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DEVELOPMENT OF CORE-SHELL LATEX PARTICLES BY
EMULSION POLYMERIZATION

ABSTRACT

The present thesis deals with the development of three different types of core-
shell particles by emulsion and miniemulsion polymerization technique. The core-shell
morphology was fully characterized and their properties like thermal, electrical,
electrochemical etc. were evaluated. Special emphasis was given to find potential
applications of these newly designed core-shell particles. The contents of the thesis have

been compiled into five chapters.

Chapterl deals with the general introduction of core-shell particles. Various
types of core-shell morphology, their potential applications, the thermodynamic and
kinetic parameters that control the resulting morphology of the core-shell particles are
discussed in detail. A brief review of synthetic procedures employed in developing core-

shell particles of various types are presented in this chapter.

Chapter 2 deals with the synthesis of core-shell particle using poly (butyl
acrylate-co-methacrylic acid-co-ethylene glycoldimethacrylate) as the core and poly
(styrene-co-methylmethacrylate) as the shell by two stage seeded emulsion
polymerization technique. The core-shell morphology is confirmed by SEM and TEM
analysis. Physical properties like pH, viscosity, freeze thaw stability, solid content etc. of
the core-shell particles are evaluated. These core-shell particles are used as an opaque

pigment in emulsion paint and their performances are evaluated.

Chapter 3 deals with the synthesis of two sets of core-shell particles using poly
.(styrene-co-methylacrylate) (SMA) as the core and polypyrrole as the shell by
miniemulsion polymerization technique. In the first set graphite is incorporated in the
polypyrrole shell whereas in the second set silver nanoparticles are incorporated in the
polypyrrole shell. The core-shell particles are characterized by FT-IR, UV-Visible, XRD,

SEM and TEM analysis. The thermal, electrical and electro-chemical properties of the



particles are investigated. The graphite incorporated core-shell particles are used as
ammonia gas sensor. The changes in resistivity of the core-shell particles on exposure to

various concentration of ammonia vapour are discussed in this chapter.

Chapter 4 deals with the synthesis of core-shell nanocomposite particles of poly
(styrene-co-methylacrylate) as the shell and organically modified bentonite as the core by
miniemulsion polymerization under ultrasonic irradiation. The core-shell nanocomposite
particles are characterized by FT-IR, XRD, SEM, TEM etc. A comparison of the thermal
stability of the pristine copolymer to that of the nanocomposite particles are discussed in

this chapter.

Chapter 5, the last chapter of the thesis deals with the conclusion and future
scope of the thesis. The major findings of the thesis are reported in this chapter. The
study reveals that core-shell particle using poly (butylacrylate-co- methacrylicacid-co-
ethyleneglycol dimethacrylate) as the core and poly (styrene-co-methyl methacrylate) as
the shell can replace up to 17% of TiO; as pigment in emulsion paints. The core-shell
particles using poly (styrene-co-methylacrylate) (SMA) as the core and graphite
incorporated polypyrrole as the shell can be potentially applied as ammonia gas sensor.
Core-shell nanocomposite particles of poly (styrene-co-methylacrylate) as the shell and
organically modified bentonite as the core show improved thermal stability than the
pristine polymer and can find potential application as barrier coating materials in many

industries.
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Preface

Core-shell particles are structured composite particles consisting of at least -two different
materials, one forms the core and the otfier forms the shell. These composite particles form a class of
materials with unique colloidal and physical properties. Enhanced properties are often achieved in
these specially designed particles which cannot be met by blending of two materials. The synthesis of
such multiple phase composite particles provide an opportunity to tailor properties for a range of
desired applications such as paints, coatings and additives, cosmetics, pharmaceuticals, paper
industries, drug delivery, chromatograplic columns etc. Core-shell particles may be of many types:
inorganic-inorganic, organic-organic (polymer-polymer), hybrid organic-inorganic etc.

The present thesis deals with the development of three different types of core-shell particles by
emulsion and mini-emulsion polymerization technique. Special emphasis was given to find potential
application of these newly designed core-shell particles. The contents of the thesis have been compiled
into five chapters.Chapterl deals with the general introduction of core-shell particles. Chapter 2 deals
with the synthesis of core-shell particle using poly (butyl acrylate-co- methacrylic acid -co- etfiylene
gbycoldimethacrylate) as the core and poly (styrene -co- metliyhnethacrylate) as the shell by two stage
seeded emulsion polymerization techinique. These core-shell particles are used as an opaque pigment in
emulsion paint and their performances are evaluated. Chapter 3 deals with the syntfiesis of two sets of
core-shell particles using poly (styrene-co-metfiylacrylate) (SMA) as the core and polypyrrole as the
shell 6y miniemulsion polymerization tecfinique. In the first set grapfiite is incorporated in the
polypyrrole shell whereas in the second set sifver nanoparticles are incorporated in the polypyrrole
shell. Chapter 4 deals with the synthesis of core-shell nanocomposite particles of poly (styrene-co-
methylacrylate) as the shell and organically modified bentonite as the core by miniemulsion
polymerization under ultrasonic irradiation. Chapter 5, the last chapter of the thesis deals with the
conclusion and future scope of the thesis. The major findings of the thesis are reported in this chapter.

We hope that this study contributes a fittle Rnowledge to the rapidly advancing field of core-
shell particles and also opens up the possibilities of further research on the subject.

This research was carried out in the Department of Chemical Sciences, Tezpur University
with financial assistance from the Naval Material Research Board (NRB) and University Grants
Comnission (UGC) under sponsored research scheme.

Lakfrya Jyoti Borthakur
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M

1.1 Introduction

Advancement of polymer science is one of the most significant contributions
of Chemistry for the welfare of humankind in the last century. From disposable
wrappers to the artificial heart; polymer touches our lives as does no other class of
material, with no end to new uses and improved products in sight. Now-a-days it is
almost impossible to imagine a world without polymers.

Polymers or macromolecules or high polymers or giant molecules are high-
molecular-weight materials composed of repeating subunits called monomers. These
materials may be organic, inorganic or organometallic and synthetic or natural in
origin. Polymers are essential materials for almost every industry as adhesives,
building materials, paper, cloths, fibers, coatings, plastics, ceramics, concretes, liquid
crystals, photo resists coatings etc. They are also major components in plant and
animal body. They are important in nutrition, engineering, biology, medicine,
computers, space exploration, healthcare and the environment. The first synthetic
polymer was produced in 1909, called Bakelite which could be moulded at a high
temperature and it would retain its shape once cooled. But it wasn't until the World
War I that significant changes took place in the polymer industry. Synthetic polymers
have found wide spread application because of their low density, low cost and better

performance'.

1.2 Surface coating/Paints

Surface coating materials are mixture of film-forming materials plus
pigments, solvents and other additives. When applied to a surface and cured or dried,
yields a thin film covering the substrate. Surface coatings include paints, drying oils
and varnishes, synthetic clear coatings and other products whose primary function is
to protect the surface of an object from the environment. These products can also
enhance the aesthetic appeal of an object by accentuating its surface features or even
by concealing them from view®. Most surface coatings employed in industry and by
consumers are based on synthetic polymers such as polyacrylates, polystyrene,

polyacrylamides etc’. The main components of a paint are'*-'2
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e Binders
e Solvent
e Pigments

e Additives

1.2.1 Binders

Binders are the backbone of any paint. It is the only component that must be
present; other components included optionally, depending on the desired properties of
the cured film. The binder imparts adhesion, binds the pigments together and strongly
influences properties such as gloss potential, exterior durability, flexibility and
toughness. Binders include synthetic or natural resins such as acrylics, vinyl-acrylics,
vinyl acetate/ethylene (VAE), polyurethanes, polyesters, melamine resins, epoxy or

oils'".

1.2.2 Solvent

The main purposes of the solvent are to adjust the curing properties and
viscosity of the paint. It is volatile and does not become part of the paint film. It also
controls flow and application properties and affects the stability of the paint while in
liquid state. Its main function is as the carrier for the non volatile components. These
volatile substances impart their properties temporarily; once the solvent has

evaporated or disintegrated the remaining paint is fixed to the surface'?.

1.2.3 Pigment

Pigments are granular solids incorporated into the paint to contribute colour,
toughness, texture or simply to reduce the cost of the paint. Pigments can be
classified as either natural or synthetic types. Natural pigments include various clays,
calcium carbonate, mica, silica, and talcs. Synthetics would include engineered
molecules, calcined clays, precipitated calcium carbonate, and synthetic silica. Hiding
pigments used in making paint opaque, also protect the substrate from the harmful
effects of ultraviolet light. Hiding pigments include titanium dioxide, phthalo blue,

red iron oxide, and many others'.
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1.2.4 Additives

Besides the three main categories of ingredients, paint can have a wide variety
of miscellaneous additives, which are usually added in very small amounts and yet
give a very significant effect on the product. Some examples include additives to
modify surface tension, improve flow properties, improve the finished appearance,
increase wet edge, improve pigment stability, impart antifreeze properties, control
foaming, control skinning etc. Other types of additives include catalysts, thickeners,
stabilizers, emulsifiers, texturizers, adhesion promoters, UV stabilizers, flatteners (de-
glossing agents), biocides to Fight bacterial growth” etc.

Binders used in coating industries need to fulfil contradictory demands. They
must show an excellent film formation and appearance as well as good blocking
resistance and hardness'*. A single polymer or a mere physical mixture of two or
more polymers cannot fulfil these sorts of contradictory demands. To address these
problems a new class of materials called core-shell polymer particles have emerged
towards the end of the last century and is getting immense importance among the
material scientists in recent time. The synthesis of such multiphase composite
particles provides an opportunity to tailor properties for a range of applications such

as paints, coatings, additives etc!>!9,

1.3 Core-shell particles

Core-shell particles are structured composite particles consisting of at least

two different materials, one forms the core and the other forms the shell'’. A typical

core-shell particle is shown in the Fig 1.1.
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Shell

Core

Fig 1.1: A typical core-shell particle

These composite particles form a class of materials with unique colloidal and
physical properties'’. Enhanced properties are often achieved in these specially
designed particles than by blending the two materials. By using core-shell concept
one can prepare lattices possessing two kinds of properties; one of the core and the
other of the shell. For instance, now-a-days core-shell particles of an insulating
polymer (core) and a conducting polymer (shell) are used to modify the mechanical
properties of the conducting polymers'®'®. Recently core-shell particles with different
glass transition temperature were used to improve the mechanical properties of
thermoplastics™. Core-shell particles are also used for many other applications such
as coatings, adhesives, membrane separations, biotechnology and impact modifiers
el 21

In the paint industries, these core-shell particles can be of great importance
due to their special structure. By using core-shell particles which have hard and soft
domains formed from two different polymers having different Tgs it is possible to
produce binders with a high blocking resistance due to the hard polymer and a low
minimum film forming temperature due to the soft polymer'®. Core-shell particles
formed from polymers having difference in refractive index (between the core and

shell phase) may potentially be applied as pigments in emulsion paints. This will
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reduce the amount of TiO, used and will also increase the compatibility between the
paint and the pigment. This can provide an economical and environmentally benign
alternative. Depending on the types of core and shell materials used the resultant

core-shell particles can have different properties and applications.

1.4 Classification of core-shell particles
The core-shell particles are diversely used for different industrial field

including coating, biological, modern electronics etc. So, classification of these
particles on the basis of their industrial application is a difficult task. However, they
may be classified on the basis of their material property. Depending on the nature of
the core and shell material used they may be classified as follows

¢ Organic core- inorganic shell

¢ Inorganic core - organic shell

e Inorganic core - inorganic shell

e Organic core - organic shell

1.4.1 Organic core - inorganic shell particles

In these type of particle core phase is made of organic or polymer materials
while shell phase is made of inorganic materials. The shell materials mainly studied
are either metal, metal oxide or silica. Due to the coating of such inorganic material
these particles exhibit high abrasion resistance. Phadtare, et al.?? synthesised gold
coated polyurethane micro sized core-shell particles and studied the bio-catalytic
activity of these particles in pepsin digestion. Polymer core with inorganic shell is
also used for the synthesis of hollow particle523'28. After formation of the core-shell
particle the core phase can be easily removed by either using suitable solvent or by
calcination to form hollow particles. Inorganic coating on any organic or polymer

material increases the colloidal stability of the core material.

* 1.4.2 Inorganic core - organic shell particles
In these type of particles core phase is made of inorganic core such as metal,
metal oxide or silica and the shell phase is made of organic or polymer phase. The

polymer coated inorganic material have a broad spectrum of applications ranging
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from catalysis to additives and pigments, paints, cosmetics etc”. Magnetic
nanoparticles coated with polymer are used for magnetic separation of biochemical
products, cells and also used for control drug release within the body’. Different
inorganic-organic composite particles find immense importance in biological field
since their rich surface functional groups can be tailored easily to serve as conjugates

for biological applications®' 2.

( Some of the particles in this category are
Si0,/PAPBA (Poly(3-aminophenylboronic acid),”® TiOy/cellulose etc. The coat of
PAPBA prevents agglomeration of particles and helps in controlling size.
SiO2/PAPBA is used in optical devices, sensors and electrical devices. The addition
of cellulose improves the pigment properties of TiO,.Some of these hybrids find

application in dentistry as brace material and fillers**.

1.4.3 Inorganic core —inorganic shell particles

In these types of particles both the core and the shell are made of inorganic
materials. The inorganic materials widely used are metals, semiconductors or
lanthanides. These particles are commercially used in fields like semiconductor,
catalysis, quantum dots, optical bio-imaging etc.

Among different inorganic-inorganic composite particles metallic core-shell
particles are getting much importance because of their wide range of applications.
Metal coated with silica particles have wide application in optical sensing and the
optical property may be tuned by varying the thickness of the silica shell. Ung et al 3
modified the coating method to form uniform silica coating on nano silver core
particles. Lu et al.>’ synthesised silica coated gold particles and Li et al.’® synthesised
silica coated silver particles by sol gel method and studied their properties.
Silver/silica particles can be used in fluorescence imaging and the region of emission
is dependent on the thickness of the silica shell.*® Coating of Fe;O3 on MgO and CaO
enhances their capacity of absorbing toxic materials (SO;, H,S etc.) from the
environment®*’. Magnetic nanoparticles with different inorganic coating are used for
magnetic resonance imaging (MRI) contrast agent, magnetic separation of
oligonucleotides and other bio-components and magnetically guided site specific drug

delivery system®*' 2. Gold coating on any particle increases the chemical stability by
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protecting the core material from oxidation and corrosion. It also increases the bio-
compatibility and affinity via amine/thiol terminal groups**.

Among different inorganic composite particles semi conductor core-shell
particles are of much importance. These types of core-shell particles have core made
of semiconductor material, semiconductor alloy or metal oxide with shell made of
semiconductor material, metal oxide or inorganic material like silica®®*. These
structures can be binary with a core and shell or a tertiary structure with a core and
two shells. The most common binary structure well known by the name quantum dots
are CdSe/CdS, CdSe/ZnS, ZnSe/ZnS, CdTe/CdS. These are used for fluorescent bio-
imaging.46

In another important type of inorganic core-shell particle the core is made of
one or more lanthanide group element and shell is made of silica or any other
lanthanide group elements. These particles show high luminescence and have

potential application in the field of electronics and bio-imaging®’.

1.4.4 Organic core -organic shell particles

These are particles that have a polymeric core and a polymeric shell and are
dispersed in a matrix which can be any material whose property is to be modified.
One of the materials in this category is Polymethylmethacrylate (PMMA) coated
Polyvinylchloride (PVC)/antimony trioxide composites‘m. The interaction between
PMMA and the PVC along with antimony trioxide enhance toughness and strength of
PVC. Some of these particles improve the thermal sensitivity of materials®,
Polystyrene/Poly(N-isopropylacrylamide) (P-NIPA) core-shell nanoparticles with
silver embedded in the NIPA coat are found to enhance the catalytic activity of silver
by improving sensitivity™.

The concept of polymeric core-shell composites has also been extensively
used in the field of conducting polymers. Conducting polymers like polyaniline,
polythiophene, polyacetylene, polypytrole etc show good conductivity,”' but they are
often brittle in nature as well as insoluble and hence very difficult to make film from
them. In order to improve the processing problem these conducting polymers are
coated over seed particles of mechanically stable insulating polymers to give core-

shell morphology. These composite particles have manifold applications such as
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antistatic coating, dampers, clutches, electrodes, separation membranes, electro
chromic devices, electro-chemomechanical actuators, and sensors>>” 3, Depending on
the type of insulating polymer used as core these conducting polymer-coated latex
particles can exhibit very good mechanical stability. Moreover, the amount of
conducting polymer used can be greatly reduced in the shell phase without much loss
of conductivity™.

The core latex used in the preparation of conducting core-shell particles is
usually prepared by surfactant free emulsion polymerization. A uniform layer of the
conducting polymer is coated over the core particle by polymerizing the respective
monomers in presence of these core particles. Polymerization of the conducting phase
is normally carried out by oxidative chemical polymerization method. The conducting
core-shell latexes show clear percolation behaviour. The conductivity strongly
increases at a very distinct amount of the conducting polymer and reaches a value
remarkably close to the conductivity of a pure conducting polymer that is
polymerized using the same routine™.

The reason for the formation of the core-shell structure in an in-situ
polymerization is that the conducting polymer chains are insoluble in the medium
(water) if their size exceeds a certain value. After this point, the polymer chains can
either nucleate a new particle, aggregate with other polymer chains to form a
conducting polymer-structure or adsorb onto an existing surface. If the
polymerization of respective monomer is performed in the presence of core latex, a
very large surface area will be present in the medium for the conducting polymer
chains to absorb onto. If this happens, core-shell structures can be formed>>®. The
process of the formation of conducting core-shell latexes is schematically depicted in
Figl.2.
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TN

Polypyrrole forms a uniform layer
over the core particles

Fig 1.2: Schematic presentation of the formation of conducting core-shell latex
via in-situ polymerization.

1.5 Synthesis of core-shell particles

Preparation of core-shell particles involves multi-step synthetic procedure. But
the most important parameters needed to be considered are the uniformity in the
coating of the shell phase and control on the thickness of the shell layer. There are
various methods for the synthesis of core-shell particles used by different research

57-58 59-60 61-62

emulsion, micro-emulsion, sol-gel

65-66

groups viz.  precipitation,
condensation,”** layer by layer deposition etc. Although many attempts have
been made to control the thickness and uniformity of the shell, it is still a big
challenge. The main difficulties associated are

e Agglomeration of the core phase in the medium.

e Preferable formation of separate shell particles rather than forming

coating over the existing core phase.
e Incomplete coverage of the core surface
So preparation of core-shell particles with proper thickness and uniform

coating is a challenging research topic in recent time. To achieve control over the
coating the core phase is often modified so as to facilitate selective deposition of the
2967 and polymers 68, 69

the modification of the core surface. Surfactants and polymers can change the surface

shell phase on the core surface. Surfactants are often used for
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charge and selectivity of the core particles so that shell phase is selectively deposited
resulting completely coated core-shell particles with proper shell thickness.
Although many techniques are employed for the synthesis of polymeric core-

shell particles the most extensively used technique is emulsion polymerization.

