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PRODUCTION AND CHARACTERIZATION OF POLY(ACRYLONITRILE-co-
BUTYL ACRYLATE)/POLYPYRROLE COMPOSITES AND
NANOPARTICLES

SUMMARY

In this study, it was aimed to produce a new —Acrylonitrile(AN) based copolymer
and to use it to produce various electrical conductive/semi-conductive composites for
different applications which compensate lacks of mechanical behavior and
processability of electroactive polymers, while keeping their electroactivity behavior
as good as possible in the composite structrure.

First, it was achieved to synthesize Polyacrylonitrile (PAN) homopolymer via Bulk
Polymerization method; by using Acrylonitrile as monomer, and Cerium (I1V)
Ammonium Nitrate (CAN) as initiator, in aquous medium, at 60°C temperature, for 3
hours. The conversion was over 95%. The resulting polymer was precipitated,
washed, and dried, and obtained in powder form. And, optical (taking photo images,
conventional-light-microscopic) and spectroscopic (analyses on ATR-FTIR
spectrometer and UV-Vis spectrophotometer) analyses were achieved on this
synthesized polymer.

As the second stage of this study, Butyl acrylate (BuA) was chosen as a co-monomer
to pair AN monomer. In order to better learn this monomer, BuA was polymerized as
alone and in the presence of AN as well. Then the same optical and spectroscopic
characterizations were performed on both polymers as it was done for PAN in
previous step. The PBUA homopolymer was obtained in latex form as reported in
literature, and its disadvantages/superiorities were observed.

In the third part, P(AN-co-BuA) copolymer was synthesized from its monomers,
with different molar ratios, by using CAN as initiator, at 60°C temperature, for 3
hours in aquous medium. The conversion was over 90% for all 5 different molar
ratios of synthesized copolymers. High conversion was obtained, but the
copolymeric product was hardly soluble in most of the organic solvents which makes
more difficult to prepare films from solution. Various methods were tried to solve it;
such as, different temperatures, different ambient pressures, different organic
solvents and their mixtures at various volume ratios, etc. For this reason, minimum
amount of BUA was used (=<5%), while trying to solve it in a high polar organic
solvent such as Dimethylformamide (DMF) at a temperature higher than 100-110°C,
at least for a few hours.

Increasing the solubility therefore the processability of the copolymer was possible
by synthesizing it via emulsion polymerization method, using a free radical initiator
(Potassium persulphate —KPS-, or Ammonium persulphate —APS-), at 70°C, in again
aquous medium with Sodium dodecylbenzenesulfonate (SDBS) as surfactant, for 5
hours. The resultant copolymers were in powder form, easy to process, and they
showed the similar characteristics with previously synthesized copolymers in
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spectroscopic analyses; as both were copolymers of AN-BuA, but just were
synthesized via different polymerization methods. Synthesized copolymers were
quite soluble in DMF, and the films showed obvious changes in their morphological,
spectroscopic, mechanical and thermal properties with changing BuA monomer
amount in copolymer.

As the fourth stage of study, to prepare composites of Polypyrrole (PPy) in P(AN-co-
BuA) matrix, PPy was synthesized in polymer matrix by redox polymerization of
Pyrrole (Py). By casting the resultant solutions in different molar ratios of Py on to
the smooth glass cells, its films were obtained; by casting the same solvents onto the
spin-coater device, the thin-films (thinner than 10 microns) were obtained; and by
applying these solvents in an injection pump (just like in extruder system) of an
electrospinning device, the micro/nano-fibers of these electrical (semi)conductive
composites were obtained. For the characterization of samples, following techniques
were used: morphological (light microscopy, scanning electron microscopy (SEM),
atomic force microscopy (AFM)); mechanical (dynamic mechanical analyses);
spectroscopic (via analyses on ATR-FTIR spectrometer, UV-Vis spectrophotometer,
electrical impedance spectroscopy —EIS-); and the dielectrical behavior (solid
dielectric broad-band spectroscopy) analyses; so to characterize all the products and
correlate and/or compare them with each other.

In the last part, (AN-co-BuA) polymeric nanoparticles were synthesized by micro-
emulsion polymerization method, to use as template for producing PPy/P(AN-co-
BuA) core-shell nanoparticles via polymerizing different amounts of Py monomer in
the same medium without any precipitation nor adding any extra initiator to reaction
medium at room temperature. With such a cost-effective method, composite core-
shell nanoparticles were produced and their particle-sizes were analysed by two
different methods i.e. Light-Scattering and image analyzing techniques, and also
other various analyses such as ATR-FTIR spectroscopy, UV-Vis spectrophotometer,
SEM, AFM, Electrical Impedance Spectroscopy (EIS) were performed on their
prepared samples, to enlighten their morphological, spectroscopic and electrical
properties.
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POLI(AKRILONITRIL-ko-BUTIL AKRILAT)/POLIPIROL KOMPOZITLERIN
VE NANOPARTIKULLERIN URETIMI VE KARAKTERIZASYONU

OZET

Bu caligmada, yeni bir Akrilonitril esasli kopolimer sentezi, ve iletken polimer
iceren kompozit nanoyapilarin sentezi amaglanmistir. Oncelikle homopolimerler
sentezlenmis ve ayrica bu monomerleri igeren Poli(Akrilonitril-ko-Butil akrilat)
[P(AN-ko-BuA)]  kopolimeri  elde  edilmistir. Polimerizasyon  verimi,
karakterizasyonu, yukseltgen ve c¢oOzicu gibi parameterelerin polimerizasyon
verimine etkisi incelenmis ve optimize edilmis, ve elde edilen kopolimer DMF
icerisinde ¢oziilerek ¢ozeltilerinden polimerik ince filmeler elde edilerek bu filmlerin
Dinamik Mekanik Analiz (DMA) , ATR-FTIR spektroskopi, SEM gorinti analizi ve
Atomik Gil¢ Mikroskobu (AFM) analizleri gergeklestirilmistir. Ayrica kopolimer
sentezinde emiilsiyon polimerizasyonu yontemi kullanilmig, bu yolla, ve su
ortaminda CAN gibi molekiil zincirleri aras1 kuvvetli ¢apraz-bag olusturan serbest-
radikal baglaticis1 ve Potasyum persiilfat (KPS) veya Amonyum persulfat (APS) gibi
baslaticilar ve sodyumdodesilbenzensiilfonat ( aktif madde ) kullanilmistir, bu yolla
polimerin ¢oziinlirligli ve dolayisiyla iglenebilirligi 6nemli derecede artirilmustir.
Elde edilen kopolimer, DMF gibi bir organik ¢oziicude rahatca ¢oziinebilir hale
getirilmis, ve boylece kolaylikla film, ince-film, nanolifler elde edilebilmistir.Bu tez
calismasinda ayrica, yeni sentezlenen kopolimerler DMF/DMSO gibi bir organik
¢oziiciide ¢oziilerek, CAN baslaticis1 kullanilarak polimer matrisinde elektroaktif
polimer olan PPy biiyiitiilmiis ve elektrik iletken / yar1 iletken kompozit polimerik
filmler tretilmistir. Yine ayn1 yontemle elde edilen farkli iceriklerdeki kompozit
cozeltilerinden spin-coating, daldirma, damlatma ve elektro-egirme yontemleriyle
ince film (10 mikrondan daha ince filmler), nanoelyaf, nano-dokusuz-ytiizey, vs. gibi
cesitli iirtinler elde edilmistir. Farkli iiretim parametreleriyle ile oynanarak iiriin
Ozellikleri (optik mikroskop, dinamik mekanik analiz cihazinda yapilan sabit
sicaklikta / degisen sicakliktaki dayanim testleri, morfolojik (Atomik Gig
Mikroskobu) analizleri, ve spektroskopik (ATR-FTIR ve UV-Vis Spektrofotometre)
analizleri yapilmustir.

[k olarak, yigin polimerizasyonu ydntemi ile Poliakrilonitril (PAN) homopolimeri
sentezlenmis, polimerizasyon su ortaminda Seryum (IV) Amonyum Nitrat (CAN)
baslaticis1 kullanilarak, 60 derece sicaklikta 3 saat boyunca gerceklestirilmistir.
Polimerizasyon verimi %95’in iizerinde olmustur. Olusan polimer ¢oktiirilmiis,
yikanmis, kurutulmus ve toz halinde elde edilmistir. Ardindan, sentezlenen polimer
uzerinde optik (dijital fotografi, 151k mikroskobu analizi) ve spektroskopik (ATR-
FTIR spektrometre ve UV-Visible spektrofotometre) analizler gergeklestirilmistir.

Calismanin ikinci agamasinda, AN monomerine eslik ederek kopolimer olusturacak
ikincil monomer olarak Biitil akrilat (BuA) seg¢ilmistir. BuA monomerinin
Ozelliklerini  belirlemek ve Gretilmesi  hedeflenen kopolimere ne gibi
avantaj/dezavantajlar katacagini gorebilmek amaciyla, ¢alismanm ilk asamasinda
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PAN sentezinde kullanilan polimerizasyon yontemi ve regetesi ayni sekilde Polibiitil
akrilat (PBuA) eldesinde de kullanilmistir. Sentezlenen PBuA homopolimeri,
literatiirde sentezlenen homopolimerlerle uyumlu karakteristik 6zelliklerde olmus, ve
bu homopolimer UGzerinde PAN’m karakterizasyonundakiyle ayni gorsel ve
spektroskopik analizler gergeklestirilmis ve eksiklikleri/ Gstlnltkleri gozlenmistir.

Calismanin tigiincii asamasinda, AN ve BuA monomerlerini beraber farkli monomer
%mol oranlarinda ve yine su ortaminda CAN baslaticisini kullanarak 60°C sicaklikta
polimerlestirmek, ve bdylece Poli(Akrilonitril-ko-Butil akrilat) [P(AN-ko-BuA)]
kopolimerini elde etmek amaglanmistir. Polimerizasyon verimi 5 farkli monomer
%mol oraninda olan kopolimerlerin tiimii i¢in %90’ tizerinde olmustur. Kopolimer
yapisinda BuA monomerinin miktar1 arttik¢a, polimer rengi PAN’m karakteristik
pudra-beyaz yapisindan farklililagarak krem-sar1 renk ve lateks formuna dogru bir
degisim gostermistir. Polimerizasyon verimi 1yi seviyelerde gerceklesmis,
kopolimerin fiziksel goriinlisii ve yapist monomer icerikleriyle korelasyon
sergilemis, ancak elde edilen kopolimerik malzeme sasirtict sekilde diisiik
islenebilirlige sahip ¢ikmustir. Polimeri herhangi bir organik ¢oziiciide ¢dzmek ve
boylece film, ince film, ve/veya lif elde etmek zorlasmustir. Sentezlenen kopolimerin
islenebilirligini artirmak ic¢in, farkli sicakliklarda, farkli basing seviyelerinde, farkli
organik ¢Oziicller ve onlarin ¢esitli hacim oranlarindaki karigimlarinda ¢ézmeye
calismak gibi gesitli yontemler denenmistir. Tiim bu ¢6ziim denemeleri gostermistir
ki, baslatici olarak CAN kullanildigi durumda, kopolimer sentezindeki BUuA
monomer oraninin %molce 5 ve daha az tutulmasi, ve kopolimerin yiliksek polariteye
sahip Dimetilformamid (DMF) gibi bir organik ¢6zicl icerisinde 100-110°C
sicakhigin tizerinde ve en az birka¢ saat boyunca manyetik karistirmayla ¢éziinmesi,
bir sonraki asamada kompozit {iriinlerin eldesi i¢in tek ¢oziimdiir. Bu sekilde elde
edilen kopolimer/DMF c¢ozeltilerinden polimerik filmler ve ince filmler yapilmis,
dinamik mekanik analiz, ATR-FTIR spektroskopi, SEM goriinti analizi ve Atomik
Gu¢ Mikroskobu (AFM) analizleri gergeklestirilmistir.

Kopolimer sentezinde emilsiyon polimerizasyonu yonteminin, ve su ortamimnda CAN
gibi molekiil zincirleri aras1 kuvvetli ¢apraz-bag olusturan serbest-radikal baslaticisi
olan Potasyum persulfat (KPS) veya Amonyum persilfat (APS)’m 70 derece
sicaklikta, 5 saat boyunca ve Sodyum dodesilbenzensiilfonat gibi etkili bir ylzey
aktif madde, polimerin ¢oziinirligini ve dolayisiyla islenebilirligini ¢ok onemli
derecede artrmistir. Elde edilen kopolimer, toz formunda, ¢6ziiniirliigii/islenebilirligi
cok yiksek; DMF gibi bir organik ¢oziclide hemen her oranda rahatca ¢oziinebilen,
ve boylece kolaylikla film, ince-film, nanolifler elde edilmis ve bunlarin birbirleriyle
ve Onciilleriyle karsilastirmalar1 yapilmistir. Polimer yapisinda degisen BuA
monomeri miktartyla orantili olarak, polimerik kompozit driinlerin morfolojik,
spektroskopik, mekanik ve termal 6zelliklerinde degisimler meydana gozlenmistir.

