the
polymerization enables the fast oxidation of oligomers and polyaniline, as
well as their existence in the oxidized form. However, to avoid oxidative
degradation of the polymer formed only a small quantity of oxidant is

used.
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Experimental

PANI is usually synthesized by aniline oxidation either with a
chemical oxidant (chemical route) or through electrochemistry. Chemical
synthesis requires three reactants: aniline, an oxidant and an acidic
medium (aqueous or organic). The most common acids used as acidic
medium are fundamentally sulphuric acid (H,SO4) and hydrochloric acid
(HCI). The recommended oxidants are mostly ammonium persulphate
((NH4),S,0s), cerium sulphate (Ce(SOs),), potassium dichromate (K,Cr,07),
hydrogen peroxide (H,0O,), sodium vanadate (NaVO3), potassium iodate
(KIO;) and potassium ferricyanide (K3(Fe(CN)g)). Usually, the most
popular synthesis is run with a 1 mol aqueous hydrochloric acid solution
(pH between 0 and 2), ammonium persulfate as oxidant with an
oxidant/aniline molar ratio <1.15 in order to obtain high conductivity
and yield [1]. The solution temperature is within the range of 20 and
25°C (room temperature). The reaction time is usually between 9 and

48 hrs.

For the purpose of this study, ammonium persulphate (APS) as
oxidant and toluene sulfonic acid monohydrate (TSA) and hydrochloric
acid (HCIl) were the acid dopants respectively. The experimental
procedure consists of adding slowly (drop by drop) the aqueous
ammonium persulfate solution to the aniline/HCI or TSA solution. The
material obtained is polyemeraldine salt: polyemeraldine hydrochloride
(PANI-HCI) or polyemeraldine toluene sulfonic acid (PANI-TSA), which

is green in colour [1]. The process is illustrated in the figure 2.1:
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4 @NHZ + 5  (NH4)»S:08 —_—

Aniline Oxidizing agent

H>SO4
@—NHNH: + 5 (NH4)2S04 + 3 HzSO4

Polyaniline

777 Aniline monomer -|- - - Hydrochloric acid

Immobilized for 24h at
room temperature

-- PANI

Stirred for 9h Precipitate was washed with

distilled water and acetone

har: rization: i
Characterizations Dried under vacuum for

XRD, SEM.TEM. FTIR, UV-VIS, DSC,| S——— | 24hat 50°C
TGA, DC Conductivity, Dielectric test

Figure 2.1. Chemical oxidative polymerization of aniline monomer

2.2.2 In-situ chemical oxidative polymerization

Several synthesis methods of polyaniline and multi walled carbon
nanotube (PANI-MWCNT) nanocomposites have been reported in
literature. Among these various methods, insitu polymerization is mostly
used. Insitu polymerization is a chemical reaction that results in the
formation of a very fine and thermodynamically stable reinforcing phase

within a matrix, in which nanoparticles are dispersed in liquid monomer
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or precursor with relatively low-molecular weight and also in their
solution, thereby allowing the formation of a homogeneous mixture. This
enables grafting of polymer molecules on CNT, resulting to a better
interaction and better dispersion coefficient between CNT and polymer

matrix.

For this research work, the basic starting materials used are the
different functionalized MWCNTs (amine and carboxylic acid
functionalized), non functionalized MWCNT (Pristine MWCNT) and
aniline, using ammonium persulphate (APS) as a radical initiator with
TSA as the acid dopant. MWCNTs are dispersed by ultrasonication in the
prepolymer, introducing MWCNT at prepolymer gives a good dispersion
in the low viscosity of the prepolymer. As the polymerization progresses,
there is an increase in the viscosity of the solution while the polymer
grows and is wrapped around the dispersed MWCNTs. This results in a
composite with enhanced electrical, mechanical and tribological
properties with higher interfacial strengths, because of the interaction
between the MWCNTs and growing polymer, this forms stronger
MWCNTs-polymer bonds via covalent or non-covalent interactions. The
temperature of the reaction is within 25°C (room temperature). The
reaction time is between 9 and 24 hrs. The experimental procedure
consists of aniline monomer and MWCNT in aqueous solution of the acid
dopants homogenization by sonication, then adding slowly (drop by drop)
the aqueous ammonium persulfate solution to the aniline/MWCNT
dispersion. The material obtained is polyemeraldine-toluene sulfonic acid
(PANI-TSA)-MWCNT, which is greenish-black in colour. Incorporating
MWCNTs as fillers into PANI enhances the conductivity of PANI

Studies on Ionomer-Polyaniline and Ionomer-Polyaniline-MWCNT Composites for
Electrical and Electromagnetic Interference Shielding Applications



Chapter 2

nanocomposites as the MWCNTs can have much higher electrical
conductivity than PANI. The MWCNT can behave as conducting bridge
between the conducting domains of PANI which results in an
enhancement of the electrical conductivity of PANI. The reaction process

is illustrated in Figure 2.2 bellow.

o - -3 Aniline+ dopant phase adsorbed
=5 over MWCNT

______ Aqueous phase

o Aniline + dopant phase

Polymerization
[ —" -
By adding APS

Homogenization

By sonication

Sonication

Magnetic stirrer ¢

) i
PANI coated CNT

Filtration,washing &nd
- = ———— __vacuum drying s

3

PANI/MWCNT
Pellets Composite powder

e

XRD, SEM,TEM, FTIR, UV-VIS, DSC,
TGA. DC Conductivity. Dielectric test

Characterizations

Figure 2.2. Insitu chemical oxidative polymerization of aniline monomer in
MWCNTs

2.2.3 Blending

Polymer blends or mixtures represent an important class of materials,
in which at least two polymers are mixed together to generate a new material

with different properties. Blending may be the simplest and cheapest way to
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obtain polymeric materials with tailored properties because of the

combination of advantageous properties of each component [2, 3].

In this study, we have used the solution blending method.

2.2.3.1 Solution blending

Solution blending is usually used for preparation of polymer blends
on a laboratory scale. The components of the blend are dissolved in a
common solvent and stirred intensively. The blend is separated by
evaporation or precipitation of the solvent. Advantages of the process are
rapid mixing of the system without large energy consumption and the

potential to avoid unfavourable chemical reactions [4].

In this research work, two different solution blending were carried
out, the binary solution blend and ternary solution blend. The binary
solution blend was done with ionomers Poly(ethylene-co-methacrylic
acid) partially ionized with zinc or sodium salts and PANI, while the
ternary blend was done with PANI, MWCNT and ionomers or mixing of
composite of PANI-MWCNTs obtained by in situ chemical oxidative

polymerization with ionomers.

2.2.4 Solvent blend optimization for ionomer dissolution

Ionomer is an ion containing copolymeric material with either
positive [+] or negative [-] electric charge in which up to 15 mol % of the
repeat units contain ionic groups. They comprise of both electrically
neutral repeating units (non-ionic) and a fraction of ionized units
covalently bonded to the polymer backbone as pendant group moieties.

This makes the dissolution of ionomer with a single polar or non-polar
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solvents practically impossible. Hence, the need for solvent blending
(polar and non-polar solvents). Toluene and 1-Butanol were selected for
this purpose. The following table shows the optimization of the solvent

blend ratios for the dissolution of the ionomer.

Table 2.1. Solvent blend ratio optimization for ionomer dissolution

Ionomer (g)  Solvents Toluene/1-Butanol % of the ionomer dissolved

1.0 10/90 100
1.0 20/80 100
1.0 30/70 100
1.0 40/60 100
1.0 50/50 100
1.0 60/40 100
1.0 70/30 100
1.0 80/20 100
1.0 90/10 100

A constant weight of ionomer (1 g) was introduced into the solvent
blends at varying ratios at a temperature of 65 C for 15 minutes with
stirring. All the ionomers were completely dissolved each case. The
dissolved solutions were allowed to evaporate to a solid film in a petri

dish and then dried in vacuum oven at 50°C for 24 hours.

The films formed on the petri dishes were physically observed for
smoothness and consistency of film. It was observed that the solvent
combination of ratio 90/10 (Toluene/1-Butanol) gave the best film with
good spread, smoothness of film and better consistency. The smoothness,
consistency and good spread decreased with increase in the 1-Butanol

content of the solvent blend. There was also a severe loss of strength and
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film becomes flaky and powdery as the volume of 1-Butanol content of
the solvent blend increased (60-90). Based on these observations, 90/10
solvent blend was chosen for further work. However, the film of the
chosen solvent blend was not smooth and uniform enough for testing and
analysis. Hence, the dried films were compression moulded using a flat

mould at 70°C and test pieces cut out for testing and characterization.

2.3 Characterization Techniques

A detailed description of the characterization techniques employed

in interpreting the various sample properties are highlighted here.

2.3.1 Morphological Characterization

The morphology and microstructure of the samples were
investigated through the sscanning electron microscopy (SEM) and
transmission electron microscopy (TEM). It involves scanning by an
electron beam across a sample surface and secondary electrons are ejected

from the surface.

2.3.1.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a method for high
resolution surface imaging. The SEM uses an electron beam for surface
imaging. The samples are mounted on SEM stubs using carbon tape and
then sputter coated with a thin layer of gold to avoid charging during
analysis. For a typical SEM, a beam in a cathode ray tube and an electron
beam are simultaneously scanned across the surface of the sample. A
signal is then produced by scattered electrons resulting in an image that

gives a three dimensional appearance.
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The advantages of SEM over light microscopy are greater
magnification and much larger depth of field. Different elements and
surface topographies emit different quantity of electrons, due to which the
contrast in a SEM micrograph (picture) is representative of the surface
topography and distribution of elemental composition on the surface.
Qualitative elemental analysis, standard less quantitative analysis, X-ray
line scans and mapping can be performed with SEM-EDS combination
[5]. In this work, we have employed JEOL Model JSM - 6390LV with
magnification range of 5X - 300000X.

2.3.1.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique in
which electrons are transmitted through an ultra-thin specimen, interacting
with the specimen as it passes through. An image is formed from the
interaction of the electrons transmitted through the specimen [5]. Using
TEM, the principle involves an electron beam, which is transmitted
through a specimen that must be less than 200 nm thick, in a stable high
vacuum system. The samples can be magnified between 100-100,000
times [6]. TEM provides very useful information for crystalline materials
while amorphous materials are more difficult to analyze using TEM [7].
In this work JEOL/JEM 2100 with magnification of 2000X — 1500000 X

was employed for this characterization.

2.3.2 X-Ray Powder Diffraction Analysis (XRD)

Wide Angle X-Ray powder diffraction is used to obtain information
about the structure, composition and state of a material. Some typical

applications are identification of an unknown sample based on the
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crystalline peaks, variable temperature studies, precise measurements of

lattice constant and residual strains, and refinement of atomic coordinates.

The structure determination is based on the interference of
monochromatic X-rays and the crystalline sample [8]. In XRD, X-Rays
are impinged and reflected X-Rays are collected at a known angle relative
to the sample [9]. The scattered beam is used to determine the atomic
structure of the lattice. For an incident ray, at an angle 6, according to

Bragg’s equation, path difference is given by:
nA = 2d sin 0

Where; n is an integer, d is the distance between atomic layers in the

crystal, A is the wavelength, and 0 is the angle of incidence.

If Bragg’s equation is satisfied, a peak will be observed. By
comparing the obtained peaks in the XRD pattern to database information
about crystalline structures, the material could be identified. For
polymers, as they contain both crystalline and amorphous regions, the X-
ray diffraction patterns may contain a mixture of sharp and diffused
patterns. Hence the diffractograms contains sharp peaks, corresponding to
the ordered regions and the diffused and broader portions corresponding
to the irregular ones. It is well-established that for intrinsically conducting
polymers, crystallinity has a significant influence on the conductivity
retention. At elevated temperature, conductivity ageing happens to

amorphous regions easily when compared to the crystalline regions.

X-Ray Powder Diffractometry is one of the most powerful and

established technique for material structural analysis, capable of
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providing information about the structure of a material at the atomic level
[5]. Bruker AXS D8 Advance with a configuration of Vertical Theta/2

Theta geometry was used for this work.

2.3.3 Fourier Transform Infrared (FTIR) Spectroscopy

Atoms or atomic groups in molecules are in continuous motion with
respect to one another. They vibrate about some mean position. Fourier
transform infrared (FTIR) spectroscopic method allows one to
characterize vibrations in molecules by measuring the absorption of light
of certain energies that correspond to the vibrational excitation of the
molecules from lower to higher states. All molecules have specific
frequencies at which they rotate or vibrate corresponding to discrete
energy levels. As the different functional groups absorb at their unique
characteristic frequencies, the resulting spectrum representing the
molecular absorption and transmission, is a molecular fingerprint of the

sample [10].

IR spectrum of a compound is the superposition of absorption bands
of specific functional groups. The subtle interactions with the surrounding
atoms or molecules impose the stamp of individuality of the spectrum of
each compound. IR absorption has numerous applications in qualitative
and quantitative analysis [5]. Thermo Nicolet, Avatar 370 with spectra

range of 4000-400 cm ' was employed for this work.

2.3.4 Ultra Violet-Visible (UV-VIS) Spectroscopy

There is a difference in energy between molecular bonding, non-

bonding and anti-bonding orbitals ranges from 125 to 650 kJ per mole.
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This energy corresponds to the electromagnetic radiation in the ultraviolet
region and the visible region of the spectrum. Thus, UV-Visible
spectroscopy deals with the measurement of energy absorbed when
electrons are promoted to a higher energy levels. The UV-Visible

spectrum can be divided into three regions:

=  Far or vacuum ultraviolet region (10-200nm)
= Near or quartz ultraviolet region (200-380nm)

=  Visible region (380-780nm)

The absorption of light in the ultraviolet (10 - 420 nm) and visible
(420-700 nm) regions by a sample is measured in Ultraviolet—visible
spectroscopy. The absorption of light in this region depends on the nature
of chemical groups present in the structure. When a radiation of energy in
the UV-Vis region falls on the sample, there can be various possible
transitions which are o-0*, n-6*, n-n* and n-n* depending on the sample
under analysis. Among these transitions, n-n* transition requires the least
amount of energy and gives rise to an absorption band at longer
wavelengths [11]. By analysing the UV-Vis absorption spectra of
materials, it is possible to estimate the absorption coefficient a, direct and
indirect band-gap energies and the density of states. Near IR spectroscopy is
a valuable tool for analyzing aromatic mixtures. Absorption measurements in
the UV and visible regions provide information about electronic transitions
in a sample. The applications of the instrument include overtone analysis of
X-H containing molecules (X=C, O, N, Si), determination of hydrogen

bonds, energy gap measurements in solids, study of molecular structure,
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concentration measurements etc. In this procedure we have used Varian

Cary 5000 with spectra range of 175 — 3300 nm for this purpose.

2.3.5 Thermal Analysis

Thermal analysis can be used to detect the physical or chemical
changes in a material related to thermal properties. The glass transition
temperatures (Tg) of the polymers can be studied through these methods.
This technique includes thermogravimetric analysis (TGA)/differential
thermal analysis (DTA) and differential scanning calorimetry (DSC).
Thermogravimetric analysis (TGA) determines the weight changes of a
sample, whereas differential thermal analysis (DTA) measures changes in
temperature between a sample and a reference as a function of
temperature or time. We have used only TGA in this study. Applications
of the TGA instrument are for compositional analysis, decomposition
temperature, oil volatility measurements, flammability studies, heat of
transition, thermal stability analysis, oxidative stability analysis, transition
temperature detection etc. In this analysis, we have used Perkin Elmer

STA 6000 [5].

2.3.6 Conductivity Measurements
DC conductivity

The powdered samples of PANI and PANI-MWCNT were pressed
into pellets of 13mm disc diameter with the help of hydraulic press by
applying a pressure of 1000 kg/cm®. The PANI-Ionomer binary blend
and PANI-MWCNT-Ionomer ternary blend samples were cut to a disc

shape of 13mm diameter to fit closely into the coaxial measurement cell
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of the instruments. Samples were coated with a silver conducting paste to

reduce the sample-electrode contact resistance.

D.C measurements were done using sensitive digital electrometer type
Keithley 616 four probe technique (ASTM D 991-89) [12]. Using a Keithley
616 source-measure unit in dry air at room temperature. Disc shaped rubber
samples having diameter 13 mm and thickness of about 1 mm were used for
the measurements. The sample was mounted between two parallel copper

electrodes and conductivity was calculated using the formula [13]

- (1) x5
7=\v) "4

Where o is the electrical conductivity (S/m), I is the current (amperes), V
is the voltage (volts), / is the thickness of the sample (m) and A is the area

of contact of electrodes with sample (mz) which is given by [13].
A=7x (5x 107)

2.3.7 Electromagnetic Interference (EMI) Shielding

Electromagnetic interference (EMI) is the disruption of operation of
an electronic device when it is in the vicinity of an electromagnetic (EM)
field in the radio frequency (RF) spectrum that is caused by another
electronic device. Blend reflectivity measurements over a frequency range
of 8 to 12 GHz were done at room temperature using a wave-guide coupled
to an Agilent Synthesized Sweeper 8375A and a Hewlett-Packard spectrum
analyzer 7000 [14]. A network analyzer consists of a signal source, a
receiver and a display. The source dispatches a signal at a single frequency

to the material under test (MUT). The receiver is adjusted to that frequency
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to detect the reflected and transmitted waves from the material. Scatter
parameters, also called S-parameters, were used to calculate shielding

parameters in a two-port EMI shielding setup. [15, 16].

2.3.8 Stress-Strain Properties

Mechanical properties of TPU nanocomposites were studied using a
Shimadzu Universal Testing Machine (model AG-I) with a load cell of
10 kN capacity. The specimens used were dump bell shaped. The gauge
length between the jaws at the start of each test was adjusted to 14 mm
and the measurements were carried out at a crosshead speed of
50 mm/min at room temperature. Tensile strength, elongation at break

and elastic modulus were measured according to ASTM D-882.

2.4 Sonication Technique

A sonicator is a powerful piece of lab equipment with an
ultrasonic electric generator that creates a signal to power a transducer.
The transducer converts the electric signal using piezoelectric crystals
(crystals that respond directly to electricity) by creating a mechanical
vibration. The sonicator preserves and amplifies the vibration until it
passes to the probe. The probe moves in time with the vibration to

transmit it to agitate the solution [17].

Sonication is the act of applying ultrasonic energy to agitate
particles in a sample. It refers to the process of applying sound energy to
agitate particles or discontinuous fibers in a liquid. In a laboratory, this is
usually accomplished by use of an ultrasonic bath or ultrasonic probe

known colloquially as sonicator. Sonication uses an ultrasonic bath or
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probe to apply sound energy to agitate liquid-containing particles. It converts
an electrical signal into a physical vibration to break substances apart. These
vibrations or disruptions can mix solutions and accelerate the dissolution of
solids such as PANI or CNT into liquids such as water as well as remove
dissolved gas from liquids. Sonication typically uses ultrasound waves with
ultrasonic frequencies of 20 kHz (20,000 cycles per second) or higher to
create a loud shrieking noise. The greater the frequency, the more intense the

noise and the stronger the agitation of particles [17-19].

During the sonication of liquids, the sound waves that propagate
into the liquid medium result in alternate cycles of low and high pressure
(rarefaction and compression respectively) which depends on frequency.
During the cycles of low pressure, ultrasonic waves of high intensity
creates some empty small bubbles in the liquid. When the bubbles attain a
volume at which they can no longer absorb energy, they tend to violently
implode during a high-pressure cycle. This occurrence is termed cavitation.
The implosion of cavitation bubbles results in micro jets and turbulences of
up to 1000 km/h. This results in the mechanical stress on the van der Waals
forces between particles. Large particles are subject to wearing away of
surface due to cavitation implosion in the surrounding liquid or at least a
reduction in size resulting from breaking up through particle-particle
collision as well as the collapse of cavitation bubbles formed on the
surface to achieve homogenization, dispersing, deagglomeration, milling,
emulsification, extraction, lysis, disintegration and sono-chemical effects.
During the implosion, temperatures of 5000 K and pressures of up to

~2000 atm can be attained locally [19-21].
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However, this localization of energy especially from probe
sonication leads to a considerable amount of damage, including buckling,
bending, dislocations and rupture in the case of CNTs thereby drastically
reducing their aspect ratio or even destroying it partially. It could also
cause heating of the sample, hence, the necessity to cool the sample
during sonication to prevent degradation (deteriorate the -electrical,
thermal and mechanical properties of the nanocomposite). For the
purpose of this work, ultrasonic probe was used as shown in Figure

Figure 2.3.