1.5.1 Emulsion Polymerization

Emulsions are heterogeneous mixtures of at least one immiscible liquid
dispersed in another in the form of droplets’®. In most cases, at least one of the liquids
will be water or an aqueous solution. An emulsion is often described as either oil-in-
water (O/W) or water-in-oil (W/O) where the first phase mentioned refers to the
internal (or dispersed) phase. Generally, emulsions have average droplet sizes of at
least several micrometres and the droplets have a rather broad size distribution unless
special procedures are adopted (e.g., fractionation of the emulsion). In the context of
polymer synthesis, emulsions can be used in three ways: as templates for the
preparation of colloids, porous materials and composite materials respectively. (Fig
1.3) In order to produce colloids, polymerisation takes place in the dispersed
monomer phase, although initiation tends to occur in monomer-swollen micelles

712 1n the case of an O/W emulsion

rather than the larger monomer droplets
polymerisation, this process leads to aqueous polymer latex. By contrast,
polymerisation of the continuous phase of a concentrated emulsion followed by
removal of the internal phase leads to the formation of emuision templated porous
materials’. Polymerisation of both the droplet phase and the continuous phase results

. . . 7. 74
in the production of composites "> ™*.

10
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Concentrated O/W,
WI/O or C/W emulsion

(R e e ]
'

H i
Polymerise L Polymerise H Polymerise
dispersed phase ! continuous phase H both phases
H i

Polymer latex Porous material Composite

Fig 1.3: Schematic representation of polymerisation of an emulsion in
the dispersed phase, continuous phase, and both phases for the
preparation of colloids, porous materials, and composites
respectively’’.

Emulsion polymerization normally consists of water insoluble monomer(s), a
dispersing medium (usually water), a suitable surfactant(s) and a water soluble
initiator””. The role of surfactant is to facilitate micelle formation. In addition
surfactant plays an important role in stability, rheology and the particle size of the
resulting latices. The locus of initiation in an emulsion polymerization is generally
accepted to be in the aqueous phase. The polymerization process commences with
radicals generated by the thermal decomposition (or otherwise) of the initiator,

reacting with the monomer in the aqueous phase to form oligomeric radical species’.

1.5.1.1 Mechanism of emulsion polymerization

The first successful theory to explain the distinct features of emulsion
polymerization was largely developed by Smith, Ewart and Harkins’'(Fig 1.4). They
divided the mechanism of emulsion polymerization into three stages or intervals’*,
Interval I: Particle nucleation occurs during this stage and is usually completed at
low monomer conversion (2—10%) when most of the monomer is located in relatively

large (1-10 nm) droplets. Particle nucleation takes place when radicals formed in the

11
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aqueous phase grow via propagation and then enter into micelles or become large
enough in the continuous phase to precipitate and form primary particles.

Interval II: It involves polymerization within the monomer swollen polymer
particles, with the monomer supplied by diffusion from the droplets.

Interval III: It begins when the droplets disappear or at least reach a polymer

fraction similar to that of the particles and continues to the end of the reaction

o
Ingernd I ) ‘ ,,_,A-!,‘ Emulsified monomer
" monomer swollen ~ O -0\ droplet ~ 10 u

‘i""% micelle ~ 1000 A° > . .»;\
'4[;«‘. s
' Emulsifier i ',\
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| ek gl polymer particles ~ 1000 A°
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Fig 1.4: Various stages of emulsion polymerization®
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1.5.1.2 Emulsion Polymerization Components

1.5.1.2.1 Monomers

— a ~
A wide variety of monomers can be polymerized by emulsion polymerization.

Among them are butadiene, styrene, acrylonitrile, ethylene, vinyl chloride, vinyl
acetate, vinylidene chloride, methacrylic acid and its alkyl esters (e.g., methyl, butyl,
2-ethyl hexyl) and others. The selection of monomers is governed by the intended
latex end-use (e.g., paints, adhesives, sealants) and desired end-product properties
(e.g., adhesive strength, minimum film forming temperature). Because end-products
are usually specifically tailored formulations, compatibility with other latexes or

common additives can also be tailored by appropriate monomer selection®',

1.5.1.2.2 Stabilizers

There are two primary functions of a stabilizer in emulsion polymerization.
One is to facilitate particle nucleation and the other is to stabilize the latex particles
against flocculation as the polymerization proceeds. There are three basic types of

stabilizers employed in emulsion polymerization®*™.

i)Electrostatic stabilizers: Anionic or cationic surfactants which prevent coagulation
by electrostatic repulsion arising from the charges located on the particle surfaces and
their associated electric double layers. eg.sodium dodecyl sulphate (SDS) and

stabilizers from the Aerosol series (sodium dialkyl sulfosuccinates).

ii)Polymeric (steric) stabilizers: Which stabilize the particles via entropic repulsion
caused by the tendency of packing of two chains in the same space. eg. hydroxyethyl

cellulose and poly(vinyl alcohol) (PVOH)

iii)Electrosteric stabilizers: Which display the characteristics of the previous two.
These are rarely used in coating and adhesive applications and are often used in

personal care products.

CENTRAL LIBRARY, T. U.
ACC.NO.... Y A39.
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1.5.1.2.3 Initiators

In conventional emulsion polymerization, mostly water-soluble (e.g.,
potassium or ammonium peroxodisulfate) thermal and redox type initiators are used
but oil-soluble initiators (e.g., benzoyl peroxide (BPO), 2,2-azo-bis(isobutyronitrile)
(AIBN)) have also been employed®’. Persulfate initiators are usually employed at
temperatures above 50°C where as redox initiators can be employed at lower
temperatures and when high molecular masses with low degrees of branching are

desirable.

1.5.1.2.4 Buffer

Due to possible hydrolysis reactions at acidic pH values, the presence of a
buffer in an emulsion polymerization is desirable. Usually NaHCOs3, or Na,COs is
employed®. If the pH is too low, the decomposition rate of the initiator may

accelerate and thus, the number of radicals and subsequently, conversion increases®®.

1.5.1.2.5 Chain Transfer Agents (CTA)

The CTAs are added to regulate the molecular weight development in an
emulsion polymerization. Although a large number of chemicals can act as a CTA
(e.g., aldehydes, chlorinated aliphatics, disulfides, amines, and other carbonyl

components), generally, the most employed are substances from the thiol family®’.

1.5.1.2.6 Dispersion Medium (Water)

Particle nucleation and stability in anionically stabilized emulsion
polymerization can be affected by the presence of cations in natural water®®. Thus,
deionized and distilled water is used as a dispersing medium. In addition, while trace
organic components in water may have little influence on the kinetics due to their low
concentration, the presence of oxygen is of utmost concern even at low
concentrations. Oxygen acts as a free-radical scavenger and its presence leads to a
delay in the start of polymerization (induction period), which in some cases may be
followed by a retardation period®. Thus, prior to polymerization, it is common to

purge the reactor contents with nitrogen.

14
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1.5.1.2.7 Additives

Additives are usually added to enhance the end product performance of
emulsion polymers. For high performance formulations, it is necessary to have
knowledge of polymer properties (e.g. composition, molecular weight, rheology), the
properties of the additive and the compatibility of the two. Different additives can be
added to latex depending on its end use. Some commonly used additives are cellulose
derivatives, polyvinyl alcohol, starch, silicones, sulfosuccinates, disulfosuccinates

etc”.

1.5.2 Seeded emulsion polymerization

For the preparation of core shell particles, where both the core as well as the
shell is made up of polymers, a series of consecutive emulsion polymerization
sequences seems to be the most convenient method. Here the second stage monomer
i1s polymerized in the presence of first stage seed particles. A large number of
emulsion polymerization techniques are available for designing this type of core-shell
particles. However the most commonly used methods were developed by Kowalski et
al.”!, Vogels® and Blakenship® and subsequently modified by Vanderhoff™®. The
process developed by Kowalski and colleagues® is essentially the following: First of
all, a core latex comprised of particles containing carboxylated comonomers (or other
ionisable monomers), usually in the range from 25 to 40 wt% is', prepared. Next, a
hard polymeric shell, typically based on styrene or methyl methacrylate is prepared
on to the previously obtained carboxylated core particles. In the final step carboxyl
groups of the core are neutralised with bases at temperature close to the glass
transition temperature (Ty) of the shell polymer. Venderhoff et al.** have prepared

hollow particles (core) with definite morphology using this technique.

1.5.3 Acid/alkali Swelling Method

In the acid/alkali swelling method® first of all, seed latex with carboxylic acid
groups is prepared; secondly, a hard permeable polymer shell is formed on the outer
surfaces of the carboxylic core polymer particles; thirdly, at around the glass

transition temperature (Tg) of the shell, particles containing water and polyelectrolyte
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are prepared by neutralizing the carboxylic acid groups of the core polymer particles
using volatile alkali. The latex particles with a great number of carboxylic acid groups
are first synthesized by several steps and then neutralized by alkali and swelling.
When the latex particles have swollen enough, they are acidified to make the outer
layer shrinkage cavity close. Then the aggregated polymers, with an inner layer of
polycarboxylate containing water and outer layer of carboxylic acid groups, are
obtained. At last, the aggregated polymers are acidified to make the outer of latex

particles case-hardened to form the hollow microspheres®®®’

. Hollow polymer
particles can be made by etching away the core of a core-shell particle. For example,
after the synthesis of core-shell particles with a cross-linked polystyrene shell, the
poly(methyl methacrylate) core was dissolved with methylene chloride®®. The
diameter of the resulting hollow capsules could be adjusted between 15 and 30 nm by
variation of the surfactant to monomer ratio. The shell thickness was approximately

2-5 nm.

1.5.4 Dynamic swelling method

Okubo et al.” synthesized hollow core shell particles with polydivinylbenzene
shell and polystyrene core using dynamic swelling method. Here PS latex particles
are first synthesized by seed polymerization. Then the latex particles are swelled in
toluene and divinylbenzene (DVB) was mixed with solvent. Then DVB is induced to
polymerize. After the polymerization, PS is removed and hollow microspheres with a
polydivinylbenzene (PDVB) shell are formed. In order to prove the above
experiment, further studies were carried by Okubo and his co-workers 1% using the
method of suspension polymerization to polymerize the PS/ DVB/toluene mixture
solution in different proportions. They found that the hollow structure was affected by
molecular weight and the concentration of PS indicating that PS plays an important

role in the dynamic swelling method.

1.5.5 Template method
In the template method, a polymer shell is formed on the surface of template
particles and then the template particle is removed and hollow polymer shells are

obtained'”'.The template method is often used to prepare hollow polymer

16



microspheres of different materials and has been proven as a very successful

method'**'®, The processes of the template method for preparing hollow polymer
micro spheres include two steps. First, the polymer shell is formed on the interface
between the template and the surrounding continuous phase due to the deposition or
reaction of the solute on the surface of the dispersed templates. Second, the hollow
structure can be obtained by removing the template materials'®*. However, despite of
its simple process, the template method is limited because it requires a large amount
of template, resulting in high cost. The schematic illustration of preparing hollow

structure with the template method is shown in Fig 1.5.
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Fig1.5: Schematic illustration of formation process of hollow micro spheres
structure for template method'”

1.5.6 Layer-by-Layer method (LBL)

Core-shell as well as hollow particles can also be prepared by layer-by-layer
(LBL) assembly technique. LBL method is suitable for preparing micro spheres with
controllable wall thickness. With the LBL technique many template materials such as
latex particles of melamine-formaldehyde (MF) resin, erythrocytes, some inorganic
salts, PS and poly (styrene-co-maleic anhydride) (PSMA) microspheres could be
prepared'®. The hollow microspheres prepared by LBL method possess uniform shell
thickness and good spherical morphology, but this method is relatively complex, so

its application is limited'”’".

1.5.7 Miniemulsion method
Miniemulsion polymerization is another most extensively used technique for

the development of core-shell latex panicleslos'mg. A schematic representation of the
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miniemulsion polymerization process and the formation of different morphologies

including core-shell are given in Fig 1.6.

Surfactants
=
s oo o \ —_— Q o
Addition of water Miniemulsification Q
and surfactant &
Monomer and
water+ surfactant hydrophobes
Polymerization
and segrigation
© £ Q o
© B
© o o Q
Complete engulfing Non-engulfing Partial engulfing
(core-shell) Occulded or acorn

Fig 1.6: The principle of miniemulsion polymerization and the formation of
different particle morphology'®

Number of literatures deal with the difference between conventional emulsion
and miniemulsion polymerization''>'"". The basic difference lies in the size of the
monomer droplets. The size of the dispersed droplets in miniemulsion is quite small
(between 50 and 500 nm) relative to the size of the monomer droplets in an emulsion

"2 This difference in droplet size is responsible

system (ranging from 1 to 100 pm)
for the different mechanisms of particle nucleation operating in the two systems.
Miniemulsion polymerization involves the use of an effective surfactant/ co-
stabilizer system to produce very small monomer droplets. The droplet surface area in
these systems is very large and most of the surfactant is adsorbed at the droplet
surface. Particle nucleation is primarily via radical (primary or oligomeric) entry into
monomer droplets, since little surfactant is present in the form of micelles or as free

surfactant available to stabilize particles formed in the continuous phase. Both oil-
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and water-soluble initiators may be used; the important feature is that the reaction

proceeds by polymerization of the monomer in this small droplets' 10.113,

1.5.7.1 Preparative methods of miniemulsions

In principle, miniemulsion polymerization is carried out by dissolving a
suitable surfactant system in water and dissolving the co surfactant in monomer(s),
followed by premixing under vigorous stirringI ' The mixture is then subjected to a
highly efficient homogenization process called miniemulsification. Following are the
most commonly used devices to achieve homogenization: rotor-stator devices,
sonifiers and high pressure homogenizer. Today ultrasound, first reported in 1927,'
is used especially for the homogenization of small latex quantities whereas rotor-
stator devices are used to prepare large quantity of latex'".

Different monomers, with a wide range of water solubilities have been

116

polymerized by this technique. This includes vinyl acetate (VAc), ° methyl

methacrylate (MMA),'”’ butyl acrylate (BA)''® and styrene (Sty)”g. System

containing more than one monomer has also been prepared including miniemulsions

in which very water-soluble monomers such as acrylic acid (AA) 120

acid (MAA) ' have been used.

and methaacrylic

The vast majority of miniemulsion polymerizations reported in the literature
have been stabilized with anionic surfactants. This is probably because of the
widespread application of anionic surfactants in macroemulsion polymerization and
due to their compatibility with neutral or anionic (acid) monomers and anionic
initiators. However, Landfester and coworkers'? have used the cationic surfactants
cetyltrimethyl ammonium bromide (CTAB) and cetyltrimethyl ammonium tartrate
(CTAT) for the production of styrene miniemulsions. They reported that these
surfactants produce similar particle sizes to anionic surfactants used at the same
levels. Bradley and Grieser'”® reported the use of dodecyltrimethyl ammonium
chloride for the miniemulsion polymerization of MMA and BA.

In miniemulsion polymerization either water-soluble or oil-soluble initiators
may be used. Bechthold and Landfester'?* studied the miniemulsion polymerization
of styrene using the water soluble initiator potassium persulfate (KPS). They found

that the reaction rate slightly increases with increase of the initiator concentration.
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However, increasing the initiator concentration caused a significant reduction of the
average degree of polymerization. An oil soluble initiator can be mixed with the oil
phase before premixing with the surfactant/water solution. Oil-soluble initiators are
preferred for the polymerization of water soluble monomers such as methyl
methacrylate, vinyl chloride etc'®. Oil-soluble initiators are also used for
polymerization of extremely low water soluble monomers such as lauryl methacrylate
(LMA). Alducin and Asua'®® have studied the molecular weight distribution of
polygtyrene miniemulsion polymerized with oil-soluble initiators. Ghazaly et al.'”’
have used AIBN for the miniemulsion copolymerization of a hydrophobic
bifunctional macromer. The polymerization progressed much faster when KPS was
used than when AIBN was used. This may be due to the tendency of oil-soluble
initiator radicals to recombine before initiating polymerization, as discussed by
Luo'%,

A very important factor for formulation of a stable miniemulsion is the
choice of an appropriate co-surfactant. Landfester et al.'** found that the predominant
requirement for an efficient co surfactant is an extremely low water solubility (less
than 107 mL mL"') independent of its chemical nature. The water insoluble
compound is usually a fatty acid or long chain alkene. The addition of co-surfactant
such as hexadecane'” or cetyl alcohol' 1% can efficiently retard the destabilization of
the nanodroplets by Ostwalds ripening. Monomer soluble polymers have also been
used as co-surfactant in miniemulsion polymerization. Miller et al."’® used 1 wt% of
polystyrene with cetyl alcohol as a co-surfactant for miniemulsion of styrene. They
found that the reaction proceeds at faster rate and resulted lattices with smaller
particle size in comparison with conventional mini emulsion containing no
polystyrene. They attributed this result to involve the entry of radicals to the
preformed polymer particles. Wang and Schork' used PS, PMMA and PVAc as the
co-stabilizers in miniemulsion polymerizations of VAc with PVOH as the surfactant.
They found that PMMA and PS were effective kinetic costabilizers (at 2- 4% wt on
total monomer) for this system. While the polymeric co-stabilizers did not give true
miniemulsions, ostwald ripening was retarded long enough for predominant droplet

nucleation to take place.
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1.5.7.2 Properties of miniemulsion

One of the main advantages of miniemulsion polymerization is the
ability to produce high solid content, low viscosity latices can be successfully
synthesised and results with latex particles having almost same size as the initial

droplets. Ouzineb et al.'*?

carried out miniemulsion of styrene and butyl acrylate to
produce high solid content low viscosity lattices. Products with solid contents greater
than 70 wt% and viscosities as low as 350 mPs at a shear rate of 20 s were obtained.
Other advantages that miniemulsion can provide over other polymerization

techniques are

e Allows copolymerization of monomers with different solubilities.

e Allows the incorporation of hydrophobic materials, which can be
polymerized in emulsion polymerization with difficulty 133

e Polymer lattices with better colloidal stability can be prepared 134,

e High solid content lattices with no coagulation can be obtained 135,

1.5.8 Microemulsion Method

In microemulsion method particle size and morphology can be controlled
precisely. Microemulsion is a mixture of oil and water with suitable surfactant and
co-surfactant. Surfactants form reverse micelles and the co-surfactants reduce the
electrostatic repulsive force between the charged head group of the surfactants. For
particle formation reagents are added in the aqueous phase; micelles act as a centre
for nucleation and epitaxial growth of the particles. Changing the molar ratio of water
to surfactant, particle size and morphology can be controlled. By this method mainly
inorganic core-shell particles such as metal, metal oxide or semi conductor particles
are synthesised. Hota et al.'**"" synthesised CdS-Ag,S core-shell nanoparticles by
this technique. Using this technique Carpenter et al.'’® coated gold over iron particles.
Lambert'?®, Decker'® and Carnes'*' synthesised different nanoparticles with core-
shell morphology by microemulsion technique. Different research group' '
predicted that the particle formation in microemulsion is due to the intermiceller
exchange of reactants and new born particles by both single and multiple

microemulsion system.
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1.5.9 Sol-gel method

The sol-gel is a wet chemical technique (chemical solution deposition) widely
used in the material science and ceramic engineering mainly for synthesis of metal
oxide nanoparticles. The sol-gel process is two step process; hydrolysis of the metal
salt followed by condensation process. This method is mainly applied for the
synthesis of metal or metal oxide/polymer core-shell particles. Using this method

semi- conductor core-shell nanoparticles have also been synthesised'*¢'*’

1.5.10 Mechanochemical Synthesis

In this process both mechanical and chemical forces are applied for the
synthesis of core-shell particles. There are many kinds of mechanical forces applied
for particle synthesis but amongst them most extensively used are ultrasound and

electrical.potential.