Bu tez ¢aligmasinin dordiincli boliimiinde, yeni sentezlenen kopolimerleri ve PAN’1
polimer matrisi olarak kullanilmig; ve bu polimerler DMF/DMSO gibi bir organik
coziclde cozulerek, CAN baslaticist kullanilarak polimer matrisinde elektroaktif
polimer olan PPy sentezlenmis, elde edilen farkli PPy igerigine sahip kompozit
cozeltilerinden elektrik iletken / yari iletken kompozit polimerik filmler ; spin-
coating, daldirma, damlatma, ve elektro-egirme yontemleriyle ince film (10
mikrondan daha ince filmler); ve elektro-egirme yontemiyle nanoelyaf, nano-
dokusuz-ylizey, gibi ¢esitli iiriinler elde edilmistir. Farkli iiretim parametreleriyle ile
oynanarak {irlinlerde ortaya ¢ikan degisimler ve bu degisimlerin olast nedenleri
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cesitli optik (dijital fotografi analizleri, 151k mikroskopisi), mekanik (dinamik
mekanik analiz cihazinda yapilan sabit sicaklikta / degisen sicakliktaki dayanim
testleri), morfolojik (Taramali Elektron Mikroskobu ve Atomik Gui¢ Mikroskobu
analizleri) ve spektroskopik (ATR-FTIR spektrometre ve UV-Vis Spektrofotometre)
analizler yardimiyla aydinlatilmaya ¢aligilmistir.

Son bolimde, kompozit 6z-kabuk nanopartikiil yapilar1 da ayrica tiretilmis, ve (AN-
ko-BuA) polimerinin nanopartikilleri mikro-emulsiyon metodu ile sentezlenip, ayni
emiilsiyon ortaminda oda sicakliginda Py monomeri polimerlestirilmis ve {iriin
olarak PPy/P(AN-ko-BuA) 0z-kabuk nanopartikiil yapilar1 elde edilmistir. BOylece,
pratik ve diisiik maliyetli, tek-adiml1 bir islem sonucu elde edilen kompozit 6z-kabuk
nanopartikiil ~ yapilarinin, partikiil biytkligii analizleri yapilmis, ayrica
spektroskopik, morfolojik ve elektriksel 6zellikleri incelenmistir.
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1. INTRODUCTION

There has been always an interest on upgrading the existent materials or creating new
ones to satisfy specific needs of different purposes in all industrial areas including
textile, chemistry, material, mechanical and medical technologies and sciences. After
machinery revolution, industries needed better materials to produce more efficient
products which can better serve to the end-use, thus, the scientists studied and made
researches to make them possible. The high speed of technological improvements is
supported by new scientific researches, and researchers are tending to answer the
existing needs of daily life, and\or to create new ones day by day. And the textile
industry is one of those fields which are still in need of answer many of problems

while production stage or even while designing.

In electronics, it is essential to control the move of electrons in appropriate material,
thus to make it possible giving activation to the system, or to take response from the
system by this way. In an electronic system, the faster the interaction between the
components, the lower the response times and the better the achievement of the
desired process. Because the limit of conductivity is theoretically already known and
practically almost reached, last years it is more desired to improve different aspects
of the systems to obtain superior products such as lighter in weight, softer in touch,
ergonomic in design and shape, etc., while keeping their performance at same or
even better levels. In this journey of creating new products and improving our daily-
life comfort, it is essential to make everything more efficient; not only faster and
smarter, but also better in energy consumption, cheaper in cost, and more capable
with multi-functions for actual needs. While metals are suitable for their stability and
electrical conductivity properties, because their resulting products are with limited
performance/weight ratios, and because ergonomics and economics are today’s new
but far more important aspects to take into account in everyday life, the new
materials have been researched instead of metals, to satisfy the higher needs of today
and the future. For instance, the machines and the electronic devices left their durable

but heavy and expensive metal cases to the lighter, cheaper, but even more durable
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composites, and their inside metal components to the smaller, lighter, and more
efficient as energy-consumption which are better to satisfy the needs of increasing
population so the increasing need of energy-saving in today’s world. But those
needs of improvements are not only because of ergonomic or economic worries, but
also because of the need for replacing the steady nature of traditional life-style with
the mobility of modern life-style. And the mobility requires easy-to-carry products
which are compact in form, efficient while working, and lower while consuming. To
obtain all those properties at once in one body, apparently polymers are the only

alternative to be used as raw-material of today’s and also future’s consumer products.

The textile industry is maybe the only one which has begun taking place in our lives
since the first humans, it also had some changes because of militaristic needs, but
kept seeking more comfort of humans, and because of today’s mobility and
ergonomics, it is also changing as application areas from the conventional fibers,
yarns, fabrics, garments; to the special and functional composite products of the
future. These new products are sometimes simply a mixture of multiple
electronic/electrochemical devices with conventional textile body, and sometimes not
only modified by some electronic attachments, but completely a new embodiment of
new compounds such as electrical conductive polymers, phase-changing materials,

antimicrobial, self-cleaning multifunctional technical textiles.
1.1 Purpose of Thesis

Because of their nature, conductive polymers are hard-to-process and —to-turn into
the products which could be easily handled by users. Thus, it is necessary to enhance
their properties by supporting their structure with other elements such as polymeric

matrixes, metal dopes, supporting layers, interacting surfactants/solvents, etc.

In this study, it is aimed to produce a new electrically conductive copolymeric
composite system which is better in various characteristics such as mechanical
behavior and morphological properties, and to obtain its composite products in

different forms for different potential purposes of end-use.



1.2 Literature Review

In recent years, many scientists aimed to produce advanced materials for textile
structures to enhance mainly their electromagnetic shielding, antimicrobial, auto-
climation, etc. characteristics [1-20].

In order to obtain a better biopolymeric surface for cellular growth, in order to add
functionality to modern smart textile materials, or, in order to create a better
interaction between electronic devices and human behaviors; the electroactive
polymers took great interest. Some researchers aimed to enlighthen the mechanism
of various polymerization methods such as emulsion, miniemulsion, microemulsion,
surfactant-free emulsion, chemical oxidative and electrochemical polymerization;
while some other researchers studied in practical way and tried simply blending the
conventional polymers with electroactive polymers, so observing and analyzing the
changes in the composite structure. Some researchers followed the way to build
chemical interactions between different monomers and so synthesizing new
compounds and products by electrochemical and/or chemical polymerization
methods and analyzing them for different purposes of usage. Most of the recent
studies focused on trying to create metal/polymer, metaloxide/polymer,
ceramic/polymer, polymer/polymer, polymer/metal core-shell nanocomposites via
various types of recipes and methods. and it was also used creating new applicational
areas for existing polymeric materials, such as preparing biocompatible or bioactive
polymers to use with a 3-D printer to shape biopolymeric-electropolymeric
composite nano-frames to make an artificial organ from stem-cells by growing them
on those frames [226-316].






2. THEORETICAL PART

2.1 Polymers

Polymers are large molecules. The chemical properties of polymers do not so differ
from their simple molecules’, for instance, if the polymer contains a carbon-nitrogen
triple bond (——C==N) as in Polyacrylonitrile (PAN) (Figure 2.1), it gives
similar interactions (for instance, electron accepts) with other molecules such as

organic solvents, just like its monomer (acrylonitrile) does [21-26].
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Figure 2.1 : Polymer chain of Polyacrylonitrile.

If the polymer contains carbon-oxygen double bond (C=0) as it is in Poly(butyl
acrylate) (PBuUA), it will react with catalysts to give hydrogenation reactions, as its

monomer, Butyl acrylate (BuA) does (Figure 2.2).

While the chemical properties do not show a big difference, the physical properties
differ more between small molecules and bigger ones; because of their larger
molecular structure which means more and stronger intermolecular forces, they show

higher melting points, flexibility, hardness, etc. as characteristics.
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Figure 2.2 : Polymer chain of Poly(Butyl acrylate).

Most of todays’ polymers were found in last century, and they are synthetic copies of
natural polymers such as proteins, cellulose, and starch. Every year, millions of tones
polymers are produced, and they exist as many forms of products in almost all areas
of our lives directly or indirectly. Polymers are mostly used in their fiber form, and
some others are shaped into various forms to satisfy our needs, which are called as
“plastics”. Plastics indeed opened a new age in history of mankind, because it was
such a revolutionary step to find a material which could be produced and modified

into the required shapes and colors and properties.
2.1.1 Classification of polymers

Polymer is a generic name given to a vast number of materials of high molecular
weight. These materials exist in countless form and numbers because of very large
number and type of atoms present in their molecule. Polymer can have different
chemical structure, physical properties, mechanical behavior, thermal characteristics,
etc., and on the basis of these properties polymer can be classified in different ways,
which are summarized in Table 2.1 [21,22,36,37,72,216].



Table 2.1 : Classification types of polymers.

Classification Type

Polymer Type

Origin

Natural, Semi-synthetic, Synthetic

Thermal Response

Thermoplastic, Thermoset

Formation Mode

Addition, Condensation

Line Structure

Linear, Branched, Cross-linked

Application and Physical Properties

Rubber (elastomers), Plastic, Fiber

Tacticity Isotactic, Syndiotactic, Atactic

Crystallinity Non-crystalline (amorphous), Semi-Crystalline, Crystalline
Chain Polarity Polar, Nonpolar

Polymer composition Homopolymer, Copolymer

2.1.1.1 Origin

On the basis of their occurrence in nature, polymers have been classified in three
types:

a. Natural polymer: The polymers, which occur in nature are called natural
polymer also known as biopolymers. Examples of such polymers are natural rubber,

natural silk, cellulose, starch, proteins, etc.

b. Semi synthetic polymer: They are the chemically modified natural polymers
such as hydrogenated, natural rubber, cellulosic, cellulose nitrate, methyl cellulose,

etc.

c. Synthetic polymer: The polymer which has been synthesized in the laboratory is
known as synthetic polymer. These are also known as manmade polymers. Examples
of such polymers are polyacrylonitrile, polyacrylates, polyvinyl alcohol,

polyethylene, polystyrene, polysulfone, etc.
2.1.1.2 Thermal response
On the basis of thermal response, polymers can be classified into two groups [36]:

a. Thermoplastic polymer: Thermoplastic polymers do not contain covalent
bonding between their individual molecules, but only intermolecular bonds hold
them together. Such polymers can be softened or plasticized repeatedly on
application of thermal energy, without much change in properties if treated with

certain precautions, and they can be molded into the desired shape again and again




by reheating and remolding. Example of such polymers are polyolefins, nylons,

linear polyesters and polyethers, PVC, sealing wax, etc (Table 2.2).

b. Thermoset polymer: Some polymers undergo certain chemical changes on
heating and convert themselves into an infusible mass that consists of a three
dimensional big complex structure and behaves like a single molecule because its
molecular chains strongly fixed to each other by covalent bonds. Thermoset
polymers can be molded by heat and pressure, but after once molded into a shape,
they cannot be remolded, so they permanently keep their shape after a required
amount of pressure and temperature effect. The curing or setting process involves
chemical reaction leading to further growth and cross linking of the polymer chain
molecules and producing giant molecules. For example, Phenolic resins (Phenol
formaldehyde resins - PF), urea, epoxy resins, diene rubbers, etc. are such thermoset

polymers.
2.1.1.3 Formation mode

a. Addition polymer: Addition polymers are formed from olefinic, diolefnic, vinyl
and related monomers. They are formed from simple addition of monomer molecules
to each other in a quick succession by a chain mechanism. This process is called
addition polymerization. In addition polymerization, the polymer consists of a
repeating monomer unit, and as result of polymerization process, any side products
do not occur. Addition polymers have the same empirical formula with their
monomer unit, but only with a higher molecular mass. Examples of such polymers
are polyethylene, polypropylene, polystyrene (Table2.2). Addition polymerization of
Vinyl chloride (chloroethene) to form Polyvinylchloride (PVC) is shown in Figure
2.4 as example [21]:

- H Ci
= —» |[C
nC=x \Q/Z
H H H H

Figure 2.3 : Polymerization of Vinyl chloride to form Polyvinylchloride (PVC).



Table 2.2 : Some addition polymers.

Monomer | Formula Polymer Trivial name Structure
LDPE low densit
Ethene H,C=CH, Low density olytheney —CH,— CH,— CHy—CH,—
poly(ethene) P
i i cl cl
Chloroethene || HxC=CHCI Poly(chloroethene) polyvinyl chlorine, | |
PVC —CHy— CH—CH,—CH—
H,C=CH—CH fhs fs
Propene 2 3 Poly(propene) polypropylene | CHy— CH—CH,—CH—

CN CN
itrile || H,C=CH—CN itri i | |
Propenonitrile || Hz Poly(propenonitrile) polyacrylonitrile —CHy— CH—CH,—CH—
- 0,CH; CO,CH
Mrzmlyf 0,CH, Poly(methyl 2- polymethyl —CHz—i—ch j_i_z .
propenoate H,C=C—CHjy methylpropenoate) methacrylate (|; " é "
Phenylethene | H,C=CH—(") | Poly(phenylethene) polystyrene
—CHy— CH—CH,—CH—
Tetra F.c=CF, | olv(tetrafluoroethene) tetraﬂusggth lene |—CF,—CF,—CF,—CF,—
fluoroethene % 2 (PTFE) oree y! 2~ CF,—CF,—CF;

b. Condensation polymer: They are formed from intermolecular reactions between

bifunctional or polyfunctional monomer molecules having reactive functional groups
such as -OH, -COOH, -NH;, -NCO, etc. In condensation polymerization, the

polymerization process of monomer/s takes place, meanwhile the elimination process

of small molecular side products such as ammonia, water, etc. occurs (Table 2.3). A

good example is the polymerization of Polyamide 6,6, (or Nylon 6.6), where two

different monomers are used to produce the resultant polymer, but the process gives

water as the side product [22,37].