Figure 2.3 Ultrasonic Probe [20].

Sonication is widely used in the laboratory to disperse nanotubes
into the polymer matrix. This process utilizes ultrasound energy to agitate
nanoparticles in the polymer matrix. When it passes through the polymer
medium, attenuated waves are induced, promoting the ‘peeling off” of the
CNTs located at the outer parts of the nanoparticle bundles/agglomerates.
As a result, individual nanoparticles are separated and high quality
dispersion can be achieved. When the duration of the process is longer
and the intensity of the input energy is higher, better dispersion quality

can be obtained.
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When dispersing nanoparticles in a low viscosity medium, diffusion
process and particle-particle and particle-matrix interactions (distance)
play an important role. This distance is comparable to the radius of
gyration of a typical polymer molecule. It shows basically that, in a
nanocomposite, the entire polymer matrix can behave as if it were part of
an interphase. Such effect may influence both processing and final
properties of the polymeric phase. The common methods of preparing
CNTs/polymer composites are solution processing, melt processing and
reaction processing or in situ polymerization [20]. In this work, we have

adopted in-situ polymerization and solution processing.

In in-situ polymerization is considered an efficient method to
significantly improve the dispersion of CNTs and the interaction between
CNTs and the polymer matrix. The CNTs are first mixed with monomers
and then CNTs/Polymer composites can be obtained by polymerizing the
monomers under specified conditions [20]. Figure 2.4 shows the

flowchart for the process.

Nanotubes Monomer

Swelling

— . Curing agent

-

Polymerization

Nanocomposite

Figure 2.4. Flowchart representing the process stages [20].
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In solution processing, CNTs are generally dispersed in a solvent
and then mixed with polymer solution by sonication and magnetic
stirring. After the dispersion of the CNTs, the composite can be obtained
by vaporizing the solvent. This method is considered as a very effective
way to prepare composites with CNTs homogeneously distributed and
often used to prepare films [20]. Figure 2.5 shows the flowchart for

sonication through solution processing.

Nanotubes Solvent

.

Dispersion
[ Polymer
Intercalation
Evaporation
» Solvent
Nanocomposite

Figure 2.5. Flowchart presenting the different steps of the
solution processing of a polymer composite [20].
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Chapter 3

STUDIES ON BULK AND NANO POLYANILINE AND
NANO POLYANILINE-MULTI WALLED CARBON
NANOTUBE NANOCOMPOSITES

3.1 Introduction
3.2 Experimental Methods
3.3 Results and Discussions
3.4 Conclusion

This study reports the synthesis and characterization of hydrochloric acid
(HCl) and toluene sulfonic acid (TSA) doped polyaniline (PANI) in bulk
and nano dimensions. The composites of polyaniline with MWCNT were
prepared by in situ polymerization of aniline in the presence of non-
functionalized and functionalized multi-walled carbon nanotubes (using
ammonium persulfate as initiator. Scanning electron microscopy (SEM)
was used to characterize the morphology of the PANI and PANI-CNT
nanocomposites. X-ray diffraction (XRD) spectroscopy, Fourier Transform
Infrared (FTIR) spectroscopy and UV-Vis spectroscopy were used to
characterize the synthesized PANI and PANI-MWCNT nanocomposites.
Thermogravimetric analysis (TGA) was used to measure the thermal
behaviour of the samples. Under in situ polymerization, PANI layer was
found to wrap over the functionalized MWCNTs especially the
carboxylated MWCNT. There was uniform dispersion of functionalized
MWCNTs within the PANI matrix with significant interaction between the
two compared to the non-functionalized MWCNT. The electrical
conductivity of composites at room temperature was measured and their
percolation threshold was determined. PANI-MWCNT composites
displayed much higher conductivity than PANI composites.
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3.1 Introduction

Polymers were regarded as electrically non-conducting materials
until Shirakawa et al. in 1977 [1] discovered a significant electrical
conductivity in polyacetylene (PA) after its oxidation in the presence of
iodine vapour. Conducting polymers or intrinsically conducting polymers
(ICPs) are organic polymers that conduct electricity. They possess
electrical properties like that of metals (metallic conductivity) and
semiconductors. They display several other characteristics of organic
polymers such as lightweight, lower cost, resistance to corrosion and
chemical attack, flexibility and greater workability also [2-6]. Electrical
conductivity of conducting polymers can be tuned from insulating to
metallic through adequate doping process. They have a conjugated
structure with alternate ¢ and m bonds, which is delocalized throughout the
entire polymer network, resulting in an enhanced electrical conductivity [5,
6]. Conducting polymers include electronically and ionically conducting
polymers. Ionically conducting polymers are usually called polymer
electrolytes while electronically conducting polymers are referred to as
conjugated conducting polymers. The conductivity of almost all conjugated
polymers can reach up to the order of 10°-10° S/cm after doping [2, 7].
They are widely used in many electrical/electronic devices and for a
myriad of applications. Among different conducting polymers, polyaniline
(PANI) is the most versatile owing to its low cost and desirable properties
such as low specific mass, thermal/chemical stability and high conductivity
[8]. Polyaniline occurs in 3 different states namely leucoemeraldine base
(LEB) - which is the fully reduced state, pernigraniline base (PNB) -which

is the fully oxidized form and emeraldine base (EB) - which is the
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partially oxidized form. Emeraldine salt (ES) occurs as a doped
(protonated) form of emeraldine base (EB) and it is the only one that is

electrically conducting [6].

The application possibilities of a conducting polymer can be further
expanded to meet the requirements of present day sophisticated
technologies if their conductivity can be enhanced to a certain extent.
Composite preparation is one of the ways to improve the conductivity of
conducting polymers. Polyaniline/carbon nanotubes (PANI/CNTs) based
composites have been widely explored in which the charge-transfer
activities between the two components leads to considerable improvement
in conductivity [9]. PANI/CNTs nanocomposites were prepared either
through grafting PANI macromolecules on the CNTs or through in situ
polymerization of aniline monomer in CNT dispersion. Carbon nanotube
was first discovered and reported in 1991 by Ilijima et al. with their
discovery of multiwalled carbon nanotubes (MWCNTs) [10]. Since then,
carbon nanotubes (CNTs) has become one of the most interesting
nanomaterials receiving significant attention in many growing micro and
nano engineering industries and potential applications with great promise
[11]. They possess impressive and interesting structural, mechanical,
electrical and electronic, optical, thermal and chemical characteristics due
to their small size and mass. There are two types of CNTs — single walled
carbon nanotubes (SWCNTs) and multi walled carbon nanotubes
(MWCNTs). SWCNTs is comprised of hollow single cylinders of
graphene sheets while MWCNTs is comprised of a group of concentric
SWCNTs capped at both ends, with diameters reaching tens of nanometers

depending on the number of concentric walls [9].
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This chapter describes the preparation of PANI in bulk and in nano
dimensions through chemical oxidative polymerization of aniline using
HCI and TSA as dopants respectively and APS as oxidant. The prepared
bulk and nano sized PANI was characterized and its electrical properties
were studied. PANI-MWCNTSs nanocomposites were prepared by in situ
chemical oxidative polymerization of aniline monomer in MWCNTs
(non-functionalized (pristine MWCNT), carboxylic acid functionalized
(CCNT) and amine functionalized (ACNT)) in the presence of TSA as
dopants and APS as oxidant.

3.2 [Experimental Methods
3.2.1 Synthesis of polyaniline (PANI)

Polyaniline was prepared by chemical oxidative polymerization of
aniline monomer in the presence of 1 M HCI as dopant using ammonium
persulfate as redox initiator at room temperature for 12 hrs. The polymer
formed was washed with distilled water, dilute HCI solution and finally
with acetone until the filtrate became colourless to remove excess HCI,
oxidant, aniline and oligomers. The green coloured precipitate was then
dried in vacuum oven at 50 C for 24 hours. The dried mass was ground to
fine powder using mortar and pestle. The prepared polyaniline is

designated as bulk PANI-HCI.

Polyaniline was also prepared in nano dimension by polymerizing
0.2g aniline using 0.66g of ammonium per sulfate dissolved in 1.8 ml
water as initiator in the presence of 40 mL aqueous solution of 1M HCI at
room temperature for 12 hrs. The same reaction was repeated with 1 M

TSA as dopant keeping all other reactants the same as former.
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3.2.2 Preparation of PANI-MWCNT composites

Binary composites of PANI-MWCNTs was prepared by in-situ
chemical oxidative polymerization of 0.2g aniline using 0.66g of ammonium
per sulfate dissolved in 1.8 ml water as initiator in the presence of 40 mL
aqueous solution of 1M TSA as dopant in the presence of MWCNT in three
forms viz non-functionalized (pristine CNT), carboxylic acid functionalized
(CCNT) and amine functionalized (ACNT). The concentration of MWCNTs
was varied as 0.05g (25%), 0.1g (50%), 0.15g (75%), 0.2g (100%), 0.25g
(125%), and 150% in the reaction mixture of aniline-TSA so as to get the
aniline-MWCNTs ratio 1:0.25, 1:0.5, 1:0.75, 1:1, 1:1.25, and 1:1.5.

3.2.3 Characterization

The morphology and microstructure of the samples were examined
by using JEOL Model JSM - 6390LV SEM and JEOL/JEM 2100 TEM.
The Fourier transform infrared (FTIR) spectra of samples were recorded
from KBr sample pellets using a Thermo Nicolet Avatar 370 FTIR
spectrometer. The compositional state of the samples were determined
using X-Ray Powder Diffractometry (XRD) Bruker AXS D8. The optical
absorption by the sample in the UV and visible region was measured with
Varian Cary 5000 UV-Visible spectrophotometer in the spectral range
225-1000 nm. Thermo gravimetric analysis (TGA) was performed on a
Perkin Elmer STA 6000 thermogravimetric analyzer to determine the
decomposition and transition temperatures, and thermal stabilities of the
samples. The electrical properties of the PANI samples were measured by
four probe technique (D.C conductivity) using sensitive digital electrometer

type Keithley Agilent 616.
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3.3 Results and Discussions
3.3.1 Characterization of Polyaniline

3.3.1.1 Scanning Electron Microscopy (SEM)

i P
20kV X15,000 1pum 0000 11 47 SEI
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Figure 3.1b. SEM micrograph of nano PANI-HCI.
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Figure 3.1c. SEM micrograph of nano PANI-TSA.

Figures 3.1a, 3.1b and 3.1c show the SEM micrographs of bulk
PANI-HCI, nano PANI-HCI and nano PANI-TSA respectively. All the
micrographs reveal the irregular granular morphology of the synthesized
polyaniline. Bulk PANI-HCI has a porous structure with particle size of
217 nm. The micrographs of nano PANI-HCI and nano PANI-TSA reveal
that the synthesized polyaniline comes under nanodimension with an
average particle size of 77 nm and 71 nm respectively and possess a

fibrous morphology.
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3.3.1.2 Transmission Electron Microscopy (TEM)

Figure 3.2b. TEM micrograph of nano PANI-TSA.

The transmission electron micrograph (TEM) images of nano
PANI-HCI and nano PANI-TSA are shown in Figures 3.2a and 3.2b
respectively. The TEM images clearly show a fibrous like morphology
in the form of hollow nanorods. The formation of these polyaniline
nanorods/nano fibers occurs interfacially at the junction of the organic

and aqueous phase during the polymerization process may be due to the
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controlled and limited availability of the aniline monomer. The limited
amount of aniline monomer molecules in the organic phase interacts with

the oxidizing agent that is present in the aqueous phase [6, 9].

3.3.1.3 Fourier Transform Infrared (FTIR) Spectroscopy

Nano PANI-TSA —/\/\/\,I\//M
e

Transmittance (%)

Hane AN —“/\’\/\J\/\/M
Bulk PANI-HCI ——/\,\/\,W
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Wavenumber (cm"I )

Figure 3.3. FTIR spectra of the Bulk PANI-HCI, Nano PANI-
HCI and Nano PANI-TSA.

The FTIR spectra of PANI (bulk PANI-HCI, nano PANI-HCI and
nano PANI-TSA) are presented in Figure 3.3. The bands at 1566¢cm™,
1560cm™ and 1557cm™ observed in bulk PANI-HCI, nano PANI-HCI
and nano PANI-TSA respectively are attributed to the C=C stretching of
quinoid and 1482cm™, 1480cm™ and 1477cm™ attributed to benzenoid
rings indicating the oxidation state of emeraldine salt PANI [12-15]. The
typical peaks at 1301 cm'l, 1293 cm™, 1296 cm’! and 1245 cm'l, 1240 cm’
'and 1233 cm™ are attributed to the bending vibration of C-N for aromatic
amines/imines and C-N" stretching vibrations in the polaronic structures
(displacement of = electrons) owing to differing conformation or charge

configuration suggesting the presence of protonated conducting PANI
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induced by acid doping of the polymer [6, 16]. The strong bands at
around 1111 cm™ are assigned to C-H in-plane bending vibration
considered to be the extent of the degree of delocalization of electrons and
thus it is the characteristic peak of PANI [15]. The observed band at
878 cm'l, 769 cm'l, 878 cm™ and 801 cm'l, 697 cm'l, 800 cm™ can be
assigned to the aromatic ring out-of-plane deformation vibration bending of
C-H bond in the benzene ring and para-distributed aromatic rings indicating
polymer formation [16]. Out of plane bending deformation of C-H is
observed at 506 cm™ and 500 cm™ [14, 15]. The peak at 997 cm™ in (nano
PANI-TSA) can be assigned to SO3" group of the dopant TSA bound to the
aromatic rings [15]. The weak and broad signal observed at 3448 em’ in
nano PANI-TSA is assigned to N-H bond stretching indicating the presence
of a secondary amine. This peak is broad and weak such that it is not

visible in the bulk PANI-HCI and nano PANI-HCI spectrum.

3.3.1.4 X-Ray Diffractometry (XRD)

A ’ “\ Nano PANI-TSA
Nano PANI-HCI
A S

Bulk PANI-HCI
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Figure 3.4. XRD profiles of Bulk PANI-HCI, Nano PANI-HCI
and Nano PANI-TSA.
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Figure 3.4 shows the XRD pattern of bulk PANI-HCI, nano PANI-
HCI and nano PANI-TSA. The diffraction pattern of bulk PANI-HCI and
nano PANI-HCI showed medium sharp peaks at 26 = 25° indicates the
partially crystalline nature of HCI doped PANI with conducting metallic
islands separated by large amorphous regions. The diffraction pattern of
the para-toluene sulphonic acid (TSA) doped PANI (nano PANI-TSA)
shows peaks at 20 =20°, 25° 28°, 43° and 44° indicate the partial
crystallinity of the sample. The sharp peak at 2 6 = 29° is a characteristic
peak indicating the rigidity and well-ordered nature of some portion of
PANI sub chains due to interchain packing between poly-cation and TSA
anion [6, 9, 12, 17, 18]. The sharp peak at 20 = 25° obtained for all the
three PANI samples is the characteristic peak of PANI indicating the
extent of m conjugation in the polyaniline and sharpness of the peak

reveals the degree of order of m conjugation.

3.3.1.5 UV-Visible spectroscopy (UV-Vis)

Nano PANI-TSA
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Figure 3.5. UV-Visible spectra of Bulk PANI-HCI, Nano PANI-
HCI1 and Nano PANI-TSA.
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Electronic absorption of conducting polymers is useful in
investigating the oxidation and doping state of the polymer. The UV-
Visible spectra of PANI namely, bulk PANI-HCI, nano PANI-HCI and
nano PANI-TSA are shown in Figure 3.5. Two absorption bands at 277—
288 nm and 608—663 nm were obtained for all the three samples. The band
at 277-288 nm is due to m-n* transitions in the benzenoid rings of polymer
backbone while the band at 608—663 nm is due to exciton absorption of
quinoid rings (n—nt*) (inter-band charge transfer associated with excitation
of benzoid (HOMO) to quinoid (LUMO) moieties) and a small shoulder-
like band at 335 nm attributable to the formation of polaronic/bipolaronic
transitions resulting in protonation of the polymer, indicating that the
resulting PANIs are in the doped state [6, 9, 16-24]. The continuous
absorption peak at 780-790 nm shows free carrier tail, confirming the
presence of conducting emeraldine salt phase of the polymer [6, 15, 16, 18,
22]. The slight difference in the absorption bands observed for the three
PANI samples might be due to the molecular interaction of dopants with
imine nitrogen of PANI [24] coupled with the difference in dimension of
the particles resulting in the slight shift in absorption values. The bulk
PANI with comparatively larger particles as seen in SEM micrograph
which may induce more specular reflection, hence lower absorption and

vice versa. This could also influence the conductivity of the samples.

3.3.1.6 Thermogravimetric analysis (TGA) of Polyaniline

The thermogravimetric analysis (TGA) of PANI-(bulk PANI-HCI,
nano PANI-HCI and nano PANI-TSA) respectively was conducted to

ascertain their thermal stability characteristics (Figure 3.6).
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Figure 3.6. TGA curves of Bulk PANI-HCI, Nano PANI-HCI
and Nano PANI-TSA.

Figure 3.6 shows the TGA thermogram of PANI (bulk PANI-HCI,
nano PANI-HCI and nano PANI-TSA). In the first step, approximately
10%, 10%, and 6% weight loss is observed for bulk PANI-HCI, nano
PANI-HCI and nano PANI-TSA respectively at the temperature up to
105°C. This is attributed to loss of water molecules and unreacted organic
monomers [13, 18, 25] from the PANI structure. The second weight loss
of about 17%, 14% and 9% is seen respectively for bulk PANI-HCI, nano
PANI-HCl and nano PANI-TSA at 220°C and it may be due to
evaporation of dopant acids in PANI samples. The third step of weight
loss was observed between 500 °C and 800 °C with 42%, 38%, 36%
weight loss and 29%, 18%, 25% residues respectively. This possibly
represents the oxidative degradation of the PANIs which could be an
indication of chemical structure decomposition [26]. However, nano

PANI-TSA showed higher thermal stability up to 700 °C with main
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weight loss due to oxidative degradation of PANI occurring over a wide

temperature range of 350 - 650 °C.

3.3.2 Characterization of Polyaniline-MWCNT composite

3.3.2.1 Scanning Electron Microscopy (SEM)

1um 0000 14 48 SEI
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Figure 3.7b. SEM micrograph of PANI-ACNT composite
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Figure 3.7¢. SEM micrograph of PANI-CCNT composite

The SEM micrographs of PANI- (pristine CNT, ACNT and CCNT)
samples are presented in Figures 3.7a, 3.7b and 3.7c. It is clear from the
figures that the coiled rod like and fibrous structures of MWNTs are well
dispersed in the PANI matrix. PANI macromolecules are uniformly
distributed on the surface of MWNTs forming a tubular shell of the
composites [27]. However, Figure 3.7a (PANI- pristine CNT) shows
agglomerations of PANI which may be due to its weak interaction with

polyaniline compared to ACNT and CCNT.
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3.3.2.2 Transmission Electron Microscopy (TEM)

Figure 3.8a. TEM micrograph of PANI-pristine CNT

Figure 3.8b. TEM micrograph of PANI-ACNT
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Figure 3.8c. TEM micrograph of PANI-CCNT

The TEM micrographs of PANI (pristine CNT, ACNT and CCNT)
composites are shown in Figures 3.8a, 3.8b and 3.8c respectively. The
TEM images reveal that a uniform layer of PANI is formed on MWNTSs’
surfaces resulting in the enlargement of diameters to the range of 8 to 20
nanometers. Also the TEM images shows that a marginal shortening of
fibre lengths due to a possible stripping of the sides of the MWCNTs
fibres during sonication in aqueous solution of the dopant acid resulting in
breakages and separation of the entangled fibres [28]. This disentanglement
in the fibrous tubes tends to form a stable dispersion in water especially in
the case of functionalized MWCNTs forming alignment which display a
new interwoven fibrous structure which may give remarkable rise to
conductive passways and lead to high conductivity [29]. Since ACNT and
CCNT are functionalized and can be well dispersed in the dopant solution

compared to pristine CNT, a thick and uniform shell was formed on the
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surfaces of ACNT and CCNT as clearly observed in Figures 3.8b and
3.8c. Besides, the phenyl amino groups on the surface of ACNT is
capable of initiating polymerization, the concentration of the monomeric
species would be higher on the surface and hence, could lead to the
formation of a thicker and more uniform coating of PANI on the surface

of ACNT in the polymerization process [16, 28-32].