1.5.10.1 Sonochemical Synthesis

In this technique particles are synthesised by chemical process with constant
ultrsonication to improve reaction rate, breaking agglomeration and enhance the
dispersion in the solvent. Ultrasonic irradiation of the frequency range of 20 kHz to 1
MHz has been used in most of the sonication methods. Ultrasonic cavitations
generate local high temperature and high pressure and a very rigorous environment
for chemical reaction. Thus these cavities act as micro reactor for reaction to occur
and mechanical force too enhance the reaction rate. The chemical reaction that occur
depends on the shell material used as thé core is synthesised separately and added to
the reaction mixture', Composites such as iron oxide with gold shell and iron/cobalt

148,149

alloy nanoparticles are synthesised by this technique Pol et al.'"” synthesised

Ag coated silica particles in presence of inert argon gas by sonochemical technique.

1.5.10.2 Electrodeposition

Formation of shell over the core with charged polymer and inorganic material
can be carried out by this method in presence of electrical potential. In general
electric field is varied like a wave with positive and negative cycles. It is found that

the metal deposits over core surface during negative cycle where as charged polymer
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deposits during the positive cycle. Therefore by controlling the cycle time span the
thickness of the shell material can be controlled. Material deposition occurs in one of
the electrodes. The matrix material for the core-shell particle formation can be the
electrode or the electrolytic medium. Banerjee et al.'> studied the synthesis of iron
oxide shell over iron in silica nanoparticles by electrodeposition method and Chipra et
al."””! describes the synthesis of ppy-iron nanoparticles by this technique. Both the
procedure are almost similar but in the former case the electrolytic medium and silica
gel is used as the matrix for the nanocomposite while in the later case no material is
used as matrix and hence they belongs to class of nanoparticles. Cul-Au and CuS-Au
core-shell nanoparticles were synthesised by Gu et al.'*” using electrochemical atomic

layer deposition.

1.6 Morphology of the core-shell particles

Many literature have focused on un_derstanding the mechanism of formation of
polymer-polymer core-shell particles'og‘153 . Depending on the synthetic conditions,
there can have core-shell particles with various structures. Both thermodynamic and
kinetics of polymerization affect the type of structure that may be achieved'**!*,
These include normal core-shell structures, heterogeneous structure with occlusion of
one polymer embedded in the other, inverted core-shell structures, where the core and
shell materials are exchanged or formation of raspberry-like and confetti-like

etc'®"**'%_Some possible morphologies are depicted in Fig 1.7
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Fig 1.7: Some possible core-shell morphology

1.6.1 Prediction of particle morphology

The final morphology of the synthesised core-shell particle is of vital importance. The
properties and hence the end on application largely depends on this morphology, i.e.
the arrangement of the polymers within these particles. Many publications deal with
the factors on which the morphology of the core-shell composite particles depends. In
the preparation of poly(methyl methaacrylate) (PMMA)/polyacrylonitrile (PAN)

core-shell particles, Chen et al.'”’

observed that the morphology of the particles
depends on the thermodynamic and kinetics of the polymerization. These were
predicted using a mathematical model presented by Winzor and Sunberg'®' and Chen

et al.156-158

. In another publication Sundberg and Durrant'®® focused on the
fundamental factors that determine the final morphology of the core-shell particles.
They applied equilibrium thermodynamics to the phase separated particles to
understand the basic controlling factors on which the final morphology depend. They
found that the interfacial tension at the polymer-water and polymer-polymer interface
along with the cross linking density play dominant role in determining the particle
morphology. The thermodynamic factors rely mainly on the interfacial energy

between the core and the shell surface. The system favours morphology where the
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overall surface free energy and the energy of molecular interaction is minimum.
Thermodynamic factors are usually used to determine the equilibrium morphology
whereas kinetic factors such as mobility of the polymer chain determine the ease with

which the equilibrium morphology can be achieved.

1.6.2 Thermodynamic theory of particle formation

The prime factor that needs to be considered is the equilibrium morphology,
which determines the final structure provided that the kinetic factors favour the
desired morphology. The most important parameter here is the contribution of the
surface free energy which is influenced by the type of monomer used, the type and
amount of surfactant and initiator used for polymerization, the reaction temperature
and the difference in the hydrophobicity of the monomers used and polymers
prepared's"%. It was found that for minimum interfacial free energy of the system
the more hydrophilic polymer should preferably form the outer layer of the particle so
that it is in contact with the water phase.

A thermodynamic theory which was first studied by Torza and Mason in 1970
is used to predict the morphology of the particles'®. According to this theory the
preferred morphology is the one which has the lowest interfacial energy. They studied
a system containing two immiscible liquids, phase 1 and 3, suspended in a third
immiscible liquid phase 2. They used the following equation to predict the

morphology of the resultant latex

Si=ox—(oytox) 1.1
Where S, is the spreading coefficient, oy, is the interfacial tension between
phase | and phase k and o, is the interfacial tension between phase i and phase j (i # ]
#k=1,2,3)
It was found that if o), is greater than o,3 then there are three possible sets of
values for S, These are
S$1<0;5,<0;83>0
S1<0;5,<0;83<0
S1<0;5,>0;,S3<0
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These three sets of value correspond to three possible equilibrium
morphologies which may be formed in this model: complete engulfment, partial
engulfment and non-engulfment of the core phase. Thus by adjusting the required
parameters one can achieve the desired core-shell morphology. A schematic view of

the possible morphologies predicted by this theory is given in Figl.8
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Fig 1.8: A schematic view of the possible morphologies Eredicted by the
Torza and Mason thermodynamic theory’

1.6.3 Kinetics of Particle formation

According to the kinetic theory the morphology of the final particles largely
depends on diffusion, relative rate of initiation, monomer consumption and phase
rearrangement within the particles themselves'>®. Here the factors that need to be
considered are the degree of cross linking, the viscosity at the polymerization locus,
the monomer concentration, glass transition temperature of the polymers and the
reaction temperature. It is assumed that the equilibrium morphology of the final latex
particles are predominantly determined by the thermodynamic criteria while the
kinetic criteria determines the ease with which the thermodynamically favoured
morphology is achieved. However, mobility of the polymer chains plays an
imperative role in shaping the final morphology. When the mobility of the polymer
chain is restricted the rate of phase separation and rearrangement of the polymer

chains becomes slower than the polymerization rate. In such circumstances a non
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equilibrium condition occurs and kinetics become the predominant factor in
controlling the particle morphology.

Another important factor is ease with which the oligomeric radicals enter the
polymerization loci. The non equilibrium particle morphology is profoundly
dependent on the mobility of these oligomeric radicals. These radicals enter the
polymer particles from the water phase and if their mobility or diffusion rate is
limited then the second stage polymer preferably forms the outer layer of the
particles. In such case core-shell is the most likely morphology. The work of Torza

and Mason'®

3 can be taken as an example, where the key factor in governing the
equilibrium morphology is the high mobility of the liquid phase. Kinetic factors

include the followings-

1.6.3.1 Influence of anchoring effect induced by initiators

Cho and Lee '* used electron microscopy to study the effect of different
polymerization parameters on which the final morphology of the particles depends.
MMA and Sty were used for polymerization in the model study. Factors that were
investigated in their study were the anchoring effect of the ionic terminal groups that
are introduced into a sample through the use of an ionic initiators, pH and viscosity of
the polymerization locus. They found that the change in particle morphology was
very much related to the type and concentration of the initiator used and the
temperature at which pdlymerization was carried out. Three initiators KPS, AIBN,
and 4, 40-azobis-(4-cyanovaleric acid) (ABCVA), were used in this study. The
anchoring effect due to the ionic terminal groups of the ionic initiators was found to
be the vital factor in controlling the particle morphology. They found that when the
water-soluble initiator KPS was used, particles with core-shell morphologies were
obtained. This was attributed to the anchoring effect of the terminal SO,* end group.
This leads to a surface- active oligomer, which anchors itself at the water/oil interface
on entering the monomer droplet. Thus it may be inferred that anchoring effect plays

a pivotal role in determining the final morphology of the particles.
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1.6.3.2 Influence of Viscosity

The viscosity in the polymerization locus is one of the key factor in
determining the particle morphology. A low viscosity in the polymerization locus
enhances the mobility of the polymer chain in the polymerization locus'®. This
facilitates the migration of the two immiscible phases into two different domains,
which leads to the thermodynamically favoured morphology. A high viscosity will
decrease the degree of phase separation by creating a kinetic barrier towards polymer
chain diffusion. This is most likely to occur when the T, of at least one of the
polymer is close or above the reaction temperature. Another case is when the
monomer is fed slowly throughout the second stage polymerization; an extremely
high viscosity is generated in the polymerization locus. It then becomes difficult for
the two polymer phases to rearrange themselves into their thermodynamically
favoured or equilibrium morphology.

According to Cho and Lee'®

the controlling factor in the generation of non-
equilibrium morphologies is the competition between the phase separation and
polymer Kinetics. Viscosity in the polymerization loci controls the mobility of the
polymer molecules and hence the particle morphology. With a high viscosity in the
polymerization locus the morphology was uneven, in which the PS rich domains were
present in the PMMA rich region. On the other hand at low viscosity, clear phase
separation between the PS rich and PMMA rich region occurs leading to a well-

defined core-shell particle.

1.6.3.3 Influence of polymer cross-linking

Sheu et al.'® studied the effect of cross linking on the phase separation of
interpenetrating polymer networks. They studied the effect of divinylbenzene on the
phase separation of polystyrene/polystyrene latex interpenetrating polymer networks.
They observed that phase separation of the resulting particles largely depends on the
extent of cross linking of the latex particles. When polymer phase is cross-linked,
their chain mobility is restricted which lead to the formation of composite particles
with morphology not favoured by thermodynamic criteria. They investigated the
kinetics of phase separation by examining the changes in particle morphology using

optical microscopy, which revealed that the phase separation was induced by the
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relaxation of the polymer chains before polymerization began and it increases with
increased monomer conversion. They inferred that the phase separation was indeed
caused by the formation of a cross linked network inside the particles. In addition, the
degree of phase separation and the number of separated domains increases with

increased cross linker concentration in the seed particles.

1.7 Application of core-shell particles

Core-shell particles in the combined form have significant industrial
applications specially coating, biomedical and electronics field. But separately, core
and shell have different use in presence of the other. Here we discuss some industrial

application of core-shell particles and also use of core and shell in presence of the

other.

1.7.1 Core material property

For the synthesis of hollow particles from core-shell particles, the property of
core material is an important factor. It is easy to synthesize hollow particle if the
degradation temperature of the core phase is relatively low or the core material have a
high solubility in a suitable solvent”?®. To achieve these criteria polymeric core are
the most suitable. Magnetic nanoparticles such as iron oxide or cobalt core particles

are used to enhance the MRI image by improving the contrast.

1.7.2 Shell material property

Shell material coating on the core surface increases the colloidal stability of.
the core particles. Amongst the different inorganic material silica is the most
extensively used shell material .Since silica is an inert material it does not effect the
redox stability of the core material; it just block the core particle so that the colloidal
stability of the particle increases. Moreover, since silica is optically transparent the
chemical properties of the core particle can be studied spectroscopically. Silica
reduces the bulk conductivity of the metal particle; prevent the photo catalytic
degradation of the polymeric material. Silica shell is also used to modulate the

position and intensity of the colloidal metal surface plasmon absorption band*®.
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Core-shell particles with polymeric shell and hollow particles are used for control

167.168

drug delivery, enzyme transplantation,'68 contaminated waste removal, gene

therapy etc.

1.7.3 Core and shell material properties

Carbon coated Ti0,'® and carbon coated with Li3V(POy4)s core-shell
particles'’ are used to increase the efficiency of lithium ion batteries. The core-shell
particles are biocompatible and used for control drug delivery purpose and
encapsulated drug without affecting the core material. AwAg core-shell
nanocomposite particles are used for labelling cancer and tumour cells'’.
Depending on the type and nature of material used in core and shell phase

core-shell particles have been extensively used in various fields. Table 1.1 shows a

few applications of core-shell particles depending on the types of material used.
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Table 1.1: Various core-shell particles and their potential applications

Sl. No Core-shell particle Field of | Purpose of
Application Application
Core Phase Shell Phase
1 Polystyrene Polybutylacrylate, | Surface Coating | Binder/pigment
Polymethylacrylate to improve
hiding power of
coating
2 Polybutyl acrylate | Polypyrrole, Impact To improve the
Polyaniline Modifier, mechanical
Chemical strength of the
Sensor conducting
polymers
3 Nanoclays Polystyrene, Nanocomposite | To improve the
Polybutylacrylate thermal stability
of the polymer
4 Gold Silica Optoelectronics | Optical sensing
materials
5 Silver Silica Optoelectronics | As fluorescent
bioimaging
6 Particles of CulnS, | Acetonitrile Organoelectroni | In photovoltaics
cs

1.8 Objectives and plan of the work

Core-shell particles are now-a-days getting much importance among the
material researchers because of their unique morphology, improved properties and
versatility in applications. In the core-shell morphology two or many materials are
entangled together and hence these particles show properties of all its components.
The synthesis of such multiple phase composite particles provides an opportunity to
tailor properties for a range of desired applications such as paints, coatings and
additives, cosmetics, pharmaceuticals, industries, drug

paper delivery,
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chromatographic columns etc. Core-shell particles may be many types: inorganic-
inoganic, organic-organic(polymer-polymer), hybrid organic-inorganic etc.

Polymer-polymer core-shell particles are of much importance in the paint and
coating industries. In paint industries TiO, is used as pigment in emulsion paints.
Since TiO; has comparatively high refractive index than the polymer phase, so it
imparts hiding power in coatings. However, TiO; is purchased by weight whereas
paint is sold by volume. So use of TiO, as hiding pigment is not cost effective.
Moreover, the compatibility between polymers and TiO, is poor. Core-shell particles
which have hard domains (formed from a high T, polymer) and soft domains (formed
from a low Tg polymer) can be potentially used in the paint industries as an opaque
pigment.

Another type of core-shell particles having an insulating thermosetting plastic
as core and an intrinsically conducting polymer as shell is gaining immense interest in
present time. Although PANI, ppy etc. show good conductivity they have very poor
mechanical strength and film forming ability. So, to improve their mechanical
strength and to achieve better processibility they are often combined with insulating
polymers to give core-shell morphology. These sort of core-shell particles are

effectively used in many optoelectronic devices such as sensors, rechargeable

betteries etc.
f
Polymer-inorganic nanocomposites with core-shell morphology are another

class of material with good potential application. Nanocomposites exhibit unique and
great enhancement of properties over traditional composites. Core-shell
nanocomposites are often used to improve various properties of polymers such as
thermal stability, optical properties, mechanical properties etc.

In the present thesis an effort have been made to prepare a set of polymer-
polymer core-shell particles and to find some applications of these particles in
emulsion based paints and optoelectronic devices. Following objectives are set to

carry out the above mentioned research work:
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Objectives of the present investigation

o Preparation of core-shell particles by seeded emulsion polymerization and
their characterization by SEM, TEM, GPC technique.

e Application of the core-shell particles in emulsion satin paint and
evaluation of their opaque properties.

e Preparation of core-shell particles with insulating core and conducting
shell and their characterization ‘by UV-Visible, FT-IR, XRD, SEM and
TEM analysis.

¢ Investigation of electrical, electrochemical and thermal properties of the
core-shell particles.

e Application of the core-shell particles as toxic gas sensor.

e Development of nanocomposite particles with core-shell morphology and
their characterization by SEM, TEM, TGA etc.

To fulfil the above objectives the following plans of work have been adopted.

e Preparation of core-shell particles with poly (n-butyl acrylate- co-
methacrylic acid-co- ethylene glycol dimethylacrylate) as core and
poly(styrene-co- methylmethacrylate) as shell by seeded emulsion
polymerization.

¢ Characterization of the core-shell particles by SEM, TEM and GPC.

e Application of the core-shell particles in emulsion satin paints and
evaluation of its pigment properties.

o Preparation of core-shell particles with poly(styrene-co-methyla acrylate)
as core and ppy as the shell by surfactant free mini emulsion
polymerization.

e Characterization of the particles by FT-IR, SEM, TEM and TGA,
evaluation of electrical and electrochemical propetties.

e Application of the core-shell particle as ammonia sensor.

e Development of- core-shell nanocomposite of poly(styrene-co-methyl
acrylate) and bentonite clay by ultra sonic assisted mini-emulsion
polymerization.

e Characterization of the nanocomposite by FT-IR, SEM, TEM and TGA

analysis.
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2.1 Introduction

Designing of new functional materials has gained a lot of importance amongst
material scientists in recent time. To cope up with the ever increasing demand these
materials many times need to fulfil contradictory properties in terms of their
application. To fulfil these sorts of contradictory demands, core-shell particles are
most extensively used in recent time'®. For example binders used in coatings need to
show excellent film formation and appearance as well as good blocking resistance
and hardness”'®. In the paint industries, these core-shell particles can be of great
importance due to their special structure. A core-shell particle consisting of a hard
domain [formed from a high glass transition temperature (I'g) polymer} and soft
domains (formed from a low Tg polymer) can meet the above mentioned demands
effectively. These particles possess high block resistance and low minimum film
forming temperature (MFFT). The low Tg polymer (soft phase) is responsible for
good film elasticity, a sufficient film formation without solvent and a high film gloss
whereas the high Tg polymer (hard phase) provides a good blocking resistance and
surface hardness to the films. This is in agreement with the old formulators rule that
higher the pigment volume concentration of a paint, the lower the tackiness of the
paint film will be. The hard phase while acting as transparent filler providing block
resistance should not detract from gloss or flexibility as it is well dist;ibuted and
oriented in the polymer film having been grafted onto the soft phase during
polymerization. Core-shell particles formed from polymers having difference in
refractive index (between the core and shell phase) may potentially be applied as
pigments in emulsion paints. This will reduce the amount of TiO, used and will also
increase the compatibility between the paint and the pigment. This can provide an

economical and environmentally benign alternative.