N HOOC-(CH,),-COOH + n H,N-(CHy)g-NH, — [-OC-( CHy),-CO-NH-(CHy)-NH-] n+ 2n H,0

Figure 2.4 : Polymerization of Polyamide 6.6.

Another type of condensation polymer is said to be formed if the polymer chain
contains (rather than attached to the branches of chain) a functional group such as an

amide, ester, or urethane (Table 2.3).

Table 2.3 : Some condensation polymers.

Polymer Monomer Formula
@) 0]
%
Polyesters HO—(CH,),—C ~ECH2)X— I(I:— o}
R
OH n
H H
N—(CH) N Q 0

Polyamides H & HO «ENH—(CHz)x— NH—C—(CHz)y—Cﬂ’
N %

C—~(CHa)y—C_ n

HO OH
OH OH OH
Phenol-methanal CH, CH,
. CH,0
plastics 2
n
_R—
Polyurethanes ot it T
0=C=N—R?*—N=C=0 R'—0—C—NH—R?*~NH—C—0
n

2.1.1.4 Line structure
On the basis of structure, polymers are of three types [72]:

a. Linear polymer: If the monomer units are joined in a linear fashion, polymer is

named as linear polymer.
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Figure 2.5 : Structure of a linear polymer.

b. Branched polymer: When monomer units are joined in a branched manner, it is

called branched polymer.

[ l

X—X——X——X
N
n

L0

Figure 2.6 : Structure of a branched polymer.

c. Cross-linked polymer: A polymer is said to be a cross-linked polymer, if the

monomer units are joined together in a chain fashion.

[ |
X—X—X——X
L ]
)|( X X
X)|(XX
X—X—X

Figure 2.7 : Structure of a cross-linked polymer.
2.1.1.5 Application and physical properties
Depending on its ultimate form and use a polymer can be classified as [37]:

a. Rubber (Elastomers): Rubber is high molecular weight polymer with long
flexible chains and weak intermolecular forces. Elastomers are amorphous solids
which show elastic behavior (Table 2.3). Such polymers contain coiled molecular
chains which can be stretched out by applied force, but recoil and spring back to their
original shape when stretching force is released. They exhibit tensile strength in the
range of 2-20 MPa and elongation at break ranging between 300-1000 %. Examples

are natural and synthetic rubber.
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Table 2.4 : Some of elastomers.

Polymer Formula
Polybutadiene {CHZ—CH=CH—CH2}
n
0 0
Polyurethanes Jg ; I 5 l ;L
R'—0—C—NH—R*~NH—C—0
n
ABS
. . CH —CH=CH—CH}ECH —CH —CH—CH]—ECH —CI—H»
(Acrylonitrile butadiene { : AL - EL T
CH,
|
styrene) CHCN
d
)
Silicones o—?i
R n

b. Plastics: Plastics are relatively tough substances with high molecular weight that
can be molded with (or without) the application of heat. These are usually much
stronger than rubbers. They exhibit tensile strength ranging between 25-100 MPa and
elongation at break ranging usually from 20 to 200% or even higher. The examples

of plastics are, polyethylene, polypropylene, PVC, polystyrene, etc [36,37].

c. Fibers: Fibers are long-chain polymers characterized by highly crystalline regions
resulting mainly from secondary forces. They have a much lower elasticity than
plastics and elastomers. They also have high tensile strength ranging between 150-
1050 MPa. Fibers are light weight, and they possess moisture absorption properties.
They are thin threads which are produced by extruding a polymer melt/solution
through a die in which there are many small holes called as spinnerette, and consists
of dozens/hundreds of polymer molecular chains along their axis. The polymer
examples for most widely used to produce fibers are; the polyamides (nylon fibers),
the polyesters (for example, terylene), the polypropylenes, and the polyacrylics
(acrylic fibers) (Table 2.5).

12




Figure 2.8 : After stretching to make a fiber, the crystalline regions are
aligned along the axis of the fiber, and this adds strength to it.

When extruded and stretched out, the polymer molecules become aligned in the
direction of the fiber axis, and, any tendency to return to a random orientation is
prevented by the strong intermolecular forces between molecular chains along the
axis. Fibers can be twisted into threads (yarns), and then they can be woven/knitted
into cloth, or they can embedded into a plastic as nonwoven to give it much greater
strength (Table 2.5).

2.1.1.6 Tacticity

Tacticity may be defined as the geometric arrangement (orientation) of the
characteristic group of monomer unit with respect to the main chain (backbone) of
the polymers [37,42]. A good example is Polypropylene (PP) for a polymer with a
side chain (Figure 2.9).

Figure 2.9 : Propylene molecule.

The propene molecule is asymmetrical, and when it is polymerized, it can form three
basic structures dependent on the position of the methyl groups; two of them are
stereoregular (isotactic and syndiotactic) and the third structure does not have a
regular distribution and it is named as atactic (Figure 2.12). Thus, on the basis of
structural arrangement, polymers may be classified into three groups; isotactic,

syndiotactic, and atactic.

13



Table 2.5 : Some polymers used to make fibres.

Polymer Formula
. i
POlyamlde 6 NH—(CH,)s—C
n
_ 7 i
Polyamide 6,6 N—(CHz)g—N—C—(CH,),—C
H H i

The polyester (terylene) formed from
the  dimethyl ester of 1,4-

' I
benzenedicarboxylic acid and ‘E @C L CHz};

ethane-1,2-diol

Polyacrylonitrile ECHz j

Polyethylene "_CHz—CHz}
. n

+cH,—cH

Polypropylene %
ypropy I CHj

, , i
Poly(vinyl chloride) | (|: H}

Poly(tetrafluoroethene) CF.—CF
Torreed,

a. Isotactic polymer: It is the type of polymer in which the characteristic group are
arranged on the same side of the main chain. The one-sided structure of isotactic
Polypropylene causes the molecules to form helices. This regular form of polymer
structure causes the molecules to crystalize to a hard, relatively rigid material, which

in its pure form melts at 167 °C.
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H H, G
C—C —c|:—c —(|:—C —C
CH3 CH; CH, CH3
Figure 2.10 : Isotactic Polypropene.

b. Syndiotactic polymer: A polymer is said to be syndiotactic if the side group

(characteristic group) are arranged in an alternate fashion. The syndiotactic polymer

also shows crystalline character, because of its regular structure.

{,

H
C—C —C—C —C|3—C —C4]~

CH3

CH;

H,

CH3

CHj

Figure 2.11 : Syndiotactic Polypropene.

c. Atactic polymer: A polymer is termed as atactic, if the characteristic groups (side
group) are arranged in irregular fashion (randomness) around the main chain. Such a

polymer has proper strength and more elasticity [42].

CHj

H H, H H, H H, |
C C —C|3—C —C—-0C —CH)

CH, CH; CH;

Figure 2.12 : Atactic Polypropene.

The atactic polymer contains fully random molecular structure, so it does not have
crystallinity, but it is amorphous. High molecular mass atactic PP is a good example
to such a polymer, and it is a rubber-like material. Commercial PP contains
predominantly isotactic polymer, but also 1-5wt% atactic polymer. This is because of
the commercial reasons which require affinity and shape-molding of amorphous

structure, and also thermal and mechanical resistance govern from crystalline parts.

Stereoregular polymers can be produced by using Ziegler-Natta or metallocene

catalysts while synthesis.
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2.1.1.7 Crystallinity

a. Cystalline polymer: When the polymer chains pack in regular form in a polymer
structure, which are called as crystalline regions, the intermolecular forces which
exist in and between molecular chains are stronger. A good example of this situation
is HDPE (High Density Polyetylene). When HDPE polymer is subjected to the
required amount of heat, its temperature comes up to a point — melt transition
temperature (Tm) — which is an important term about a polymer’s characteristic
property, so it melts and loses the crystallinity of its structure. This temperature does
not give a sharp peak on heat flow — temperature curve. The polymer is crystalline
below T, and amorphous above.

b. Non-crystalline (amorphous) polymer: On the other hand, some polymers are
hard and amorphous, they do not have crystalline regions, for example,
Polymethylmethacrylate (PMMA). Such polymers have another characteristic
transition point as temperature, which is termed as — glass transition point (Tg) - ,
where below this temperature they are hard and resistant to mechanical effects, while
above this point they become softer and foldable. Using this characteristic, to give
shape to a polymeric construction or to change the mechanical behavior of a
polymeric compound is possible, and such processes are called as heat-processing,

for example; annealing.

crystalline regions

\amorphous / interpolymer

regions space

Figure 2.13 : Crystalline and amorphous regions in a polymer structure.
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2.1.1.8 Polarity

A molecule is a group of atoms connected by covalent bonds. Chemical reactions are
required to form or break covalent bonds. Weaker attractions often form between
molecules of a polymer chain, encouraging them to stick together in groups. The
weaker attractions are called secondary bonds or intermolecular forces. These can be
overcome by adding heat or dissolving in a liquid. The functional groups on a
polymer determine the types of polarity and strength of its secondary
bonds[36,37,42].

a. Polar polymer: The valence electrons moving around a molecule may not be
symmetrically distributed. The nonmetallic elements closest to the right top corner of
the periodic table - nitrogen, oxygen, fluorine and chlorine - tend to shift shared
electrons away from carbon and hydrogen. When there is a functional group with one
of those elements, it has a slight negative charge and the rest of the molecule (carbon
and hydrogen) is slightly positive. The molecule is polarized (or polar, for short). Its

positive sections are attracted to negative sections of neighboring polymers.

Poly(ethylene terephthalate) or PET, a polymer used to make bottles for carbonated
beverages, has oxygen-containing functional groups that make it polar. Protein and

cellulose chains are also polar.

Positive and negative charges can be localized on a covalent molecule since they
have no path for conduction of electrons. The carbon atoms in the backbone always
follow the octet rule with four covalent bonds, so can't pass extra electrons along the
chain. If polymer fibers are rubbed together they can build up a static electricity

charge.

b. Nonpolar polymer: As valence electrons move around the nuclei in a nonpolar
polymer, like polyethylene or polyfluoroethylene, they can become temporarily
imbalanced. For a brief moment of time one part of a molecule would be negative,
another part positive; it is temporarily polar. These occasional imbalances are enough
to allow nonpolar molecules to attract each other, but the interaction is much weaker

than that observed for polar polymers.
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Polyfluoroethylene is nonpolar (not polar) because it is completely covered with
fluorine atoms; there is no exposed positive section to interact with a neighboring

molecule’s negative section.
2.1.1.9 Polymer composition

Polymers are classified into two main groups as homopolymers and copolymers,
regarding to the types of monomers to produce it, which are one type of monomer, or
two or more types of monomers (Table 2.2) [36].

a. Homopolymer: If a polymer consists of one type of monomer, then it is called as
homopolymer. Polyacrylonitrile (PAN) homopolymer is shown in Figure 2.14.

n H,c——=CH e C —(|;
CN CN
acrylonitrile poly(acrylonitrile)

Figure 2.14 : Polyacrylonitrile homopolymer.

b. Copolymer: There are several copolymer types regarding to the coordination of

99 (13

their monomers; “alternating copolymer”, “random copolymer”, “block copolymer”
and “graft copolymer”. Alternating and random copolymers are produced when two
or more monomers are mixed and polymerized together. Depending on the
reactivities of the monomers, they may form polymers with different arrangements of

their monomer units (Figure 2.18).

Styrene-Butadiene-Styrene (SBS) is an example of block copolymer. SBS is so
named with S referring to Styrene and B for Butadiene. To produce SBS, first,
Styrene monomer is polymerized; Butadiene monomer is then added into the
polymerization medium and it adds onto both reactive ends of the polystyrene

molecules to from SBS polymer, which can be shown as in Figure 2.15.
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—TCH—CHITCH,  CHylTCH—CHY

C=C
/ N
H H

Figure 2.15 : Styrene-Butadiene-Styrene (SBS) polymer.

Another copolymer type is graft copolymer. A typical example of such copolymer is
Acrylonitrile-Butadiene-Styrene (ABS). The backbone of polymer form from styrene
and butadiene monomers; acrylonitrile monomer is then added to the polymerization

medium and forms a grafted side chain onto this backbone. The nitrile adds to the

>

Fore—cr=cr—crg - or— cr—ch-crp - orp—nf
a |_|—| b c
CH,

I
CHCN

double bond on the butadiene unit, shown as in Figure 2.16.

d

Figure 2.16 : Representative chemical structure of ABS polymer.

Being in copolymer form gives better properties to the polymers compared to their
homopolymeric precursors. Copolymers are more capable and better in their
characteristics, because they have the properties of the constituent polymers and thus
can be produced for specific end-uses. The overall character of a copolymer is
dependent on its comonomers, but also the ratios of monomers in which they were as
amount in copolymer structure. For example, well known PAN and PS polymers are
brittle in their homopolymer form, but when they are copolymerized with butadiene
or alkyl acrylates such methyl or butyl acrylate, the comonomer gives the resultant
polymer resilience and strength. In such a copolymer form PS is known as High
Impact Polystyrene (HIPS), and it is now more durable, so can receive impacts
without failure [36,42].
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Alternating co-polymer
’O’O_C)—O\O\O_O"O_O’O_O-O—O—rg;omer units alternate

Random co-polymer
’O,O_O’O\O\O—O"O_O’Om arranged randomly

Block co-polymer

blocks of homopolymer units

Graft co-polymer

homopolymer chains joined

Figure 2.17 : Structures of different types of copolymer.