3.3.2.3 Fourier Transform Infrared (FTIR) Spectroscopy
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Figure 3.9. FTIR spectra of PANI-Pristine CNT, ACNT and
CCNT

Transmittance (%)

Figure 3.9 shows the FTIR spectra of PANI-MWCNTs - (pristine
CNT, ACNT and CCNT) nanocomposites. FTIR analysis helps to
determine the interactions of PANI with MWCNTs in the nanocomposites.
The quinoid and benzenoid ring in the band of PANI at 1557 cm™ and
1477 cm™ is shifted to 1623 cm™ and 1561 cm'l, 1564 cm™ and 1488 cm'l,
1483 cm™', and 1503 cm™ in the spectra of PANI - pristine CNT, PANI-
ACNT and PANI-CCNT nanocomposites respectively. The shifting of the
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band confirms the interactions of the MWCNTs with the quinoid ring of
PANI. The intensity of some of the signals in the nanocomposites were
diminished compared to the pure PANI. The reason of decreased intensity
is presumed to the adsorption of unreacted aniline monomer onto the
surface of the MWCNTs limiting the growth of polymer chains around
the nanotubes [13]. This constrained motion of the polymer chains and
adsorption of monomeric aniline may limit the modes of vibration in
PANI. Also, in acid solution, the NH, groups get protonated and becomes
+NH;3; making the surface of the nanotubes positively charged. This in
turn helps in achieving easy dispersion of CNTs in the nanocomposite due

to mutual repulsion of positively charged PANI coated nanotubes [33].

3.3.2.4 X-Ray Diffractometry (XRD)
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Figure 3.10. XRD profiles of PANI-Pristine CNT, ACNT and CCNT

Figure 3.10. Shows the XRD pattern of PANI-MWCNTs (pristine
CNT, amine functionalized (ACNT) and carboxylic acid functionalized
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(CCNT)) nanocomposites. The X-ray diffractograms of PANI-MWCNTs
composites show all the peaks corresponding to PANI as well as the
MWCNTs, indicating that no additional crystalline order is introduced in
these composites. The diffractograms show a highly pronounced structure
of the primary doped PANI (ES) superimposed in the MWCNTSs peaks,
showing crystalline peaks at 25° with high intensity and sharpness especially
the peaks of PANI - pristine CNT and carboxylic acid functionalized
(CCNT)). The appearance of diffraction peak at 25° is common in both
PANI and the MWNTs, indicating that MWCNTs are dispersed in the
PANI matrix [21, 25, 34, 35].

3.3.2.5 UV-Visible spectroscopy (UV-Vis)
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Figure 3.11. UV-Visible spectra of PANI-Pristine CNT,
ACNT and CCNT
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To understand the effect of insitu polymerization of aniline in the

MWCNTs, UV—Vis spectroscopy was carried out on the PANI-MWCNTs.
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Figure 3.11 shows the UV-Vis spectra of PANI-MWCNTSs (pristine
CNT, amine functionalized (ACNT) and carboxylic acid functionalized
(CCNT)) nanocomposites. The absorption peak around 260 nm in the
PANI spectra is shifted to higher wavelengths for the PANI-MWNCTs
indicating a lower energy for the 7—x* electronic transitions [25]. The
spectra of the composites exhibit both blue shift for PANI and red shift
for the MWCNTs with characteristic absorption bands at 341, 322 and
341 nm respectively. The blue shift is attributed to the increased
delocalization of charge carriers and charge transfer (CT) interaction
between PANI and MWOCNTs composites nanostructure which is
believed to involve a strong interaction between aniline monomer and
MWCNTs due to the presence of the m—n* electron while the red shift is
attributed to the hydrogen bond interaction between MWCNTSs and the
amino groups of aniline monomers enhancing charge transfer from
quinoid unit of PANI to nanotubes. Such strong interaction resulting from
the presence of MWCNTs in the composites ensures that the aniline
monomer is adsorbed on the surface of MWCNTSs, which serve as the
core and self-assembly template during the formation of the tubular
nanostructure [17, 20, 21, 36]. Such shifts of the 7—=z* band in PANI-
MWCNT composites compared to the PANIs is suggested to be due to
the site-selective interaction between the quinoid ring of the PANI and
CNTs. When PANI coats over the MWCNTs, the interfacial interaction
between the two causes the 7—z* transition to shift to a lower wavelength
while at the same time, the absorption peak due to the polaron/bipolaron
transition is red shifted in PANI-MWCNT composites compared to neat
PANIs. Consequently, such a hypsochromic shift of the #—z* band is
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expected to result to a higher electrical conductivity for the PANI-
MWCNT composites compared to the neat PANI [20].

3.3.2.6 Thermogravimetric Analysis (TGA)

The thermogravimetric analysis (TGA) of PANI-(pristine CNT,
ACNT and CCNT) nanocomposites respectively was conducted to ascertain

their thermal stability characteristics (Figures 3.12).
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Figure 3.12. TGA curves of PANI-Pristine CNT, ACNT and
CCNT

Figure 3.12 shows the TGA thermogram of PANI-MWCNTs
(pristine CNT, ACNT and CCNT) composites. This analysis is to
determine the effect of MWCNTs on the thermal stability of PANI and
verse-versa. In the first step, approximately 5%, 8%, and 1% weight loss
respectively for PANI- pristine CNT, PANI-ACNT and PANI-CCNT at
the temperature up to 105°C is attributed to the loss of water molecules
and unreacted organic monomers from the PANI-MWCNTSs composite

structure. The second weight loss of about 7%, 11% and 3% respectively
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at 220°C may be due to evaporation of dopant acids and low molecular
weight oligomer in the PANI composites [13, 37]. The third step of weight
loss usually referred to as oxidative degradation and decomposition
temperature at between 500°C and 800°C has 21%, 35%, 10% and 51%,
21%, 53% weight loss and residues respectively for the three composites.
The weight loss at all stage is much less for PANI-MWCNT nanocomposites
compared to that of pure PANIs (bulk PANI-HCI, nano PANI-HCI and
nano PANI-TSA) in Figure 3.4. These degradation patterns of PANI-
MWCNT composites indicates the superior thermal stability which was

due to the ordered structure of MWCNTSs [38, 39].

3.3.3 Conductivity Measurements

The electrical conductivity of pelletized bulk PANI-HCI, nano
PANI-HCI and nano PANI-TSA is measured using Keithley nanovoltmeter.
The conductivity of bulk PANI-HCI, nano PANI-HCI and nano PANI-
TSA are found to be 0.127, 0.478 and 0.824 S/cm™ respectively. The
increase in electrical conductivity of nano PANI-HCI and nano PANI-
TSA may be due to the less particle size and high crystallinity compared
to that of bulk PANI. The higher conductivity for TSA doped PANI may
due to a stronger intermolecular interaction between aniline and counteranion
molecules when TSA is incorporated [40-44]. This will facilitate the
formation of a resonating structure thereby activating electron flow in the
form of polaron over the whole structure of the polymer chain. Also, the
sulfur content of the TSA dopant anions may have contributed to the

molecular interactions resulting in higher conductivity [42-45].
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Table 3.1. DC conductivity of PANI-(pristine CNT, ACNT and CCNT)
composites as a function of weight ratio of PANI.

Ratio of Conductivity (S/cm)

MWCNTs in

200mg of PANI Pristine CNT ACNT CCNT
1:0.25 0.85 1.37 0.55
1:0.50 0.64 0.97 0.94
1:0.75 0.85 0.76 0.91
1:1 1.14 0.42 4.17
1:1.25 0.80 0.31 1.86
1:1.50 1.66 0.18 1.48

The conductivity of PANI-MWCNTs (pristine CNT, ACNT and
CCNT) as a function of weight ratio of MWCNTs is presented in Table 3.1.
The conductivity of the composites is greatly improved by the
introduction of MWCNTs in the PANI compared to neat PANI. The
composites exhibited an order of magnitude increase in -electrical
conductivity with increase of the CNT content up to at a ratio 1:1. A
remarkable increase in the conductivity (4.2 S/cm) was obtained for
PANI-CCNT composite. The increase in conductivity of the composites
may be due to the doping capability of carbon nanotubes where the
nanotubes tends to compete with sulfonic ion. MWNTs may serve as
conducting bridges between scattered islands of PANI, thereby boosting
charge delocalization [42-46]. The improved crystallinity of PANI with
the addition of MWNT is another possible reason for the increase in
conductivity across the PANI-WMCNTs composites. However, it is
observed that the composites containing functionalized MWCNTs
(carboxylic acid and amine) were more stable and regular in the conductivity

values compared to the pristine CNT.
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3.4 Conclusion

The preparation of PANI/MWCNT composites was successfully
performed by in situ polymerization method. The incorporation of MWCNT
in the PANI matrix was confirmed by (UV-Vis), FTIR, SEM, TEM, TGA
and XRD studies. SEM and TEM images confirmed that, in all of the PANI-
MWCNT samples, the polymers were coated over the CNTs. UV—Vis
spectra supported the presence of quinoid and benzoid rings; however, the
lower intensity of the exciton absorption band of the quinoid rings supported
the dominance of the benzoid ring. FTIR analysis revealed the formation of
PANI and the change in polymer structure due to the introduction of CNTs
in the polymer matrix. Thermal analysis shows enhanced thermal stability of
polyaniline. TGA provided evidence for better thermal stability in the
different PANI-MWCNT composites. The formation of hybrid materials was
confirmed by XRD analysis as the X-ray peaks became sharper and peak
broadening occurred because of the superimposition of the peaks of the
CNTs and polymers. The polymerization of PANI with MWCNT causes
strong interfacial interactions between PANI and MWCNT crystallites, also
suggested by FT-IR and XRD studies, thereby changing the molecular
conformation of PANI from compact structure to an expanded structure. The
electrical-transport properties of the samples were measured at room
temperature. The maximum conductivity was found in the PANI CCNT
composite at ratio 1:1. Among the compositions investigated, this

composition may be used as the best electronic conductor.

There is a visible enhancement in the conductivity of composites of

PANI up as the MWCNT concentration increases.
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Chapter 4'

IONOMER-POLYANILINE BINARY COMPOSITES:
PREPARATION, PROPERTIES AND APPLICATIONS

Part A
Studies on Zinc ITonomer-Polyaniline Binary Composites

Part B
Studies on Sodium Ionomer-Polyaniline Binary Composites

Modification of polymeric materials by means of blending is a way to obtain
products with high performance for specific and tailored applications. The
present chapter reports the design and development of poly(ethylene-
methacrylic acid copolymer) neutralized with zinc salt (EMAAZn) or sodium
salt (EMAANa) and polyaniline (PANI: bulk PANI-HCI, nano PANI-HCI and
nano PANI-TSA) binary composite films, with the aim of modifying EMAAZn
or EMAANa to achieve high electromagnetic interference (EMI) shielding
effectiveness (SE). EMAAZn/PANI and EMAANa/PANI binary composites
are prepared in solution by dissolving EMAAZn or EMAANa in a solvent
mixture of toluene/l-butanol (90:10) at 65 °C and mixing PANI in it. These
binary composites are characterized and evaluated by FTIR, UV-Visible
spectroscopy, XRD spectroscopy and thermogravimetric analysis (TGA). The
electrical conductivity of the PANI, EMAAZn/PANI and EMAANa/PANI
composites are measured by conventional four-probe method. The EMI
shielding effectiveness is studied using a wave-guide coupled to an Agilent
Synthesized Sweeper 83754 and a Hewlett-Packard spectrum analyzer 7000
in the X band frequency range (8-12 GHz). FTIR indicates a n-m and
hydrogen bonding interaction between PANI and EMAAZn, enabling the
PANI to be adsorbed on the ionomer. The results of electrical conductivity
measurements and EMI SE demonstrates that a good synergism was
established between PANI and EMAAZn or EMAANa substrate.
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4.1 Introduction

It is well known that polymer materials (thermoplastics, thermosets,
elastomers, etc.) possess good melt strength to bind PANI particles
together in order to make it processable without compromising its
conductivity and other properties of the polymer. One of the ways to
achieve these benefits lies in the exfoliation of PANI into the polymer
matrix to generate high aspect ratio particles [1-5]. Due consideration has
to be given to a commercially important class of thermoplastic polymer
such as ionomers, which consists of random copolymers of ethylene and
methacrylic acid where some of the acid groups are neutralized to form
metal salts. Characteristically, the methacrylic acid content of these
polymers is low (<15 mol %) and the degree of neutralization ranges from
20 to 80% [6, 7]. This results in amorphous and crystalline phases along
with ionic clusters in the polymer structure thereby improving the
toughness, melt viscosity, clarity and adhesion properties of the polymer
[8-14]. In this regard, ethylene/methacrylic acid ionomers have a distinct
advantage over the base polyolefin, such as low-density polyethylene
(LDPE). Ionomers are polymers containing hydrophobic backbone chains
and a small amount of ionic salt groups attached on either the backbones,
side chains or on backbone terminals thereby possessing polar groups
which make it hydrophilic also. These polar salt groups form ionic
aggregations such as mulitplets and clusters making the nonpolar chains
to group together and the polar ionic groups to attract and cling to each
other [15]. This allows thermoplastic ionomers to act in a way similar to
that of crosslinked polymers or block copolymers [11, 16]. The ionic

attractions that results strongly affect the polymer properties which
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dramatically increase the mechanical properties such as modulus, tensile
strength, impact resistance and stiffness [15]. Based on these properties,
ionomers are commonly used in commercial and industrial fields
including electrodialysis, electrolysis, solid polymer electrolyte for
batteries, potentiometric sensors, membranes for water treatment, solution
recycling, filtering, proton exchange membranes for fuel cells, packaging,
coatings, optics, medical and biological fields as sensors, membranes and
dental restorative materials [17]. Mechanical and electrical properties of
polymers are significantly influenced by the presence of fillers. Mixing
thermoplastics with the electroconductive PANI, besides an increase of
electroconductivity, lead to an increase of modulus and tensile strength
accompanied by a decrease of deformability resulting in lower elongation

at break and diminished toughness of the material [18].

Applications of polyaniline (PANI) in electrical and electronic
devices, chemical and biological sensors, batteries, electrochromic
displays, electronic devices, field effect transistors, electrochemical
sensors, electromagnetic interference shielding materials, etc., has been
sufficiently documented [2, 4, 19-24]. However, the insolubility of the
doped form, poor mechanical and thermal properties and low
processability of PANI have hindered its industrial applications [25-34].
To overcome these problems, PANI-thermoplastics composites / blends
are prepared through direct polymerization within a matrix polymer, melt
processing and dry mixing such as extrusion, injection or compression
moulding and solution processing methods such as casting or spraying by
using a suitable solvent and mixing the dispersion with a solution of a

matrix polymer [3, 35-39]. This could extend their applications in
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electromagnetic shielding, antistatic charge dissipation, printed circuit
boards for electronics applications, corrosion protection of metals such as
iron, etc. [40]. The presence of the pendant ionic groups and the polar
methacrylic acid groups in these ionomers potentially creates favorable
interactions between the polymer and the PANI, resulting in a much
more exfoliated morphology compared to composites prepared from
LDPE and other forms [12, 41-43]. The modified PANI composites
possess good electrical conductivity, good film properties and processability

[1-5, 44, 45].

The present chapter reports the preparation, characterization,
thermal behaviour, DC conductivity and EMI shielding effectiveness of
EMAAZn-PANI binary composites as Part A and EMAANa-PANI
binary composites as Part B. PANI obtained via chemical oxidative
polymerization of aniline is blended with the ionomers through a novel
solution blending method to obtain good conductivity and film forming

strength.
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Studies on Zinc Ionomer-Polyaniline Binary Composites

This part reports the design and development of poly(ethylene-methacrylic
acid copolymer) neutralized with zinc salt (EMAAZn) and polyaniline
(PANIL: bulk PANI-HCI, nano PANI-HCI and nano PANI-TSA) binary
composite films, with the aim of modifying EMAAZn in order to achieve
improved electrical conductivity and high electromagnetic interference
(EMI) shielding effectiveness (SE). EMAAZn-PANI binary composites
were prepared in solution by dissolving EMAAZn in solvent using a solvent
mixture of toluene/1-butanol (90:10) at 65 °C and mixing PANI in it.
These binary composites were characterized and evaluated by FTIR, UV-
Vis spectroscopy, XRD spectroscopy, thermogravimetric analysis (TGA).
The electrical conductivity of the PANI, EMAAZn-PANI binary
composites were measured by conventional four-probe method. The EMI
shielding effectiveness was studied using a wave-guide coupled to an
Agilent Synthesized Sweeper 8375A and a Hewlett-Packard spectrum
analyzer 7000 in the X band frequency range (8-12 GHz).

4A.1 Experimental Methods

4A.1.1 Preparation of lonomer-Polyaniline Composites

The ionomer (EMAAZn) was dissolved in a mixture of toluene:
I-butanol solvents at a ratio of 90:10 at 65°C. Varying weights (0.1g, 0.3g,
0.5g, 0.7g, 1.0g, 1.2g, 1.5g and 2.0g) of the as prepared three types of
PANI (bulk PANI-HCI, nano PANI-HCI and nano PANI-TSA) were
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mixed thoroughly by magnetic stirring in the ionomer solution for the

preparation of polyaniline-ionomer binary composites.

A constant weight percentage (1.0g of ionomer in 100ml solvent
mixture) each of the ionomers was used in all the composite blends. The
dissolved solution of ionomer/PANI composites were allowed to
evaporate to get a solid film in a petri dish and dried in vacuum oven at

50°C for 24 hours.

4A.1.2 Characterization and Instrumental Analysis

The microstructure of the samples was examined by Fourier
transform infrared (FTIR) spectroscopy using a Thermo Nicolet Avatar
370 FTIR spectrometer. The compositional state of the samples was
determined using X-Ray Powder Diffractometry (XRD - Bruker AXS
DS8). The optical absorption by the sample in the UV and visible region
was measured with Varian Cary 5000 UV-Visible spectrophotometer in
the spectral range 225-1000 nm. Thermo gravimetric analysis (TGA) was
performed on a Perkin Elmer STA 6000 thermogravimetric analyzer to
determine decomposition, transition temperatures and thermal stabilities
of the samples. The electrical properties of the PANI samples were
measured by four probe technique (D.C conductivity) using sensitive
digital electrometer type Keithley Agilent 616. EMI shielding
measurements was performed using a wave-guide coupled to an Agilent
Synthesized Sweeper 8375A and a Hewlett-Packard spectrum analyzer
7000 in the X band frequency range (8-12 GHz).
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4A.2 Results and discussions
4A.2.1 Fourier Transform Infrared (FTIR) Spectroscopy

EMAAZn-Nano PANI-HCI

Transmittance (%)

EMAAZn-Bulk PANI-HCI

— V\,\/\/“\//
EMAAZn

—v——w“——\h'wvﬁv‘

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (v;m>1 )

Figure 4.1a. FTIR spectra of EMAAZn and EMAAZn-Bulk
PANI-HCI and Nano PANI-HCI binary composites.

EMAAZn-Nano PANI-TSA

EMAAZn
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Figure 4.1b. FTIR spectra of EMAAZn and EMAAZn-Nano
PANI-TSA binary composites.

Figure 4.1a shows the FTIR spectra of EMAAZn and EMAAZn-
PANI (bulk PANI-HCI and nano PANI-HCI) binary composites. Figure
4.1b shows the FTIR spectra of EMAAZn and EMAAZn-Nano PANI-
TSA binary composites. The region of 1500-1750 cm™ bands observed in
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all samples as shown in Figures 4.1a and 4.1b is ascribed to the
asymmetric stretching vibrations of carboxylate groups [46, 47]. The
COO- of EMAAZn consist of a peak at 1460 cm™, a small peak at 1691 cm™
and two shoulder peaks at 2900 cm™ and 2840 cm™ which is different
from the peaks in the composites especially in ionomer/TSA doped
nanopolyaniline composite. These differences is attributable to the
changes in the local environment exerted by the neutralizing cations
(Zn*") in the blend. This is an indication that interactions exist between
the EMAAZn-PANI thereby forming a new structure in the ionic
aggregates [46, 49]. The spectrum of the film obtained after mixing of
PANI with EMAAZn, presents all the bands of EMAAZn and PANI.