A part of this chapter is published in
* L. J. Borthakur, T. Jana, S.K. Dolui. J. Coat. Technol. Res., 7, 765-772 (2010)
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The concept of polymeric core-shell composites has also been extensively
used in the field of conducting polymers. Conducting polymers like PANI,
polythiophene, polyacetylene, ppy etc show good conductivity but they are often

brittle in nature''*

as well as insoluble and hence very difficult to make film from
them. In order to improve the process difficulty these conducting polymers are coated
over seed particles of mechanically stable insulating polymers to give core-shell
morphology. These composite particles have manifold applications such as antistatic
coating, dampers, clutches, electrodes, separation membranes, electro chromic
devices, electro-chemomechanical actuators and sensors'> 2, Depending on the type
of insulating polymer used as core these conducting polymer-coated latex particles
can exhibit very good mechanical stability. Moreover, the amount of conducting
polymer used can be greatly reduced in the shell phase without much loss of
conductivitylg.

Preparation of core-shell particles involves multi-step synthetic procedure.
But the most important parameters need to be considered are the uniformity in the
coating of the shell phase and control on the thickness of the shell layer. There are
various methods for the synthesis of core-shell particles used by different research

. L . _ )
groups  Vviz. premp1tanon,20 21 22-23 2425

emulsion, micro-emulsion, sol-gel
condensation,’%’ layer by layer deposition % etc. So preparation of core-shell
particles with proper thickness and uniform coating is a challenging research topic in
recent time. To achieve control over the coating the core phase is often modified so
as to facilitate selective deposition of the shell phase on the core surface.

30-31 32-33

Surfactants are often used for the modification of the core

and polymers
surface. Surfactants and polymers can change the surface charge and selectivity of
the core particles so that shell phase is selectively deposited resulting completely
coated core-shell particles with proper shell thickness.

Although many techniques are employed, two staged seeded emulsion
polymerization is the most extensively used technique for the preparation of core-
shell particles®*®, Depending on the reaction conditions this process not only allows
the formation of core-shell morphology but also results other morphologies like

acorn, half-moon, inverse core-shell, raspberry, inclusion etc. Using this method,

Okubo et al.’’ prepared different kinds of core-shell polymer particles. Moreover,

50



Chapter 2

they developed a dynamic swelling method for the preparation of many multiform
core—shell particles®®. Wooley et al.* first reported the synthesis of shell cross linked
knedel (SCK) micelles with a hydrophilic shell***?. Using a polymer micro sphere as
a core, Zheng and Stover synthesized new core-shell polymer particles. The shells
were prepared by atom transfer radical polymerization (ATRP). Min et al.*’
synthesized a PMMA shell directly on the surface of a crosslinking PS core via
ATRP, but the complete removal of the contamination of the catalyst from the
system was very difficult. Hawker et al* synthesized hollow polymeric
microcapsules by surface-initiated living free-radical polymerization. In 2004, Wang

et al. ¥

reported the preparation of hydrophilic core-shell particles by initiating the
graft polymerization of 2-(dimethylamino) ethyl methacrylate (DMAEMA) from the
surfaces of polymer particles by oxyanionic polymerization.

This chapter includes the synthesis of core-shell particle using poly (butyl
acrylate-co- methacrylic acid -co- ethylene glycol dimethacrylate) as the core and
poly (styrene-co-methyl methacrylate) as the shell by two stage seeded emulsion
polymerization technique. All the physical properties of the core as well as the core-
shell particles are evaluated. These newly synthesised core-shell particles along with
TiO; were used as binders in emulsion satin paints. Different formulations were made
with different core-shell particles and the respective paint properties of all the

formulations are evaluated.
2.2 Experimental

2.2.1 Materials

The monomers methyl methacrylate (MMA), #-butyl acrylate (BA), styrene
(Sty), and methacrylic acid (MAA) were received from Aldrich and washed with 5%
sodium hydroxide solution followed by washing with distilled water to remove the
inhibitors. The cross linker ethylene glycol dimethyl acrylate (EGDMA) was
purchased from Aldrich and used as received. The initiator potassium per sulphate
(K;S,03) obtained from Merck was recrystallized before use. The anionic surfactant
sodium dodecyl benzene sulphonate (SDBS), non-ionic surfactant Triton X-100,

ammonia solution and NaHCO; were of analytical grade and used as received
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without further purification. Double distilled water was used for all purposes. All
reactions were carried out in a 1 litre resin kettle equipped with a mechanical stirrer,

a condenser, a nitrogen inlet, a thermometer and a pressure equaliser funnel.
2.2.2 Instrumentations

2.2.2.1 Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) is a type of electron microscope
that images the sample surface by scanning it with a high-energy beam of electrons in
a raster scan pattern. The electrons interact with the atoms that make up the sample
producing signals that contain information about the sample's surface topography,
composition and other properties such as electrical conductivity.

The surface topography of the particles was studied with a Jeol-JSM-6390L V
Scanning Electron Microscope. For the analysis latex samples were sputter coated

with platinum of thickness of 200A°,

2.2.2.2 Transmission Electron Microscopy (TEM)

' Transmission electron microscopy (TEM) is a microscopy technique whereby
a beam of electrons is 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; the image is magnified and focused onto
an imaging device. TEM is capable of imaging at a significantly higher resolution
than light microscopes, owing to the small de Broglie wavelength of electrons. This
enables to examine fine detail of even as small as a single column of atoms, which is
tens of thousands times smaller than the smallest resolvable object in a light
microscope.

For the TEM analysis a Philips EM 400 at an acceleration voltage of 100 kV
was used. All images were taken at a magnification of 60000 or 120000. Latex
samples were cleaned by using a filtration unit (Advantec MFS Inc. type UPH-76) to
remove all water soluble oligomers from the emulsion. All latex samples were diluted
to 3% solids and washed with distilled water in the filtration cell using a

polycarbonate nuclepore membrane with a pore size of 0.1 micron.
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The diluted latex was treated with 2wt% aqueous solution of uranyl acetate
(UAc). One drop of diluted sample was placed onto copper (Cu) grid and allowed to
dry. For potential staining of the shell phase by RuQy, the sample was exposed to
RuOy4 vapour. The RuOy4 vapour was generated by the reaction of Ruthenium (III)
chloride hydrate and sodium hyperchloride solution. All the samples were dried at
30° C for 24 h before TEM measurements.

2.2.2.3 Gel Permeation Chromatography

The molecular weight of the particles were determined using a modular
Waters 600 gel permeation chromatography (GPC) with three ultra styrgel columns
- of linear, 10 and 10* A° porosities and a 410 differential refractometer was used for
determination of molecular weight distributions. Tetrahydrofuran (THF) was used as
a mobile phase with a flow rate of 1.0ml/min. and the instrument was standardized

with polystyrene standards.

2.2.2.4 Viscosity
The viscosity of the core-shell emulsion was determined by Brookfield
Viscometer (RVT Model) at 30°C.

2.2.2.5 pH Determination
A standard digital pH meter was used with a saturated calomel electrode and a

glass electrode to determine the pH of the core-shell emulsions.

2.2.2.6 Solid Content or Non-volatile Content

The non volatile content of the core-shell particles were determined by
gravimetric analysis 2 g of the core-shell particles were heated for 1 hour at 120° C
for weighing the left residue. From the residue percentage of solid content is

reported.
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2.2.2.7 Freeze Thaw Stability
The samples were taken in air-tight plastic bottles and kept at -5°C for 16 b
and then at 30°C for 8 h. Then it was checked whether the emulsion was gelled or

not.

2.2.2.8 Optical property
This was studied by evaluating contrast ratio (K/S) value®. The instrument

used was X-rite spectrophotometer (model no SP-60).

2.2.2.9 Gloss
Paint films were drawdown on glass plate (wet film thickness- 150 micron)
and dried for 12 hrs and checked the gloss by using digital sheen Multiheaded Gloss

meter.

2.2.2.10 Rock Hardness

Paint film drawn on a glass plate (wet film thickness 150 micron) and dried
for 7 days at 30°C at relative humidity of 80%. Then the hardness was checked using
Sword Rocker Hardness Tester (Sheen Instrument) and results are given as % glass

where reference is glass plate (100%).

2.2.2.11 Washability

Dry paint film on glass plate was dipped into de-ionized water and checked

adhesion failure with time.
2.3 Synthesis of the core-shell particle by seeded emulsion polymerization

2.3.1 Synthesis of the core (Step I)

The recipe for the synthesis of the core latex is given in Table 2.1. In a
typical synthesis, to a 1litre resin kettle equipped with a reflux condenser, a nitrogen
inlet, a mechanical stirrer, a thermometer and a pressure equaliser funnel 40 g of
distilled water, 0.05g of NaHCO; and 0.05g of SDBS was added and then heated to
80°C under nitrogen atmosphere. When temperature reached 80°C, 0.50g of K,S,0s
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(in 20 mL of water) was added. Then a pre-emulsion of 15g of BA, 2.15g MAA,
0.01g SDBS, 0.225g of EGDMA and 15g of water was added to the resin kettle in
2h. The temperature was maintained at 80°C and polymerization was carried out for
another 3 h. Then it is cooled to room temperature to get the core particle. The core
particles were then treated with ammonia solution to ionize the MAA carboxylic

group.

Table 2.1: Recipe for the core latex

S1. No. Ingredients Quantity (in g)
1 Distilled Water 55

2 NaHCO; 0.05

3 SDBS 0.06

4 K,S,04 0.05

S BA 15

6 MAA 2.15

7 EGDMA 0.225

2.3.2 Synthesis of the core-shell particle (Step II)

The recipe for the synthesis of the core-shell latex is given in Table 2.2. In a
typicai synthesis 63g of water, 36g of the core latex (synthesized in step I) and
0.087g of K;S;03 were taken in an another resin kettle under nitrogen and
temperature is raised to 80°C . When temperature reaches 80°C, a pre-emulsion of
22g of water, 11g of styrene, 17.5g of MMA, 0.35g of SDBS and 0.22g of Triton X-
100 were added drop wise in 2 h. The temperature was maintained at 80°C and
polymerization was carried out for another 3h.Then the reaction mixture was cooled

to room temperature and neutralised by ammonia (20%) to get the core-shell particle.
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Table 2.2: Recipe for core-shell latex

SI. no Ingredients (in grams) Core shell latex
CSIA CSIB CSIC

1 Core-particles 36 36 36

2 Distilled water 85 105 85

3 K;3S,03 0.087 0.087 0.087

4 Styrene 11 13.8 11.3

5 MMA 17.5 22 18

6 SDBS 0.35 0.35 0.35

7 Triton X-100 0.22 0.22 0.22

CS IA, CS 1B, and CS IC are core-shell particles at different core:shell ratios. For CS IA
(core:shell) = 55:45, CS IB (core:shell) = 50:50, and CS IC (core:shell) = 45:55

By changing the composition of feeding monomer a series of core-shell latex particle
were synthesized (Table 2.3)

Table 2.3: The monomer composition in core-shell latex

S1. No Core Composition Shell Resulted
BA:MAA:EGDMA | Composition Morphology
Styrene:MMA

1 100:15:1.5 2:1 No core-shell

2 100:15:1.5 3:2 No core-shell

3 100:15:1.5 5:8 Spherical core-shell
4 100:15:1.5 6:8 Distorted core-shell
5 100:15:1.5 7:8 No core-shell

2.3.3 Synthesis of the random copolymer
The recipe for the random copolymerization of styrene, butylacrylate,

methacrylic acid and methyl methacrylate is given in Table 2.4. In a typical synthesis
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to a llitre resin kettle equipped with a reflux condenser, a nitrogen inlet, a
mechanical stirrer, a thermometer and a pressure equaliser funnel 105 g of water,
0.1g of NaHCO; and 0.05g of SDBS was added and then heated to 80°C under
nitrogen atmosphere. When temperature reaches 8OOC, 0.15g of K;S,03 (in 20 mL of
water) was added. Then a pre-emulsion of 11g of BA, 2.2g of MAA, 9g of Styrene,
5.5g of MMA, 50g of water, 0.2g of Triton X-100 and 0.25g of SDBS was added in 2

h. Then polymerization was continued for another 5 h.

Table 2.4: Recipe of the random copolymer

Sl. No. Ingredients Quantity (g)
1 Distilled water 120

2 NaHCO; 0.1

3 SDBS 0.3

4 Triton X-100 0.2

5 K3S,08 0.15

6 Styrene 18

7 BA 22

8 MAA 4.5

9 MMA 11

2.4 Application of the core-shell particles as pigment in emulsion satin paints

The core-shell particles thus prepared were applied as a pigment in emulsion
paint. Several emulsion paints were formulated using these core-shell particles as
pigment along with TiO,. A typical recipe of an emulsion satin paint is given in
Table 2.5. In order to evaluate the performance of different formulated paints,
different panels were made on Lineta paper using bar coater (No. 100).

To verify whether the enhancement of the properties are really due to core-
shell morphology or not, we prepared a random copolymer of the monomers used in

the core-shell particles and formulated paint with this copolymer and its properties
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were evaluated. The property of this paint is compared with the standard paint (with

100% Ti0O,).

Table 2.5: Recipe for the emulsion satin paints

Sl. No Ingredients(in érams) Standard Paint CS - Piant
1 Water 21 21

2 Sodium hexameta phosphate 0.20 0.20
3 Biocide 0.4 0.4

4 Anionic dispersing agent (lutron 850) 0.7 0.7

5 Non ionic emulsifier (hydroxide AAQO) 0.4 0.4

6 Defoamer 0.2 0.2

7 Hydroxy Ethyl Cellulose 0.5 0.5

8 Dry film preservative (actiside EP paste) 0.9 0.9

9 Ammonia (22%) 0.2 0.2
10 Di ethylene glycol 2.2 2.2
11 TiO; (Rutile, RC-822) 18.00 14.94
12 Core-shell latex - 3.06
13 China clay 5.00 5.00
14 Talc (Sum) 9.00 9.00
15 Caicite (Sum) 5.00 5.00
16 Pure acrylic emulsion (30% solid content) 35.00 35.00
17 Pine oil 1.3 1.3

Standard: 100% TlOz, no core-shell, CS-Paint 83% TIOZ, 17% core-shell particle

2.4.1 Evaluation of Emulsion paints

To verify the pigment property of the synthesized core-shell particles in

emulsion satin paints following properties were evaluated

a) Optical Properties

b) Gloss
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¢) Rock Hardness
d) Washability

2.5 Results and Discussions

2.5.1 Physical properties of the core-shell particles

The physical properties of the core-shell latex are listed in Table 2.6. For the
core particles maximum solid content was found to be 25% which increases up to
42% in case of the core-shell particles. It is very obvious that with the increase of
polymeric component the percentage of non-volatile components increases.
Similarly, the viscosities of the core-shell particles are almost doubled than the core
latex. The pH of the core particles is in the acidic range (3.2). However as the core-
shell particles were neutralised with ammonia their pH was recorded within the
alkaline range (8-9). It was observed that both the core and core-shell latex pass the
freeze thaw test. This implies that the emulsions of both core and core-shell particles

are sufficiently stable to find various ends on applicability.

Table 2.6: Physical properties of the core latex, core-shell particles and random

copolymer
Sl Properties Core Core-shell particle Random
No latex Copolymer
CSIA CS 1B CSIC
1 Solid Content(%) 25 40 42 40 40
2 Viscosity(cPs) 28 60 58 55 60
3 pH (at 30°C) 3.2 8.7 8.5 8.4
4 Freeze thaw stability Pass Pass Pass Pass Pass
5 Particle Size 0.5um | 0.75um | 0.75um 0.75pm 0.5um

2.5.2 Gel Permeation Chromatography (GPC)

In the newly designed core-shell particles the core phase was partially cross
linked with EGDMA. The Gel permeation Chromatogram of the core-shell particles
shows a bi-modal mode. The first peak have M=3,82,700 and M,=2,45,200 with
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polydispersity index of 1.6. The first peak corresponds to the molecular weight of the
core phase. The second peak have M,=21,200 and M,=14,800 with polydispersity
index of 1.4. The second peak corresponds to the molecular weight of the shell phase.
It is observed that the second peak has a relatively low molecular weight in
comparison to the normal emulsion polymer products. Since the shell phase was
formed over the surface of the core particles, it may be assumed that normal emulsion
polymerization kinetics was not followed and hence the polymers thus obtained have
relatively low molecular weight (the second peak) than in the case of normal
emulsion polymerization. The bi-modal nature of polymerization gives an evidence

of formation of core-shell morphology.

2.5.3 Morphology of the core-shell structure

The core was prepared using mixture of BA, MAA and EGDMA in the ratio
of 10:1.5:0.15. The incorporation of MAA offers carboxyl content in the polymer.
The carboxyl content of the core was neutralized with ammonia to make the polymer
hydrophilic. This core polymer was used for the core-shell latex preparation. The
shell composition was changed with different monomer mixtures (ref. Table 2.3).
The pre-emulsion of the shell components were added drop wise by means of a
pressure equaliser funnel. The monomers of the shell phase get absorbed on the core
polymer particles and they subsequently undergo polymerization thereby forming the
shell. EGDMA was used as a cross linker. The use of cross linking agent helps in
holding both the core and the shell phase together. However, the amount of cross
linker used is very small so that viscosity of the medium does not increase abruptly.
The core polymer contains carboxyl group (copolymer of MAA) and on
neutralization with alkali core-shell particle forms carboxylated group in the core
which is hygroscopic in nature. A schematic representation of the preparation of the

core-shell particles are given in Fig 2.1.
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Second Stage monomer

Fig 2.1: Schematic representation of formation of core-shell particles.