Figure 2.18 : Different types of copolymer have different properties and end-uses.

In Fig 2.18, on the right, the medical vials are made of a “random copolymer” of
ethylene and propylene that give a flexible and clear material. And, on the left, the

covering of the cable is a block copolymer of the two alkenes, giving a very tough

material with rubber-like properties.
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2.1.2 Production of polymers

Polymers can be characterized by polymerization methods mainly in two groups as
addition and condensation polymers [44].

Most of the addition polymers are conventionally produced by using Ziegler-Natta
catalysts, which are organometallic compounds. Those catalysts were developed by
Karl Ziegler and Giulio Natta, so they were termed by these chemists’ surnames,
since their achievement was awarded also with 1963 Nobel Prize. Other addition
polymers are generally produced by using free radical initiators, which catalyze the
reaction while synthesis. Most of the condensation polymers also require catalysts

while their synthesis process.

Almost all the polymers and all of the addition polymers (Table 2.1), are synthesized
using radical initiators which act as catalyst. The polymerization of Vinyl chloride is
an example of such a reaction as it is shown in Figure 2.21, and here the
polymerization process starts by heating the reaction medium with inclusion of an

initiator such as peroxide (R-O-O-R), and results by formation of PVC.

The free radical polymerization of Ethene results a polymer with lower density and
softening point, compared to the PE synthesized using a Ziegler-Natta catalyst or a
metallic oxide, as it was mentioned above. Such produced Low Density Polyethylene
(LDPE) has side chains in its polymeric structure, because while polymerization
process, the radicals do not react only with Ethene monomer molecules by addition,
but they also react with polymer molecules and follows a process named as hydrogen
abstraction. The polymer radical can also abstract a hydrogen atom from its own
chain, so this procedure goes on and results a complex and random structure of
molecular chains in polymer body, which means amorphous structure, so lower
melting and/or softening point, lower density, and lower mechanical and chemical

resistance.
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Figure 2.19 : Free radical polymerization of low density polyethylene (LDPE).

Both of these reactions (Figure 2.19 and 2.20) lead to side chains therefore the
molecules of the polymer cannot pack together in a regular way. The polymer thus

has a lower melting point and lower density.
2.1.3 Modification of polymers

The properties of many polymers can be modified by changing their composition. In
industry, the most commonly used polymer is maybe PVC. This polymer can be
made into either rigid or flexible form by using some additives, which are listed in
Table 2.6.

Mixing the polymers which individually have different properties, is another method
to obtain specific properties for an end-use [36,37,42,72,75,84]. For example, the
shirt shown in Figure 2.21 is produced from a mixture of Polyacrylate (acrylic),
aramide, and polyamide fibers, which gives protection against chemical and thermal

affects, but still is comfortable to wear.
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The reaction starts with the
decomposition of the peroxide R—0—-0Q0—R — 2R—-0:

R—0. + CH,=CHCI

The resulting radicals add to molecules
of chloroethene to make new radicals Cl

|
R—0—CH,— CH.
(|3|
RD_CHQ_ CH. + CH2=CHC|

As more chloroethene molecules add on ¢
one at a time, the chain continues to grow
Cl Cl

| |
- RO—CHy— CH—CH,— CH-
Termination occurs when, for
example, any two radicals react
with each other

< <
RO—CH,— CH—CH,— CH+ + :OR
N cl cl

RO—CH,— CH—CH,— CH—OR

Figure 2.20 : A mechanism for the free radical polymerization of Vinyl chloride to
Poly(Vinyl chloride) (PVC).

Figure 2.21 : A protective shirt which is made of Polypropanoate(acrylic), Aramid

and Polyamide fibers’ mixture.
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Table 2.6 : Additives used to enhance the properties of polymers.

Additive Examples Function
Acts as a lubricant for polymer chains.
o e.g. esters of benzene-1,2- ) )
Plasticiser ] o Large amounts give a flexible product, low
dicarboxylic acid - o
quantities produce a rigid one.
Prevents decomposition of polymer. Without a
e.g. lead carbonate (<1%), .
stabiliser, poly(chloroethene), for example,
lead phosphate or, for non- ) ] )
. ) ) ) decomposes on heating to give a brittle
Stabiliser  |[toxic requirements, mixtures ] )
product and hydrogen chloride. Some plastics
of metal octadecanoates and )
o ] become coloured (yellowing) when exposed to
epoxidized oil _ _
long periods of sunlight.
Extends the effect of the plasticiser, but
Extender (|Chlorinated hydrocarbons ||[generally cannot plasticise alone. They are
cheaper than plasticisers, so help reduce costs.
) ) Tailor the plastic for special requirements, or
Fillers Chalk, glass fibre

make it cheaper.

Miscellaneous

uv

antistatics,

Flame retardants,
stabilisers,

processing aids, pigments

Impart specially required properties to the
plastic for the manufacturing process or for

end-use.

2.1.4 Processing the polymers

To obtain useful products for specific end-uses requires some thermal and/or

mechanical processes are applied on the polymeric materials [23,25,216]. Some of

the processing methods are listed in Table 2.7.
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Table 2.7 : Methods of processing the polymers.

Process

Application

Compression

Usually for thermosets - powder moulded under heat and pressure.

moulding
Iniecti Usually for thermoplastics - molten plastics injected into a mould under
njection )
i pressure. The mould surface detail can be accurately reproduced. Very
moulding )
widely used.
) Usually for thermoplastics. The powder is heated in a closed mould
Rotational o ) ]
i which is rotated, fairly slowly, simultaneously about two axes. Surface
moulding . ) )
detail is poor but this method can be used to make large hollow articles.
Reaction o ]
S Usually for thermosets, polymerization takes place in the mould thereby
injection i o ) ) ]
) producing the finished article directly from a resin.
moulding
Usually for thermoplastics - the molten plastics are fed by a screw
through a die, which for sheet or film, for instance, is a slit. Various
Extrusion extensions to the process are possible - e.g. a tube may be inflated by air
whilst still hot to produce a tubular film (for bags, etc.), or short lengths
of hot extruded tube can be inflated in moulds to form bottles.
) Usually for thermoplastics - molten plastics squeezed between hot rollers
Calendering

to form foil and sheet.

Thermoforming

Heat-softened thermoplastic sheet is drawn into or over a mould. If a
vacuum is used to 'suck’ the sheet into a mould, the process is known as
vacuum forming. This process is used for a variety of articles, ranging

from chocolate box liners to acrylic baths.
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2.2 Polyacrylates

Acrylate polymers are a group of polymers which could be termed generally as
plastics. They are known with their elasticity, resilience, and transparency. They are
commonly termed also as polyacrylates, or acrylics.

/ OH o
%{ AN /\N

@)
Acrylic acid Methylmethacrylate Acrylontitrile
O O
o - /\/\O )k/
Methyl acrylate Butyl acrylate

Figure 2.22 : Some monomers to synthesize polyacrylates.

Acrylate monomers which form polyacrylates are based on the structure of acrylic
acid, which consists of a vinyl group and a carboxylic acid terminus. Most of the
typical acrylate monomers are acrylic acid derivatives. For instance, methyl
methacrylate contains methyl groups in place of both vinyl hydrogen and carboxylic
acid hydrogen; and acrylonitrile contains a nitrile group instead of the carboxylic

acid group (Figure 2.22).

Some other acrylate monomers are; Methyl acrylate, Ethyl acrylate, Butyl acrylate,
2-Ethylhexyl acrylate, Trimethylolpropane triacrylate, 2-Chloroethyl vinyl ether,
Methacrylates, Hydroxyethyl methacrylate, and Butyl methacrylate.

An elastomer is a material that can be repeatedly stretched at least to double times of
its original length at room temperature. Acrylics elastomers are useful and therefore

used to enhance the mechanical and chemical resistance of many products. An
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acrylic elastomer is a type of synthetic rubber that contains an acrylic acid alkylester
(methyl, ethyl, or butyl ester) as main component. Acrylic elastomers show high
resistance to heat and oil. They can endure a temperature of 170 ~ 180 °C under dry
heat or in oil. Lack of a double bond gives acrylic rubber also the characteristics of
good weatherability and ozone resistance.

There are mainly two types of acrylic elastomers; old type and new type. Old types
include ACM (copolymer of acrylic acid ester and 2-chloroethyl vinyl ether)
containing chlorine and ANM (copolymer of acrylic acid ester and acrylonitrile)
without chloride. Both these copolymers have poor processability and similar
physical structure; but ANM has a better water resistance than ACM. The
characteristics of these materials are good, but because of their high prices, demand
is not so high. New type acrylic rubber has an unclear chemical composition,
although it does not contain any chlorine. Its processability has been improved, and

most of cohesiveness as well as staining problems have been solved.

Despite of their resistance to heat, the cold resistance is not that good. The saturation
point is -15 °C for the old type rubber and about -30 °C for the new type rubber.
Vulcanization is a chemical process to convert natural rubber or its synthetic
imitations into more durable materials via the addition of sulfur or some other
curatives or accelerators. These additives modify the polymer by forming cross-links
(bridges) between individual polymer chains. Vulcanized materials are less sticky
and have superior mechanical properties. The standard vulcanization method for the
old type rubber is amine vulcanization; in this process approximately 5% halogen
compound containing acrylate rubber is processed with triethylene tetramine. To
minimize permanent deformation, it requires curing for 24 hours under 150 °C
temperature (Amine vulcanization of ethyl polyacrylate, Hansen, J.E., et al., U.S.
patent, september 1948). On the other hand, for the new type, the press curing time
and follow-up vulcanization time are significantly reduced by combining metal soap
and sulfur. It has no special characteristics. The rebound resilience and abrasion
resistance of the new type are poor, and even its electrical characteristics are
considerably poor compared with acrylonitrile-butadiene rubber and butyl rubber.
The wvulcanized acrylate rubber materials are used mainly for oil seals and

packagings related to automobiles.
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Most of acrylic polymers find various uses in industry. Polymethyl methacrylate
(PMMA) is an acrylate polymer familiar to consumers with its clear break resistant
glassy end products or sheetings sold in hardware stores as acrylic glass or under the
trade name of Plexiglas. Water-borne coatings, which are water dispersions of
polyacrylates are used as binder for outdoor and indoor latex house paints which uses
water as solvent to disperse resin. Acrylic paints are well known as artist paints.
Acrylic fibers are main materials used for textiles and concrete-reinforcing
applications. Sodium polyacrylate water-soluble thickeners, a polymer for the
production of the Super Absorbent Polymer (SAP) used in disposable diapers due to
its high absorbency per unit mass (a SAP may absorb 500 times its weight (from 30—
60 times its own volume) and can become up to 99.9% liquid). Acrylic resin as
pressure-sensitive adhesive, a glue product with its well known generic name of
“super glue” is a formulation of cyanoacrylate. PVAc copolymer emulsion is used as
an adhesive of vinyl acetate (VAc) and acrylic acid (AA), and Polyacrylamide

copolymer is used as floculation agent in water treatment.

The polyacrylates are highly heat and oil resistant polymers. Some of the application
areas of acrylate and methacrylate esters are, to obtain polymers for textiles, latex

paints, surgical cements and dental resins.

/ \COOR'

Figure 2.23 : General formula of acrylates.

Acrylates contain Hydrogen (H), and methacrylates contain CHj in place of R, in
their molecular structure (Figure 2.23). The substituents R’ can vary from n-alkyl

chains to more complicated functional groups [26].

Adhesives: Acrylate polymers and copolymers are frequently used in construction of

adhesives and pressure-sensitive adhesives.

Chemical Intermediates: Acrylates are widely used as molecular building blocks,

or intermediates due to their chemical structures and useful chemical functionalities.
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Coatings: Acrylates are used as monomers in the production of textile copolymers,
adhesive resins, and surface coatings. They are widely used in water-based coatings.
Some are used in paints, leather finishing, and paper coatings.

Leather: Acrylic copolymers are used as film coatings and leather finishes,
particularly nubuck and suede.

Plasticizers: A balance of properties including molecular mobility, resin viscosity,
solubility, hydrophobicity, thermal stability and low toxicity are critical for selecting

a material for use as a plasticizer.
Plastics: Acrylate monomers and copolymers are used in the manufacture of plastics.

Textiles: Acrylate monomers and copolymers are used in the manufacture of both

woven and non-woven textiles.

Water Treatment: Methyl Acrylate is used to produce dimethylaminoethylacrylate
(DMAEA), which is used as a monomer to make flocculants for water treatment.
Sodium acrylate (the sodium salt of glacial acrylic acid) is copolymerized with
acrylamide to make an anionic copolymer (a-PAA), which is also used as a

flocculant in water treatment.

Esters of general acrylates are crystalline solids at ambient temperatures, then form
liquid at slightly higher temperatures. They are ready easily to polymerize and
copolymerize, therefore frequently employed in copolymers to obtain alkali-soluble
polymers. The acids of acrylates are water-soluble. For example, methacrylic acid is
more soluble in esters, and to some extent in styrene; because of its angular methyl
group; which makes it more useful in copolymerization process, especially if it is
water-based [27].