4A.2.2 X-Ray Diffractometry (XRD)

-———/,K EMAAZn-Nano PANI-TSA

_—‘A_’*‘/\ EMAAZn-Nano PANI-HCI
w—/\\EMAAZn—Bqu PANI-HCI

,___/\ i

L)
10 20 30 40 50 60
20 (deg.)

Figure 4.2. XRD profiles of Bulk PANI-HCI, Nano PANI-HCI
and Nano EMAAZn binary composites.

Intensity (a.u.)

Figure 4.2 represents the XRD of EMAAZn-PANI (bulk PANI-HCI,
nano PANI-HCI and nano PANI-TSA) binary composites. The EMAA-Zn
pattern shows a single broad peak at around 2 6 = 21° indicating that the
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material is semi crystalline in nature. This peak is called an ionic peak and
it is attributed to the aggregation of ionic groups such as COO-Zn in the
ionomer [41, 46, 50]. This sharp peak around 20 =21° in the neat Zinc
ionomer is very prominent in all the three PANI-Zn ionomer binary
composites. The diffraction pattern of EMAAZn -PANI doped with
hydrochloric acid (bulk PANI-HCI and nano PANI-HCI) showed similar
sharp peaks at 26 equal to 21°, 23° and 25°. The diffraction pattern of the
toluene sulphonic acid (TSA) doped PANI (nano PANI-TSA)-zinc salt
ionomer is observed to have sharp bands at 26 equal to 21°, 23°, 27°, 30°
and 44°. The peaks observed at 21° and a shoulder peak at 23° correspond
to the presence of polyethylene crystallites in the EMAA ionomer [5, 7].
These observations are consistent with the degree of polyethylene

crystallinity [51, 52].

4A.2.3 UV-Visible spectroscopy (UV-Vis)

EMAA-Zn-Nano PANI-TSA

EMAA-Zn-Nano PANI-HCI

—f'__—\‘_
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Figure 4.3. UV-Visible spectra of Bulk PANI-HCI, Nano PANI-HCI
and Nano PANI-TSA-EMAA-Zn binary composites.
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The UV-Visible spectra of PANI (bulk PANI-HCI, nano PANI-HCI
and nano PANI-TSA)-EMAAZn binary composites were shown in
Figure 4.3. Absorption bands observed in the EMAAZn are all present in
the composites. The shift observed in the EMAAZn from 915 nm to 930,
991 and 995 nm in EMAAZn-PANI (bulk PANI-HCI, nano PANI-HCI
and nano PANI-TSA) respectively is attributable to the introduction of
PANI in the composites. This might be due to exfoliation and homogeneous
interaction between EMAAZn and PANI. However, the red shift
observed in absorption peaks at 991 nm and 995 nm observed in
composites of EMAAZn-nano PANI (nano PANI-HCI and nano PANI-
TSA) might be due to the dimensions of the particle size of the PANI in
the blends. Based on the UV-visible spectroscopic analysis as seen in
the absorption bands, it can be observed that the composite films have
lower UV transmission compared to the EMAAZn. Therefore, they can
reasonably shield from UV radiation and hence, could be suitable for
UV resistant applications. The visible light transparency of all the
composite films are as well lower than that for neat ionomer at the near
IR and visible region; therefore, are expected to be resistant to the UV

radiation [40, 48].
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4A.2.4 Thermogravimetric analysis (TGA)
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Figure 4.4. TGA curves of EMAAZn-Bulk PANI-HCI, Nano
PANI-HCI and Nano PANI-TSA binary composites

Figure 4.4 shows the TGA thermogram of EMAAZn and
EMAAZn-PANI (bulk PANI-HCI, nano PANI-HCI and nano PANI-TSA)
binary composites. The EMAAZn exhibits two major decompositions. The
initial weight loss of 8% is observed at 200 °C to 430 °C for the ionomer
[53, 54]. This is due to the moisture removal and dequaternization at Zn+
site. The second weight loss of 95% is observed at 430 °C — 488 °C. The
weight loss occurring in this stage may be due to scission in zinc ionic
aggregate linkage of the monomeric units of ionomer. Complete rupture
of the ionomer is observed at around 520 °C. The composites shows a
typical three stage decomposition. The initial weight loss of 6%, 5% and
4% 1is observed for EMAAZn-bulk PANI-HCI, EMAAZn-nano PANI-
HCIl and EMAAZn-nano PANI-TSA composites respectively at 150 °C
due to the removal of moisture. The weight loss in the stage two is about

28% each for (EMAAZn-bulk PANI-HC] and EMAAZn-nano PANI-HCI)
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composites and about 24% for (EMAAZn-nano PANI-TSA) composite at
430 °C. It may be due to the scission in amide linkage of both monomeric
units of ionomer and it is found to be around 73% each for EMAAZn-
bulk PANI-HCI and EMAAZn-nano PANI-TSA) composites and 67% for
EMAAZn-nano PANI-HCI) at 510 °C. The decomposition temperature
showed that the stability of ionomer increased with the introduction of

PANI in the blends owing to the reduction in segmental mobility.

4A.2.5 Conductivity Measurements

Table 4.1 shows the electrical conductivity of the EMAAZn-PANI
(bulk PANI-HCI, nano PANI-HCI and nano PANI-TSA) binary composites
as a function of weight concentration of PANI in the composites. Zinc
ionomer (EMAAZn) is an insulating thermoplastic material whose electrical
conductivity lies around 10™7-10™"® Sem™ at room temperature [55].

Table 4.1. DC conductivity of EMAAZn-PANI (bulk PANI-HCI, nano

PANI-HCI and nano PANI-TSA) binary composites as a
function of weight ratio of PANI of 1.0g of EMAA-Zn

Weight of Conductivity (S/cm) of EMAAZn- PANI

PANI (g) Bulk PANI-HCI  Nano PANI-HCI  Nano PANI-TSA
0.1 3.43E* 4.66E-4 4.76E-4

0.3 3.71E* 4.78E-4 4.92E-4

0.5 3.31E* 4.73E-4 4.97E-4

0.7 3.53E" 4.74E-4 1.15E-3

1.0 8.2E-4 1.86E-3 3.45E-3

1.2 2.53E 3.52E-4 5.21E-4

1.5 1.25™ 2.24E-4 4.16E-4

2.0 1.78E™ 3.34E-4 3.80E-4
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The electrical conductivity as a function of PANI content in the
composites with EMAAZn is presented in Table 4.1. The conductivity of
EMAAZn ionomer increased from insulator level to semiconductor range on
the addition of even 0.1 g of PANI. The conductivity gradually increases
with increase in amount of PANI, possibly owing to the quality of
intermolecular interactions between PANI and EMAAZn causing a possible
good and homogenous conductive network. A percolation threshold is
observed at 1:1 PANI-ionomer for all the three composites (EMAAZn-bulk
PANI-HCl, EMAAZn-nano PANI-HC] and EMAAZn-nano PANI-TSA),
which exhibit a conductivity jump in the percolation region. Beyond the
percolation region, the conductivity level slowly decreases with the PANI
content owing to the absence of a continuous network of PANI due to
agglomeration. The results showed that the interaction between the
macromolecules of PANI and EMAAZn in their composites, particularly
those of EMAAZn-nano PANI-HCI and EMAAZn-nano PANI-TSA are
stronger due to high surface area of nano PANI than in composite of
EMAAZn-bulk PANI-HCI, thus resulting in a better compatibility and
higher electrical conductivity. This is most pronounced in the composites of
EMAAZn-nano PANI-TSA with the highest values of conductivity. It may
be due to the influence of the intermolecular interactions and chemical
interactions between aniline [56, 57] and counteranion molecules of TSA
during polymerization of polyaniline thereby forming a stronger and stable
bipolaron responsible for electronic oxidation (protonation) of the polymer.
The positive charges localized in -NH groups during protonation enable the
bipolaron to move along the chain without the need for protons to hop and

thereby giving rise to higher electronic conductivity [38, 58-60].
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4A.2.6 Electromagnetic Interference (EMI) Shielding Effectiveness (SE)

The use of conducting polymers as microwave absorbers and
electromagnetic interference shielding materials have attracted increased
attention due to their good electrical conductivity, processability, light
weight and non-corrosiveness especially when blended with polymer
matrix [61-63]. The shielding effectiveness of the conducting composites
of EMAAZn-PANI binary composites prepared by solution blending of
EMAAZn is measured using a Vector Network Analyzer. The values of
the shielding effectiveness at 8.5 GHz measured for the different loading
levels of the different PANIs in the EMAAZn matrix are shown in
Table 4A.2

Table 4.2. Shielding Efficiency of EMAAZn-PANI (bulk PANI-HCI, nano
PANI-HC1 and nano PANI-TSA) binary composites as a
function of weight ratio of PANI in 1.0g of EMAA-Zn at 8.5 GHz
Zinc ionomer alone: SE =-0.2874 dB

Weight of Shielding Efficiency (dB) of EMAAZn-PANI

PANI(2)  Bylk PANI-  Nano PANI-  Nano PANI-
HCI HCI TSA

1.0 -10.0 129 139

1.2 135 147 202

1.5 -15.7 -15.7 219

2.0 -15.2 -182 6.1

The results indicate that the shielding effectiveness increases with
the increase of PANI concentration in the composites. The measured
value of EMI SE of the neat EMAAZn film is 0.2874 dB and did not
exhibit EMI shielding efficiency. The shielding effectiveness of the
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composites (shown in Table 4.2) is increased with increase in PANI
content. Comparing the shielding efficiency of the various composites,
the higher shielding effectiveness is achieved in the EMAAZn-nano
PANI-TSA composite which shows the highest attenuation value of -26.1 dB
at the baseline frequency of 8.5 GHz. Filler content loading and thereby
electrical conductivity are the very important parameters with respect to
electromagnetic interference (EMI) shielding effectiveness (SE).
Materials which could be useful for EMI shielding applications are
normally expected to have a minimum of -20dB attenuation. At this
minimum value of shielding more than 99% of the incident wave is
attenuated ensuring that electronic equipment does not generate or it is
not affected by electromagnetic interference [64]. The wvalues of
attenuation obtained in this work are lower in EMAAZn-PANI (bulk
PANI-HCI and nano PANI-HCI) than the minimum of attenuation that
ensures safety. From the results it is clear that the increase in weight
fraction of PANI can increase the EMI shielding efficiency to more than -
20dB. However, values of attenuation in the EMAAZn-nano PANI-TSA
(1.2g, 1.5g and 2.0g) composites shows well above the minimum
requirement and therefore, it can be useful as effective EMI shielding
material. The variation of EMI shielding effectiveness at various
frequencies (8.0-12 GHz) is measured for the different loading levels of

PANI-TSA in EMAAZn matrix are shown in Figure 4.5.
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Figure 4.5. Shielding Efficiency of EMAAZn-PANI nano PANI-TSA)

binary blends as a function of weight ratio of PANI in
1.0g of EMAA-Zn at 8.5 GHz

The EMI shielding effectiveness is almost similar at varying
frequencies indicating the material is useful at all frequencies of the X-

band (8 GHz to 12 GHz).
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Studies on Sodium Ionomer-Polyaniline Binary Composites

Part B reports the fabrication of poly(ethylene-methacrylic acid copolymer)
neutralized with sodium salt (EMAANa) and polyaniline (PANI: bulk
PANI-HCI, nano PANI-HCI and nano PANI-TSA) binary composite
films, with the aim of modifying EMAANa in order to achieve improved
electrical conductivity and high electromagnetic interference (EMI)

shielding effectiveness (SE).

4B.1 Experimental Methods

4B.1.1 Preparation of Sodium Salt lonomer-Polyaniline Binary
Composites

The ionomer-polyaniline composite is prepared by following
the same procedure as described in PART A with sodium salt of
poly(ethylene-co-methacrylic acid) (EMAANa)) as ionomer instead of
EMAAZn ionomer.

4B.1.2 Characterization and Instrumental Analysis

The characterization was done using the same methods as detailed

in PART A.
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4B.2 Results and discussions

4B.2.1 Fourier Transform Infrared (FTIR) Spectroscopy

—
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Figure 4.6a. FTIR spectra of EMAANa and EMAANa-Bulk
PANI-HCI and Nano PANI-HCI binary composites.
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Figure 4.6b. FTIR spectra of EMAANa and EMAANa-Nano
PANI-TSA binary composites.
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Figure 4.6a shows the FTIR spectra of EMAANa and EMAANa-
PANI (bulk PANI-HCI and nano PANI-HCI) binary composites. Figure
4.6b shows the FTIR spectra of EMAANa and EMAANa-PANI-TSA
composite. The analysis of the spectra of the ionomer (EMAANa) shows
a sharp band at 722 c¢m™ is caused by methylene rocking in the pendant
backbone. The 1250 ¢cm™ broad peak is attributed to C-O stretching
vibrations of COOH groups. The band around 1500 cm™ is due to COy
groups. The peak with a wavelength of 1697 cm™ is due to C=0 stretching
vibrations [46, 65-67]. The sharp peaks with high intensity observed in the
spectra of EMAANa became broad and weak in composites with the
different PANIs as shown in the Figure 4.6. These differences reflect
changes in the local environment of the neutralizing cations Na+ with the
PANI, indicating that EMAANa-PANI forms a new structure in the ionic
aggregates. The spectrum of the film obtained after blending of PANI with
EMAANa, presents all the bands of EMAANa (Figure 4.6a and b) and PANI
(Figure 3.3). However, as reported previously in Figure 4.1b, these bands are
not prominent in the EMAANa-PANI-TSA composite (Figure 4.6b).

4B.2.2 X-Ray Diffractometry (XRD)

Figure 4.7 represents the XRD of EMAANa-PANI (bulk PANI-
HCI, nano PANI-HCI and nano PANI-TSA) binary blends. The EMAANa
pattern shows a single broad peak at around 26 =21° indicating that the
material is semi crystalline in nature. This peak is known as ionic peak
and is attributed to the aggregation of ionic groups in the ionomer
resulting in a strong ionic interactions of the metal salts in the ordered

structure of the ionic salt groups (ionic crystallites) [13, 46]. A second
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small shoulder-like peak located at 20 =24° corresponds to the presence

of the crystalline polyethylene crystallites in the EMAA ionomer [7, 68].

_N_/Ak EMAANa-Nano PANI-TSA
______/Ak EMAANa-Nano PANI-HCI

_'-—MANa—Bqu PANI-HCI

Intensity (a.u.)

EMAANa

10 20 30 40 50 60
206 (deg.)

Figure 4.7. XRD profiles of EMAANa-Bulk PANI-HCI, Nano PANI-
HCI and Nano PANI-TSA binary composites

This characteristics is also reflected in the composites. The diffraction
pattern of sodium salt ionomer-PANI doped with hydrochloric acid doped
(bulk PANI-HCI and nano PANI-HCI) shows sharp peaks at 26 equal to 7°,
21°, 24° 26°, 32°, 35° and 38°for bulk PANI-HCI and 26 equal to 21°, 24°,
32°, 34° and 38° for nano PANI-HCI. The diffraction pattern of the toluene
sulphonic acid (TSA) doped PANI (nano PANI-TSA)-EMAANa is observed
to have sharp bands at 20 equal to 5°, 6°, 21°, 24°, 32°, and 40°. These
observations are consistent with the degree of polyethylene crystallinity [69,
70] and the XRD pattern of doped PANI. The peaks observed for the
composites are found to be relatively weaker and broader than the neat
EMAANa suggesting the extent of intercalation and exfoliation of PANI in
EMAANa and indicating a better compatibility between the hydrophobic and
the hydrophilic phases in the ionomer blends.
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4B.2.3 UV-Visible spectroscopy (UV-Vis)
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Figure 4.8. UV-Visible spectra of EMAANa-Bulk PANI-HCI, Nano
PANI-HCI and Nano PANI-TSA binary composites

The UV-Visible spectra of EMAANa and EMAANa-PANI (bulk
PANI-HCI, nano PANI-HCI and nano PANI-TSA) binary composites are
shown in Figure 4.8. Absorption band at 335 nm, is observed for Na
ionomer (EMAANa) and the three composites of EMAANa-PANI (bulk
PANI-HCI, nano PANI-HCI and nano PANI-TSA). Two main absorption
bands at 277-288 nm and 608-663 nm in all three PANIs (Figure 3.3
chapter 3) are not visible in the binary composites. This might be due to
exfoliation and homogeneous interaction between ionomer and PANI.
Based on the UV-visible spectroscopic analysis as shown in the
absorption bands, it is observed that the composite films have lower UV
transmission compared to what is observed in EMAAZn-PANI
composites studied in Part A. Therefore, it can shield better from UV

radiation and hence, it could be suitable for UV resistant applications.
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4B.2.4 Thermogravimetric analysis (TGA)
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Figure 4.9. TGA curves of EMAANa-Bulk PANI-HCI, Nano
PANI-HCI and Nano PANI-TSA binary composites

Figure 4.9 shows the TGA thermogram of ionomer (EMAANa)-
PANI (bulk PANI-HCI, nano PANI-HCI and nano PANI-TSA) binary
composites. The ionomer (EMAANa) shows first weight loss (10%) due
to the loss of the methacrylic acid at the temperature range of 300°C to
420°C. The second observed weight loss which is the thermal
decomposition of the ionomer (decomposition temperature) resulted in a
sharp increase of weight loss of about 96% is observed between 420°C to
500°C with a residue of 4%. This is attributable to loss of the methacrylate
back-bone apparently due to the scission in ionic aggregate linkage of the
monomeric units of ionomer [53, 53b, 54]. These decomposition patterns
changed with the composites which retarded the degradation of the

molecules of the ionomer at higher temperatures. Similar results is obtained

Department of Polymer Science and Rubber Technology
Cochin University of Science and Technology



Ionomer-Polyaniline Binary Composites: Preparation, Properties and Applications

with EMAAZn as reported previously in PART A. The improved
decomposition temperature showed that the stability of ionomer increased
with the introduction of PANI in the blends owing to the reduction in

segmental mobility.

4B.2.5 Conductivity Measurements

In chapter 3 (3.5), the electrical conductivity of pelletized bulk
PANI-HCI, nano PANI-HCI and nano PANI-TSA are reported to be
0.127, 0.478 and 0.824 S/cm™ respectively with nano PANI-HCI and nano
PANI-TSA possessing higher conductivity values compared to bulk
PANI-HCI. These difference in the electrical conductivities of PANI
samples is attributed to the less particle size and higher crystallinity [71].
The PANI samples are solution blended at various loading values with
constant weight of Na ionomer (EMAANa). The same trend of
conductivity differences as in the case of EMAAZn is also manifested in

the composites of EMAANa as shown in Table 4.3.

Table 4.3. DC electrical conductivity of ionomer (EMAANa)-PANI (bulk
PANI-HCI, nano PANI-HCI and nano PANI-TSA) binary blends
as a function of weight ratio of PANI of 1.0g of EMAA-Na.