2.5.3.1 SEM Analysis

From the SEM analysis (Fig 2.2-2.5) it is found that both the cores as well as
the core-shell particles are spherical and have smooth surface. This implies that shell
phase is quite uniform. From the SEM micrographs it is seen that the approximate
diameter of the core particles are ~ 0.5um whereas the diameter of the core-shell
particles are of ~ 0.75 um. It is seen that the random copolymer particles have a
diameter of ~ 0.5 um. It is seen that the core-shell particles have a larger diameter
than the corresponding core particles. However it may be observed that in case of the
random copolymer particles there is no significant increase of particle diameter. So,
the increase of particle size gives strong evidence that an extra layer is formed over
the core particles, resulting formation of core-shell structure. It was observed that
with the increasing concentration of the styrene in the shell composition, the core-
shell morphology gets distorted from their typical spherical structure. The spherical
core-shell morphology is observed when the styrene to MMA ratio is 60:40 by
percentage. For further confirmation of the core-shell morphology TEM images of

the core-shell particles were taken.
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2.5.3.2 TEM Analysis

TEM micrographs (Fig 2.6-2.9) show a slight difference in contrast between
the outer and inner portion of the particle. From the TEM analysis it is found that the
core particles are ~ 0.5um whereas the diameters of the core-shell particles are of ~
0.75 pum. Fig 2.8 shows the TEM images of the core-shell particles with higher
styrene concentration in the shell. As the concentration of styrene is increased the
spherical morphology of the core-shell latex gets distorted. The determining factor in
the generation of non-equilibrium morphologies is the competition between phase
separation and polymerization kinetics. Viscosity in the polymerization locus
controls the mobility of the polymer molecules and hence the particle morphology.
With a high viscosity in the polymerization locus the core and shell phase cannot
undergo facile phase separation and the resultant morphology seems to be uneven.
However at relatively low viscosity, clear phase separation between the core and
shell phases occurs and leads to a well defined core-shell morphology®®. With
increase in styrene concentration the viscosity of the medium increases and it
becomes difficult for the two polymer phases to rearrange themselves to the
thermodynamically stable morphology. When the concentration of styrene in the
shell composition is relatively low, no core-shell morphology is resulted. This may
be due to the reason that in such a situation there is no sufficient amount of shell
monomer present to be absorbed by the core particles and hence no core-shell

morphology is obtained.
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Fig 2.3: SEM micrograph of the core-shell particles
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Fig 2.4: SEM micrograph of the core-shell particles with distorted

morphology at higher concentration of styrene

Iiim

Fig 2.5: SEM micrograph of the random copolymer particles
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Fig 2.6: TEM image of the core particles

Fig 2.7: TEM image of the core-shell particles
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Fig 2.8: TEM image of the distorted core-shell particles
at higher concentration of styrene in the shell monomer

Figure 2.9: TEM image of the random copolymer particles
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2.6 Properties of the emulsion paint

TiO, is used as a pigment in emulsion paint to provide hiding power. The
hiding power of paint is evaluated by measuring the opacity of the emulsion paint. In
this work the newly synthesized core-shell were used as pign{ent in emulsion paint
along with TiO,. The results show (Table 2.7) that the contrast ratio of the emulsion
paint does not decreases even up to 17% reduction of TiO; content. Particles with
Sty:MMA ratio of 60:40 by percentage shows the best result in this regard. In fact,
these core-shell particles shows slight enhancement in hiding power. This
enhancement may be attributed to the hollow structure of the core particles as well as
the uneven surface of the core-shell latex particles (Table 2.7). It is also observed that
the replacement of TiO, by the core-shell particles does not affect the other properties
like gloss, rock hardness, washability etc. Thus these newly synthesized core-shell
particles can be potentially applied as an alternative pigment in emulsion paints.

The paint formulated with the random copolymer shows a lower opacity
(contrast ratio 80.22) in comparison to the core-shell latex of the same composition.
This shows that the potentiality of the core-shell particles as pigment is related to
their special type morphology. In core-shell morphology the core contains air void
which causes the opacity by itself by scattering light effectively. These air voids and
non-pigmented emulsions are both transparent to light, but they have difference in
refractive indices causing opacity in the dried film of the emulsion paint.
Incorporation of such core-shell polymer in the water based paints together with well
dispersed TiO, will enhance the opacity of the paint. This will effectively reduce the

amount of TiO; used and hence is cost effective.
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Table2.7: Application properties of the emulsion paint

Gloss Opacity Washability | Rock
@85 BYK | (Contrast Hardness
ratio) (%oon
glass)

Formulationl | Standard 33.36 88.26 Pass 20
.CS 1A 35.72 95.65 Pass 22
Formulation2 | Standard 33.84 88.26 Pass 20
csSiB 35.44 94.27 Pass 18
Formulation3 | Standard 33.62 88.26 Pass 20
csic 35.08 93.99 Pass 18
Formulation4d | Standard 33.62 88.26 Pass 20
CS RCP 28.42 80.22 Pass 17

Standard 100% T|O2

CS 1A, CS 1B, CS IC Standard with 83% T|O2 and 17% respective core-shell particles

CS RCP Standard with 83% TIO2 and 17% random copolymer particles

2.7 Conclusion

e A series of core-shell particles were prepared by seeded emulsion

polymerization. The core contains poly (n-butyl acrylate- co- methacrylic acid-

co- ethylene glycol dimethylacrylate) and the shell contains poly (styrene-co-

methyl methacrylate ) as shell.

o SEM analysis shows the spherical nature of the core as well as core-shell

particles; TEM analysis confirms the core-shell morphology of the newly

synthesised particles. The core-shell particles have a distinct difference in

contrast between the core and shell phase. The core particles are ~ 0.5um

whereas the diameters of the core-shell particles are of ~ 0.75 um.
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e However it is observed that the spherical nature of these core-shell particles
gets distorted as we increase the styrene concentration in the core. The
distortion of the morphology may be attributed to the increase in viscosity of

the polymerization loci.

*» These newly designed core-shell particles were applied as pigment in emulsion
paint. It is found that the optical properties of the paint do not change up to

17% reduction of TiO; in the pigment volume.

*The gloss, rock hardness and washability of the emulsion paint remains
unchanged due to the use of this core-shell particles in the pigment. Thus these
core-shell particles can be potentially applied as a pigment in emulsion paint
which will reduce the amount of TiO; used and hence is very much cost

effective.
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3.1 Introduction

Conducting polymers have been a subject of intensive research since their
discovery in 1977 due to many potential applications in organic electronics.
Conducting polymers like polyaniline, polythiophene, polyacetylene, polypyrrole
etc"!' have been extensively studied in recent time because of their good conductivity
and their potential applications in various fields like sensors, actuators, catalysis, field
effect transistors, light emitting diodes, capacitors etc'’>*. However, there is a serious
processing and stability problems associated with these pristine conducting polymers
as they are often brittle in nature and it is very difficult to make film from them. In
order to improve the process difficulty much attention has been made in combining
these conducting polymers with mechanically stable insulating polymers to give core-
shell morphology. These composite particles have manifold applications such as
antistatic coating, dampers, clutches, electrodes, separation membranes, electro
chromic devices, electro-chemomechanical actuators, and sensors>*'®. These core-
shell conducting composites have two advantages. Firstly, depending on the type of
insulating polymer used as core these conducting polymer-coated latex particles can
exhibit very good mechanical stability and secondly the amount of conducting
polymer used can be greatly reduced in the shell phase without much loss of
conductivity’. '

Conducting polymer coated latex particles were first reported in 1987%° and
subsequently this approach has found widespread attention®*’. Since 1995, Armes et
al. have published a series of papers describing the coating of various conducting
polymers, such as polypyrrole (PPy), polyaniline (PAND? and poly (3,4
ethylenedioxythiophene) (PEDOT)*' on micrometer-sized polystyrene (PS)42 latexes.

A part of this chapter is published in
* L.J.Borthakur, S.Sharma, S.K.Dolui. J Mater Sci: Mater Electron (article in press).
*L. J. Borthakur , S. Konwer , R. Das, S. K. Dolui. J. Polym Res (article in press)
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They described a detailed study of the surface composition and morphology of
these micrometer-sized, PPy-coated PS latexes. Yamamoto and co-workers™ reported
the styrene-butadiene latexes coated with PPy using the HzOz——HBr—Fe3+ oxidant
system. Jianjun Wang et al.“developed a core of a thermoplastic non-conducting
polymer surrounded by a corona of a polyelectrolyte [e.g., polystyrene sulfonate,
(PSS)] and into this corona (i.e. matrix) domains of a conducting polymer PPy was
embedded via oxidative polymerization of the suitable monomer (pyrrole) such that an
electrical percolating shell is formed. Huijs et al.*described the preparation of PBMA
latex particles coated with PPy and focussed on the influence of the amount of PPy on
the morphology and the conductivity of the core-shell latex particles. They also studied
the effects of the thickness of PPy shell, the annealing temperature and the nature of
the counter-anion on the film forming ability of the latex. Han Chen et al.* reported
the voltammetric conversion of conducting PANI coated PS latex particles dispersed in
aqueous acid solution in order to find not only a relationship between the partial
reaction and particle size, but also the irreversibility of the conversion. Ma*’ had
prepared PANI/SBS composite materials using emulsion polymerization techniques.
Ruckenstein and Yang® obtained PANI/PS conducting materials using oxidative
polymerization method in which SDS aqueous solution was used as continuous phase
and the benzene solution containing aniline and PS was used as the dispersed phase.
Huang Liyan et al.” developed a series of mono dispersed styrene-butyl acrylate
(SBA) copolymer latex particles with different BA contents, coated with PPy and
studied the effects of the concentration of PPy, the BA content in SBA copolymer and
the nature of the counter-anion on the electrical conductivity of compression moulded
samples. Ying Wang et al.® synthesized electrically conducting core-shell
nanoparticles (PANI/PS-PSS) by coating poly (styrene-co-styrene sulfonate) (PS-PSS)
nanoparticles with PANI and studied the stabiliiy of the coated latexes and the
conductivity of PANI/PS-PSS pellets. The role of the aniline content was also
investigated in this literature. Jang®' reported the selective fabrication of amorphous
PPy nanoparticles with diameter of 2 nm, using micro emulsion polymerization at low
temperature. Wang et al*® reported the preparation of PANI coated PS-PSS
nanoparticles with diameters of 25-30nm by in situ micro emulsion polymerization

method. Jang and Oh* have successfully synthesized conducting polymer
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nanoparticles with diameter of several nanometres by low temperature micro emulsion
polymerization. Jang reported the selective fabrication of amorphous PPy
nanoparticles with diameter of 2 nm, using micro emulsion polymerization at low

temperature.

In this chapter we describe the synthesis of two sets of core-shell particles with
poly (styrene-co-methyl acrylate) (SMA) as the core and PPy as the shell by mini
emulsion polymerization. In the first set graphite was incorporated in the PPy shell and
in the second set silver nanoparticies were incorporated in the PPy shell. The effect of
the concentration of graphite and silver nanoparticles in the shell phase on conductivity
of the core-shell particles was investigated. The effect of copolymer composition of
the core on the overall conductivity of the final core-shell particles has also been
studied. The graphite incorporated core-shell particle was used as ammonia gas sensor.
The changes in resistivity of the core-shell particles on exposure to various
concentration of ammonia vapour were investigated. The graphite incorporated core-

shell particles show good sensitivity even in very low concentration of ammonia.
3.2 Experimental

3.2.1Materials

The monomers styrene (Sty) and methyl acrylate (MA) were received from
Aldrich and washed with 5% NaOH and distilled water to remove the inhibitors.
Pyrrole, pure graphite (20 um), silver nitrate (AgNO;) and tri-sodium citrate were
obtained from Aldrich Co. and used without further purification. Hydrochloric acid,
potassium persulfate (K,S,03), Span60, hexadecane (HD), sodium dodecy! benzene
sulfonate (SDBS), sodium bicarbonate, N-methyl pyrrolidone (NMP), tetra hydro
furan(THF), hydroquinone, acetonitrile, methanol and ferric chloride (FeCls) were
analytical grade chemicals (Merck) and used as received. Doubled distilled water was

used for all purposes. All reactions were carried out under nitrogen atmosphere.

3.2.2 Preparation of poly (styrene-co-methylacrylate) latex (SMA)
Poly (styrene-co-methylacrylate) was prepared by emulsion polymerization

technique. The recipe for the preparation of the SMA latex is given in Table 3.1. In a
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typical synthesis, 10g of Sty, 3g of MA, 0.15g of HD and 0.02g of span 60 were mixed
together. The mixture was kept in the refrigerator for 10 minutes and then sonicated for
another 10 minutes to form a pre-emulsion (phase I). Another pre-emulsion (phase II)
comprising of 80g of water and 0.12g of span 60 was made by stirring at room
temperature for 15 minutes and then kept in the refrigerator for 10 minutes. Phase 11
was added to phase [ drop-wise and then 0.12 g of SDBS was added to the mixture.
This mixture was transferred to a four-necked round bottom flask equipped with a
condenser, a mechanical stirrer, a thermometer as well as a nitrogen inlet and was
heated up to 70° C. When temperature reached 70° C, K5S,05 (1% of the monomer) in
20 mL of water was added and degassed for 30 minutes. Polymerization was carried
out at 70° C for 7hrs in the presence of NaHCO; buffer. Polymerization was terminated
by adding 1% aqueous solution of hydroquinone. A series of SMA latex was

synthesized by varying the amount of MA.

Table 3.1: The recipe for the preparation of the SMA latex

SI. No Ingredients (ing) | SMAI |SMAIl |SMAII |SMAIV |SMAV
1 Styrene 10 10 10 10 10

2 Methylacylate 3 5 7 10 15

3 Hexadecane 0.15 0.15 0.15 0.15 0.15

4 Span 60 0.14 0.14 0.14 0.14 0.14

5 Water 110 110 110 110 110

6 SDBS 0.12 0.12 0.12 0.12 0.12

7 NaHCO; 0.1 0.1 0.1 0.1 0.1

8 Hydroquinone 0.1 0.1 0.1 0.1 0.1

9 K;S,03 0.138 0.138 0.138 0.138 0.138
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3.2.3 Synthesis of the core-shell particles with SMA core and graphite
incorporated PPy as shell

A series of core-shell particles were prepared taking SMA III (ref. Table 3.1)
as the core component. The recipe for the preparation of the core-shell particles is
given in Table 3.2. In a typical synthesis an emulsion containing 4g of the SMA latex
was added to a three necked round bottom flask equipped with a thermometer and
dropping funnel and then diluted with 50 g of distilled water. The pH of the mixture
~was adjusted to around 1 by adding 1 g Smol/L HCI. To this latex 0.8 g of FeCl; (in 20
g methanol), 0.67g of pyrrole and varying amount of graphite (0%, 0.25%, 0.50%, 1%
w/v of pyrrole) were added in turn in a nitrogen atmosphere. The mixture was stirred
for 24 h at 0°C. The resulting black precipitates were isolated by filtration and washed
several times with water and ethanol to remove unreacted monomer and unabsorbed

graphite particles. The prepared composites were dried in a vacuum oven at 50°C.

Table 3.2: Recipe of the core-shell particles with SMA core and graphite incorporated
PPy as shell

SI. No | Ingredients (in g) CS1 CS1I CS 1l CS1v
1 Core-particle 4 4 4 4 .

2 Water R 50 50 50

3 5M HCl I 1 i 1

4 FeCl; 0.8 0.8 0.8 0.8

5 Methanol 20 20 20 20

6 Pyrrole 0.67 0.67 0.67 0.67
7 Graphite 0 0.167 0.335 0.67

In another experiment a series of core-shell particles were prepared taking

different core (SMA I — SMAV of Table 3.1) as the coré component. The graphite

content in the PPy shell phase was 1% in all the core-shell particles. All other

ingredients were same as stated in table 3.2.
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3.2.4 Solvent extraction experiments

Excess THF (20 mL) was added to ca. 100 mg of dried PPy-coated SMA
powder at room temperature and this solution was left to stand overnight. The resulting

black residues were filtered, washed with THF and dried overnight in a vacuum oven
at 60°C.

3.2.5 Synthesis of core-shell particles with SMA core and silver nanoparticles

incorporated PPy as shell

3.2.5.1 Preparation of stable dispersion of silver nanoparticle

A stable dispersion of silver nanoparticle was synthesized by chemical (citrate)
reduction method using standard procedure“. In a typical synthesis, 50mL 0.001M
AgNO; solution was taken in a one-necked round bottom flask and stirred with
constant heating up to boiling. Then SmL of 1% tri-sodium citrate solution was added
drop-wise for 10 minutes. The reaction was continued till the solution turns pale
yellow. When yellow colour appears heating was ceased but continued stirring till it

cools down to room temperature.

3.2.5.2 Preparation of core-shell particles with SMA latex as core and silver
nanoparticle incorporated PPy as shell

Polypyrrole-silver - (PPy-Ag) nanocomposite coated poly(styrene-co-
methylacrylate) particles were prepared by oxidative coupling method. The recipe for
the preparation of the core-shell particle is given in table 3.3. In a typical synthesis, 4g
of SMA latex (SMA 1II of Table 3.1) was diluted with 30g doubled distilled. The
mixture was transferred to a two necked round bottom flask and stirred vigorously at
0-5°C. During stirring 0.67 g pyrrole monomer and 0.7g of the silver nanoparticle
dispersion was added dropwise to the mixture. After 30 minute of vigorous stirring a
solution of ferric chloride (0.8 g FeCl; in 20g methanol) was added drop-wise to the
reaction mixture and continued stirring for 24 hours. The black precipitate was washed

thoroughly with distilled water and finally dried under vacuum. A series of core-shell
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particle was prepared by adding various percentage of silver nanoparticle dispersion
(0%, 1%, 2%, 3%, 5%, 8% and 10%).

Another series of core-shell particles were synthesized by usi;lg different latex
(SMA I - SMAV of Table 3.1) containing different amount of MA in the core latex. In
all the experiments the percentage of silver nanoparticle dispersion was kept constant

at 10%.

Table 3.3: Recipe of the core-shell particle with SMA core and silver nano particles
incorporated polypyrrole as shell

Sl. | Ingredients SMA- SMA- SMA- | SMA- SMA- SMA-
No ] PPy- PPy- PPy- PPy- PPy- PPy-
(ing) Agl% |Ag2% [Ag3% |Ag5% | Ag8% | Agl0%
1 SMA 4 4 4 4 4 4
2 Pyrrole 0.67. 0.67 0.67 0.67 0.67 0.67
3 FeCls 0.8 0.8 0.8 0.8 0.8 0.8
4 Methanol 20 20 20 20 20 20
5 Dispersion of 0.7 1.4 2.1 3.5 5.6 7.0
Ag nanoparticle
6 Distilled water | 49.3 48.6 47.9 46.5 44.4 43.0

3.3 Characterization

3.3.1 Fourier transform infrared spectroscopy (FTIR)
The FT-IR spectra of the core-shell composite particles were recorded on a
Nicolet Impact-410 IR spectrometer (USA) in KBr medium at room temperature in the

region 4000—450 cm™.

80




Chapter 3

e ]

3.3.2 UV-visible Spectrocsopy
The UV-visible absorption spectra of the samples in 1-Methyl-2-pyrrolidon
solvent were recorded in the range 300-800nm using Shimadzu UV-2550 UV-visible

spectrophotometer.

3.3.3 X-ray diffraction (XRD)
Powder XRD data were collected on a Rigaku Miniflex X-ray diffractometer
(Tokyo, Japan) with Cu Ka radiation (A= 0.15418 nm) at 30 kV and 15 mA with a

scanning rate of 0.05%s in a 20 range from 10° to 70°

3.3.4 Scanning Electron Microscopy (SEM)

SEM micrographs of the core-shell particles were taken with a Jeol-JSM-
6390L V scanning electron microscope. Latex samples were sputter coated with
platinum of thickness of 200A°.

3.3.5 Transmission Electron Microscopy (TEM)

For the TEM analysis a Philips EM 400 at an acceleration voltage of 100 kV
was used. All images were taken at a magnification of 60000 or 120000. For the TEM
measurement, latexes were first sonicated, and the samples were prepared by dropping
highly diluted latexes on the carbon coated copper grid and dried in a vacuum oven at

room temperature.