The first report of a polymeric acrylic ester was published in 1877 by Fittig and Paul
[28] and in 1880 by Fittig and Engelhorn [29] and by Kahlbaum [30], who observed
the polymerization reaction of both methyl acrylates and methacrylates. But, it was a
chance to O. Rohm [6] in 1901 to recognize the technical potential of the acrylic
polymers. After continuing his work, he got a U.S. patent on the sulfur-vulcanization
of acrylates in 1914 [31]. Then in 1924, Barker and Skinner [32] researched and
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published the details of the polymerization of methyl and ethyl methacrylates. In
1927

[33], based on the extensive work of Réhm, the first industrial production of
polymeric acrylic esters was started by the Rohm & Haas Company in Darmstadt,
Germany (since 1971, R6hm GmbH, Darmstadt). After 1934, the Rohm & Haas Co.
in Darmstadt was able to produce an organic glass (Plexiglas) by a cast
polymerization process of methyl methacrylate [34]. Soon after, Imperial Chemical
Industries (ICI, England), Rohm & Hass Co. (United States), and Du Pont de
Nemours followed in the production of such acrylic glasses [35].

Acrylic polymers has a first-time usage as an interlining for automobile windshields,
but poly(methyl methacrylate) sheet (commercial name Plexiglas, Lucite) soon
became the main usage area of acrylic plastics. Poly(methyl methacrylate), chemical
Formula with [-CH,-CH(CH3)COOCHS3-], has a light transmittancy of about 92%
and has good weathering resistance. It is widely used in aircraft wind shields,
bathtubs [36], electron beam or ion beam resistance of them is important in the
manufacture of microelectronics such as chips [37,38]. Poly(methyl methacrylate) is
used as an automobile lacquer and polyacrylonitrile, (-CH,-CHCN-)n, is used as a
fiber. Poly(ethyl acrylate),(-CH,—~CHCOOC;Hs-)n, is more flexible and has a lower
softening temperature than PMMA. Poly(hydroxyethyl methacrylate), is used for
contact lenses, and poly(butyl methacrylate) is used as an additive in lubricating oils
[36].

The glass transition temperatures of acrylate polymers are generally below room
temperature. This means that these polymers are usually soft and rubbery. Solubility
in oils and hydrocarbons increases withincreasing length of the side group, while
polymersbecome harder, tougher, and more rigid as the size of the ester group
decreases. Polyacrylates have been used in finishes and textile sizing and in the
production of pressure-sensitive adhesives. Poly(methyl acrylate) is used in fiber
modification, poly(ethyl acrylate) in fiber modification and in coatings, and
poly(butyl acrylate) and poly(2-ethylhexyl acrylate) are used in paints and adhesive
formulation [216]. Whilst esters of acrylic acid give soft and flexible polymers,
except for those with long alkyl chains, methyl methacrylate polymerizes to an

extremely hard polymers. The polymers in this series become softer with increasing
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alkyl chain lengths up to Ci2. The highest alkyl chain acrylics in both series tend to
give side chain crystallization.

Table 2.8 : Glass-transition temperatures (Tg) of some polyacrylates. [216]

R (radical group) Ty (°C)
Methyl 3
Ethyl -20
n-Propyl -44
n-Butyl -56

The methacrylic ester series closely parallels the acrylics, but boiling points tend to
be somewhat higher, especially with the short chain esters. Methyl methacrylate is by
far the most freely available and least costly of the monomers of the series. As an
alternative to the simple alkyl esters, several alkoxyethyl acrylates are available
commercially, e.g. ethoxyethyl methacrylate CH3:C(CH3)COOC,H,0C;Hs and the
corresponding acrylate. The ether oxygen which interrupts the chain tends to

promote rather more flexibility than a simple carbon atom.

Some technical perfluorinated alkyl acrylates are as following they include N-
ethylperfluorooctanesulfonamido)ethyl acrylate C,F2,+1SO,N(C,H5)-CH,O-C(O)-
CH=CH, (n approximately 7.5, fluorine content 51.7 %), the corresponding
methacrylate and the corresponding butyl derivatives. The ethyl derivatives are waxy
solids, the ethyl acrylate and the corresponding methacrylate derivative having a
melting range of 27-42 °C. The butyl acrylic derivative is a liquid, freezing at -10
°C. Butyl acrylate/Methyl methacrylates (BA/MMA), emulsion copolymers are
versatile materials extensively used as adhesives (BA homopolymers and BA rich
copolymers) and coatings (BA/MMA 50/50 wt/wt copolymers). In spite of their
commercial importance, only a few literature reports dealing with the microstructural

properties of BA/MMA emulsion copolymers have been published [39].

Polyacrylate elastomers can be prepared by the water emulsion system, suspension

system, solvent solution method, or even the mass (bulk homogenous)
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polymerization process. Most are made by the water emulsion (latex) or the
suspension method. Peroxides or persulfate initiated free radical systems are most
commonly used in the presence of heat. Polymerization is usually taken to
completion. Coagulation is best with salts, followed by water washing and drying

with hot air, vacuum, or extrusion [40].
2.3 Polyacrylonitrile

Poly(propenonitrile), usually known as Polyacrylonitrile, is manufactured from
propene via propenonitrile (acrylonitrile). It is very widely used in copolymers,
particularly in fabrics and when materials need to be made hard and shock proof.

et

n
C——N

Figure 2.24 : Polyacrylonitrile’s repeating unit.

Polyacrylonitrile (PAN) is a vinyl polymerization product of Acrylonitrile (AN)

monomer.
Table 2.9 : Properties of Polyacrylonitrile (PAN).
IUPAC Name poly(1-acrylonitrile)
Chemical Properties | Empirical Formula (C3H3N)x
Molar Mass 53.0626 g/mol
C 67.91%, H5.7%, N
26.4%
Physical Properties Glass Transition Temperature ~95°C
Fusion Temperature 322 °C
Solubility Parameters 26.09 MPal/2 (25 °C)
25.6 t0 31.5 J1/2 cm-3/2
Density 1.15 g/cm—3
Electronic Properties | Dielectric Constant 5.5 (1 kHz, 25°C)
4.2 (1 MHz, 25°C)
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PAN has taken an increasing interest from the researchers of all kinds of scientific
areas because of its superior properties and common usage in many textile and
engineering applications. Although it has high stability and color fastness, it is still
needed to be strengthened to be used as an efficient functional compound. In textile
industry, as long as weaving and knitting machines reached higher working speeds,
the higher stress resistance became a more critical requirement for raw materials
which were taken under process to turn them into the yarns, fabrics, garments, and all
the other kinds of products.

Here in this study, we have chosen PAN as base polymer because of its higher
performance/price ratio, its mechanical and chemical stability, and its ease of

polymerization and modification.

Polyacrylonitrile (PAN) is a synthetic, semicrystalline organic polymer resin, with
the linear formula (CsH3N),. Though it is thermoplastic, it does not melt under
normal conditions. It degrades before melting. It melts above 300 °C if the heating
rates are 50 degrees per minute or above [197]. Almost all polyacrylonitrile resins
are copolymers made from mixtures of monomers with acrylonitrile as the main
component. It is a versatile polymer used to produce large variety of products
including ultra filtration membranes, hollow fibers for reverse osmosis, fibers for
textiles, oxidized PAN fibers. PAN fibers are the chemical precursor of high-quality
carbon fiber. PAN is first thermally oxidized in air at 230 degrees to form an
oxidized PAN fiber and then carbonized above 1000 degrees in inert atmosphere to
make carbon fibers found in plenty of both high-tech and common daily applications
such as civil and military aircraft primary and secondary structures, missiles, solid
propellant rocket motors, pressure vessels, fishing rods, tennis rackets, badminton
rackets & high-tech bicycles. It is a component repeat unit in several important
copolymers, such as styrene-acrylonitrile (SAN) and acrylonitrile butadiene styrene
(ABS) plastic.

All commercial methods of production of PAN are based on free radical
polymerization of Acrylonitrile (AN). Most of the cases, small amount of other vinyl
comonomers are also used (1-10%) along with AN depending on the final

application [198]. Anionic polymerization also can be used for synthesizing PAN.
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For textile applications, molecular weight in the range of 40,000 to 70,000 is used.

For producing carbon fiber higher molecular weight is desired.

In the production of carbon fibers containing 600 tex (6k) PAN tow, the linear
density of filaments is 0.12 tex and the filament diameter is 11.6 pm which produces
a carbon fiber that has the filament strength of 417 kgf/mm? and binder content of
38.6%. This data is demonstrated in the Indexes for Experimental Batches of PAN
Precursor and Carbon Fibers Made from It table.

Homopolymers of polyacrylonitrile have been used as fibers in hot gas filtration
systems, outdoor awnings, sails for yachts, and fiber-reinforced concrete.
Copolymers containing polyacrylonitrile are often used as fibers to make knitted
clothing like socks and sweaters, as well as outdoor products like tents and similar
items. If the label of a piece of clothing says "acrylic”, then it is made out of some
copolymer of polyacrylonitrile. 1t was made into spun fiber at DuPont in 1941 and
marketed under the name of Orlon. Acrylonitrile is commonly employed as a

comonomer with styrene, e.g. acrylonitrile, styrene and acrylate plastics.

PAN absorbs many metal ions and aids the application of absorption materials.
Polymers containing amidoxime groups can be used for the treatment of metals

because of the polymers’ complex-forming capabilities with metal ions [199].

PAN has properties involving low density, thermal stability, high strength and
modulus of elasticity. These unique properties have made PAN an essential polymer

in high tech.

Its high tensile strength and tensile modulus are established by fiber sizing, coatings,
production processes, and PAN's fiber chemistry. Its mechanical properties derived

are important in composite structures for military and commercial aircraft [200, 201].

Polyacrylonitrile is used as the precursor for 90% of carbon fiber production [202].
Approximately 20-25% of Boeing and Airbus wide-body airframes are carbon fibers.
However, applications are limited by PAN's high price of around $15/lb, by end of
year 2013.

In 2013, researches announced a structural PAN nanofiber that is both strong and

tough. Strength refers to a material’s ability to carry a load, while toughness is the
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amount of energy needed to break it. The researchers used a technique called
electrospinning (applying high voltage to a solution until a small jet of liquid ejects).
Making the nanofiber thinner made it both stronger and tougher [203, 204].

Electrospun PAN has different effects on the properties of the nanofibers. Depending
on the ionic and nonionic surfactants added to the PAN during processing, the
properties can be enhanced. With the presence of the anionic surfactant sodium
dodecyl sulfate (SDS) during electro spinning, for example, the electron emission
from PAN are enhanced [205].

High tacticity PAN has been made with the addition of AICI;. Molecular weight and
tacticity have been changed in PAN through atom transfer radical polymerization
with the presence of AICls. This addition of AICI; improved the PAN’s isotacticity
and narrowed its polydispersity [206}.

2.3.1 Uses of Polyacrylonitrile

PAN itself is a very harsh fibre, rather like horse hair. An almost pure homopolymer
is used when a very tough fabric is needed, for example for awnings, a soft top of a
car or in brake linings. It is even used to reinforce concrete and in road construction.
However, the vast majority of the polymer is copolymerized. Although these
copolymers often contain more than 85% of acrylonitrile units, they are much softer.

The fibres formed from them are known as “acrylic” fibers [41].

Two of the most used acrylic fibres are formed from the copolymerization of
Acrylonitrile (AN) with Ethenyl ethanoate (Vinyl acetate - VAc); and, AN with
Methyl propenoate (Methyl acrylate - MA). The former is often mixed with cotton
fibres to produce a light fabric, used in women's clothes. The latter is often used
with wool (Figure 2.25).
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Figure 2.25 : The copolymer of AN and MA is a wool substitute and is often mixed
with wool itself for heavier fabrics, used in pullovers and jumpers and
in suits.
The copolymers with phenylethene (styrene) known as SAN and with butadiene and
phenylethene, known as ABS, are plastics which are very strong and able to
withstand shocks.

Figure 2.26 : The high heels are made from a blend of ABS and a Polyamide which
IS very strong.

The copolymers with phenylethene (styrene) known as SAN and with butadiene and
phenylethene, known as ABS, are plastics which are very strong and able to

withstand mechanical shocks.

Other copolymers of AN include those when the comonomer is methyl 2-

methylpropenoate (methyl methacrylate) and with 1,1-dichloroethene.

With 1,1-dichloroethene as the co-monomer, a block copolymer is formed which is

fire-resistant and is often used in children's clothing.

An increasing use of PAN copolymers is in producing carbon fibres. If fibres of the
polymer are heated under strictly controlled conditions the resulting fibres have
remarkable strength [41].
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Table 2.10 : Annual production of Acrylonitrile.

World [|5.9 million tonnes

Europe|1.8 million tonnes

US |1.2 million tonnes

Global Acrylonitrile (ACN) Consumption
by End Use Sectorin2013

= Other
applications
240%
* Acrylic fiber
40.0%

= ABSresin 36.0%

Figure 2.27 : Global consumption of Acrylonitrile by end use in year of 2013.

Acrylonitrile is used in production of acrylic fibres, acrylonitrile-butadiene-styrene
(ABS), styrene-acrylonitrile (SAN) and nitrile-butadiene-rubber (NBR). Today
capacity utilization rate stands at near 85%, but is expected to grow and reach 91%
by 2017. In the near future new capacities are expected to be added in China, Iran
and Saudi Arabia. By adding new ACN plants China aims to become more self-

sufficient and less dependent on import [214].