Weight of Conductivity (S/cm) of EMAANa- PANI

PANI (g) Bulk PANI-HCI  Nano PANI-HCI Nano PANI-TSA
0.1 5.41E-4 6.33E-4 6.73E-4

0.3 5.38E-4 6.62E-4 1.91E-3

0.5 5.63E-4 7.37E-4 3.25E-3

0.7 5.74E-4 2.15E-3 4.27E-3

1.0 9.86E-4 2.75E-3 5.45E-3

1.2 5.52E-4 1.21E-3 431E-3

1.5 5.34E-4 1.16E-3 5.36E-3

2.0 5.25E-4 9.65E-4 4.81E-3

Studies on Ionomer-Polyaniline and Ionomer-Polyaniline-MWCNT Composites for
Electrical and Electromagnetic Interference Shielding Applications



Chapter 4

The electrical conductivity of the various composites increased in the
order: EMAANa-bulk PANI-HCI<EMAANa-nano PANI-HCI<EMAANa-
nano PANI-TSA. The gradual increases in conductivity with the content
of PANI observed for all the composites is attributed to the difference of
intermolecular interactions between PANI and EMAANa causing a
possible good and homogenous conductive network. The incidence of
percolation threshold (the inflexion point on the dependence of electrical
conductivity on filler concentration) occurred at 1:1 EMAANa-PANI
similar to the results reported in PART A with composite series (Table 4.1),
where conductivity increase sharply and reached a peak value at 1:1
composition and then reduced. However, in comparison with the
conductivity values obtained for the EMAAZn based composites, the
EMAANa based composites shows higher conductivity values. This may
be due to the difference in the electrochemical activity state of the
metallic salts present in the ionomers (zinc and sodium). Most metals are
electropositive in nature and the metal atoms lose electrons in chemical
reactions to form cations. The more reactive a metal, the greater tendency
it has to form a positive ion in a chemical reaction; thereby, making it a
good conductor of heat and electricity. In this case, sodium is higher than
zinc in the electrochemical series, hence would be more ionic resulting in the
stronger ionic interactions of the metal salts in the ordered structure
of ionic salt groups (ionic crystallites)and would likely show better
conductivity. The results shows that EMAANa-nano PANI-HCI and
EMAANa-nano PANI-TSA has better conductivity values with EMAANa-
nano PANI-TSA having the highest electrical conductivity compared to
EMAANa-bulk PANI-HCI [3, 56, 57, 71] for reasons discussed in PART A.
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4B.2.6 Electromagnetic Interference (EMI) Shielding Effectiveness
(SE)

The uses of conducting polymers as microwave absorbers and
electromagnetic interference shielding materials have attracted increased
attention due to their good electrical conductivity, processability, light
weight and non-corrosiveness especially when blended with polymer
matrix. [61-63].The shielding effectiveness of the conducting composites
of EMAANa-PANI binary composites prepared by solution blending of
EMAANa and PANI was measured. The values of the shielding
effectiveness at 8.5 GHz is measured for the loading 1:1, 1:1.2, 1:1.5 and

1:2 PANI in the ionomer matrix are shown in Table 4.4.

Table 4.4. Shielding effectiveness of EMAANa-PANI (bulk PANI-HCI,
nano PANI-HCI and nano PANI-TSA) binary composites as a
function of weight ratio of PANI in 1.0g of EMAA-Na at 8.5 GHz.
EMAANa: SE=-0.3197dB

Weight of Shielding Efficiency (dB) of EMAANa-PANI
PANI (g) Bulk PANI-HCI  Nano PANI-HCI  Nano PANI-TSA
1.0 112 12.8 [18.7

1.2 -16.5 17.7 222

1.5 -18.7 -18.7 4.9

2.0 -19.2 212 29.1

The results indicate that the shielding effectiveness generally
increased with the incorporation of PANI in the composites as neat
ionomer film exhibited very low EMI shielding efficiency of 0.3197 dB.
The composites containing 1:2 weight ratio of EMAANa-bulk PANI-HCI

shows shielding effectiveness of -19.2 dB while the shielding effectiveness
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of composites containing same grams of nano PANI-HCI in 1g EMAANa
shows shielding efficiency of around -21.2. In the same measure, the SE
of nano PANI-TSA in 1g EMAANa showed shielding effectiveness of -
29.1 dB. As reported earlier in PART A (Table 4A.2), EMAANa-nano
PANI-TSA shows better shielding effectiveness compared to its
EMAANa-nano PANI-HCI and EMAANa-bulk PANI-HCI counterparts.
From the values obtained in Table 4.4 maintaining the same PANI content
loading as in Table 4.2, EMAANa-PANI composites are slightly better
than EMAAZn-PANI for EMI shielding. The variation of EMI shielding
effectiveness with varying frequencies at X- band (8.0-12 GHz) measured
for the different loading levels of the different PANI-TSA in the
EMAANa matrix are shown in Figure 4.10.
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Figure 4.10. Shielding Efficiency of EMAANa-PANI nano
PANI-TSA) binary blends as a function of weight
ratio of PANI in 1.0g of EMAA-Zn at 8.5 GHz
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Electrical conductivity and or filler content loading are very
important parameters with respect to electromagnetic interference (EMI)
shielding effectiveness (SE). While conductivity requires connectivity,
EMI shielding requires only conductive particles to interact and impede
the radiations [71]. Figure 4.10 indicates that the EMAANa-nano PANI-
TSA composite shows almost same values of -28 dB at frequencies of 8
GHz, 9 GHz, 10 GHz, 11 GHZ and 12 GHz and hence this composite is
suitable for EMI shielding applications at all frequencies of X-band.

4.2 Conclusions

The ionomers (EMAAZn or EMA ANa) matrix could be successfully
and effectively dissolved in the solvent blend of toluene and 1-butanol at
65°C. The composites of EMAAZn or EMAANa and PANI could be
prepared by mixing the ionomer solution with PANI. The enhancement of
the electrical conductivity and electromagnetic interference (EMI)
shielding effectiveness (SE) of EMAAZn or EMAANa matrices upon
mixing with PANI clearly indicates the successful introduction of PANI
into matrices by solution mixing. Results of UV-visible spectroscopic
analyses establish lower UV transmission in the binary composite films
compared to the neat matrices (EMAAZn or EMAANa). Therefore
composite films could be used for UV shielding applications. The
decomposition pattern of the ionomer matrices (EMAAZn or EMAANa)
changed on mixing with PANI, which tend to retard the degradation of
the molecules of the pure matrices at higher temperatures. The
improvement in the decomposition temperature of the composites shows

that the stability of neat matrices (EMAAZn or EMAANa) is increased
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with the introduction of PANI, owing to the reduction in segmental
mobility. The results of DC electrical conductivity show that the
composites containing nano PANI-TSA has higher conductivity
compared to the nano PANI-HCI and bulk PANI-HCI based composites.
This indicates that PANI in nano dimension are more conducting than in
bulk form. The conductivity was in the order EMAA-bulk PANI-HCI <
EMAA-nano PANI-HCI < EMAA-nano PANI-TSA for both sodium
ionomer and zinc ionomer. Among the polymer composites studied, the
highest electrical conductivity values was obtained for 1:1 EMAA-nano
PANI-TSA composite. The electromagnetic interference (EMI) shielding
effectiveness (SE) of the EMAA-PANI binary composites also showed
the highest value in EMAA-nano PANI-TSA composite. The values of
attenuation obtained in the EMAA-bulk PANI-HCI and EMAA-nano
PANI-HCI composites are lower than the minimum attenuation that
ensures the safety of electronic gadgets. EMAANa-PANI binary
composites show better electrical conductivity and EMI shielding
effectiveness compared to EMAAZn-PANI binary composite. The
EMAA-nano PANI-TSA composites are a promising material for EMI
shielding. The composite films may be utilized for static charge
dissipation, lightweight devices and effective EMI shielding or
microwave absorption materials. The results obtained revealed that the
solution blending is an effective way to improve the processability of
electrically conducting polyaniline as well as to improve the thermal,

electrical and EMI SE properties of EMAAZn or EMAANa.
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Chapter 5

IONOMER-POLYANILINE-MULTI WALLED CARBON
NANOTUBES HYBRID COMPOSITES: SYNTHESIS,
PROPERTIES AND APPLICATIONS

Part A

Zinc salt of poly(ethylene-co-methacrylic acid) ionomer-polyaniline-multi walled
carbon nanotubes frybrid composites: preparation, evaluation and applications
Part B

Enhanced electromagnetic interference shielding effectiveness of polyaniline
functionalized carbon nanotubes filled sodium ionomer frybrid composites

Composites made up of conducting fillers dispersed in an insulating and flexible
polymer matrix are generally used in electronics sensors, electromagnetic shielding and
anti-static devices applications. In this chapter, conducting composites based on
EMAAZn or EMAANa matrices for electrical and EMI shielding applications is
reported. MWCNTs were chosen as conductive filler due to its excellent electronic
structure and growing industrial usage. Prior to exploring the influence of MWCNTS on
the electrical properties and EMI shielding of composites containing EMAAZn or
EMAANa matrices, studies were carried out on EMAAZn/PANI and EMAANa/PANI
binary composites (chapter 4, PART A and PART B) to obtain a general understanding
from the electrical and EMI shielding behaviors of EMAAZn or EMAANa matrices as a
function of MWCNTSs content. PANI:MWCNT composite was prepared by varying the
weight percentages (25%, 50%, 75%, 100%, 125%, and 150%) of the MWCNTs
(Pristine CNT, amine functionalized CNT (ACNT) and carboxylic acid functionalized
CNT (CCNT)) through in-situ polymerization technique. The PANI coated MWCNTs
nanocomposites were mixed with the ionomer (EMAAZn or EMAANa) matrices to
fabricate electrically conducting hybrid composite films (EMAAZn-PANI-MWCNTS or
EMAANa-PANI-MWCNT) at a ratio of 1:1 using a solution mixing method with toluene
and 1-butanol as solvents at 65 C. The conducting hybrid composites were characterized
using XRD, UV-Vis and TGA. The electrical conductivity and microwave absorption /
reflection characteristics of the fabricated hybrid composites were also studied. The
results of four-probe electrical conductivity measurements and EMI SE over the X-band
(8 - 12 GHz) showed that the electrical conductivity and EMI shielding properties rose
with MWCNTs content. The increase in electrical conductivity with MWCNT loading
was attributed to the formation of conductive paths across the composite. Increase in
EMI shielding with MWCNT content was related to a greater number of interacting
roving charges. These hybrid composites are found to have potential applications in the
areas of electromagnetic interference (EMI) shielding and electrostatic dissipation
(ESD).
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5.1 Introduction

The growth in the application of electrical and electronic devices
across a broad spectrum of military, industrial, commercial and consumer
sectors such as wireless device systems, navigation, air space technology,
military installations, etc. has resulted in the rapid proliferation of
electronic devices ranging from simple to sophisticated. The consequence
has created a peculiar form of pollution known as noise or electromagnetic
interference (EMI). EMI can cause serious harm to the effective
performance of electrical and electronic devices as well as various life
forms, including human beings. And so, there is a greater need for the
effective shielding of electronic devices from the adverse effects of EMI
noise with effective shielding materials [1, 2, 3]. Materials for this
purpose are prepared by adding ferrites, carbon black or other conducting
fillers in a polymeric matrix. Conventionally, EMI shielding techniques
focused on metallic materials and their composites, which effectively
reflect the electromagnetic waves. Metals have good mechanical strength
but have the disadvantages of higher density [4], easy corrosion and
uneconomic processability. Additionally, it is difficult to retain a uniform
distribution of the metal filler throughout the matrix in which it is mixed
during its composites fabrication. This could results in deficiency of the
metallic filler in corners, edges and surfaces which tends to result in gaps
in the shield composite materials causing disconnection in the conducting
path and leakages of the radiation and thus diminishing the conductivity
and effectiveness of the shield [5, 6]. Hence, the need for conducting

polymers that displays several characteristics of organic polymers such as

Department of Polymer Science and Rubber Technology
Cochin University of Science and Technology



Tonomer-Polyaniline-Multi Walled Carbon Nanotubes Hybrid Composites: Synthesis, Properties and Applications

lightweight, lower cost, resistance to corrosion and chemical attack,

flexibility and greater workability as well [7-11].

Among the conducting polymers, polyaniline (PANI) and PANI
based materials have been researched most comprehensively for the
reason that they possess easier and inexpensive preparation methods,
good environmental stability in both doped and undoped forms, excellent
physical and chemical properties and high conductivity [7-9, 12]. But the
main limitations of PANI is that it requires a large amount of protons
attached to the polymer to be electrically conducting, it is a very poor
conductor when the pH is greater than 5, therefore PANI tends to
experience loss of conductivity in neutral and high pH environment [13],
highly unstable even at moderate temperatures (>100 °C) [14]. Therefore,
there is the need to further expand the application possibilities of
conducting PANI in order to meet the requirements of present day
sophisticated technologies if their conductivity, chemical and thermal
stability can be enhanced to a certain extent. Such a situation needs
materials with fixed conductivity and opaque to microwaves. Conducting
fillers can offer an attractive solution for this. In this regard, CNTs based
composites can provide a vital role due to its conductivity, non-
corrosiveness, nominal processing cost and its thermal and environmental

stability resulting in technological and commercial applications [1].

Incorporation of CNTs in PANI and or polymer matrix to make
composites, has been intensively studied [1, 5, 6, 15-40]. This is attributable
to the unique structure of CNT which promotes several outstanding

properties including thermal stability and in particular electrical
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conductivity. This act of incorporating CNTs into PANI or polymer
matrix in the form of composites could extend the applications of CNTs
itself, PANI and polymer matrices such as in electrostatic discharge

(ESD) and electromagnetic interference (EMI) shielding materials.

It is important to note that the high aspect ratio, the strong Van-der
Waals attractions of CNTs and their insolubility in most of the available
solvents as well as the incompatibility with various polymer matrices can
result in its poor dispersions [17-19]. The poor dispersion may result in
strong agglomeration in the polymer matrix which in turn could
contribute to the poor electrical conductivity and EMI shielding efficiency
of the composites [20-22]. This is a major drawback which is challenging
for a lot of composites applications, since the polymer matrix is an
effective barrier capable of preventing the exchange of electrons between
the CNT encapsulates. Attempts have been made to overcome this
limitation by adding secondary fillers such as conducting polymers into the
composites thereby generating new conducting hybrid filler-filler pathways
[19, 23-25]. Conducting polymers which possess tunable conductivity, non-
transparency to EM radiations and dispersibility/solubility in common
solvents [15, 16, 17, 19, 26-34] can reduce CNT aggregation and at the
same time preserve its intrinsic properties. An electrically conducting
polymer matrix has the added advantage of being able to electrically
connect the filler units that do not touch one another, thereby enhancing
the connectivity. In this way, polymer-matrix composites containing
CNTs and conducting polymers may become attractive for shielding due
to their processability which CNTs and/or conducting polymers does not

possess. In addition, polymer-matrix composites are attractive in their low

Department of Polymer Science and Rubber Technology
Cochin University of Science and Technology



Tonomer-Polyaniline-Multi Walled Carbon Nanotubes Hybrid Composites: Synthesis, Properties and Applications

density to compliment. Polyaniline/carbon nanotubes (PANI/CNTs) based
composites have been widely explored in which the charge-transfer
activities between the two components leads to considerable improvement
in conductivity [41] and, chemical and thermal stability. PANI/CNTSs
nanocomposites are prepared either through grafting PANI macromolecules
on the CNTs or through in situ polymerization of aniline monomer in
CNT dispersion. Despite this improved electrical conductivity, chemical
and thermal stability due to the introduction of CNT to boost the
mentioned limitations, PANI/CNT composites however, possess poor
mechanical properties such as strength and processability due to stiffness
of their backbone and insolubility in the common organic solvents. Thus,
the unique combination of electronic and mechanical properties of the
composites with conventional polymers to form a hybrid composites
seems to have great promise for many applications. The mixing of
polymers has become commercially and technologically more important
than the synthesis of homopolymers and copolymers in the last decade.
Blending allows for creating new materials with specific properties for the
desired application at low cost [42]. Since the conducting polycomposites
are stable and retain the mechanical properties of the host polymer, films
can be fabricated by solvent evaporation or by melt-processing for use in
anti-static applications, for electromagnetic shielding, microwave absorption

devices, etc.

This chapter presents the preparation of hybrid composites of
EMAAZn or EMAANa with PANI and MWCNT for electrical and EMI
shielding applications. PANI was synthesized and characterized as

explained in chapter 3. PANI-MWCNT composites were prepared by
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insitu polymerization of aniline monomer in the presence of MWCNT
(pristine CNT, amine functionalized CNT (ACNT) and carboxylic acid
functionalized CNT (CCNT)) using TSA as dopant and APS as oxidant.
Hybrid composite films of EMAAZn-PANI-MWCNT and EMAANa-
PANI-MWCNT respectively were fabricated by solution mixing in blend
of solvents (toluene (90%)/ 1-butanol (10%)) at 65°C. The electrical
properties and EMI shielding effectiveness characteristics of the conducting

hybrid composites were evaluated.
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Zinc salt of poly(ethylene-co-methacrylic acid) ionomer-
polyaniline-multi walled carbon nanotubes hybrid
composites: preparation, evaluation and applications.

5A.1 Experimental Methods

5A.1.1 Preparation of EMAAZn-PANI-MWCNT Hybrid Composites

The Hybrid Composites of EMAAZn-PANI-MWCNT were
prepared by solution mixing of the ionomers (EMAAZn) with the
previously synthesized PANI-MWCNT (pristine CNT, ACNT and
CCNT) composites in a mixing ratio of 1:1 (EMAAZn : PANI-MWCNT).
The EMAAZn was first dissolved in a solvent mixture of 90:10
(toluene/1-butanol) at 65°C and then mixed thoroughly with PANI-
MWCNT to obtain the hybrid composites. The solution of EMAAZn-
PANI-MWCNT were allowed to evaporate to a solid film in a petri dish

and dried in vacuum oven at 50 C for 24 hours.

5A.1.2 Characterization and Instrumental Analysis

Fourier transform infrared (FTIR) spectra of samples were recorded
using a Thermo Nicolet Avatar 370 FTIR spectrometer. The compositional
state of the samples was determined using X-Ray Powder Diffractometry
(XRD) using Bruker AXS D8. The electronic transitions in the samples were
determined by measuring the absorptions in the UV and visible regions using
UV-Visible spectroscopy (Varian Cary 5000). Thermo gravimetric analysis
(TGA) was performed on a Perkin Elmer STA 6000 thermogravimetric

analyzer to determine decomposition and thermal stabilities of the samples.
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DC electrical conductivity measurements were done by four-probe method
using Keithley 616 sensitive digital electrometer at room temperature. EMI
shielding measurements were performed using a wave-guide coupled to an
Agilent Synthesized Sweeper 8375A and a Hewlett-Packard spectrum
analyzer 7000 in the X band frequency range (8-12 GHz).

5A.2 Results and Discussions

5A.2.1 X-Ray Diffractometry (XRD)

———/\/L EMAAZn-PANI-CCNT
____//\\x EMAAZn-PANI-ACNT

,—_/\.\QAAAZn-PANI-PriSNne CNT

Intensity (a.u.)

EMAAZn

L] hd L] L L] hd L] hd L .
10 20 30 40 50 60
20 (deg.)

Figure 5.1. XRD profiles of EMAAZn-PANI-Multi Walled CNT
(pristine CNT, ACNT and CCNT) hybrid composites.

As reported earlier in chapter 3, acid treatment of MWCNT brings
about enhanced negative charges on its surface which improved the
interaction between PANI and MWCNT nanoparticles thereby achieving
good disentanglement. Figure 5A.1 shows the XRD PANI-MWCNTs
(pristine CNT, ACNT and CCNT)-EMAAZn hybrid composites. The X-
ray diffractograms of EMAAZn-PANI-MWCNT composites show all the

Department of Polymer Science and Rubber Technology
Cochin University of Science and Technology



Tonomer-Polyaniline-Multi Walled Carbon Nanotubes Hybrid Composites: Synthesis, Properties and_Applications

peaks corresponding to PANI as well as the MWCNTs, with sharp peak at
around 21° observed for the ionomer matrices (EMAAZn). The
appearance of diffraction peak at 26° in the (3) composite indicates a red
shift from 25° which is common in both PANI and the MWCNTs
(Figures 3.2, 3.8 and 3.14), indicating that MWCNTs and PANIs are
dispersed in the ionomer matrices. It is observed that the diffraction peak in
the pattern of the ionomer became weak in the XRD pattern of exfoliated
blends especially those containing ACNT and CCNT, indicating a high
degree of exfoliation and the presence of PANI and MWCNT. In the XRD
pattern of EMAAZn/PANI/MWCNT mixture, there is obvious peaks
weakening observed, indicating the blend components were exfoliated due
to the presence of large electrostatic interaction between the EMAAZn and

PANI-MWCNTs nanoparticles [43].