3.3.6 Thermo Gravimetric analysis (TGA)
Thermal analysis was done in a Shimadzu TA-60 thermo gravimetric analyser.
A pre weighted amount of the latex was loaded in a platinum pan and heating was

done under nitrogen atmosphere at a heating rate of 10°C/min in the range of 0-700° C.

3.3.7 Electrical conductivity

Pellets of the composite latex were made with a compression-molding machine
with hydraulic pressure. High pressure was applied (1.5-2 ton) to the sample to get
round shaped hard pellets (diameter =1.5 cm, breadth=2 mm); these pellets were used

to measure the conductivity.
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The electrical conductivity of the composite latex were measured with a four-
probe technique in the temperature range 300 K < T <433K.The current-voltage (I-V)
characteristics were studied with a Keithley 2400 source meter (USA) at room
temperature in the frequency range 102-106 Hz. The conductivity of the composite
was calculated with following equation
p = (V/1)2=nS ()
Where p is the resistivity of the sample, V is the applied voltage, I is the measured

current through the sample, and S is the distance between the probes.

3.3.8 Cyclic voltammetry (CV)

Electrochemical measurement was performed on a Sycopel AEW2-10
electrochemical work station (UK) with an Ag/AgCl reference electrode, a platinum
wire as a counter electrode, and the latex films on indium tin oxide (ITO) coated glass
as a working electrode. The electrochemical characteristics of the polymer solution in
N-methylpyrrolidone (NMP) were investigated by CV scanning in 0.1M hydrogen
chloride (HCl) in acetonitrile at a scan rate of 50 mV/s. A solution of 0.1M KCl

prepared in 10 ml acetonitrile was used as supporting electrolyte.

3.4 Results and Discussion

3.4.1 Core-shell particles with graphite incorporated PPy shell

Copolymer particles of styrene and MA were formed by mini emulsion
polymerization. These latex particles were used as template for the polymerization of
pyrrole. The surface of the copolymer particles absorbs pyrrole and graphite and
polymerization was performed by redox coupling reaction on the surface of the
copolymer latex. The amount of pyrrole is low and forms a near uniform layer over the
latex particles and results core-shell morphology. The unabsorbed graphite particles

are removed by washing with water and ethanol. (Fig 3.1)
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Fig 3.1: Schematic representation of the formation of the core-shell
composite particles

3.4.1.1 FT-IR Spectroscopy

The FT-IR spectra of pure graphite and polypyrrole/graphite (PPy/G) are
shown in Fig 3.2. In IR spectroscopy the broad strong bands between 3433 cm’'
corresponds to the absorption of N-H stretching of PPy. The frequency at 2926 cm’’
refers to the stretching vibration of C-H bond. The absorption at 1578 cm™ was
assigned to the C=C ring stretching of pyrrole. The band at 1380 cm™ is due to C-H
vibrations. The band at 1042 cm™ is due to in plane deformation of C—H bond and N—
H bond of pyrrole ring. The peak at 1727cm™ and 1165¢m™ refer to C=0 and C - O
stretching of PMA. It has been observed that the peak at 1578 cm™ shifts to 1638 cm”
in the graphite incorporated core-shell particles. This may be attributed to the
conjugation effect between the C=C of pyrrole and the graphite surface. Thus from the
IR spectra it may be confirmed that the core-shell particle contains both the SMA latex
as well as the graphite incorporated PPy phase.
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Fig 3.2: IR spectra of a) pure PPy b) core-shell particles

3.4.1.2 XRD Analysis

The XRD pattern of the core-shell composite particle is shown in Fig 3.3. XRD
pattern of the core-shell composite particles shows the characteristic peaks at 26.35°,
44.6° and 54.65°. This matches to the (002), (101) and (004) planes of hexagonal
system. This indicates the presence of graphite in the core-shell composites. The ‘d’
spacing for the core-shell composites are 3.34, 2.02, and 1.67 A® for their
corresponding peaks at 26.35°, 44.60° and 54.65° respectively. This indicates the

incorporation of the graphite particles on the PPy matrices.

84



Chapter 3

——————— _—— ]

(o)
11y’
2000
b 1500
m 3
§ 1000 ”
A i (o)
bl . (3) 4”00 Mo
0 ML‘ T o o
| I, ' B 1 I 1
oo o0 % 0N
Twothét (Jegree)

Fig 3.3: XRD analysis of the composite particles

3.4.1.3 Scanning Electron Microscopy (SEM)

Fig 3.4(a)-(b) represents the SEM images of the SMA latex and the graphite
incorporated PPy coated SMA latex. Fig 3.4(c) represents the SEM image of the PPy
coated SMA latex treated with excess of THF. When treated with THF the SMA latex
in the core gets dissolved in the solvent and left a void in the interior, resulting “broken
egg shell” morphology. This reveals beyond any reasonable doubt that core-shell
morphology have been achieved with the SMA latex as the core and graphite

incorporated PPy as the shell.

3.4.1.4 TEM Analysis

Fig 3.5 (a)-(b) represents the TEM images of the SMA latex particles and TEM
image of the SMA-PPy/G composite particles. From Fig 3.5 (a) the spherical shape
and size of about 120 nm may be confirmed. As shown in the figure, micro aggregates
of SMA particles occurred when the medium water was evaporated. This is because of
the fact that PMA has a relatively low Tg and hence exhibits good film formation
properties at room temperature. In Fig 3.5 (b) it can be seen that the conducting shell is
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formed as a layer on the SMA surface. The PPy over layer appears to be reasonably
continuous, with little or no evidence of bare patches. This is consistent with the core-

shell morphology of the resultant particles.

Fig 3.4: SEM images of the (a) SMA latex (b) Core-shell composite particles
(c) Core-shell Composite particles after extraction with THF

Fig 3.5: TEM images of (a) SMA latex (b) core-shell composite particles
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3.4.1.5 Thermal Analysis

The thermo gravimetric profiles of PPy, pp/G and SMA-PPy/G composites are given
in Fig 3.6. In all cases the weight loss at temperature 125 °C reveals the loss of
moisture/adsorbed solvent from the polymer matrix. The major degradation occurred at
300 °C for PPy, at 400 ° C for PPy/G composites and at nearly 425 ° C for the core-
shell composite particles. This showed that the thermal stability is improved in the

core-shell composites.

100.00

)

o

¢

%

v

oE

8 (a) (b) (c)

o)

it

i

8

’

6000 o
00200 300 400 500 600 700

Temperature | C

Fig 3.6: TGA of (a) PPy (b) PPy/G particles (c¢) Core-shell Composite
particles
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3.4.1.6 Electrical Behaviour

3.4.1.6.1 Current-Voltage relationship

Fig 3.7 shows the current-voltage relationship of the SMA-PPy/G composite
having different graphite content. It was observed that all the synthesized core-shell
composites show semi conducting behaviour. For all the samples, the potential
difference (in Volt) increases linearly when the applied current (in mA) as well as the
% of graphite in the PPy phase (shell) increases. This is a characteristic of semi
conductor and hence it may be concluded that the core-shell composite particles are of
semi conducting nature. It is also observed that the conductivity increases with

increase of graphite percentage in the shell phase.
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Fig 3.7: I-V plot of the core-shell particles with (a) 0% graphite
(b) 0.25% graphite (c¢) 0.50% graphite and (d) 1% graphite

3.4.1.6.2 DC electrical conductivity

The conductivity of the SMA-PPy/G core-shell composite particles varied
widely in the range of 9.3 S/cm to 26.8 S/cm depending on the graphite content in the
shell phase. Thus it may be said that in the pellet of SMA-PPy/G composite particles,

interfacial conductive paths consisting of the PPy/G shell were formed, and efficient
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charge transport through the materials can occur without much interference from the
electrically insulating SMA component.

Fig 3.8 shows the variation of the core-shell composite particles in the
temperature range of 293 K< T <413 K. It is observed that conductivity increases with
increase of temperature. At high temperature inter-chain and intra-chain hoping
increases and this increases the mobility of the charge carrier. This high charge carrier
mobility ultimately results in increase of conductivity at high temperature®”’. With
1% incorporation of graphite in the PPy shell phase conductivity increases from 26.8
S/cm at 25°C to 55.6 S/cm at 140 °C. This gives evidence beyond any reasonable doubt

that the newly synthesized core-shell composite particles are of semi conducting

nature.
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Fig 3.8: Conductivity vs temperature curve of the core-shell particles
(a) 0.25% graphite (b) 0.50% graphite and (c) 1% graphite
The electrical conductivity of the core-shell composite depends not only on the
concentration of graphite in the PPy shell but also on the MA content in the SMA
latex. When the other conditions are the same, the electrical conductivity of the core-
shell composites can be tuned to a certain extent by varying the soft monomer MA
content in the SMA copolymer latex. The relationship between the conductivity and
the MA content in the SMA latex of the core-shell composites having 1% graphite in
the PPy phase is shown in the Fig 3.9. The decrease of conductivity may be

presumably attributed to the increase of soft segment in the surface of the core-shell
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composite particles with increase of MA content in the SMA latex. With high amount
of soft content (MA) the core-shell particles can easily undergo deformation resulting
~ poor conduction path. This creates difficulties for efficient charge transport and hence

electrical conductivity decreases.
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Fig 3.9: Plot of conductivity of the composite particles vs MA content in the
SMA latex

3.4.1.7 Electro chemical behavior

Fig 3.10 shows the cyclic voltammogram of the core-shell composite particles
having varied amount of graphite content in the shell phase. The electrochemical band

gaps of the samples were calculated by using the following formulae.

HOMO = - [(poxonsel +4.71] (eV), 2)
LUMO = - [¢"gnset + 4.71] (eV), (3)
E® ec ((Poxonset - (pred onset) €V, “4)

Where the units @™ onse and 9%onset are V vs. Ag/AgCl. The values obtainéd are listed
in table 3.4. The electrochemical band gap for PPy was calculated from voltammogram
and found to be 2.90eV whereas in the core-shell composite particles band gaps were
found to be decreasing (1.9 eV to 1.65 eV) with increasing amount of incorporated

graphite in the PPy shell phase. The incorporation of graphite resulted in change in
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electronic band structure manifested as new mid-gap being created and hence

decreasing of band gap occurs.
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Fig 3.10: Cyclic voltamogram of the composite particles having (a) 0%
graphite (b) 0.25%graphite (c) 0.50% graphite and (d) 1% graphite

Table 3.4: Electrochemical data of PPy and PPy/G composites

SI. No | Sample 0" onset/ Enomo 0" onse’ELuMO | B2 (V)
(Core-shell composites)
1 0% (Graphite) 1.50/-6.21 -1.40/-3.31 2.90
2 0.25% (Graphite) 1.40/-6.11 -0.5/-5.21 1.9
3 0.5 (Graphite) 1.35/-6.06 -0.4/-5.11 1.75
4 1% (Graphite) 1.3/-6.01 -0.35/-4.36 1.65
3.4.1.8 Charge capacity

The electro-chemical stability of the core-shell composite particles was

investigated by carrying out the cyclic voltammetry study of the core-shell composite

particles (1% graphite) up to 100th cycle. (Fig 3.11) The study reveals that the

cathodic and anodic peaks are nearly symmetrical above each other having minimum
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separation. Thus it may be inferred that the core-shell composite particles are
sufficiently redox stable to have manifold potential applications in the field of opto-

electronics.

Current / le-4A

Potential / V

Fig 3.11: Successive electrochemical cycles of the composite
particles (1% graphite) upto 100" cycle.
3.4.2 Core-shell particles with Ag nanoparticles incorporated PPy shell

Silver nanoparticles were synthesized by chemical (citrate) reduction method
using standard procedure. Appearance of pale yellow colour in the dispersion indicates
the formation of silver nanoparticle. These dispersions are stable up to 2 months.

SMA particles were formed by miniemulsion polymerization. These latex
particles were used as template for the polymerization of pyrrole. The polypyrrole
coated SMA core-shell particles and polypyrrole-silver coated SMA core-shell
particles were synthesized by in-situ oxidative polymerization technique. The pyrrole
monomer and the Ag nanoparticles get adsorbed on the surface of the dispersed SMA
particles. These adsorbed pyrroles on the surface of SMA get polymerized in presence
of oxidizing agent and the Ag nanoparticles enter into the PPy matrix. Thus a layer of

PPy/Ag nanocomposite is formed over the SMA latex to result core-shell morphology.
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3.4.2.1 FT-IR Spectroscopy

The FT-IR spectra of the core-shell particles are given in Fig 3.12. FT-IR
spectrum of the PPy coated SMA core-shell particle (Fig 3.12a) gave absorption band
at 3414.19 cm™, 1163.64 cm™, 1031.16 cm™ , 1721.70 cm, 1443.94cm™" and 1298.82
cm’ Here, the broad absorption band at 3414.19 cm™, 1163.64cm™, 1031.16 cm™
which are due to the N-H str, N-C str and =C-H plane vibration®®. These bands indicate
the formation of PPy. Again bands at 1721.70 cmand 1298.82 cm™ indicate the
presence of C=0O and C-O group in the polymer backbone whereas band at 1443.94
cm™ is due to stretching of the C=*C bond of the pheny! ring”.

On incorporation of Ag nanoparticles in the shell phase (Fig 3.12b) the
absorption bands assigned to N-H str, N-C str and = C-H plane vibration at 3414.19
cm’, 1163.64 cm™, 1031.16 cm” shifts to 3335.88 cm™, 1164.32 cm™ and 1032.61
cm'. This indicates the interaction of the silver nanoparticle with the polymer

backbone
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Fig 3.12: FTIR spectra of the composite particle a) with 0% Ag b) with 10% Ag
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3.4.2.2 UV-visible spectroscopy

Fig 3.13(a)-(b) shows the UV-visible spectra of the Ag nano particle dispersion
and the core-shell particles respectively. The UV-visible spectrum of silver
nanoparticle gives an absorption band with a maximum at 423nm due to surface
plasmon absorption of silver nanoparticles. The surface plasmon absorption in the
metal nanoparticles arises from the collective oscillations of the free conduction band
electrons that are induced by the incident electromagnetic radiation. Such resonances
are seen when the wavelength of the incident light far exceeds the particle diameter.
Surface plasmon absorption band with a maximum of 423 nm indicates the formation
of Ag nanoparticles®.

The spectrum of the core-shell particle (Fig 3.13b) shows two absorption bands
at 280nm and 450 nm. The absorption band at 280nm may be assigned to the
excitation of C=0 group in the polymethylacrylate segment (n-n* transition)®'. The
peak at 450 nm corresponds to the plasmon resonance of the Ag nanoparticles. It is
observed that the peak corresponding to the plasmon resonance of Ag nanoparticles
undergoes a red shift (from 423 to 450 nm). In this work we carried out the
polymerization of pyrrole in presence of the prepared Ag-dispersion. So during this
process the Ag nanoparticles undergo a little bit of agglomeration and hence the
particle size slightly increases. This slight increase of particle size is responsible for
the observed red shift
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Fig 3.13: UV visible Spectra of a) Ag nanoparticle dispersion
b) SMA-PPy/Ag core-shell particles

3.4.2.3 Scanning Electron Microscopy (SEM)

Fig3.14 (a)-(b) represents the SEM images of the Ag nanoparticles and the
core-shell particles respectively. The Ag nanoparticles are spherical and have particle
diameter in the range of 40 to 50 nm. Fig 3.14 (b) shows that the conducting shell is
formed as a layer on the SMA surface. The PPy layer appears to be reasonably
continuous, with little or no evidence of bare patches. This is consistent with the core-
shell morphology of the resultant particles. In case of the core-shell particles the
particle size increases to nearly 90 nm which is consistent with the fact that a thin layer

of polypyrrole is formed over the SMA layer.

3.4.2.4 EDX analysis

Fig 3.15 shows EDX spectrum of the core-shell particles. The EDX pattern
shows peak of carbon, nitrogen and silver. Presence of nitrogen peak confirms beyond
any reasonable doubt that PPy is successively coated over the SMA core. The presence
of Ag peak strongly indicates that Ag nanoparticles are successfully incorporated

within the PPy shell phase.
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3.4.2.5 Transmission Electron Microscopy (TEM)

Fig 3.16 (a)-(b) represents the TEM image of the Ag nanoparticles and the
core-shell particles respectively. From Fig 3.16 (a) it is seen that Ag particles are
almost spherical and particle diameters vary in the range of 30 to 50 nm, In Fig 3.16
(b) it is clearly seen that a uniform layer of PPy is formed over the SMA particles. The
shell layer seems to be rather continuous with little or no evidence of bare patches.
This is consistent with the core-shell morphology of the particles. From the Figure it is

seen that core- shell particles are spherical and have size in the range of 90 to 100 nm.