Global acrylonitrile market is expected to grow at 4% per year, driven mainly by
ABS resins. Asia Pacific will still be the leader in acrylonitrile consumption with
growth rate of ~5%, while Europe and North America will show more moderate
growth.
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2.3.2 Production of Polyacrylonitrile
2.3.2.1 Acrylonitrile

Acrylonitrile (propenoane), the monomer, is produced from propene. The alkene is
mixed with ammonia and oxygen (from air) (1:1:2 volume ratio) and passed over a

mixture of bismuth(111) and molybdenum(V1) oxides:

H,C=CH-CH; + NH; + 3/20, — H,C=CH-CN + 3H,0

Figure 2.28 : Reaction to produce Acrylonitrile (AN) monomer.

As it is a very exothermic reaction, and the temperature must be controlled at 237 °C,
a fluidized bed reactor is used. A small amount of hydrogen cyanide (3-6%) is also
formed, which can be used in the manufacture of methyl methacrylate. The process
has been modified, in Japan, to use propane as the feedstock. It will become
particularly important if propane becomes much cheaper than propene. The catalyst
used is based on vanadium(V) and antimony(I11) oxides [34,41].

2.3.2.2 Polyacrylonitrile

The polymer is manufactured by radical polymerization initiated by either a peroxide
or by a mixture of potassium peroxydisulfate, K,S,0g and a reducing agent such as
potassium hydrogensulfite, KHSOs3;. About equal amounts of the stereoregular
polymer, isotactic and syndiotactic, are produced. The polymerization is either in

solution or as a slurry [36,41].

§

Figure 2.29 : The soft tops for high quality cars are produced from almost pure
homopolymer of PAN.
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2.3.2.3 Polyacrylonitrile-based copolymers

Polymerization takes place as for the homopolymer, a radical polymerization. The
two monomers are mixed prior to addition of the initiator. When, ethenyl ethanoate
is used as the copolymer, polymerization is initiated with small amounts of
potassium hydrogensulfite and potassium peroxodisulfate incorporated into the
copolymer, giving it sites which can bind to colorants and make them with better
fastness. Alternatively, a small amount of a third monomer containing, for example

a sulfonic acid group, serves the same purpose [35-37].

The copolymer contains a more or less regular alternation of the individual

monomers, an example of an alternating copolymer [41].

QO _CHs
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Figure 2.30 : Acrylonitrile-Vinyl acetate copolymer.

Similar procedures are used when other comonomers are used.With Methyl acrylate

and Methyl methacrylate, block copolymers are produced [42]:

o _O-CHg
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Figure 2.31 : Acrylonitrile-Methyl acrylate copolymer.
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Figure 2.32 : Acrylonitrile-Methyl methacrylate copolymer.
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An alternating polymer is produced with 1,1-dichloroethene as the comonomer.

Polyacrylonitrile (PAN) and copolymers of PAN have been widely studied for
almost a century for commercial/technological exploitations. PAN may be
crosslinked, but also may exist without crosslinking. Crosslinking of PAN will
impart some of its important physical properties, such as insolubility and resistance
to swelling in common organic solvents. Recently, considerable efforts have been
devoted to its processing and fiber forming technologies. Among the various
precursors for producing carbon nanofibers (CNFs), PAN is the most commonly
used polymer, mainly due to its high carbon yield (up to 56%), flexibility for
tailoring the structure of the final CNF products and the ease of obtaining stabilized
products due to the formation of a ladder structure via nitrile polymerization [43-47].

Even though acrylonitrile (AN) was known as far back as 1893, but PAN, because of
difficulties in dissolving it for spinning, no progress was made in converting into a
usable fiber until 1925. Acrylonitrile monomer was also useful as a copolymer with
styrene, especially in a terpolymer with styrene and butadiene, known as ABS
rubber. The homopolymer of PAN was developed for manufacturing of fibers in
1940, after a suitable solvent was discovered by DuPont. PAN is soluble in polar
solvents like DMF, DMSO, DMAc, Dimethylsulfone, Tetramethylsulfide and
aqueous solutions of Ethylene carbonate, as well as some mineral salts. PAN forms
saturated solution with 25% dissolved in DMF at 50-C, which is high solubility
compared to other solvents [22]. PAN and its copolymers are predominantly white
powders up to 250-C, at which point they become darker due to degradation. Having
a relatively high Tg, these polymers have low thermal plasticity and cannot be used
as a plastic material. The high crystalline melting point (317-C) of PAN, its limited
solubility in certain solvents coupled with superior mechanical properties of its fibers
is due to intermolecular forces between the polymer chains. Appreciable electrostatic
forces occur between the dipoles of adjacent CN groups and this intramolecular

interaction restricts the bond rotation, leading to a stiffer chain [48].

PAN-based CNFs are seemingly a new class of materials used in a wide array of
applications including filtration barriers, material reinforcements, garments,
insulators, medical and energy storage devices, and many more. However, their

unique properties make them perfect modern materials of choice across many
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disciplines covering engineering, medicine, and biology. The accelerating
technologies of producing PAN-based nanofibers have now matured enough to
overcome the drawbacks of low production rate of few grams per hour in laboratory
environments to large industrial scale production. Nanofiber membranes comprising
sheets of randomly oriented nanofibers show an extremely effective removal method
with a high rejection rate of airborne particles by both physical trapping and
adsorption. It is anticipated that the future will witness many more applications of
PAN-based nanofibers in a wide variety of scientific disciplines. [49]

2.4 Butyl Acrylate

The acrylates are clear, colorless, volatile liquid with a slight solubility in water and
complete solubility in alcohols, ethers and many organic solvents[315]. Methacrylate
esters are used to make polymers for textiles, latex paints, surgical cements and
dental resins. It can be used as a copolymer in the process of polymerization of
polyanionic cellulose (PAC) polymers, to reduce the glass transition temperature of
the PAC polymers. It’s linear formula is CH,=CHCOO(CH,)3CHs. It has boiling
point 147 °C at 760 mmHg and have melting point about -64 °C. Although the
monomer can be polymerized under the influence of heat, light, ionic or high energy
mechanisms, free radical initiation is the most commonly used method of

polymerization. The skeletal formula of Butyl acrylate is shown in Figure 2.33.

H

H,C——=C

C=0

o

HC, butyl acrylate
Chemical Formula: C;H;,0,

~

/CH2 Exact Mass: 128.08
H,C Molecular Weight: 128.17
\ m/z: 128.08 (100.0%), 129.09 (7.8%)
CHs Elemental Analysis: C, 65.60; H, 9.44; O, 24.97

Figure 2.33 : Skeletal formula of Butyl acrylate and its basic properties.
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It exists in forms of butyl acrylate copolymer and homopolymer. Since the bulk
polymer is very soft, sticky hair serious state colorless transparent rubber material.
The glass transition temperature is -55°C. 1.08g/cm® density. Refractive index of
1.474. 2000% elongation. Low intensity. similar to the solubility of polypropylene.
Commonly used for acrylate rubber substrate. Emulsion polymers and polymer
solution for the general copolymer. Using butyl acrylate as the main component of
the copolymer emulsion, as a good "soft monomer"” component, results a film which
is soft, feels good, better resistance to cold. Applicable to make fabric and leather
processing agent. Butyl acrylate is a volatile chemical compound classified as a butyl
ester. It has a strong characteristic odor and is used in the preparation soft base
acrylic polymers. The product is highly demanded for making different industrial
products. Moreover, this chemical compound is a flammable, water insoluble,
colorless liquid and possess the property to mix with most organic solvents. Butyl
acrylate is used in the production of coatings, elastomers, adhesives, thickeners,
amphoteric surfactants, fibers, plastics, textiles and inks.. Butyl acrylate is also used
in chemical synthesis. When used in latex paint formulations acrylic polymers have
good water resistance, low temperature flexibility and excellent weathering and

sunlight resistance [315].
2.5 Conductive Polymers

Materials can be classified into two main groups regarding to their behavior about
electron move through them; insulator materials and conductive materials. While the
insulators do not let electron transfer through their body, the conductive materials
behave vice versa. Conductivity equation is simply described by Ohm’s Law as V=
IR. Where R is the resistance, | the current and V the_voltage present in the material.
The conductivity of a material depends on the number and the mobility of its charge
carriers (number of electrons). In a metal it is assumed that all the outer electrons are
free to carry charge and the impedance to flow of charge is mainly due to the
electrons bumping into each other. If an electron moves toward neighbor electrons,
they move away, and this creates a chain of interactions propagating through the
material. Insulators however have tightly bound electrons, therefore nearly no
electron flow occurs, and as consequence they show high resistance to charge flow.

In shorter terms, for the conductivity, the free electrons are needed [52].
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Most the polymers are good insulators by their nature, as they do not have free
valance electrons as in metals, so they were all known as insulators. The discovery
that the conductivity of conjugated organic polymers can be controlled through
oxidation or reduction led to materials combining the electronic properties of metals
with the weight and density of plastics. For this reason, such materials have been
studied extensively and their importance recognized with the awarding of the 2000
Nobel Prize in chemistry to Alan Heeger, Alan MacDiarmid, and Hideki Shirakawa
for their polyacetylene work beginning in the 1970s. While these studies produced
the most dramatic results, investigations of electrically conductive conjugated
polymers date back to the early 1960s, particularly with the work of Donald Weiss
on polypyrrole, as well as that of René Buvet and Marcel Jozefowicz on polyaniline.
The discovery of conductive polymers was a unique and incredible discovery which
showed a possible substitute for metallic conductors and semiconductors. Although
conducting polymers have been known for at least 25 years (reports on the synthesis
date back to the last century), the date was only in the early 1990s, that a tidal wave
of renewed and amplified interest in these materials has catalysed many new
developments, both on a fundamental level as well as from the manufacturing side.
In particular, the discovery of light-emitting polymers in 1990, in the Cavendish
Laboratory at Cambridge University, was a major if not the turning point in the
fortunes of plastronics, i.e. the use of polymeric materials as substitute for metal and

their derivatives in electronic devices [217].

The efforts forhaving a tailor-made polymer in respect of its electrical, mechanical,
optical and thermal properties have been pursued by several research groups. But
still, serious problems like oxidative stability and device lifetimes have to be

overcome.
There are mainly two conditions for a polymer to become conductive;

a.The first condition is that the polymer has to have alternating single and double
bonds, called conjugated double bonds. In conjugation mechanism, the bonds
between the carbon atoms alternately distributes as single and double bonds. Each
bond contains a “sigma” (o) bond which forms a strong chemical bond. In addition,

every double bond contains a weaker “pi” (w) bond [54].
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Figure 2.34 : “sigma” (o) and “pi” («) bonds in Polyacetylene molecular chain.

b. The second condition is that the plastic has to be disturbed - either by removing
electrons from (oxidation), or inserting them into (reduction), the material. This

process is known as “Doping”.
There are two types of doping:
- Oxidation with halogen (or p-doping).
[CH],, + 3%/2I4 - - = [CH] **+x]5
- Reduction with alkali metal (called n-doping).
[CH],+x Na--»[CH] * +xNa*

Conductive polymers can be classified into three main groups according to their

conducting mechanisms [51]:

a. Electron-conducting polymers
b. Proton-conducting polymers
c. lon-conducting polymers

All these types of conductive polymers found a wide-range use in many applications
such as optical, i.e. electrochromic film applications for automobile glasses,
conductive compounds for optical devices; electronic, i.e. batteries, displays, plastic
wires, optical signal processing, data storage, solar energy conversion; chemical, i.e.
anti-corrosion coatings, antistatic agents, gas-sensors; mechanical, i.e., conductive
adhesives, micro/nano actuators, molecular robotic devices; biological,

biocompatible and/or bioactive polymeric frames for cellular immobilization/growth,
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robotic body implants; and textiles, electromagnetic shielding applications, antistatic

cloths, sensor-integrated smart-textile applications.

Three simple carbon compounds are diamond, graphite and polyacetylene. They may
be regarded as three- two- and one-dimensional forms of carbon materials. Diamond,
which contains only 6 bonds, is an insulator and its high symmetry gives it isotropic
properties. Graphite and acetylene both have mobile n electrons and are, when

doped, highly anisotropic metallic conductors.

A
R /

W

N A

-_5_
4

1k
L

)
.'
~

-
‘i_

ls

Polyacetylene

Figure 2.35 : Structural schemes of (a) Diamond, (b) Graphite, and (c)
Polyacetylene.

Polymers are molecules that form long chains, repeating themselves. In becoming
electrically conductive, a polymer has to imitate a metal, which means, its electrons
need to be free to move and not bound to the atoms [53]. Polyacetylene is the
simplest possible conjugated polymer. It is obtained by polymerization of acetylene,

simply shown in Figure 2.36.
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Figure 2.36 : Acetylene’s polymerization.

lonic electroactive polymers (EAP) are conductive polymers that feature a
conjugated backbone (they include a backbone that has an alternating series of single
and double carbon-carbon bonds, and sometimes carbon-nitrogen bonds, i.e. n-
conjugation) and have the ability to increase the electrical conductivity under
oxidation or reduction. For polymers allows freedom of movement of electrons,
therefore allowing the polymers to become conductive. The pi-conjugated polymers
are converted into electrically conducting materials by oxidation (p-doping) or

reduction (n-doping).