5A.2.2 UV-Visible spectroscopy (UV-Vis)

A—~____~—\\\\_~__7 EMAAZN-PANI-CCNT
EMAAZN-PANI-ACNT

I EMAAZn-PANI-Pristine CNT

~

EMAAZN

Absorbance

360 ) 460 ) 560 ) 660 ) 750
Wavelenght (nm)
Figure 5.2. UV-Visible spectra of EMAAZn-PANI-Multi Walled CNT
(pristine CNT, ACNT and CCNT) hybrid composites

Studies on Ionomer-Polyaniline and Ionomer-Polyaniline-MWCNT Composites for
Electrical and Electromagnetic Interference Shielding Applications



Chapter 5

Figures 5.2 shows the UV-Vis spectra of PANI-MWCNTs (pristine
CNT, ACNT and CCNT)-EMAAZn hybrid composites. The peaks at 326
nm, 331 nm, 325 nm were assigned for PANI-MWCNTs (pristine CNT,
ACNT and CCNT)-EMAAZn composites respectively. The peaks due to
PANI and MWCNTs as observed in Figures 3.5, 3.11 and 3.17 became
very faint to the point that it is absorbed by the ionomer matrices probably

due to the strong interaction between PANI and MWCNTSs composites

with the ionomer matrices.

5A.2.3 Thermogravimetric Analysis (TGA)
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Figure 5.3. TGA curves of EMAAZn-PANI-Multi Walled CNT
(pristine CNT, ACNT and CCNT) hybrid composites

Figure 5.3 shows the TGA thermogram of EMAAZn-PANI-
MWCNTs (pristine CNT, ACNT and CCNT) hybrid composites. When
the PANI-CNT composite was prepared and blended with EMAAZn in a
hybrid composite, the composites decomposition temperature increased
compared to EMAAZn-PANI binary blends (Figure 4.4). This effect is

obviously due to the presence of MWCNT which tends to acts as an
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additive for thermal stabilization. As the temperature increases, the
weight loss of the EMAAZn-PANI-MWCNTSs composites decreased.
When the temperature was approximately 500 °C, the mass of EMAAZn
was almost zero and at 520 °C the entire mass had completely decomposed,
leaving no residue. The EMAAZn-PANI-MWCNTs hybrid composites
left some heat-resistant parts even at temperature beyond 520 °C.
Therefore, the weight values of EMAAZn, EMAAZn-PANI-pristine
CNT, EMAAZn-PANI- ACNT and EMAAZn-PANI-CCNT at 520 °C
were 0.02%, 28%, 25% and 52%, respectively. Improved physical and
chemical interactions between thermally stable MWCNTs and the
polymer is reported to slow down the thermal degradation of the
composites [45, 46]. Apart from this, the formation of a perfect network
due to good dispersion of MWCNTs can act as an obstacle to the escape
of degradation products from the matrix of the polymer. High thermal
conductivity of the MWCNTs [46] also play a major role in enhancing
thermal stability by dissipating heat more rapidly from the composites.
The sample EMAAZn-PANI-CCNT composite showed superior thermal
stability due to its better exfoliation into EMAAZn.

5A.2.4 Conductivity Measurements

Understanding the conduction mechanism will helps to determine
the applications of conducting polymer composites at various conducting
filler loading concentrations. The electrical conductivity of the nano
EMAAZn-PANI-multi walled CNT (Pristine CNT, ACNT and CCNT)
hybrid composites with various weight percentages of MWCNTs were

reported in Table 5.1.
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Table 5.1. Electrical conductivity of PANI-multi walled CNT (Pristine CNT,
ACNT and CCNT) as a function of weight ratio of PANI-MWCNTSs
in EMAAZn hybrid composites.

Weight % of Conductivity (S/cm) of EMAAZn/PANI-MWCNT (1g:1g)
MWCNT in

EMAAZn-PANI- EMAAZn- EMAAZn-
0.2mg PANI  pistine CNT PANILACNT  PANI-CCNT
25 (50mg) 0.027 0.057 0.026

50 (100mg)  0.063 0.028 0.037

75 (150mg)  0.035 0.039 0.045

100 (200mg)  0.051 0.015 0.195

125 (250mg)  0.034 0.013 0.068

150 (300mg)  0.075 0.011 0.075

In Table 5.1, the electrical conductivity of EMAAZn-PANI-multi
walled CNT (pristine CNT, ACNT and CCNT) respectively as a function
of weight ratio of CNTs in PANL It is observed that the conductivities in
the hybrid composites were much improved compared to the binary
composites of EMAAZn-PANI as recorded in Table 4.1. This is attributed
to the introduction of MWCNTs. The higher the concentration of
MWCNTs in polymers, the lower is the gap width and the higher is the
chance that electrons will pass through the barrier. By increasing
MWCNT concentration, the gaps between the conductor materials
(MWCNTs) decrease. When the mean particle-particle distance is close
enough, the insulating gaps between the conducting fillers becomes
narrower, giving rise to very high field strength. This high field strength
provides free electrons sufficient energy to cross the insulative gap. High
conductivity is the result of transport processes within the polymer host

matrix [47]. The hybrid composites (EMAAZn-PANI-pristine CNT and
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EMAAZn-PANI-ACNT) did not show a typical percolation phenomenon
as their conductivities are not consistent with conditions of percolation
mechanism as reported in table 5.1. For EMAAZn-PANI-pristine CNT, the
conductivity was found to be irregular with increase in the concentration of
MWCNT content. This is attributed to its unfunctionalized state. For
EMAAZn-PANI-ACNT, the conductivities were decreasing as the weight
concentration increased. The possible reason is the fact that the phenyl
amino groups on the surface of ACNT is capable of initiating
polymerization, thereby increasing the concentration of the monomeric
species on the surface and hence, could lead to the formation of a thicker
and more uniform coating of PANI on the surface of ACNT in the
polymerization process [48-50]. This scenario can lead to the formation of
more agglomerated and bulky PANI above the required PANI volume in
the PANI-MWCNT composites. The bulky PANI formed is capable of
increasing the MWCNT-MWCNT distance there by reducing the
conducting network formation of MWCNT.

However, the results of EMAAZn-PANI-CCNT showed typical
percolation phenomenon. The results can be divided into three regions:
pre percolation region - low concentration (1:0.27-0.75), percolation region
(1:1) and post percolation region (1:1.25-1.50) — high concentration of
PANI-MWCNTs. In the pre percolation region, the MWCNT-MWCNT
particles is assumed to be far from each other and the conductance is
restricted by the polymer matrix because the MWCNT concentration is
very low and there is very large insulating gaps between the MWCNT
particles. Therefore, the possibility that electrons are transferred from one

MWCNT particles to another is very low. The higher the concentration of
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MWCNTs in polymers, the lower is the gap width and the higher is the
chance that electrons will pass the barrier. The MWCNTs and the
insulating gap between the polymer molecules, could be modeled as a
capacitor [19, 51, 52]. By increasing MWCNT concentration, the particle-
particle distance between the conductor materials (MWCNTSs) decrease.
In narrow insulating gaps between conducting fillers, very high field
strength may develop which is higher than the macroscopic voltage [53,
54]. This high field strength provides free electrons sufficient energy to
cross the insulating gap. By increasing filler loading further, the filler
particles get closer and eventually at percolation threshold, the first
network forms which lets the current pass through. In the second region,
where percolation occurs (at ratio 1:1) of EMAAZn/PANI-CCNT, the
free electrons in conducting filler will play the role of charge carriers
more prominently due to direct contact between particles of MWCNTs.
After percolation, increasing the conductive filler content alters the
conductivity only marginally. The third region is the region known as
post percolation; in this region, two effects govern the conductivity: the
restriction resistance of contact spots and tunneling resistance between
separated particles [45, 55-58]. A considerable amount of current
dissipates at the contact spots between the conductive fillers, therefore,
the restriction resistance that restricts conductivity increase due to large

number of contact spots and the conductivity begins to decrease.

From the foregoing, the hybrid composites containing EMAAZn-
PANI-MWCNTs are better conductors compared to the binary composites
containing EMAAZn/PANI and would perform better in electrical
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applications such as capacitors, sensors, etc. even at lower concentration

of loading.

5A.2.5 Electromagnetic Interference (EMI) Shielding Effectiveness
(SE)

The uses of conducting polymers as microwave absorbers and
electromagnetic interference shielding materials have attracted increased
attention due to their good electrical conductivity, processability, light weight
and non-corrosiveness especially when blended with nanocomponents such
as CNTs. [10, 58]. The shielding effectiveness of the conducting hybrid
composites of PANI-MWCNTs-EMAAZn prepared by solution blending

was measured between 8.0 — 12 GHz as shown in Figure 5.4.
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Figure 5.4. EMI SE of EMAAZn-PANI-CCNT) hybrid composites

The values of the shielding effectiveness at 8.5 GHz measured for the
different loading ratios of the different MWCNTs in the PANI-MWCNT

composites in the EMAAZn matrix are shown in Table 5.2.
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Table 5.2. Shielding Efficiency of EMAAZn-PANI-MWCNTs (pristine CNT,
ACNT and CCNT) at 8.5 GHz.

Shielding Materials Amount (%) SE (dB)
EMAAZn-PANI-Pristine CNT 25 -11.5308
50 -11.8906
75 -13.8850
100 -18.3308
125 -12.7001
150 -13.4036
EMAAZn-PANI-ACNT 25 -10.6108
50 -13.9044
75 -13.4666
100 -14.7538
125 -14.9398
150 -16.4230
EMAAZn-PANI-CCNT 25 -14.0449
50 -16.6990
75 -16.2834
100 -30.1054
125 -18.5996
150 -18.8524

Table 5.2 shows the average values of EMI SE of EMAAZn-PANI-
MWCNTs hybrid composites as a function of MWCNT concentration
over the X-band frequency range. As shown in the table, EMI SE
increases with MWCNT concentration. The increase in EMI SE by
increase in MWCNT content is due to formation of more networks of
conducting composites of PANI-MWCNTs thereby making way for free
electrons in the hybrid composite materials that can interact with
incoming electromagnetic wave. The increase in MWCNTSs concentration

also results in the increase in conductivity. Consequently, it can be said
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that increase in EMI SE is due to increase in conductivity. However, it is
worthy to note that while conductivity requires connectivity, EMI SE
does not [27, 44, 59-64]. EMI SE increases with increase in the bulk of
conducting filler that interact with the incoming electromagnetic wave.
The EMAAZn-PANI-CCNT hybrid composites had higher average SE
values compared to the EMAAZn-PANI-MWCNTs (pristine CNT and
ACNT) ternary blends at the same content of MWCNTs in the PANI-
MWCNT composites. When the MWCNTs content in the PANI-
MWCNT composites was 1:1 ratio, the average SE values of EMAAZn-
PANI-MWCNTs (pristine CNT, ACNT and CCNT) hybrid composites
were 12.8 dB, 14.8 dB and 30 dB respectively. As the MWCNTs content
increases, the average EMI SE of the hybrid composites increased
marginally unlike the DC electrical conductivity that witnessed reduction
as MWCNT contents increase above 1:1 (Table 5.1). These results
implies that the EMI SE was improved from results obtained after
introducing the MWCNTs in the composites with the exception of
EMAAZn-PANI-pristine CNT when compared with results from the
EMAAZn-PANI binary composites obtained at the same blending ratio in
Table 4A.2. Therefore, the improvement of EMI SE is attributed to the

increase of electrical conductivity [66].
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Enhanced electromagnetic interference shielding
effectiveness of polyaniline functionalized carbon
nanotubes filled sodium ionomer hybrid composites

5B.1 Experimental Methods
5B.1.1 Preparation of EMAANa-PANI-MWCNT Hybrid Composites

The same procedure as in PART A with ionomer (sodium salt of
poly(ethylene-co-methacrylic acid) (EMAANa)) was repeated keeping all

other components the same.

5B.1.2.2 Characterization and Instrumental Analysis

Thermo gravimetric analysis (TGA) was performed on a Perkin
Elmer STA 6000 thermogravimetric analyzer to determine decomposition
and thermal stabilities of the samples. DC electrical conductivity
measurements were done by four-probe method using Keithley 616
sensitive digital electrometer at room temperature. EMI shielding
measurements were performed using a wave-guide coupled to an Agilent
Synthesized Sweeper 8375A and a Hewlett-Packard spectrum analyzer
7000 in the X band frequency range (8-12 GHz).
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5B.2 Results and discussions

5B.2.1 Thermogravimetric Analysis (TGA)
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Figure 5.5. TGA curves of EMAANa-PANI-Multi Walled CNT
(pristine CNT, ACNT and CCNT) hybrid composites

The TGA results (Figure 5.5) of the pure EMAANa and EMAANa-
PANI-MWCNTs hybrid composites, respectively, shows that both have
almost same stability up to 268 °C. Afterwards, curves of EMAANa-
PANI-pristine CNT and EMAANa-PANI-CCNT shows abrupt acceleration
of mass loss up to 42% and 26% respectively at 460 °C. On the other
hand, EMAANa and EMAANa-PANI-ACNT show good stability up to
420 °C. After 420 °C, both EMAANa and EMAANa-PANI-ACNT show
a sharp weight loss. The loss for EMAANa continued and degraded
completely at 520 °C while EMAANa-PANI-ACNT deteriorated to 70%
and degraded completely at 630 °C. At 630 °C, EMAANa-PANI-pristine
CNT deteriorated up to 98% with 2% residue and EMAANa-PANI-
CCNT deteriorated to 90% with 10% residue and at 660 OC, 2% residue.
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The data clearly reveal that the thermal stability of EMAANa is less than
EMAANa-PANI-MWCNTs hybrid composites (weight loss initiation
temperature shifts to higher temperature). A larger effect is observed for
EMAANa-PANI-CCNT. This behaviour can be attributed to the formation
of an apparent shielding nanotube network which is destroyed on
increasing the temperature up to a limit value [29, 35, 38, 65]. The
stabilizing effect of MWCNTs can be also ascribed to the interfacial
interaction between the PANI-MWCNT and EMAANa increasing the
activation energy of degradation and to retarding the degradation at the
surface of the samples owing to the better heat distribution within the heat

conductive MWCNTs-containing samples.

5B.2.2 Conductivity Measurements

Electrical conductivity is a property that can theoretically be used to
illustrate or investigate the quality of network formation of the component
filler or conducting fillers dispersion in the polymer matrix of a composite.
The electrical conductivity of a composite rises with increasing conducting
filler loading. When a continuous interconnect network of electrically
conducting fillers is formed, it provides a conducting pathway through
which the polymer material at a proper conducting fillers concentration
undergoes a sudden transition from being an insulator to a conductor; the
electrical conductivity rises by some orders of magnitude. The
concentration at which the transition takes place is called electrical
percolation threshold which is defined or predicated on the filler contents,
filler morphology, the aspect ratio, particles size, structure, filler—-matrix

and fillerfiller interactions altogether determining to the state of
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dispersion [22]. Figure 5.5 shows the effect of MWCNTs loading in the
insitu polymerization of PANI-MWCNTs composites on the electrical
conductivity of EMAANa-PANI-MWCNTs (pristine CNT, ACNT and
CCNT)) hybrid composites.

Table 5.3. Electrical conductivity of EMAANa-PANI-MWCNTs (pristine

CNT, ACNT and CCNT) as a function of weight ratio of
MWCNTs in PANI-MWCNT composites.

Weight of Conductivity (S/cm) of EMAANa/PANI-MWCNT (1g:1g)
MWCNT in EMAANa-PANI- EMAANa- EMAANa-
200mg PANI  Pristine CNT PANI-ACNT PANI-CCNT
25% (50mg) 0.043 0.05 0.03

50% (100mg)  0.032 0.04 0.05

75% (150mg)  0.043 0.05 0.04

100% (200mg)  0.057 0.02 0.21

125% (250mg)  0.040 0.02 0.16

150% (300mg)  0.083 0.01 0.17

In Table 5.3, the electrical conductivity of PANI-multi walled CNT
(pristine CNT), amine functionalized (ACNT) and carboxylic acid
functionalized (CCNT)) respectively as a function of weight ratio of the
MWCNTs in sodium salt ionomer (EMAANa) hybrid composites were
presented. Increase in conductivity was observed for the hybrid
composites compared to the binary composites as recorded in Table 4.1.
Notably, when the addition amount of PANI-MWCNTs composites in
EMAANa (Table 5.3) was the same as PANI in EMAANa Table 4.3, the
EMAANa-PANI-MWCNT displayed a higher conductivity in comparison
with EMAANa-PANI. For instance, at (1:1), electrical conductivity for
EMAANa-PANI-TSA binary composite was 3.45E” S/cm while the
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electrical conductivity of EMAANa-PANI-MWCNTs (Pristine CNT,
ACNT and CCNT) hybrid composites were 0.057, 0.02 and 0.21 S/cm
respectively. These results suggested that the enhanced electrical
conductivity is related to the incorporation of MWCNTs in PANI for the
EMAANa-PANI-MWCNT hybrid composites preparation. Also the
electrical conductivities of EMAANa-PANI-MWCNTs (Table 5.3) were
found to be higher compared to the EMAAZn-PANI-MWCNTs samples
in Table 5.1. Reason is also attributable to earlier report in chapter 4
based on the reactivity of the two metal salts (Na’" and Zn) used in the
neutralization reactions during the synthesis of the ionomers (EMAAZn

and EMAANa).

Apparently two main factors influenced the electrical conductivities
of the composites: MWCNTs type (in terms of functionalization) and
MWCNTs loading used in the PANI-MWCNTs all of which influenced
the interactions of PANI-MWCNTs and EMAANa. The overall results
clearly confirm that choice of the MWCNTSs type might be the most
effective way to improve the conductivity of the hybrid composites.
Likewise, a combination of MWCNTs type and loading are found to have
improved conductivity relatively at MWCNT concentrations below or
above 1:1. This means that increased MWCNTs loading increases the
relative conductivity of the composites except for EMAANa-PANI-
ACNT whose conductivities were observed to decrease with increasing
MWCNT loading. Due to the same reason proposed previously in chapter
5A. For EMAANa-PANI-pristine CNT, the electrical conductivity was
erratic as depicted in the table probably to its non functionalization. For

EMAANa-PANI-CCNT, it is observed that the MWCNT type influenced
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the conductivity than the MWCNT loading where conductivity increased
with MWCNT loading up to 1:1 and started to decrease with further increase
in MWCNT loading. This is apparent in the saturated conductivities above
the 1:1 loading where conductivity experienced a decline, hence was
independent of MWCNT loading. This indicates that once the conducting
networks were extensively formed with the MWCNT, conductivities
either starts to decline, remain the same or may increase marginally.
Clearly, the MWCNTs type and to some extent MWCNTs loading
influenced the relative conductivity of the hybrid composites by the level
of networks formed in the EMAANa matrix. This might be the reason for
the different optimal conductivities of the EMAANa mixed with various
MWCNTs types: PANI-pristine CNT, PANI-ACNT and PANI-CCNT
composites. The higher conductivity of the EMAANa matrix with PANI-
CCNT composite than PANI-pristine CNT and PANI-ACNT is due to the
bridging effects of CCNT.

5B.2.3 Electromagnetic Interference (EMI) Shielding Effectiveness
(SE)

Electromagnetic interference (EMI), is a disorder caused by an
external source that affects an electrical device through an electromagnetic
induction, electrostatic coupling or conduction. The disorder may reduce
the performance of the device or even stop it from working.
Electromagnetic shielding is the act of reducing the electromagnetic field in
a space by blocking the field with barriers made of conducting or
magnetic materials [66, 67]. In practical terms, shielding is used to
prevent electromagnetic waves to escape from a noisy system or prevent

them to enter sensitive systems. In this study, the EMI shielding
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effectiveness of EMAANa-PANI-MWCNTs (pristine CNT, ACNT and
CCNT) hybrid composites was measured using an HP 8510 vector
network analyzer. The frequency was scanned from 8.0 to 12.0 GHz (X

band) and data taken within the frequency range.
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Figure 5.6. EMI SE of EMAANa-PANI-CCNT) hybrid composites

It was observed that the shielding effectiveness of each of the
composites was almost independent of the frequency in the measured
frequency region. For this reason, in order to do a concise comparison
between samples of the composites being studied, a frequency of 8.5 GHz
was considered for this analysis. Table 5.6 shows the variation of the EMI
shielding effectiveness at the frequency of 8.5 GHz for EMAANa-PANI-
MWCNTs (pristine CNT, ACNT and CCNT) composites with various
MWCNTs loadings.
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Table 5.4. Shielding Efficiency of EMAANa-PANI-MWCNTs (pristine CNT,
ACNT and CCNT) at 8.5 GHz.