3.4.2.6 XRD analysis

Fig 3.17 shows the XRD pattern of the core-shell particles. The peak at ~26° is
the characteristic peak of PPy. Diffraction peaks at 44.50 °, 52.20 ° and 76.7 °
corresponds to the (111), (200) and (220) facets of the face centred cubic crystal
structure. This gives evidence of successful incorporation of the silver nanoparticles in
the PPy phase. The broadening of the Bragg peaks indicates that the silver particles are

in the nano range.
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Fig 3.14: SEM micrograph of a) Ag nanoparticle dispersion

b) Final composite particle

Fig 3.15: EDX pattern of the final composite particle
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Fig 3.16: TEM micrograph of a) Ag nanoparticle dispersion
b) SMA-PPy/Ag core-shell particle
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Fig 3.17: XRD pattern of the core-shell particles
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3.4.2.7 Thermal Analysis

Fig 3.18 (a)-(b) represents the thermal degradation pattern of core-shell
particles with 0% Ag and 3% Ag respectively. Both the core-shell particles show
similar pattern, with a small variation in degradation temperature. The weight loss at
about 110°C reveals the loss of water molecules from the polymer matrix. The weight
loss from 100°C to 220°C is due to low molecular weight oligomers. The final
degradation starting from 220°C is due to the degradation of the polymers. Fig 3.18(c)
represents the degradation pattern of bare PPy/Ag composite. The degradation
temperature in this case is approximately 230°C. So it may be inferred that there is a
sufficient enhancement in the thermal stability of the PPy/Ag composite when it is
combined with the SMA latex. Moreover, in case of Fig 3.18(b) the final weight loss is
80% whereas in Fig 3.18(a) the final weight loss is 60%. This is strong evidence that
Ag nanoparticles are successfully incorporated in the PPy shell phase.
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Fig 3.18: TGA of a) SMA-PPy/Ag core-shell particle
b) SMA-PPy particle c) PPy-Ag particle
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3.4.2.8 Electrical Behaviour

3.4.2.8.1 Current - voltage relationship

Fig 3.19 shows the current-voltage relationship of the SMA-PPy/Ag
composite having different Ag content. The current-voltage characteristic of the core-
shell particles indicates that the core-shell particles behave as Schottky junction.”” For
all the samples, the potential difference (in Volt) increases when the applied current (in
mA) as well as the percentage of silver in the PPy phase (shell) increases. This is a
characteristic of semi conductor and hence it may be concluded that the core-shell

composite particles are of semi conducting nature.
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Fig 3.19: I-V Characteristics of the SMA-PPy/Ag particle with a) 0% Ag
b) 3% Agc) 5% Agand d) 10% Ag

3.4.2.8.2 DC Conductivity

Fig 3.20 (a)-(b) show conductivity vs silver content and conductivity vs MA
content curve of the core-shell particles respectively. The conductivity of the core-
shells varies widely in the range of 114 mScm™ to 1560 mScm™ depending on the

various concentration of the silver nanoparticle (Table 3.5).
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Table 3.5: DC conductivity of the core-shell particles at room temperature with various
concentration of silver nanoparticle

S1. No Core-shell particle Concentration of Conductivity
silver nanoparticle (%) | (inmScm™)
1 SMA-PPy-Ag 0% 0% 114.00
2 SMA-PPy-Ag 1% 1% 358.73
3 SMA-PPy-Ag 2% 2% 575.44
4 SMA-PPy-Ag 3% 3% 796.07
5 SMA-PPy-Ag 5% 5% 978.00
6 SMA-PPy-Ag 8% 8% 1080.50
7 SMA-PPy-Ag 10% 10% 1560.00

Thus it may be said that in the pellet of SMA/PPy-Ag composite particles,
interfacial conductive paths consisting of the PPy-Ag shell were formed and efficient
charge transport through the materials can occur without much interference from the
electrically insulating SMA component. Since silver itself is conducting in nature, with
increase of silver concentration in the shell phase, the inter and intra chain hopping
sites increases and as a result conductivity of the core-shell particles also increases®.
The electrical conductivity of the core-shell composite depends not only on the
concentration of silver in the PPy shell but also on the MA content in the SMA latex.
When the other conditions are the same, the electrical conductivity of the core-shell
composites can be tuned to a certain extent by varying the soft monomer MA content
in the SMA copolymer latex. The relationship between the conductivity and the MA
content in the SMA latex of the core-shell composites having 1% Ag in the PPy phase
is shown in the Fig 3.20 (b). The decrease of conductivity may be presumably
attributed to the increase of soft segment in the surface of the core-shell composite
particles with increase of MA content in the SMA latex. As the amount of soft content
increases it becomes difficult for efficient charge transport and hence electrical
conductivity decreases. The lowest value of conductivity was observed when the MA
content is 40% of the total monomer and with further increase of MA content

conductivity remains almost constant(Table 3.6). This may be because of the fact that
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the core-shell morphology becomes unstable at 40% MA content and efficient charge
transport is hindered. It was observed that the conductivity of the core-shell particles
suddenly increases with 6% Ag dosing .Thus it may be inferred that the core-shell
particles follow percolation mechanism of conducitivity where 6% Ag is the
approximate percolation threshold.

It is noteworthy that due to the poor mechanical strength PPy/Ag composites
do not form stable pellets and hence their dc conductivity could not be measured. So
this study reveals that this problem may be overcome by combining this composite

with mechanically stable SMA latex without much lowering of inherent conductivity.

Table 3.6: DC conductivity of the core-shell particles at room temperature with
various concentration of MA

Sl. No Core-shell Concentration of MA (%) | Conductivity
particle (in mSem™)

1 MA 20% 20% 1560

2 MA 30% 30% 800

3 MA 40% 40% 588

4 MA 50% 50% 400

5 MA 60% 60% 390
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Fig 3.20: Variation of conductivity of the SMA-PPy/Ag composite particles
a) % Ag in the shell phase b) % MA content in the SMA core

3.4.2.9 Electrochemical Property

Fig 3.21 shows the cyclic voltammogram of SMA/PPy-Ag core-shell particles

(1%,2%,3% Ag respectively). The electrochemical band-gap of the samples was

calculated by using the formulae 2, 3 and 4 stated earlier. The values obtained are

listed in Table 3.7. The electrochemical band gap for the core-shells is found to be

decreasing (from 1.6 to 1.1) with increasing amount of incorporated silver

nanoparticle. The incorporation of silver nanoparticle results in change in electronic

band structure manifested as new mid-gap state being created and hence decreasing of

band gap occurs.

Table 3.7: Band gap of the core-shell particles

Sl. no. | Core-shell particle Concentration of silver | ' Band gap (eV)
nanoparticle (%)

1 SMA-PPy-Ag 1% 1% 1.6

2 SMA-PPy-Ag 2% 2% 12

3 SMA-PPy-Ag 3% 3% 1.1
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Fig 3.21: Cyclic Voltamogram of the composite particle
a) 1% Agb) 2% Agc) 3% Ag

3.4.2.10 Charge capacity

The area under the CV peaks could be integrated to yield charge capacity
which in turn gives information of the electro activity of the core-shell particles. The
cyclic voltammetry study of SMA/PPy-Ag core-shell particles (3% Ag dosing) up to
50™ cycle (Fig 3.22) reveals that cathodic and anodic peaks are nearly symmetrical
above each other with minimum separation. The charge capacity of the core-shell
particle does not get diminished even after the repeated cycles. This property
emphasizes that SMA/PPy-Ag core-shell particles may be useful and prominent

material to be used in rechargeable batteries.
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Fig 3.22: Successive electrochemical cycles of the composite particles

(3% Ag dosing) upto 50" cycle

3.5 Application of core-shell particles with SMA core and graphite incorporated
polypyrrole shell as Ammonia Gas Sensor

In recent years conducting polymers such as PPy, PANI and polythiophene
have been studied as gas sensing materials, essentially due to their operation at room
temperature and easy sensor element processing®*®, The principal sensing mechanism
in conducting polymer is generally based on the modification of doping level due to
redox interaction of the analyte molecules and thereby resulting in change in
conductivity”’. Amongst various conducting polymers, PPy has an edge due to its
chemical stability against atmospheric conditions and ease of synthesis. In addition to
this, the morphology of PPy can be easily tailored to nanowires, nanotubes and coral
like structures by optimizing the synthesis parameter568'69. PPy has been reported for
ammonia gas sensing applications; however the sensed concentrations are very high ‘

100 ppm).70 It is known that the toxic limit of ammonia is 25 ppm in air and
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therefore the PPy based sensors should sense the gas concentrations well below this
limit.

Herein, we have utilised SMA/PPy-G core-shell particles as ammonia gas
sensor. In order to measure the gas response, the resistances of the pellets of the core-
shell particle were measured with and without exposure to gases at room temperature.
Distilled water was used as diluent, for preparing various analyte concentrations. The
dc electric resistance of the core-shell particles exposed to analyte vapour was
measured by hanging the pellet in a closed glass container as shown in Fig 3.23. The
distance between the sensing element and solvent surface was ~ 3 cm. Resistance
measurements were performed in a simple two probe conFiguration. The contact leads
were fixed 1 cm apart on one of the surface of the pellet using conducting silver paste.
The resistance was measured as a function of time in a digital multimeter. The sensing
measurements were carried out for different ammonia concentration such as 10, 30, 50
and 100 ppm. The resistance data were collected for 30 seconds while the pellets were

exposed to ammonia vapours at ambient conditions and recovered in dry air.

Digital multimeter
7772
® @

@o—-— Sensing element

S éd——— Ammonia

Fig 3.23: Apparatus used to study sensing performance
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3.5.1 Results and Discussion

The response of the core-shell particles on exposure to various ammonia

concentrations were presented as sensitivity vs. time curve (Fig 3.24). The sensitivity
of the pellets are given by

Sensitivity = AR/R. (5)

Where AR is the change in the resistance of the pellets on exposure to ammonia

vapour and R is the initial resistance of the sensing pellets.
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Fig 3.24: The response of core-shell particles to ammonia vapour

a)10 ppm b) 30 ppm ¢)50 ppm d)100 ppm
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From the Figure it is seen that the sensitivity of the core-shell particles
increases with the increase of concentration of the ammonia vapour. However, it is
observed that the sensitivity is ~0.6 for 10 ppm ammonia solution. So it may be
inferred that the core-shell particles can be effectively used as an ammonia gas sensor
even at very low concentration of ammonia.

We have further investigated the response of the core-shell particles to ethanol
and chloroform vapour. Typical gas response curves of the core-shell pellets for 100

ppm concentrations of ammonia, ethanol and chloroform shown in Fig 3.25.
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Fig 3.25: Response curve of the core-shell particles to

a) Ammonia b) Ethanol ¢) chloroform

It is seen that the sensitivity of ammonia (100 ppm), ethanol (100 ppm) and
chloroform (100 ppm) are 1.4, 0.4 and 0.38 respectively. A high sensitivity for
ammonia indicates that the core-shell particles are selective for this gas. The higher
sensitivity towards ammonia than ethanol and chloroform can be explained, on the
basis of different interactions between sensing film and adsorbed gas. PPy is a p-type
material and when it interacts with ammonia, there is reduction in charge carrier
density. This results in decreasing the conductivity of material. In comparison with
this, interaction between PPy film and other gases is less than ammonia, thereby,

showing less sensitivity and response.
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3.6 Conclusion

Two sets of core-shell particles with poly (styrene-co-methylacrylate) core and
PPy shell were prepared by mini emulsion polymerization. In one set, graphite
was used as the conducting filler while in the other set Ag nanoparticles were
used as the conducting filler.

The SEM micrographs confirm the rough surface morphology of both the core
shells with almost spherical particles. The TEM micrograph gives information
about the core-shell morphology. The core-shell particles have size in the range
of 100-120 nm.

XRD and EDX analysis confirms the presence of graphite and silver
nanoparticle in the PPy phase of the respective core-shell.

The thermal analysis reveals that core-shell particles possess good thermal
stability.

The electrical conductivity of the core-shell particles may be tuned within a
good range by varying the conducting filler amount (graphite and Ag
nanoparticles) in the PPy shell phase. Conductivity of the core-shell particles
decreases with increase of the MA content in the core phase.

The electro-chemical study reveals that the composite particles possess
excellent electro-chemical reversibility having charge capacity almost
unchanged up to 100" cycle.

The core-shell particles with SMA core and graphite incorporated PPy shell
were applied as an ammonia gas sensing material. The sensing behaviour of the
core-shell particle was studied by monitoring the increase in resistance of the
core-shell particles on exposure to ammonia vapour. The core-shell particles
show very good response to ammonia vapour with concentration as low as 10
ppm. Since the toxic limit of ammonia is 25 ppm in air it may be inferred that
these core-shell particles can be potentially applied as an ammonia gas sensing

material.
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4.1 Introduction

Polymers in their pristine form do not have good mechanical strength,
thermal strength, load bearing capacity, gas barrier property etc. So they are often
mixed with some fillers such as clay, metal particles etc. to improve the above
mentioned properties. The resulting materials are called composite materials' . In
recent time scientists have given importance in developing polymer nanocomposites
which consist of a polymeric material (e.g. thermoplastics, thermosets or elastomers)
and a reinforcing material (nanoparticle). The nanoparticles have at least one
dimension in nanometer scale. Polymer nanocomposites show major improvements
in mechanical properties, gas barrier properties, thermal stability, fire retardancy and
other areas®'?. Amongst various nanocomposites, polymer/clay nanocomposites are
of great interest during a last decade due to the enhancement of mechanical and
thermal properties as compared to the homopolymer or other fillers'>"'”. The nano
clays are made up of two-dimensional nano scale layers of an alumina octahedral
sheet, sandwiched between two silica tetrahedron sheets. They are held together by
van der Waals and weak ionic forces and are capable of being partially or completely
intercalated and exfoliated'®. The nanoclays exhibit large aspect ratio and hence can
be potentially applied in barrier coatings, in food packaging, in agricultural and

19-21

pharmaceutical industries etc Various techniques are employed for the

1'22,23

preparation of polymer/clay nanocomposites. Vaia et a prepared PS/clay

nanocomposite by melt method to intercalate polymer in layered silicates. Doh,

24-28

Lous, Fu etc. reported the synthesis of polymer clay nanocomposites by bulk

polymerization technique.

A part of this chapter is published in

* LJ.Borthakur, D.Das, S.K.Dolui. Materials Chemistry and Physics, 124 , 1182-1187
(2010)
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Bottcher et al.?’ reported the use of solution polymerization technique for this

3035 suspension,”® and living free

purpose. Many researchers employed emulsion,
radical® polymerization techniques for development of polymer/clay
nanocomposites. Mahdavian et al.® reported core-shell nanocomposite of
poly(styrene-co-butyl  acrylate)/Cloisite  30B  and poly(styrene-methyl
methacrylate)/Al, O3 by miniemulsion polymerization technique.

Miniemulsion polymerization, a branch of conventional emulsion uses a
material called costabilizer (water-insoluble, monomer soluble) which provides the
conditions needed for the encapsulation of a layered clay’’. This is performed by
reducing the diffusional degradation (Ostwald ripening) of a monomer/water
emulsion as well as diminishing the monomer droplet size to within a range of 50-
500 nm via applying high shear and the monomer droplets become the primary loci
for particle nucleation. The polymerization of such miniemulsions extends the
possibilities of widely applied emulsion polymerization and provides advantages
with respect to incorporation of hydrophobic compounds and composition of the oil
phase®®. Another advantage of this technique is that it uses no volatile organic
solvents and hence is environmentally benign.

On the other hand, ultrasonic cavitations can generate local high temperature
and high pressure and a very rigorous environment for chemical reaction®”. Under
these rigorous conditions, radicals can be generated due to the decomposition of
water, monomer, surfactant or rupture of polymer chains to initiate the
polymerization of monomer. It is obvious that clay and nanoclay exfoliation lies in
the synergistic effect of chemical and mechanical interactions. Under strong
mechanical force of ultrasonication, the polymer particles tend to stick to the
organoclay surface, forming clay polymer microaggregates that could be stabilized
by adding surfactant or dispersing agents. By further applying mechanical force to
the system, although it is in a water dispersion form, the polymer molecules could be
enforced to diffuse into the basal spacing of the nanoclay and thus resulting in an
exfoliated nanocomposite suspension

Although many literature are found on the polymer/clay nanocomposites only
a few deals with the development of core-shell morphology®®. To date and to the

best of our knowledge, no report exists that describes the encapsulation and
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thereafter, exfoliation of bentonite inside copolymer particles to give core-shell
nanocomposites . In this chapter we report the synthesis of core-shell nanocomposite
particles of SMA as the shell and organically modified bentonite as the core by
miniemulsion polymerization under ultrasonic irradiation. The affecting factors were
also examined in detail by using Infra red spectroscopy (FT-IR), X-ray diffraction
(XRD), Scanning electron microscopy (SEM), Transmission electron microscopy
(TEM) etc. Thermo gravimetric analysis (TGA) reveals that there is a significant
enhancement of thermal stability of the newly synthesised nanocomposite particles
as compared to the pristine copolymer. These nanocomposites may find potential
applications such as barrier coatings in areas like food packaging, agricultural,

pharmaceutical industries etc.
4.2 Experimental

4.2.1 Materials

The monomers styrene (Sty) and methyl acrylate (MA) were received from
Aldrich and washed with 5% NaOH and then with distilled water to remove the
inhibitors. The organoclay bentonite is a commercially available natural
montmorillonite modified with an organic modifier named octadecyl amine. It was
purchased from Aldrich and was used as received. The surfactant Sodium dodecyl
benzene sulphonate (SDBS), Span 60 and the co-surfactant hexadecane (HD) were
received from Merck chemicals and were used with no further purification. The
initiator K,S,0s was of" analytical grade and recrystallized before use. For all
purposes doubled distilled water was used. All the reactions were carried out under

nitrogen atmosphere.

4.2.2 Effect of surfactant on the exfoliation of bentonite

Bentonite is a natural montmorillonite modified with octadecyl amine (dgy=2.01
nm). To get good dispersion in the organic phase® a series of experiment (S-20, S-40,
S-60, S-80) were performed using a series of Span surfactant (20, 40, 60, 80). In all the
experiments a phase containing bentonite (0.5g), water (50 g), Span (0.15g) and SDBS

(0.1g) was sonicated for 2 h and then magnetically stirred for 24 h. Then the mixture
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was dried in vacuum oven at 60° C for 24 h. Then the samplés were grinned to powder

and XRD analysis was performed.

4.2.3 Miniemulsion polymerization of poly (styrene-co-methyl acrylate)

10 g Styrene (sty), 5 g methyl acrylate (MA), 75 g water, 0.15 g Span 60,
0.15 g SDBS and 0.15 g hexadecane were taken in a 100 mL beaker and stirred
magnetically for 1h at room temperature. It was cooled to 0°C and then subjected to
ultrasonic agitation for 30 min. The miniemulsion thus obtained had solid contents of
15% and was used for further polymerization using K;S,03 (0.14 g) initiator at 70°C
for 7 h. Polymerization was carried out in a four necked round bottom glass reactor

equipped with a condenser, a mechanical stirrer, a thermometer and a nitrogen inlet.

4.2.4 Miniemulsion polymerization of poly (styrene-co-methyl acrylate) in
presence of bentonite

A typical recipe for the formation of miniemulsion is given in Table 4.1.
Bentonite, styrene (Sty) and methyl acrylate (MA) were taken in a 100 mL beaker
and stirred magnetically for 1h at room temperature. It was cooled to 0°C and then
sonicated for 30 min. (Phase I). Meanwhile, the aqueous phase (II) was prepared by
mixing 75 g water, 0.15 g span 60, 0.15 g SDBS and 0.15 g hexadecane under simple .
stirring at room temperature for 30 min.