The volume of these polymers changes dramatically through redox reactions at
corresponding electrodes through exchanges of ions with an electrolyte. The EAP-
containing active region contracts of expands in response to the flow of ions out of,
or into, the same. These exchanges occur with small applied voltages and voltage
variation can be used to control actuation speeds in a electro-mechanical device with
a built-in EAP actuator [1-16,63,82,284].

The main examples of p-doped conductive polymers include, but are not limited to,
polypyrroles, polyanilines, polythiophenes, polyethylenedioxythiophenes, poly(p-
phenylenes),  poly(p-phenylene  vinylene)s,  polysulfones,  polypyridines,
polyquinoxalines, polyanthraquinones, poly(N-vinylcarbazole)s and polyacetylenes,
with the most common being polythiophenes, polyanilines, and polypyrroles [241-

250]. Some of the structures are shown in Figure 2.37.
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Figure 2.37 : Some of the p-doped conductive polymers.

Polypyrrole, shown in more detail below, is one of the most stable of these polymers

under physiological conditions:
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Figure 2.38 : The most stable of p-doped polymers is Polypyrrole (PPy).

The behavior of conjugated polymers is dramatically altered with the addition of
charge transfer agents (dopants). These materials can be oxidized to a p-type doped
material by doping with an anionic dopant species or reducible to an n-type doped
material by doping with a cationic dopant species. Generally, polymers such as PPy

are partially oxidized to produce p-doped materials:

Figure 2.39 : Reduction-oxidation of PPy.

Dopants have an effect on this oxidation-reduction scenario (Figure 2.39), and
convert semi-conducting polymers to conducting versions close to metallic
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conductivity in many instances. Such oxidation and reduction are believed to lead to
a charge imbalance that, in turn, results in a flow of ions into or out of the material.
These ions typically enter/exit the material from/into an ionically conductive

electrolyte medium associated with the EAP.

4 Metals Polyacetylene
Polyaniline

Polypyrrole

insulators

Conductivity (S/cm)

Figure 2.40 : Electron-conducting polymers.

The halogen doping process transforms polyacetylene to a good conductor.
Oxidation with iodine causes the electrons to be jerked out of the polymer, leaving

"holes™ in the form of positive charges that can move along the chain (Fig 2.41).

Figure 2.41 : Doping process of Polyacetylene with lodine.
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The iodine molecule attracts an electron from the polyacetylene chain and becomes
I5". The polyacetylene molecule, now positively charged, is termed a radical cation,
or “polaron”. The lonely electron of the double bond, from which an electron was
removed, can move easily. As a consequence, the double bond successively moves
along the molecule. The positive charge, on the other hand, is fixed by electrostatic

attraction to the iodide ion, which does not move so readily [55-57].

For a better molecular performance, the doping process is an important necessity. For
example, doped polyacetylene is comparable to good conductors such as copper and

silver, whereas in its original form it is a semiconductor.

Figure 2.40 and 2.42 show the conductivity levels of conductive polymers compared
to those of other materials, from quartz (insulator) to copper (conductor) [317].

Polymers may also have conductivities corresponding to those of semiconductors.

Factors that effect the conductivity of polymers are; density of charge carriers,
mobility of charge carriers, the direction, the presence of doping materials (additives

that facilitate the polymer conductivity), and the temperature.
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Figure 2.42 : The conductivity levels of various materials.

The conductivity of conductive polymers decreases with falling temperature in
contrast to the conductivities of typical metals, e.g. silver, which increase with falling

temperature [58].
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Figure 2.43 : The effect of temperature change on conductive polymer.

A main aspect in this relatively new but large literature is to obtain films of
conductive polymers. Generally, potentiostatic conditions are recommended to
obtain thin films, while galvanostatic conditions are recommended to obtain thick
films. The electrochemical technique has received wider attention both because of
the simplicity and the added advantage of obtaining a conductive polymer being
simultaneously doped. Besides this, a wider choice of cations and anions for use as
dopant ions is available in the electrochemical polymerization process. Free-standing
as well as self-supporting conductive polymer films of desired thickness or geometry
can be obtained. Using this novel technique, a variety of conductive polymers like
polypyrrole, polythiophene, polyaniline, polyphenylene oxide pyrrole and
polyaniline/polymeric acid composite have been generated. Pyrrole in aqueous
acetontrile solvent containing tetraethyl ammonium tetra-fluoroborate was
electropolymerized in a two-electrode electrochemical cell. Polypyrrole containing
the BF4™ ion (dopant) was obtained as a film deposited on the platinum electrode
surface [59, 60].

The polymers were thought of as electrical insulators until the discovery that iodine-

doped polyacetylene (which was already described on previous pages of thesis)
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exhibited electrical conductivity many orders of magnitude higher than neutral
polyacetylene. This discovery was published [61], and as a result of this pioneering
work, the researchers received the 2000 Nobel Prize in Chemistry. The development
of this new class of polymeric materials continues to offer the promise of a wide
range of novel applications including molecular electronics [62], actuators [63],
electrochromic windows/displays [64], supercapacitors [65], transistors [66],
photovoltaics [67] and corrosion protection [68]. This discovery opened up new
areas of research with many commercial products now incorporating polymers as
electrical conductors [69]. CPs consist of conjugated chains containing pelectrons
delocalized along the polymer backbone. In their neutral form, CPs are
semiconductive materials that can be doped and converted into electrically
conductive forms. The doping can be either oxidative or reductive, though oxidative
doping is more common. There are three states of CPs: non-conducting (uncharged),
oxidized (p-doped) where electrons are removed from the backbone, and the reduced
(n-doped) (least common), where electrons are added to the backbone. The doping
processes are usually reversible, and typical conductivities can be switched between
those of insulators (0 — 10™° S/cm) and those of metals (10° S/cm) [70].

Until about 30 years ago all carbon based polymers were rigidly regarded as
insulators. The notion that plastics could be made to conduct electricity would have
been considered to be absurd. Indeed, plastics have been extensively utilized by the
electronics industry for their insulating property. They were all used as inactive
packaging and insulating materials. This very narrow perspective is rapidly changing
as a new class of polymers known as intrinsically conductive polymers or
electroactive polymers are being discovered. Although this class of polymer is in its
infancy, much like the plastic industry was between the 1930's and 50's, the potential
uses of these polymers are quite significant [71, 72]. The first conducting plastics
were discovered by accident at the Plastics Research Laboratory of BASF in
Germany. When they made polyphenylene and polythiophene while they were
attempting the oxidative coupling of aromatic compounds, they noticed that these

polymers showed electrical conductivities, up to 0.1 S/cm [215].

The applications of conductive polymers can be classified mainly under two groups,

as it is shown in Table 2.9. While the first group of applications use their
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conductivity as main property, the second group utilizes their electroactivity. =-
conjugated polymers are quite sensitive to electrochemical oxidation and reduction
effects, and these processes drastically change the optical and electrical properties of
the polymer. As a result, it is possible to precisely control these properties of a -
conjugated polymer, even between a conducting state and an insulating state, by
controlling oxidation and reduction, since these are often reversible reactions
[62,76,143,159,186,276,282,284].

Table 2.11 : The applications of conductive polymers.

Conductive Polymers Electroactive Polymers
Electrostatic materials Molecular electronics
Conducting adhesives Electrical displays
Electromagnetic shielding Chemical, biochemical and thermal sensors
Printed circuit boards Rechargeable batteries
Artificial nerves Drug release systems
Antistatic clothing Optical computers
Piezoceramics lon exchange membranes
Active electronics (diodes, transistors) |Electromechanical actuators
Aircraft structures "Smart" structures

Actuators-Switches

Uses of conductive polymers

This applicational group uses the basic property of conductivity of polymeric
materials, such as coating an insulator with a very thin layer of conducting polymer,
therefore having ability to prevent the build-up of static electricity. Such an end-use
is especially important where such an electrical-discharge is hazardous, for instance,
in an environment with flammable gasses and liquids, or in the explosives industry.
In the electronics industry, a sudden discharge of static electricity can damage
microcircuits. This problem gained high importance in recent years with the
development of modern integrated circuits, i.e. decreasing sizes of components and
the production technique which already minimized to nanometric scale. Also, in such
microcircuits, to increase processing-speed and to reduce power consumption of the
system, junctions and connecting lines are getting much finer and closer to each
other. Thus, modern circuits are more sensitive, and can be easily damaged by static
discharge even at a very low voltage. As a solution to this problem, modifying the

thermoplastic material used for casing by adding a suitable amount of conducting
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polymer into the resin results in a composite plastic material that can be used for the

protection against electrostatic discharge [73].

Conductive adhesives are used to join two or more pieces of electrically conductive
objects together by sticking and also allowing electric current passing through them.
Such a system requires applying monomer between the conducting surfaces which

were desired to be sticked and allowing it to polymerize between them.

Most of the electrical devices, especially computers, tablet-PCs and cellular phones,
they all generate electromagnetic radiation, often at a range of radio and microwave
frequencies. This can cause interference, therefore malfunctions in nearby electrical
devices. Here the electromagnetic-shielding materials are subject to solve such a
problem. The plastic cases used in many of these electrical devices are transparent to
electromagnetic radiation. This radiation can be adsorbed by an electrically
conductive surface coated the inside of casing. Conductive polymers are the best
alternatives for such an application, as they can be easily and cost-effectively
applied, and be well working even if it is applied as a very thin layer of a wide range
of resin-types. Such a coating has good adhesion, gives a good coverage, thermally
expands approximately the same as the polymer it is coating, needs just one-step and

gives a good thickness [74].

The printed circuit boards are used in manufacture of almost all electrical devices.
These are made of copper-coated epoxy-resins. To connect the multiple components
to each other in order to produce a working system, on such a board the copper is
selectively etched to produce conducting lines. All the components on a board are
placed in holes specially cut into the resin material. To get a good electrically-
connection between the hole surface and the placed component, these holes need to
be lined with a conductive material. In conventional method, surface of these holes
were lined by electroless copper plating, which has several problems such as its
expense of a multistage production and poor-adhesion onto resin material of the
board. Today, this process is already replaced by appliance of a conductive polymer
as interfacial material. For instance, if the board is etched with potassium
permanganate solution a thin layer of manganese dioxide is produced only on the

surface of the resin. This will then initiate polymerization of a suitable monomer to
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produce a layer of conductive polymer. This new method is much cheaper, easy and
quick to apply, is very selective and has very good adhesion [75].

Some biocompatible conductive polymers can act as artificial nerves, i.e. they may
be used to transport small electrical signals through the body. It can be even
considered to achieve modifications to the human-brain by such biological

applications of conductive polymers, as a vision for future [76].

For spaceships and airplanes, weight is extremely important. It is much more
attractive to use polymers with a density of about 1 g/cm® rather than 10 g/cm® for
metals. Moreover, the power ratio of the internal combustion engine is about 676.6
watts per kilogramme. This compares to 33.8 watts per kilogramme for a battery-
electric motor combination. A drop in weight could give similar ratios to the internal
combustion engine [77]. Modern airplanes are already made of light-weight
composites, which makes them much lighter, but also vulnerable to damage from
lightning bolts. Coating exterior surface of an airplane with a conductive polymer,

the vulnerable internals can be protected by directing the electrical charge away.
Uses of electroactive polymers

Conducting polymers can be used to produce a molecular electronic system which is
an electronic structure assembled atom by atom. For this application, a modified
polyacetylene with an electron accepting group (acceptor) at one end and a
withdrawing group (donor) at the other, can be used. A short section which is known
as a “spacer” or “modulable barrier” of the chain should be saturated in order to
separate the functional groups from each other (Figure 2.44). Such a structure can be
used to create a logic device. There would be two inputs, one light pulse which
excites one end and another which excites the modulable barrier. There is one output,

a light pulse to see if the other end has become excited. [78].

Figure 2.44 : Insertion of a “spacer” to separate the donor and acceptor
(functionalized chain ends).
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Today’s electrical displays require materials with faster to response and higher as
contrast. Conductive polymers are really very good materials to produce display
panels. Depending on the chosen conductive polymer, the doped and undoped states
can be either colourless or intensely coloured. However, the colour of the doped state
is greatly red-shifted from that of the undoped state. The colour of doped state can be
varied by using dopant ions that absorb in visible light. Because conductive polymers
are intensely coloured, even a very thin layer is enough for display panels with a high
contrast and large viewing angle. Unlike liquid crystal displays (LCD), the image
formed by redox of a conductive polymer can have a high stability even in the
absence of an applied field. The switching time (refresh rate) achieved with such
systems has been as low as about 2 ms. The cycle lifetime is generally about 10°
cycles. Experiments are already being done to try to increase cycle lifetime to above
107 cycles [79].

Conductive polymers are very useful to produce sensors, because of their chemical
properties. Due to the drastically change in their electrical properties during reaction
with various redox agents (dopants), or via their instability to moisture
and heat; they give chance to use this change as an indicator and to form it into an
electronic signal. The gas sensors are good examples of such an application, using
this principle. It has been shown that, PPy behaves as a quasi 'p' type material. The
electrical resistance of PPy increases when a reducing gas such as ammonia interacts
its surface, and decreases in the presence of an oxidizing gas such as nitrogen
dioxide. The gases cause a change in the near surface charge carrier (here electron
holes) density by reacting with surface adsorbed oxygen ions. Another type of sensor
developed is a biosensor that utilizes the ability of triiodide to oxidize polyacetylene
as a means to measure glucose concentration. Glucose is oxidized with oxygen with
the help of glucose oxidase. This produces hydrogen peroxide which oxidizes iodide
ions to form triiodide ions. Therefore, conductivity is proportional to the peroxide

concentration which is proportional to the glucose concentration [80].
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Figure 2.45 : Application of Polyacetylene to a glucose sensor.