Shielding Materials Amount (%) SE (dB)
Na Ionomer PANI-OCNT 25 -11.0983
50 -13.0797
75 -14.6051
100 -18.7884
125 -18.1812
150 -18.6243
Na Ionomer PANI-ACNT 25 -17.7025
50 -15.8938
75 -16.1190
100 -17.0069
125 -17.4678
150 -17.9185
Na Ionomer PANI-CCNT 25 -14.5714
50 -18.7963
75 -21.5260
100 -32.6251
125 -23.3233
150 -18.5451

The results show that the EMI shielding effectiveness of the hybrid
EMAANa-PANI-MWCNT composites increased with increasing content
of MWCNT in the PANI-MWCNT composites. This increment of the
EMI shielding effectiveness is attributed mainly to the formation of
conducting interconnected PANI-MWCNTs networks in the insulating
EMAANa matrix. The increase in MWCNTs loading increases the
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number of interconnections in the EMAANa-PANI-MWCNT composite
that will interact with the incident radiation resulting to the higher

shielding effectiveness.

Conductivity is a consequence of conductive network formation in
the insulating matrix such as EMAANa. Generally, higher loading levels
are required for effective interception of incoming EM radiation and to
achieve good microwave reduction efficiencies [1, 2, 24], hence, the
shielding effectiveness of a conducting composite EMAANa-PANI-
MWCNTs is related to its conductivity. This conductive network is
distributed uniformly in the polymer matrix which interacts with
electromagnetic waves and contributes to the EMI shielding effectiveness.
Therefore, variation in the shielding effectiveness (Table 5.4) against
conductivity can be correlated with the change in conductivity (Table 5.3)
of EMAANa-PANI-MWCNT composites against MWCNT loading in
PANI-MWCNT composites. The Table 5.4 also provides the comparable
EMI shielding effectiveness of the three hybrid composites - EMAANa-
PANI-pristine CNT, EMAANa-PANI-ACNT and EMAANa-PANI-
CCNT of this study at the same content. As shown in the same Table,
there is a significant difference in the efficiency of the different
MWCNTs in influencing shielding effectiveness in the composites. For
example, the EMAANa-PANI-CCNT composite at ratio 1:1 of PANI-
MWCNT exhibited a higher shielding effectiveness of 32 dB compared to
23 dB and 18 dB for the EMAANa-PANI-ACNT and EMAANa-PANI-
pristine composites respectively at the same PANI-MWCNTs loading.

Reason was previously reported in chapter SA.
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Carbon nanotubes possess much smaller diameters and larger aspect
ratios with higher electrical conductivities as compared to PANI. The
smaller size of the carbon nanotubes may provide a larger surface area.
Therefore, the number of conductive interconnected nanotubes increases.
And the larger aspect ratio of carbon nanotubes also helps to form a
comprehensively continuous networks that can facilitate electron transport
in the EMAANa-PANI-MWCNT composite. From the foregoing,
comparing with the EMAANa-PANI binary composite (Table 4.4) at the
same loading, the EMAANa-PANI-MWCNT hybrid composites are more
effective in providing EMI shielding. Higher conductivity means more
conductive paths within the polymer matrix. Therefore, larger surface
area of conductive MWCNTs contributes to shielding. Based on this, it
can be said that the higher the conductivity of the blend the higher the
EMI SE.

The EMI SE of pure polymer matrix is usually very negligible and
ineffective in any shielding application [59, 68]. However, the EMI SE of
EMAAZn matrix (-0.29 dB) used in chapter 6 varied from EMAANa
matrix (-0.47 dB) used in this chapter under discussion. The EMI SE of
EMAANa-PANI-MWCNTs composites exhibited a higher shielding
effectiveness of 32 dB compared to 30 dB for the EMAAZn-PANI-
MWCNTs hybrid composites at the same PANI-MWCNTs loading.
Therefore, it can be said that the EMI SE is influenced by the polymer
type as well which could be the reason the results in Table 5.4 are
relatively higher than those of Table 5.2. This maybe due to the different
metal salts in the polymer matrices as previously reported in the electrical

conductivity. Based on that, we can rightly say that the higher the
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conductivity of the composites, the higher will be the EMI SE. Higher

conductivity means more conductive paths within the polymer matrix [39].

However, the level of shielding effectiveness attained by the
composites (11-32 dB) may be adequate for shielding applications.
According to Markham, [69] the required EMI SE of notebooks and
desktop computer enclosures is between 15 and 20 dB and cell phone 70-
90 dB.

5.2 Conclusion

PANI-MWCNT nanocomposites could be incorporated into the
ionomer (EMAAZn or EMAANa) matrices by solution mixing method
using a solvent mixture of 90:10 (toluene/1-butanol) at 65°C. Incorporation
of the PANI-MWCNT nanocomposites results in the improvement of the
electrical conductivity of the ionomer matrices. The results showed that
the hybrid composites displayed good -electromagnetic interference
shielding effectiveness. At ratio 1:1 of MWCNT with PANI, the EMI SE
and electrical conductivity of the hybrid composites with CCNT were
higher than those of the ACNT > pristine CNT composites. The higher
EMI SE and electrical conductivity can be ascribed to the higher
conducting networks established within PANI-MWCNT and the polymer
matrix, thereby enhancing the composite’s EMI SE and electrical
conductivity. The EMAANa-PANI-MWCNT hybrid composites exhibited
much higher electrical conductivity and better EMI SE compared to
EMAAZn-PANI-MWCNT hybrid composites. The results of DC
electrical conductivity show that the hybrid composites containing PANI-

CCNT has higher conductivity compared to the PANI-ACNT and PANI-
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Pristine CNT based hybrid composites. The EMI SE and DC conductivity
was in the order EMAA-PANI-CCNT > EMAA- PANI-ACNT > EMAA-
PANI-Pristine CNT for both sodium ionomer and zinc ionomer. Among
the polymer composites studied, the highest electrical conductivity values
was obtained for 1:1 EMAA-PANI-CCNT hybrid composites. The
electromagnetic interference (EMI) shielding effectiveness (SE) of the
EMAA-PANI hybrid composites also showed the highest value in
EMAA-PANI-CCNT hybrid composite. The higher thermal properties,
EMI SE and electrical conductivity of the hybrid composites was
influenced by strong interactions of MWCNTs type and loading
compared to results obtained from EMAA-PANI binary composites in
chapter 4. The prepared composites can find applications where better
thermal resistance, EMI SE and conducting properties are required. The
EMI SE obtained are very promising for some EMI shielding applications
such as laptop and desktop computers shielding and could be utilized
effectively as EMI shielding materials in X-band region. This work
provides a promising novel methodology to fabricate flexible and
lightweight microwave shields based on EMAAZn-PANI-MWCNT and
EMAANa-PANI-MWCNT hybrid composites.
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Chapter 6

MECHANICAL PROPERTIES OF IONOMER-PANI
BINARY COMPOSITES AND IONOMER-PANI-
MWCNT HYBRID COMPOSITES

6.1 Introduction

6.2 Materials and Experimental Methods
6.3 Results and Discussions
6.4 Conclusion

This chapter presents the mechanical properties of both binary and hybrid
composites of EMAAZn or EMAANa with PANI and PANI/MWCNT. PANI
(bulk PANI-HCI, nano PANI-HCI and nano PANI-TSA) were synthesized
and characterized as explained in chapter 3 (3.2.1 and 3.2.3). PANI-
MWCNT composites were prepared by insitu polymerization of aniline
monomer in the presence of MWCNT (pristine CNT, amine functionalized
CNT (ACNT) and carboxylic acid functionalized CNT (CCNT)) using TSA
as dopant and APS as oxidant as reported in chapter 3 (3.2.2). Binary
composite films of EMAAZn-PANI and EMAANa-PANI, and hybrid
composite films of EMAAZn-PANI-MWCNT and EMAANa-PANI-MWCNT
were fabricated by solution mixing in a blend of solvents (toluene (90%)/ 1-
butanol (10%)) at 65°C for mechanical property evaluation. The tensile
properties of the conducting composites were evaluated using Shimadzu
Universal Testing Machine (model AG-I).
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6.1 Introduction

Ionomers has poor conductivity, poor durability of wet membranes
and poor mechanical and chemical stability at elevated temperatures. These
deficiencies has been reported to restrict its operating temperatures to
below 100°C, thereby limiting the applications of ionomers. This has been
attributed to the presence of both hydrophobic (non polar) and hydrophilic
(polar) units in the polymer structure [1-6]. These limitations may be
overcomed by the incorporation of fillers such as PANI, CNTs or PANI-
CNT composites. Conducting polymers such as PANI possess electrical
properties like that of metals and the characteristics of organic polymers
such as lightweight, lower cost, resistance to corrosion and chemical attack,
flexibility and greater workability [7-9]. However, they have limitations of
material inconsistencies, insolubility in many organic solvents, inherent
brittleness, poor mechanical properties and poor processability [10]. PANI
is relatively hard to process compared with other conventional polymers
and plastics. The processing of PANI is difficult, mainly due to its rigid
backbone, related to its high degree of conjugation. The challenges faced in
the processing of neat PANI have otherwise led to the advances in the
development of PANI-based composites and blends. Carbon nanotube on
the other hand possess some impressive and interesting structural,
mechanical, electrical and electronic, optical, thermal and chemical
characteristics, which are attributed to their small size and mass, very high
aspect ratio, strong mechanical potency and high electrical and thermal
conductivity. The introduction of the carbon nanotubes to PANI helps in
raising of the number of charge-discharge cycles and the increase in the

mechanical strength while decreasing the effects of mechanical stress.
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Incorporation of CNTs into polymer matrices can potentially provide
composite materials with superior material properties such as increased
modulus, strength and conductivity. However, increased weight content of
PANI and carbon nanotubes in the composites can deteriorate the flexible

structure of the polymer and result in the heterogeneity of the composites.

In this chapter, we aimed to study the mechanical properties of
solution processed ionomer-PANI binary composites and ionomer-PANI-
MWCNT hybrid composites with different types of carbon nanotubes

loaded at a ratio of 1:1.

6.2 Materials and Experimental Methods
6.2.1 Materials

As prepared:
Binary Composites
e EMAAZn
EMAAZn-bulk PANI-HCI
EMAAZn-nano PANI-HCI
EMAAZn-nano PANI-TSA

e EMAANa
EMAANa-bulk PANI-HCI
EMAANa-nano PANI-HCI
EMAANa-nano PANI-TSA

Studies on Ionomer-Polyaniline and Ionomer-Polyaniline-MWCNT Composites for
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Hybrid Composites
e EMAAZn
EMAAZn-PANI-pristine CNT
EMAAZn-PANI-ACNT
EMAAZn-PANI-CCNT

e EMAANa
EMAANa-PANI-pristine CNT
EMAANa-PANI-ACNT
EMAANa-PANI-CCNT

Preparation of composites were carried out as per the procedure
given in Section 4A.2.1, 4B.2.1, 5A.2.1 and 5B.2.1 of Chapters 4
and 5.

6.2.2 Mechanical Properties Measurements

Tensile strength, elongation at break and elastic modulus of the
samples listed above were measured according to ASTM D-882 as

described in chapter 2.

6.3 Results and Discussions
6.3.1 Tensile Properties

Conventionally, mechanical properties such as tensile strength of
composites are evaluated by varying the filler loading in a polymer matrix
(filler dependent). In this work, we have kept the filler-polymer matrix
ratio constant at 1:1. We have used two different polymer matrices

(EMAAZn or EMAANa), three different types of PANI (bulk PANI-HCI,
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nano PANI-HCI and nano PANI-TSA) and three different types of PANI-
MWCNTs (PANI-pristine CNT, PANI-ACNT and PANI-CCNT) with the

objective of determining the behaviour of the polymer matrices on

incorporation of different fillers. While the neat polymer films have a

smooth surface, the addition of fillers especially the composites

containing MWCNTs, makes the surface rough and more brittle.

Table 6.1. Tensile strength and elongation at break of EMAAZn, EMAANa,
EMAAZn-PANI, EMAANa-PANI binary composites, EMAAZn-
PANI-MWCNT and EMAANa-PANI-MWCNT hybrid composite

Tensile  Elongation Elastic  Modulus
Sample Name Strength at break  Modulus (300%)
(MPa) (%) (MPa) MPa
EMAAZn 20.1 913 103 12.4
EMAAZn-bulk PANI-HCI 14.7 11.2 287 -
EMAAZn-nano PANI-HCI 124 8.8 240 -
EMAAZn-nano PANI-TSA 11.0 9.6 212 -
EMAAZn-PANI-pristine CNT 9.7 11.5 206 -
EMAAZn-PANI-ACNT 6.0 13.8 250 -
EMAAZn-PANI-CCNT 8.7 11.5 198 -
EMAANa 16.1 603 47 11.8
EMAANa-bulk PANI-HCI 20.2 31.9 247 -
EMA ANa-nano PANI-HCI 14.0 10.8 252 -
EMAANa-nano PANI-TSA 11.0 9.6 153 -
EMAANa-PANI-pristine CNT 9.3 8.4 197 -
EMAANa-PANI-ACNT 10.6 9.5 208 -
EMAANa-PANI-CCNT 10.1 8.1 198 -
Studies on Ionomer-Polyaniline and Ionomer-Polyaniline-MWCNT Composites for
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The stress-strain curves showing the breakage behavior of the neat
polymers (EMAAZn and EMAANa) and the composite films (EMAAZn-
PANI (bulk PANI-HCI, nano PANI-HCI and nano PANI-TSA) binary
composites and EMAANa-PANI (bulk PANI-HCI, nano PANI-HCI and
nano PANI-TSA) binary composites) are shown in Figures 6.1, 6.2 and
6.3 respectively.

20'_ ——EMAAZn
18 < —— EMAANa]
16
14 4

12 -

10 <
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0 100 200 300 400 500 600 700 800 S00
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Figure 6.1. Stress strain curves of EMAAZn and EMAANa ionomers
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Figure 6.2. Stress strain curves of EMAAZn and EMAAZn-PANI
(bulk PANI-HCI, nano PANI-HCI and nano PANI-TSA)
binary composites
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Figure 6.3. Stress strain curves of EMAANa and EMAANa-PANI
(bulk PANI-HCI, nano PANI-HCI and nano PANI-TSA)
binary composites
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The neat polymers (EMAAZn or EMAANa) show strain at break of
913% and 603% with a tensile strength of 20.1 MPa and 16.1 MPa
respectively. Higher strength and larger plastic deformation of EMAAZn
indicate a more secured network of ionic crosslinks compared to
EMAANa which keeps the macromolecular chains from sliding past one
another. The sharing of bivalent Zn ions between polymer molecules in
the ionomer results in effective crosslinking whereas monovalent Na ions
can only impart a semblance of crosslinking through cluster association.
Compared with the neat polymers, the PANI reinforced polymer matrix
shows a brittle failure. The binary composites show a tensile strength of
14.8 MPa, 12.4 MPa and 11.0 MPa at strain at break of 11.2%, 8.8% and
9.6% respectively for EMAAZn-PANI (bulk PANI-HCI, nano PANI-HCI
and nano PANI-TSA) while EMAANa-PANI (bulk PANI-HCI, nano
PANI-HCI and nano PANI-TSA) binary composites show a behaviour of
20.2 MPa, 14.0 MPa and 11.0 MPa at a strain of 31.9%, 10.8% and 9.6%
respectively (Figs. 6.1 and 6.2 respectively). The addition of PANI impart
more rigidity to the ionomer as evident from the increased modulus in all
cases. However tensile strength of the PANI composites has been reduced
in the case of EMAAZn matrix. This may be due to the interference of
PANI in the crosslinking process facilitated by the bivalent Zn ions. This
may result in slipping of ionomer molecules on the application of a tensile
force leading to reduced strength and elongation at break. Apart from this
the agglomerations of PANI within the matrix may also trigger premature
failure by acting as stress concentration points. Nanosized PANI, which
has an inherent tendency for agglomeration, shows lower tensile strength

compared to bulk PANI. Nano PANI doped with TSA has lower polarity
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attributed to the type of counter ion compared to HCI doped PANI. The
reduced polarity makes the dispersion of PANI in the polar phase of
ionomer matrix more difficult, leading to agglomeration in the nonpolar
phase and subsequent lowering of tensile properties. In the case of
EMAANa, since the physical crosslinks are formed by the association of
similar ions, the effect of PANI may not be as severe compared to that in
EMAAZn. On the contrary PANI may act as a binder between the ionic
clusters forming a stiffening network within the ionomer matrix leading
to higher tensile strength. As in the case of EMAAZn composites, nano
PANI-HCI and nano PANI-TSA may form agglomerations in the matrix

resulting in lower tensile strength.

However, upon the introduction of carbon nanotube into PANI
(using insitu polymerization at 1:1 ratio of PANI-MWCNTs followed by
incorporation into the ionomers (EMAAZn or EMAANa) at 1:1 ratio), the
ionomer-PANI-MWCNT hybrid composites show a brittle fracture with
slightly different strain to failure behavior compared with the binary
composites at the same loading ratio. Figures 6.4 and 6.5 show the stress-
strain behaviour of EMAAZn-PANI-MWCNT (Pristine CNT, ACNT and
CCNT) and EMAANa-PANI-MWCNT (Pristine CNT, ACNT and CCNT)

hybrid composites respectively.
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Figure 6.4. Stress strain curves of EMAAZn and EMAAZn-
PANI-MWCNT (pristine CNT, ACNT and CCNT)
hybrid composites
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Figure 6.5. Stress strain curves of EMAANa and EMAANa-
PANI-MWCNT (pristine CNT, ACNT and CCNT)
hybrid composites
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The hybrid composites show tensile strength of 9.7 MPa, 6.0 MPa
and 8.7 MPa at strain of 11.5%, 13.8% and 11.5% respectively for
Pristine CNT, ACNT and CCNT variants of EMAAZn-PANI-MWCNT
hybrid composites while EMAANa-PANI-MWCNT (Pristine CNT,
ACNT and CCNT) hybrid composites show tensile strength of 9.3 MPa,
10.6 MPa and 10.1 MPa at strains of 8.4%, 9.5% and 8.1% respectively.
EMAAZn hybrid composites show a slightly higher plastic deformation
while in the case of EMAANa hybrid composites deformation is slightly
lower compared to the binary composites suggesting that MWCNTs
impart different fracture toughness to the composites depending on the

matrix polymer.

Contrary to conventions and expectations of tensile strength
enhancement, no improvement in tensile strength of the composites
was observed especially for the composites containing MWCNTs. In
fact, for all samples, tensile strength was less than that of the neat
polymer. Jia et al. in their work [11] reported a decrease in tensile
strength of MWCNT-PMMA composites from about 55 MPa in the neat
polymer to about 20 MPa in the composites prepared using untreated
CNTs and an in situ polymerization process. In the present studies, the
decrease in tensile strength of ionomer-PANI-MWCNT hybrid
composites suggests weak filler-polymer interface and/or a poor
dispersion. It is well known that the interphase between fillers and
polymer matrix plays a key role in the stress transfer and defines an
important design criteria. A uniform dispersion and a good interfacial
bonding are crucial for load transfer to the PANIs and CNTs across the
PANI-ionomer or PANI-MWCNT-ionomer interface [12]. Aggregation
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can reduce the reinforcing effect of the fillers, which expresses as a
reduction in strength of the composite. Fillers such as MWCNTSs possess
high aspect ratio hence high surface tension that can cause filler
aggregations. This can cause lower filler-matrix interfacial area,
weakening the bonding between the matrix and filler which leads to poor
load transfer to the fillers. Consequently, while the fillers are able to
impart stiffness to the composite structure they are not able to impart the
expected strength to the polymer matrix. During the in-situ
polymerization of aniline layers of PANI are formed around the
MWCNTs. These PANI layers interfere with the effective dispersion of
MWCNTs in the ionomer matrix causing agglomeration of the filler
which results in stress concentration and premature failure. Amino
modified MWCNT surface may accumulate more PANI layers during
polymerization, on account of the similarity in the surface functional
group with that of aniline. This inhibit the CNT-matrix interaction more
effectively leading to further reduction in tensile strength. The slippage
of PANI layers on application of tensile force may be the reason for
higher elongation in the case of EMAAZn-PANI-MWCNT composites.
In the case of EMAANa hybrid composites, the association of similar
ions may be capable of holding the PANI layers without slippage,
stiffening the matrix and thus providing composites with higher tensile
strength and lower strain at break. It should be noted that while
EMAAZn-PANI-MWCNT composite registers a decrease in tensile
strength up to 70% compared to the neat polymer (EMAAZn-PANI-
ACNT) for the same fillers EMAANa loses only 34% of its strength.