Phase I and Phase II were mixed under vigorous magnetic stirring for 30 min.
Then the mixture was homogenized by sonicating for 15 min. This miniemulsion was

used for subsequent polymerization.
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Table 4.1 Typical recipe for the miniemulsion polymerization of poly (styrene-co-
methyl acrylate)-bentonite nanocomposite latex particles

Ingredients Sample
(in g)

Blank NC(0.2) | NC(0.5) |NC(1) NC(2)
Styrene 10 10 10 10 10
Methyl acrylate 5 5 5 5 5
Bentonite 0 0.03 0.075 0.15 0.3
Water 75 75 75 75 75
Span-60 0.15 0.15 0.15 0.15 0.15
SDBS 0.15 0.15 0.15 0.15 0.15
Hexadecane 0.15 0.15 0.15 0.15 0.15
K5S,03 0.14 0.14 0.14 0.14 0.14

4.2.5 Polymerization

Polymerization was carried out in a four necked round bottom glass reactor
equipped with a condenser, a mechanical stirrer, a thermometer and a nitrogen inlet.
The formerly prepared miniemulsion was transferred to this reactor and subsequently
degassed by N, at room temperature for 30 min. When temperature of the system
reaches 70° C, 0.14g of K,S,03 (1% of the monomer) was added to initiate
polymerization. The polymerization was conducted at this temperature for 7 h under
continuous mechanical stirring. The reaction was terminated by adding I mL of 1%
hydroquinone solution into the latex sample. When the reactor reaches room
temperature the concentrated milky miniemulsion latex was collected and filtered to
remove any coagulum present. A series of nanocomposite particles were prepared by
incorporating different percentage (with respect to the total monomer content) of clay

in the miniemulsion.
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4.3 Characterization

4.3.1 Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra of the nanocomposite particles were recorded on a Nicolet
Impact-410 IR spectrometer (USA) in KBr medium at room temperature in the
region 4000-450 cm™. For preparing nanocomposite spectra the latex was coagulated
with methanol. Then, the coagulum was separated from the aqueous phase and
washed with distilled water in order to separate the non-encapsulated clay or
adsorbed ones. The coagulated polymer was dried at 60°C in an oven overnight for

taking FT-IR spectrum

4.3.2 X-ray diffraction (XRD)

Powder XRD data were collected on a Rigaku Miniflex X-ray diffractometer
(Tokyo, Japan) with Cu Ka radiation (A= 0.15418 nm) at 30 kV and 15 mA with a
scanning rate of 0.05%s in a 20 range from 2° to 12°. For XRD analysis the latex was
coagulated with methanol. Then, the coagulum was separated from the aqueous
phase and washed with distilled water in order to separate the non-encapsulated clay

or adsorbed ones. The coagulated polymer was dried at 60°C in a vacuum oven

overnight.

4.3.3 Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) is a type of electron microscope
that images the sample surface by scanning it with a high energy beam of electrons in
a raster scan pattern. The electrons interact with the atoms that make up the sample
producing signals that contain information about the sample's surface topography,
composition and other properties such as electrical conductivity.

The surface topography of the particles was studied with a Jeol-JSM-6390L
V Scanning Electron Microscope. For the analysis latex samples were sputter coated

with platinum of thickness of 200A°.
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o

4. 3.4 Transmission Electron Microscopy ( TEM )

For the TEM analysis a Philips EM 400 at an acceleration voltage of 100 kV
was used. All images were taken at a magnification of 60000 or 120000. Latex
samples were cleaned by using a filtration unit (Advantec MFS Inc. type UPH-76) to
remove all water soluble oligomers from the emulsion. All latex samples were
diluted to 3% solids and washed with distilled water in the filtration cell using a

polycarbonate nuclepore membrane with a pore size of 0.1 micron.

The diluted latex was treated with 2wt% aqueous solution of uranyl acetate
(UAC). One drop of diluted sample was placed onto copper (Cu)-grid and allowed to
dry. For potential staining of the shell phase by RuQy, the sample was then exposed
to RuO4 vapour. The RuQ4 vapour was generated by the reaction of Ruthenium (IIT)
chloride hydrate and sodium hyperchloride solution. All the samples were dried at
30° C for 24 h before TEM measurements.

4.3.5 Thermo Gravimetric Analysis (TGA)
Thermal analysis was done in a Shimadzu TA-60 thermo gravimetric
analyser. A pre weighted amount of the latex was loaded in a platinum pan and

heating was done under nitrogen atmosphere at a heating rate of 10°C/min in the
range of 30° C - 700° C.

4.4 Results and Discussion

4.4.1 Effect of surfactant

The exfoliation of clay is normally performed in a non-ionic-ionic surfactant
mixture®?. A mixture of SDBS and span 60 were used to investigate the extent of
exfoliation of the bentonite clay. The bentonite nanoclay has d-spacing of 2.01 nm.
the d-spacing of the nanoclay decreases to 1.72 nm with span 80. The results are
given in Table 4.2. The decrease in d-spacing may be attributed to the fact that
SDBS have the ability to extract the organic modifier from the clay surface in
presence of water and Span surfactant due to its cation exchange ability. From the
result it was seen t-hat the decrease in d-spacing of bentonite is almost similar in

presence of all the surfactants ( span 20, span 40 and span 60) except span 80 (Table
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4.2). On the basis of this result we chose span-60 for the synthesis of the

nanocomposite.

Table 4.2: Calculated d-spacing of the samples measured by XRD in the presence of
span series

S1. No. Sample Surfactant d-spacing (nm)
1 S-0 No Surfactant | 2.01
2 S-20 Span 20 1.79
3 S-40 Span 40 1.78
4 S-60 Span 60 1.77
5 . S-80 Span 80 1.72

4.4.2 Polymerization

A schematic representation of the overall polymerization is given in Fig 4.1.
While preparing phase I bentonite was dispersed within the monomer mixture with
the aid of sonication. The monomers are absorbed by the pore/layers of bentonite and
the monomers form a layer over the clay. Subsequently the monomer covered clay
particles were dispersed in water in presence of span 60 and SDBS. The dispersion is
stabilized by the non-ionic- ionic (span 60-SDBS) surfactant mixture. This dispersion
was subjected to sonication to initiate polymerization. Ultrasonic irradiation
generates high temperature and pressure within the cavity and under this rigorous
condition polymerization is initiated. In the meantime, presence of the surfactant
mixture causes the exfoliation of the clay layers. Polymerization was carried out in
presence of K3S,0s initiator at 70°C. The polymer phase forms a nearly uniform
layer over the exfoliated layers of the bentonite particles. The newly synthesised
nanocomposite particles are spindle shaped where as the pristine polymer particles
have uniform spherical structure which is completely distorted in case of the
nanocomposite particles. Since the nanoclay has a sheet like structure, its presence in
the core phase distorts the spherical structure of the nanocomposite particles. This

confirms the formation of nanocomposite particles with core-shell morphology.
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Fig 4.1: Schematic representation of the polymerization

4.4.3 FT-IR Spectroscopy

The poly (styrene-co-methyl acrylate)-bentonite nanocomposite particles
prepared via miniemulsion polymerization were characterized by FT-IR analysis
primarily. Fig 4.2 shows the FT-IR spectra of the pristine polymer (Fig 4.2 a), poly
(styrene-co-methyl acrylate)-bentonite nanocomposite (Fig 4.2 b) and bentonite (Fig
1¢) respectively. In Fig. 4.2 ¢, the peak at 3,438 cm ' corresponds to -OH stretching
of silicate layers. The sharp peak centred at 1,045 cm ™' is related to the Si-O
stretching vibration of silicate layer too. The peaks at 525 and 461 cm ' are due to
the stretching of AI-O and bending of Si-O, respectively. Fig 4.2b clearly
demonstrates the existence of bentonite major absorbance peaks in poly (styrene-co-
methyl acrylate) spectrum which proves the existence of clay inside the dried latex
particles and indicative of encapsulation of bentonite inside the final nanocomposite
particles. However, the peak at 3,438 cm™" shifts to 3520 cm ™' in the nanocomposite.
The shifting of the bentonite peak may be attributed to the interaction of the silicate
layer of bentonite with the polymer surface. Thus from IR study we may infer that
bentonite is successfully incorporated in the polymer matrix.
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Fig 4.2 IR spectra of a)Polymer b) Nanocomposite ¢) Bentonite

4.4.4 XRD analysis

The exfoliated nature of the nanocomposite particles was investigated by
XRD analysis. Fig 4.3 shows the XRD pattern of pristine bentonite and the final poly
(styrene-co-methyl acrylate)-bentonite nanocomposite particles. Bentonite has an
interlayer spacing of 2.01 nm at 20 ca. 4.4° calculated from Bragg equation (dgo is
the interplanar distance of (001) reflection plane). In the nanocomposite with 1% and
2% clay dosing (Fig 4.3 d-e) the peak at 4.4° shifts to 2.2° which is an indication of
partial exfoliation. For the nanocomposite with 0.5% clay dosing this peak almost
disappears implying almost 100% exfoliation. This implies that lower percentage of
clay in the polymer matrix results exfoliated nanocomposite. SDBS has high anionic

charge density and hence the ability to enter into the basal surfaces of bentonite by
126



Chapter 4

formation of ionic networks with the modifier segment. It will increase the
hydrophobicity of intergalleries due to the presence of long alkyl chain in SDBS.
This is the key factor for intercalation of clay, which helps in the exfoliation process
through insertion of monomer molecules and subsequent polymerization. Moreover
SDBS absorbs the -OH group on the edges of the clay platelets which decreases the
hydrophobicity of the clay particles. These results enhance colloidal stability as well
as increase the exfoliation of the clay platelets. The high shear through ultrasonic
irradiation also helps in exfoliation. Thus SDBS helps in entering the co-monomers
within the layer and they widen up the gap between the layers. The polar carboxyl
groups of the methyl acrylate interact with the polar groups in the intergalleries. This
interaction further helps in the continuous entry of the bulky styrene monomers in the

intergalleries and compels the clay layers to undergo exfoliation.

Intensity (a.u.)
&{o

! 1 i 1 ' 1 i I
2 4 6 8 10
20 (degree)

Fig 4.3: XRD analysis of a) Bentonite b) poly (styrene-co- methyl acrylate)
¢) nanocomposite with 0.5% nanoclay d) nanocomposite 1% nanoclay
€) nanocomposite with 2% nanoclay
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4.4.5 Scanning Electron Microscopy (SEM)

The SEM micrographs of the composite particles are given in the Fig 4.4 and
Fig 4.5. From the Figure it can be seen that the particles are nearly mono dispersed
and have smooth surface without any attached or adsorbed clay on the particles'
surface. The polymer particles have average diameter of about 200 nm and the
composite particles are of about $00 nm in size. The observed increase in particle
diameter of the nanocomposite particles could be a further evidence of an effective

encapsulation of clay through polymerization reaction.

4.4.6 Transmission Electron Microscopy (TEM)

For further investigation of morphology of the obtained nanocomposite
particles and verifying exfoliation of bentonite, TEM micrographs were taken by
dropping diluted latex on TEM copper grids. Fig 4.6 represents the TEM image of
the poly (styrene-co-methyl acrylate) particles and Fig 4.7 represents the TEM
images of the nanocomposite particles. The polymer particles have diameter in the
range of 200 nm and the composite particles have diameter in the range of 450 nm.
From the micrographs it may be seen that the spherical nature of the polymer
particles is lost in the composites structure. In the composites polymer phase forms a
layer over the bentonite particles. Bentonite has a sheet like structure and its presence
in the core distorts the spherical nature of the particles. Moreover, these micrographs
are indicative of exfoliation (stretched and separated lines) of bentonite platelets,
which were uniformly dispersed inside the final synthesized latex particles via

miniemulsion polymerization. No clay armoured latex particle was observed.
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Fig 4.5: SEM micrograph of poly (styrene-co-methyl acrylate)-bentonite
nanocomposite
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4.4.7 Thermo Gravimetric Analysis (TGA)

The TGA curves of the nanocomposite particles are shown in the Fig 4.8. The
onset of decomposition of the polymer is nearly 340° C (point (i) of Fig 4.8) in the
which increases up to nearly 380° C (point (ii) of Fig 4.8) for the nanocomposite
particles with 2% dosing of clay (Fig 4.8 d). That is with 2% clay dosing there is
approximately a 40° C rise of onset temperature. Thus it may be inferred that the
nanocomposite particles exhibit better thermal stability than the pristine polymer.
The increase in thermal stability may be due to the dispersal of the layer structure
(bentonite) in the polymer chain. The layered structure of the clay can stop heat
transfer between areas and also strengthen the polymer chain to avoid heat

degradation.

4.4.8 Determination of Bentonite Content

TGA thermograms were used to determine the amount of bentonite
encapsulated in the copolymer. For providing samples latex were coagulated with
methanol, filtered off and washed with plenty of distilled water to remove the
adsorbed surfactant and methanol. Then the samples were vacuum dried at 60°C for
an overnight. This procedure has the advantage of separation of freely dispersed
bentonite in the latex from the encapsulated ones. So, the residual weight percent
after disappearance of the organic polymer at 650°C could be considered as the
encapsulated bentonite nanoparticles. The results are given in Table 4.3. It may be
observed that the percentage of encapsulation of clay in the polymer phase is

satisfactory in all the cases. (90% to 95%)
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Fig 4.8: TGA curves of a) poly(styrene-co-methyl acrylate) b)
nanocomposite with 0.5% clay ¢) nanocomposite with 1% clay d)

nanocomposite with 2% clay

Table 4.3: Thermal Analysis for determination of encapsulated nanoclay

Sl. [ Sample | Added Residue(wt%") | Obtained | Encapsulation | Decomposition
No Nanoclay Nanoclay | Efficiency temperature(OC)
(W%°) (W%°)

1 | Blank 0 4 0 0 340

2 |NC@.2) |02 4.19 0.19 95 352

3 |NC(.5) |05 4.47 0.47 94 358

4 | NC() 1 4.92 0.92 92 362

5 |NC(2) 2 5.8 1.8 90 380

Note: NC(x)-nanocomposite with different % of clay dosing, e.g. NC(0.2)-nanocomposite with 0.2%
clay dosing. :

? Weight percent relative to the total amount of monomers.
b Weight percent obtained at 650 °C from TGA.
¢ Relative to the added nanoclay
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4.4.9 Stability of the nanocomposites emulsion

The emulsions of the nanocomposites are quite stable. Fig 4.9 shows the
stability of the nanocomposite emulsion. The emulsions of the nanocomposite
particles were kept in air tight bottles and the stability of the emulsions were
monitored from time to time. It was found that the nanocomposite emulsions are
quite stable up to 90 days. The high environmental stability implies that the

nanocomposites may find many suitable end on applications.

days (NCIII), 90 days (NCIV)

4.4.10 Transparency of the film

Retention of transparency is a characteristic of nanocomposite particles. To
check the transparency of the synthesised nanocomposite films of the polymer and
the nanocompsoite were drawn. Letters (A for nanocomposite and B for polymer)
were written on both side of the films.(Fig 4.10) From the Figure it may be seen that
the transparency of the polymer retains in the nanocomposite too. Retention of
transparency implies exfoliation of clay inside the polymer phase and that there is no

pristine or aggregate of the clay in the corresponding film.
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Figure 4.10: Films of poly (styrene-co-methyl acrylate) and nanocomposite
with 2% clay dosing showing retention of transparency

4.5 Conclusion

Nanocomposite particles of poly (styrene-co-methyl acrylate)-bentonite
(organo clay) were prepared by miniemulsion polymerization process.
Ultrasonic irradiation generates high temperature and pressure within the
cavity and under this rigorous condition polymerization is initiated.

SDBS interacts with the cationic modifier of the clay and enter into the
intergalleries of the clay. This makes these spaces more organophilic and
helps the entry of the comonomers within the galleries for exfoliation and
results in further expansion of the clay galleries to accommodate the polymer
chains. SDBS can strongly adsorb onto the OH groups on the edges of clay
platelets, which influence not only the colloidal stability but also exfoliation
of the platelets by decreasing clay hydrophilicity.

The nanocomposite particles are spherical in shape and have the average
diameter of 450 nm. TEM analysis shows that the clay particles undergo full
exfoliation within the polymer matrix.

Thermal analysis confirms that the newly prepared nanocomposite particles
are sufficiently thermal stable than the pristine polymer. So, these newly
prepared nanocomposite particles can have improved potential application

such as barrier properties etc.
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Conclusion and future scope

5.1: Conclusion

Core-shell particles are structured composite particles comprising of at least
two phases: one forms the core and other forms the shell. These particles have the
uniqueness in the sense that they show properties both of the core as well as shell
phase. Due to this uniqueness, core-shell particles find application in various fields
ranging from coatings, adhesives, optoelectronics, actuators, column chromatography,
paper industries, catalysis etc. Due to their versatility in applications these particles
have gained immense importance among the material researchers in recent time.

The purpose of this thesis is to provide an insight into the synthesis,
characterization and property evaluation of some polymeric core-shell particles and to
find some potential application of these particles.

The major finding of the thesis are described below

I. Preparation of core-shell latex particles by emulsion co- polymerization of
styrene and butyl acrylate and evaluation of their pigment properties in
emulsion paints

a) A series of core-shell particles prepared by seeded emulsion polymerization.
The core contains poly (n-butylacrylate- co- methacrylic acid-co-
ethyleneglycol dimethylacrylate) and the shell contains poly (styrene-co-
methylmethacrylate).

b) SEM and TEM analysis confirms the core-shell morphology. The core-shell
particles have diameter ~ 0.75 um.

c) Core-shell particles were applied as pigment in emulsion satin paints and the
properties of the paint viz. opacity, gloss, rock hardness are evaluated.

d) The opacity of the paint do not change up to 17 wi% replacement of TiO, in
the pigment volume by the core-shell particles.
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II.

g)
h)

)

k)

[a—,

)

Preparation of conducting composite particles of poly (styrene-co-methyl
acrylate) as the core and polypyrrole as the shell by mini emulsion
polymerization

Two sets of core-shell particles with poly (styrene-co-methylacrylate) core
and polypyrrole shell were prepared by mini emulsion polymerization.

In one set, graphite was used as filler while in the other s.et Ag nanoparticles
were used as filler.

The core-shell particles show excellent pellet forming ability without much
reduction of conductivity.

SEM micrographs confirm the rough surface morphology of both the core-
shells with almost spherical particles; TEM micrograph confirms the
formation of the core-shell morphology.

XRD and EDX analysis confirms the presence of graphite and silver
nanoparticle in the polypyrrole phase of the respective core-shell.

Thermal analysis reveals the superior thermal stability of the core-shell
particles.

Electrical study reveals the semi conducting nature of the core-shell particles.

Electrical conductivity increases with increase of concentration of the
conducting filler and decreases with the increase of the poly

(methylacrylate) content in the core phase.

Electrochemical study reveals that both the core-shell particles are quite stable
electrochemically to find potential application in various optoelectronic
field.

Core-shell particles with graphite incorporated polypyrrole shell were applied
as an ammonia gas sensor.

They show good sensitivity towards ammonia up to concentration as low as
10 ppm.

Since the toxic limit of ammonia in the atmosphere is 25 ppm these particles

may be potentially applied as an ammonia gas sensor.
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III. Development of core-shell nanocomposite of poly(styrene-co-methyl
acrylate) and bentonite clay by ultra sonic assisted miniemulsion
polymerization

a) Nanocomposite particles of poly (styrene-co-methylacrylate)-bentonite
(organoclay) were prepared by ultra sonic assisted miniemulsion
polymerization process.

b) TEM analysis confirms the core-shell morphology of the nanocomposite.

¢) XRD analysis gives evidence about the exfoliated nature of the
nanocomposite.

d) Thermal analysis shows that the nanocomposite particles exhibit superior
thermal stability over the pristine polymer.

5.2 Future Scope of the present investigation

1) To improve efficiency of the core-shell particles as opaque pigment in
emulsion paints.

2)  Development of conducting core-shell particles in the nanoscale and their
potential application.

3) Variation of the thickness of the conducting shell layer and its impact on
electro and electro-chemical behavior.

4)  Application of core-shell nanocomposite particles as gas barrier material.
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