Also, the polymer matrix (ionomer) is a polar and non polar polymer,
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which might cause phase separation in the mix especially during cooling
after solution mixing. This phase separation may attract polar fillers more
towards the polar phase thus creating an inhomogeneous distribution of
fillers within the composites and consequent uneven stress distribution,
resulting in lower mechanical properties. Figures 6.6 — 6.11 represents
the tensile strength and elongation at break and elastic modulus of
EMAAZn, EMAANa, EMAAZn-PANI, EMAANa-PANI binary composites,
EMAAZn-PANI-MWCNT and EMAANa-PANI-MWCNT  hybrid

composites.
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Figure 6.6. Tensile of EMAAZn, EMAANa, EMAAZn-Bulk PANI-HCIl, EMAANa-
Bulk PANI-HCI, EMAAZn-Nano PANI-HCl, EMAANa-Nano PANI-HCI,
EMAAZn-Nano PANI-TSA and EMAANa-Nano PANI-TSA
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Figure 6.7. Elongation of EMAAZn, EMAANa, EMAAZn-Bulk PANI-HCI,
EMAANa-Bulk PANI-HCI, EMAAZn-Nano PANI-HC]l, EMAANa-Nano
PANI-HCl, EMAAZn-Nano PANI-TSA and EMAANa-Nano PANI-TSA
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Figure 6.8. Elastic Modulus of EMAAZn, EMAANa, EMAAZn-Bulk PANI-HCI,
EMAANa-Bulk PANI-HCI, EMAAZn-Nano PANI-HC]l, EMAANa-Nano
PANI-HCl, EMAAZn-Nano PANI-TSA and EMAANa-Nano PANI-TSA
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Figure 6.9. Tensile of EMAAZn, EMAANa, EMAAZn-Nano PANI-TSA, EMAANa-
Nano PANI-TSA, EMAAZn-PANI-pristine CNT, EMAANa-PANI-pristine
CNT, EMAAZn-PANI-ACNT, EMAANa-PANI-ACNT, EMAANa-PANI-
CCNT and EMAANa-PANI-CCNT
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Figure 6.10. Elongation of EMAAZn, EMAANa, EMAAZn-Nano PANI-TSA,
EMAANa-Nano PANI-TSA, EMAAZn-PANI-pristine CNT, EMAANa-
PANI-pristine CNT, EMAAZn-PANI-ACNT, EMAANa-PANI-ACNT,
EMAANa-PANI-CCNT and EMAANa-PANI-CCNT
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Figure 6.11. Elastic Modulus of EMAAZn, EMAANa, EMAAZn-Nano PANI-TSA,
EMAANa-Nano PANI-TSA, EMAAZn-PANI-pristine CNT, EMAANa-
PANI-pristine CNT, EMAAZn-PANI-ACNT, EMAANa-PANI-ACNT,
EMAANa-PANI-CCNT and EMAANa-PANI-CCNT

6.4 Conclusion

Incorporation of PANI to the ionomer matrix produce widely
varying results in the mechanical properties of the composites depending
on the chemical structure of the ionomer macromolecules. PANI in bulk
form drastically reduces the tensile strength of EMAAZn while increasing
the same in the case of EMAANa composites. Nano sized PANI could not
improve mechanical properties even in the case of EMAANa apparently
due to its tendency to agglomerate in the host matrix. In all cases the
addition of PANI transforms the ductile fracture behavior of the ionomers
to a brittle one with a drastic decrease in elongation and an increase in
modulus. Contrary to expectations, incorporation of MWCNT in the

composites could not achieve any improvement in the tensile properties of
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the composites. It may be due to the embedment of MWCNT in PANI

which prevents direct interaction MWCNTs and ionomer matrix. The

uneven distribution of the fillers in the polar and nonpolar phases of the

ionomer and resulting agglomerations may also be responsible for the

reduction in mechanical properties.

Reference

[1]

2]

Mathias LJ, 2018. Available: www.pslc.ws/macrog/Polymer Science

Learning Center/ionomer. Accessed on 2nd June 2018.

Tant M and Wilkes GL, 1987. Viscoelastic behaviour of ionomers in bulk
and solution, in structure and properties of ionomers, Pineri M and
Eisenberg A (Eds), Reidel, Dordrecht, NATO ASI Series, p. 191-226.

Schlick S, 1996. Ionomers: characterization, theory and applications.
Boca Raton, Florida: CRC Press LLC.

Eisenberg A and Joon-Kim J-S, 1998. Introduction to ionomers. Wiley
Interscience, New York, p 327.

Castillo-Ortega MM, Encinas JC, Rodriguez DE, Olayo R, 2001.
Preparation and characterization of electroconductive polypyrrole-
thermoplastic composites. J Appl Polym Sci, 81 1498-1506.

Castillo-Ortega MM, Rodriguez DE, Encinas JC, Plascencia M,
Mendez-Velarde FA, Olayo R, 2002. Conductometric uric acid and
urea biosensor prepared from electroconductive polyaniline-poly (n-
butylmethacrylate) composites. Sens Actuat B, 85 19-25.

Ameen S, Akhtar SM, Song M and Shin HS, 2013. Solar cells -
research and application perspectives. In Arturo Morales-Acevedo
(Eds) Metal oxide nanomaterials, conducting polymers and their

nanocomposites for solar energy. InTech, p 203-259.

Studies on Ionomer-Polyaniline and Ionomer-Polyaniline-MWCNT Composites for
Electrical and Electromagnetic Interference Shielding Applications



Chapter 6

[8]

Palaniappan S and John A, 2008. Polyaniline materials by emulsion

polymerization pathway. Prog Polym Sci, 33 732-758.

Bakhishi AK and Bhalla G, 2004. Electrically conducting polymers:
Materials of the twenty-first century. J Sci and Ind Res, 63 715-728.

Subrahmanyam AR, Geetha V, Kumar A, Alakanandana A and Siva
KJ, 2012. Mechanical and electrical conductivity studies of PANI-
PVA and PANI-PEO blends. Int J Mater Sci, 2 (1) 27-30.

Jia Z, Wang Z, Xu C, Liang J, Wei B, Wu D and Zhu S, 1999. Study
on poly(methyl methacrylate)/carbon nanotube composites. Mater Sci
Eng A, 271 (1-2) 395-400.

Mathur RB, Pande S, Singh BP and Dhami TL, 2008. Electrical and
Mechanical Properties of Multi-Walled Carbon Nanotubes Reinforced
PMMA and PS Composites. Polym comp, 29 (7) 717-727.

Department of Polymer Science and Rubber Technology

Cochin University of Science and Technology



Chapter 7

SUMMARY AND CONCLUSIONS

Conducting polymers are widely used in electrical/electronic
devices, energy storage devices, sensors and EMI shielding applications.
Among the conducting polymers, polyaniline (PANI) and PANI based
materials have been studied most comprehensively for the reasons that
they possess easier and inexpensive preparation methods, good
environmental stability in both doped and undoped forms, excellent
physical and chemical properties and high conductivity. However, PANI
shows loss of conductivity in neutral and high pH environments and poor
processability. Incorporation of CNTs in PANI can provide a vital role
due to its unique structure, stable conductivity, non-corrosiveness,
nominal processing cost and thermal and environmental stability.
However, processability remains a major limitation even with the
incorporation of CNTs. This justifies the necessity to fabricate either a
binary composite of polymer matrix-PANI or hybrid composites of
polymer matrix-PANI-CNTs. Polymer materials (thermoplastics,
thermosets, elastomers, etc.) possess good melt strength to bind PANI,
CNT or PANI-CNT particles together in order to make it processable
without compromising its conductivity and other properties. One of the
ways to achieve these benefits lies in the exfoliation of PANI or PANI-
CNTs into the polymer matrix to generate particles of high aspect ratio.
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Addition of CNTs into PANI with unstable electrical conductivity
and the addition of PANI or PANI-CNTs into polymer matrix that is
intrinsically highly insulating are of paramount industrial interest for
enhancing the processability of PANI, CNTs or PANI-CNTs as well as
enhancing the electrical conductivity of the insulating polymer. In the
present study, a commercially important class of thermoplastic polymer
known as ionomer is considered, which consists of random copolymers of
ethylene and methacrylic acid where some of the acid groups are
neutralized to form metal salts. lonomers contains hydrophobic backbone
chains and a small amount of polar ionic salt groups attached on either the
backbones, side chains or on backbone terminals thereby making it
hydrophilic too. The presence of a few salt groups (Na, K, Mg*, Zn*",
Cu”", Mn®" and Co®") impart enormous strength, stiffness and conductivity
to the ionomers. However, despite its uniqueness as a class of polymeric
materials that comprise repeat units of both electrically neutral units and a
fraction of ionized units, it has low and poor conductivity which is
dependent on water absorption, poor durability of wet films and poor
mechanical and chemical stability at elevated temperatures. Mechanical
and electrical properties of polymers are significantly influenced by the

presence of fillers.

In this work, PANI, PANI-MWCNT hybrids, ionomer-PANI binary
composites and ionomer-PANI- MWCNT hybrid composites are prepared
for electrical and EMI shielding applications. PANI doped with
hydrochloric acid (HCI) in bulk and nano dimensions (bulk PANI-HCI
and nano PANI-HCI) and PANI doped with toluene sulfonic acid (TSA)

(nano PANI-TSA) in nano dimensions were synthesized by chemical
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oxidative polymerization technique. The hybrid of polyaniline with
MWCNTs were prepared by in situ polymerization of aniline in the
presence of non-functionalized (pristine CNT), amine functionalized
(ACNT) and carboxylic acid functionalized (CCNT) multi-walled carbon
nanotubes using ammonium persulfate as initiator and TSA as dopant
tagged as PANI-pristine CNT, PANI-ACNT and PANI-CCNT respectively.
Binary composite films of ionomer-PANI and hybrid composite films of
ionomer-PANI-MWCNT were fabricated by solution mixing in a blend of
solvents (toluene (90%)/ 1-butanol (10%)) at 65 °C. The electrical
properties and EMI shielding effectiveness of the conducting hybrid

composites were also evaluated.

The preparation of PANI/MWCNT composites was successfully
performed by in situ polymerization method. The incorporation of
MWCNT in the PANI matrix was confirmed by (UV—-Vis), FTIR, SEM,
TEM, TGA and XRD studies. SEM and TEM images confirmed that, in
all of the PANI-MWCNT samples, the polymers were coated over the
CNTs. UV-Vis spectra supported the presence of quinoid and benzoid
rings; however, the lower intensity of the exciton absorption band of the
quinoid rings supported the dominance of the benzoid ring. FTIR analysis
revealed the formation of PANI and the change in polymer structure due
to the introduction of CNTs in the polymer matrix. Thermal analysis
shows enhanced thermal stability of polyaniline. TGA provided evidence
for better thermal stability in the different PANI-MWCNT composites.
The formation of hybrid materials was confirmed by XRD analysis as the
X-ray peaks became sharper and peak broadening occurred because of the

superimposition of the peaks of the CNTs and polymers. The
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polymerization of PANI with MWCNT causes strong interfacial
interactions between PANI and MWCNT crystallites, also suggested by
FT-IR and XRD studies, thereby changing the molecular conformation of
PANI from compact structure to an expanded structure. The electrical-
transport properties of the samples were measured at room temperature.
The maximum conductivity was found in the PANI CCNT composite at
ratio 1:1. So this composite may be used as the best electronic conductor.
Consequently, there is a visible enhancement in the conductivity of

composite of PANI up as the MWCNT concentration increases.

The ionomers (EMAAZn or EMAANa) matrix were successfully and
effectively dissolved in the solvent blend of toluene and 1-butanol at 65°C.
The composites of EMAAZn or EMAANa and PANI could be prepared by
mixing the ionomer solution with PANI. The enhancement of the electrical
conductivity and electromagnetic interference (EMI) shielding effectiveness
(SE) of EMAAZn or EMAANa matrices upon mixing with PANI clearly
indicates the successful introduction of PANI into matrices by solution
mixing. Results of UV-visible spectroscopic analyses establish lower UV
transmission in the binary composite films compared to the neat matrices
(EMAAZn or EMAANa). Therefore the composite films could be used for
UV shielding applications. The decomposition pattern of the ionomer
matrices (EMAAZn or EMAANa) changed on mixing with PANI, which
tend to retard the degradation of the molecules of the pure matrices at
higher temperatures. The improvement in the decomposition temperature of
the composites shows that the stability of neat matrices (EMAAZn or
EMAANa) is increased with the introduction of PANI, owing to the

reduction in segmental mobility. The results of DC electrical conductivity
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show that the composites containing nano PANI-TSA has higher
conductivity compared to the nano PANI-HCI and bulk PANI-HCI based
composites. This indicates that PANI in nano dimension are more
conducting than in bulk form. The conductivity was in the order EMAA-
nano PANI-TSA > EMAA-nano PANI-HCI > EMAA-bulk PANI-HCI for
both sodium ionomer and zinc ionomer. Among the polymer composites
studied, the highest electrical conductivity values was obtained for 1:1
EMAA-nano PANI-TSA composite. The electromagnetic interference
(EMI) shielding effectiveness (SE) of the EMAA-PANI binary composites
also showed the highest value in EMAA-nano PANI-TSA composite. The
values of attenuation obtained in the EMAA-bulk PANI-HCI and EMAA-
nano PANI-HCI composites are lower than the minimum attenuation that
ensures the safety of electronic gadgets. EMAANa-PANI binary composites
show better electrical conductivity and EMI shielding effectiveness
compared to EMAAZn-PANI binary composite. The EMAA-nano
PANI-TSA composites are a promising material for EMI shielding. The
composite films may be utilized for static charge dissipation, lightweight
devices and effective EMI shielding or microwave absorption materials.
The results obtained revealed that the solution blending is an effective way
to improve the processability of electrically conducting polyaniline as well
as improve the thermal, electrical and EMI SE properties of EMAAZn or
EMAANa.

PANI-MWCNT nanocomposites were successfully introduced into
ionomers (EMAAZn or EMAANa) matrices by solution mixing method
and then EMAAZn-PANI-MWCNT and EMAANa-PANI-MWCNT

hybrid composite films were fabricated using a solvent mixture of 90:10
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(toluene/1-butanol) at 65°C. During the sonication process, the PANI-
MWCNT was dispersed to redistribute and also breakdown agglomerated
particles and thus increased the chance of inter-connectivity between
PANI-MWCNT nanocomposites and the ionomers (EMAAZn or
EMAANa) matrices resulting in the improvement of the electrical
conductivity of the matrices. The results showed that the hybrid
composites displayed good electromagnetic interference shielding
effectiveness. At ratio 1:1 of MWCNT with PANI, the EMI SE and
electrical conductivity of the hybrid composites with CCNT were higher
than those of the ACNT > pristine CNT composites. The higher EMI SE
and electrical conductivity can be ascribed to the higher conducting
networks established within PANI-MWCNT and the polymer matrix,
thereby enhancing the composite’s EMI SE and electrical conductivity.
It was also found that the EMAANa-PANI-MWCNT hybrid composites
exhibited much higher electrical conductivity hence better EMI SE
compared to EMAAZn-PANI-MWCNT hybrid composites. The results
of DC electrical conductivity show that the hybrid composites
containing PANI-CCNT has higher conductivity compared to the PANI-
ACNT and PANI-Pristine CNT based hybrid composites. The EMI SE
and DC conductivity was in the order EMAA-PANI-CCNT > EMAA-
PANI-ACNT > EMAA-PANI-Pristine CNT for both sodium ionomer
and zinc ionomer. Among the polymer composites studied, the highest
electrical conductivity values was obtained for 1:1 EMAA-PANI-CCNT
hybrid composites. The electromagnetic interference (EMI) shielding
effectiveness (SE) of the EMAA-PANI hybrid composites also showed
the highest value in EMAA-PANI-CCNT hybrid composite. From the
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results obtained, it can be concluded that the higher thermal properties,
EMI SE and electrical conductivity of the hybrid composites was
influenced by strong interactions of MWCNTs type and loading
compared to results obtained from EMAA-PANI binary composites in
chapter 4. The prepared composites can find applications where better
thermal resistance, EMI SE and conducting properties are required. The
EMI SE obtained are very promising for some EMI shielding
applications such as laptop and desktop computers shielding, as low-cost
and could be utilized effectively as EMI shielding materials in X-band
region, can be applied for building shielding applications in high
frequencies. This work provides a promising novel methodology to
fabricate flexible and lightweight microwave shields based on EMAAZn-
PANI-MWCNT and EMAANa-PANI-MWCNT hybrid composites. Thus
the utilization of ionomer matrices can be increased with its enhanced

properties.

Incorporation of PANI to the ionomer matrix produce widely
varying results in the mechanical properties of the composites depending
on the chemical structure of the ionomer macromolecules. PANI in bulk
form drastically reduces the tensile strength of EMAAZn while increasing
the same in the case of EMAANa composites. Nano sized PANI could not
improve mechanical properties even in the case of EMAANa which may
be due to its tendency to agglomerate in the host matrix. In all cases the
addition of PANI transformed the ductile fracture behavior of the
ionomers to a brittle one with a drastic decrease in elongation and an
increase in modulus. Contrary to expectations incorporation of MWCNT

in the composites could not achieve any improvement in the tensile
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properties of the composites. It may be due to the embedment of
MWCNT in PANI which prevents direct interaction MWCNTs and
ionomer matrix. The uneven distribution of the fillers in the polar and
nonpolar phases of the ionomer and resulting agglomerations may also be

responsible for the reduction in mechanical properties.

The present work is an attempt to formulate an effective preparative
route by which composite blends with high conductivity and
processability could be obtained. Solution mixing of PANI or PANI-
MWCNT hybrids with ionomers, either sodium salt of poly(ethylene-co-
methacrylic acid) (EMAANa) or zinc salt of poly(ethylene-co-
methacrylic acid) (EMAAZn) using a blend of polar and non-polar
solvents at 65°C improves the processability of the composites and it is an
effective material for using as EMI shielding materials. More emphasis is
given to solution processing as it is a more economical method to achieve
good homogeneity and rapid mixing of the component materials with
minimum energy consumption. Since the conducting composites are
stable and retain the mechanical properties of the host polymer, films can
be fabricated by solvent evaporation or by melt-processing for use in anti-
static applications, for electromagnetic shielding, microwave absorption

devices, etc.

Future Outlook

There are numerous possibilities for continuation of the studies on
ionomer-PANI binary composites and ionomer-PANI-MWCNT hybrid

composites.
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Some of the suggestions are listed below.

= Improvement of electrical and electromagnetic interference
shielding properties of ionomer-PANI binary composites and
ionomer-PANI-MWCNT hybrid composites at high PANI and
PANI-MWCNTs loading.

= Improvement of plasticity of ionomer-PANI binary composites
and ionomer-PANI-MWCNT hybrid composites at high PANI
and PANI-MWCNTs loading.

=  Evaluation of the effect of solution mixing and melt mixing on
the mechanical, electrical and electromagnetic interference
shielding properties of ionomer-PANI binary composites and

ionomer-PANI-MWCNT hybrid composites.

=  Evaluation of the effect of solution mixing and melt mixing on
the miscibility of ionomer-PANI binary composites and

ionomer-PANI-MWCNT hybrid composites.

=  Study of the dielectric performance of ionomer-PANI binary
composites and ionomer-PANI-MWCNT hybrid composites to

determine their suitability for capacitor applications.

=  Study of actuated strain of ionomer-PANI binary composites and
ionomer-PANI-MWCNT hybrid composites for application as

actuators.
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