Because of modern life-style and mobile electronic devices, maybe the most
effective and highly anticipated application is producing the rechargeable batteries
with lighter in weight. Lithium-ion and some lithium-polymer cells are comparable

to, or better than nickel-cadmium cells now already on the market.

The polymer battery, such as a polypyrrole-lithium cell operates by the oxidation and
reduction of the polymer backbone. During charging process, the polymer oxidizes,
and anions in the electrolyte enter the porous polymer to balance the charge created;
and the lithium ions in electrolyte are electrodeposited at the lithium surface. During
discharging (while usage) of the battery, the electrons are removed from the lithium,
causing lithium ions to reenter the electrolyte and to pass through the load and into
the oxidized polymer. The positive sites on the polymer are reduced, releasing the
charge-balancing anions back to the electrolyte. This process can be repeated about

as often as a typical secondary battery cell [81].

In Figure 2.46, a recently developed ultracapacitor design is shown. These electrodes
are helpful in designing electrochemical capacitors that combines the battery’s high
energy density and the capacitor’s power performance, paving the way to advance
energy storage technology. The research team showed the high-performance
electrochemical capacitors made of graphene. These electrochemical capacitors, also
called as ultracapacitors or supercapacitors, retain superior electrochemical qualities
even under high mechanical stress, making them suitable for high-power flexible

electronics [323].
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Figure 2.46 : An application of laser scribed graphene ultracapacitor.

Conducting polymers are able to do mimics when they vary their states as doped and
undoped, thus, they can be used to directly convert the electrical energy into the
mechanical energy. Such a system utilizes large changes that can be as large as 10%
in size undergone during the doping and dedoping of many conducting polymers.
Electrochemical actuators can function by using changes in a dimension of a
conducting polymer, changes in the relative dimensions of a conducting polymer and
a counter electrode and changes in total volume of a conducting polymer electrode,
electrolyte and counter electrode. The method of doping and dedoping is very similar
to that used in rechargeable batteries, and requires the anodic strip and the cathodic
strip changing size at different rates during charging and discharging. The
applications of this include microtweezers, microvalves, micropositioners for
microscopic optical elements, and actuators for micromechanical sorting (such as the

sorting of biological cells) [82].

In Fig 2.47, electrochemical transfer of dopant from the outer layer to the inner layer
of each bimorph causes opening the tweezers. A bimorph is a cantilever that consists

of two active layers: piezoelectric and metal.

These layers produce a displacement via thermal activation (a temperature change
causes one layer to expand more than the other), or electrical activation as in a
piezoelectric bimorph (electric field causes one layer to extend and the other layer to
contract). A piezoelectric unimorph has one active (i.e. piezoelectric) layer and one

inactive (i.e. non-piezoelectric) layer [1-10, 16, 18, 20, 63].
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Figure 2.47 : Proposed use of paired bimorph actuators as micro-electrochemical
tweezers.

Smart structures are items which change themselves to be better and more suitable.
An example of such a futuristic application is a golf club which adapt in real time to
a person’s tendency to slice or undercut their shots. A more realizable application is
vibration control [83]. Smart skis have been developed which do not vibrate during
skiing. Vibration control is achieved by using the force of the vibration to apply a
force opposite to the vibration [84]. Other applications of such smart structures
include active suspension systems on cars, trucks and train; traffic control in tunnels
and on roads and bridges; damage assessment on boats; automatic damping of
buildings and programmable floors for robotics and AGV's [83]. An AGV is an
“automated guided vehicle” or “automatic guided vehicle”, a mobile robot that
follows markers or wires in the floor, or uses vision, magnets, or lasers for

navigation.

Much research is necessary to see some of the above applications will become a
reality [84]. The stability and processibility both need to be substantially improved if
they are to be used in the market place. The cost of such polymers must also be
substantially lowered. However, it must be considered that, although conventional
polymers were synthesized and studied in laboratories around the world, they did not

become widespread until years of research and development had been done. In a
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way, conducting polymers are at the same stage of development as their insulating
ones were some 50-60 years ago. Regardless of the practical applications which are
eventually developed for them, they will certainly challenge researchers in the

years to come with new and unexpected phenomena.
2.6 Pyrrole and Polypyrrole

Pyrrole is a heterocyclic aromatic organic compound, a five-membered ring with the
formula C4H;NH [218]. It is a colourless volatile liquid that darkens readily upon
exposure to air. Pyrrole has very low basicity compared to conventional amines and
some other aromatic compounds like pyridine. This decreased basicity is attributed to
the delocalization of the lone pair of electrons of the nitrogen atom in the aromatic
ring. Like many amines, pyrrole slowly decomposes on exposure to air and light
[219]. Over time, it turns brown over time due to accumulation of impurities such as
polypyrrole and various amine. The simplest member of the pyrrole family is pyrrole
itself, a basic heterocyclic compound; colorless to pale yellow, toxic oil with pungent
taste and similar to chloroform odor; insoluble in water; soluble in alcohol, ether, and
dilute acids; boils at 129-131°C; polymerizes in light. It is usually purified by
distillation immediately before use. Pyrrole oligomers are easier to oxidize than the

corresponding pyrrole monomers. The formula of pyrrole is shown in the Fig 2.48.

Figure 2.48 : Pyrrole.

Pyrrole ring system is involved in coloured products in nature. Pyrrole was first
detected by F. F. Runge in 1834, as a constituent of coal tar. In 1857, it was isolated
from the pyrolysate of bone. Its name comes from the Greek “pyrros” (fiery), from
the reaction used to detect it; the red color that it imparts to wood when moistened
with hydrochloric acid [220]. Pyrrole and its derivatives are widely used as an
intermediate in synthesis of pharmaceuticals, medicines, agrochemicals, dyes,

photographic chemicals, perfumes and other organic compounds. They are used in
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metallurgical processes. They are useful in the intensive study of transition-metal
complex catalyst chemistry for uniform polymerization, luminescence chemistry and

spectrophotometric analysis.

Polypyrrole (PPy) is a chemical compound formed from a number of connected
pyrrole ring structures. The formula of PPy is shown in the Figure 2.49. Polypyrroles
are conducting polymers of the rigid-rod polymer host family, all basically
derivatives of polyacetylene. PPy films thinner than 1 mm have different spectral
properties depending on the conditions of synthesis and degree of PPy oxidation;
with the increasing degree, the colour of the films changes from yellow to the blue
and, ultimately, black. The stability in air of the doped PPy films is relatively high;
their degradation occurs only above 150 - 300 °C. Thermal degradation of PPy starts
with the loss or decomposition of dopant.

e
\

Figure 2.49 : Formula of Polypyrrole.

n

Polypyrrole is a conducting polymer that has attractive characteristics for the use as a
radar absorbing material [85]. The polymer's conductivity can be varied over several

orders of magnitude, covering a range that is suitable for microwave absorption.

Polypyrrole (PPy) can be formed chemically or electrochemically through oxidative

polymerization of pyrrole monomer,

The oxidation process mentioned above proceeds via a one electron oxidation of
pyrrole to a radical cation, which subsequently couples with another radical cation to

form the 2,2'- bipyrrole. This process is then repeated to form longer chains.
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Figure 2.50 : Oxidative polymerization of Pyrrole to Polypyrrole.

The final form of polypyrrole is that of a long conjugated backbone as seen in Figure
2.50. The polymer has resonance structures that resemble the aromatic or quinoid
forms. In this neutral state the polymer is not conducting and only becomes
conducting when it is oxidized. The charge associated with the oxidized state is
typically delocalised over several pyrrole units and can form a radical cation
(polaron) or a dication (bipolaron) (Figure 2.51). The physical form of polypyrrole is
usually an intractable powder resulting from chemical polymerization and an

insoluble film resulting from electropolymerization.
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Figure 2.51 : Chemical structures of PPy in neutral aromatic and quinoid forms and
in oxidized polaron and bipolaron forms.

2.6.1 Polymerization of Pyrrole
2.6.1.1 Electropolymerization of Pyrrole

Electrochemical oxidation of pyrrole forms a film of conducting polymer at the
electrode surface. The electropolymerization of pyrrole to polypyrrole follows as in
Figure 2.52.

Initiation. Formation of monomer radical cation by electrochemical oxidation, +0.8
V vs SCE.

Propagation. Combination of two radical cation monomers (or oligomers) followed
by loss of two hydrogen ions. The linkage formed is at the 2 position of the pyrrole
ring, forming 2,2’-bipyrrole. 2,5-disubstituted pyrroles do not polymerize and 2-
monosubstituted pyrroles only form dimmers. Propagation continues by re-oxidation

of the bipyrrole and further combination of radicals.
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Termination. Occurs when no further monomer is present for oxidative
polymerization or side reactions terminate the PPy chain. An example of a

termination reaction is the reaction with water to form the amide group.
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Figure 2.52 : Electropolymerization mechanism of Pyrrole.

Monomer units are adsorbed onto the surface of the working electrode resulting in
one-electron oxidation to form a pyrrole cation radical. These cations then couple

with themselves, with other cations or with neutral monomers from solution. In each
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case, this leads to the formation of a dimer dication, which undergoes a double
deprotonation to give a neutral molecule. These more stable dimer radicals have a
lower oxidation potential compared with the monomer units and chain growth then
occurs by preferential coupling between the dimers and monomers. Anion (A") is

required to maintain electroneutrality.

The success of electropolymerization of pyrrole is due to the stability of the radical
through charge delocalization, and the ease of electro-oxidation. The loss of the
hydrogen ions makes the dimer (oligomer) formation irreversible so proton
acceptors, such as water, pyridine and bases, enhance electropolymerization. Good
solvents for electropolymerization [86] include water, acetonitrile, butanone,
propylene carbonate, dimethylformamide (DMF) and ethanol though the presence of
a bit of water (1 v/v%) enhances the polymer formation. Water can also result in
chain termination. Potentiostatic, potential cycling, and galvanostatic methods can be
used to electropolymerize pyrrole. Potentiostatic methods (constant potential) and
cycling the potential yield the most consistent films of about the same quality.
Galvanostatic deposition (constant current), does not produce as good a quality film

as the other methods, but is useful for controlling film thickness.

Electrochemical oxidation of a 5-member pyrrole oligomer [87] shows two
reversible one-electron oxidation processes at E, = -0.28 and -0.08 V vs Ag/Ag+.
These correspond to the formation of the radical cation and dication, respectively,
which are stable and do not polymerize. Another oxidation peak at E,=0.75 V marks
the start of polymerization. Extrapolation of the E, value to infinite chain length for
the first one electron oxidation gives a value of —0.59 V, compared to the measured

value of —0.57 V for polypyrrole from the pentamer [88].

AFM studies of polypyrrole production indicate that time and substrate influence the
final film morphology [88, 89]. Supporting electrolyte was found to affect deposition
kinetics [89]. Cyclic voltametry and NIR-Vis spectroscopy have also been used to
show the affect of pH and counter ion [90]. Neutral polypyrrole is noted to be very
unstable in water or air. In basic solutions the polymer was doped with hydroxide
ions and other anions in acidic solutions. Incorporation of polymeric counter ions has

been investigated for imbuing other properties such as thermoresponsiveness [91].
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2.6.1.2 Chemical polymerization of Pyrrole

Polypyrrole can also be synthesized via chemical polymerization, using a chemical
oxidant such as ferric chloride (FeCls) [221, 222]. During chemical polymerization,
pyrrole and a water soluble counter-ion salt are added to an aqueous FeCls solution.
The FeCl; initiates pyrrole polymerization, and the black polymer falls out of
solution. This method can be used to coat fabrics or other non-conducting surfaces
with polypyrrole, as the polypyrrole will deposit on any surface exposed to the
reaction solution. Alternatively. anhydrous FeCls; can be dissolved in an organic
solvent. When pyrrole is mixed into this solvent, it will be oxidized, and the resulting
polypyrrole will precipitate out of solution. Both methods of chemical
polymerization produce powdery products that are not free-standing, and are
generally used when one wants to coat, a non-conductive surface [221-223], or to
make polypyrrole with a very large surface area for capacitor applications [224, 225].
The mechanism of chemical polymerization of Py is similar to that for
electropolymerization of pyrrole and conductivities are comparable. The resulting
polymer in its oxidized form is conducting with charge compensation afforded by
FeCl,". The conductivity of polypyrroles formed from different ferric salts (effect of
dopant ion) has been related to the Fe?*/Fe® redox potential with strong acid anions
providing the most oxidizing ferric species. Weaker acid anions typically coordinate
Fe** ions more strongly, reducing its oxidizing potential [86]. An investigation into
the ferric ion equilibria in aqueous solutions showed that above a concentration of
0.5 M HCIO, there was no change in the amount of available Fe(H,0)s** [92].

The solvent the reaction occurs in also changes the redox potential. For example the
Fe?*/Fe®" redox potential is lower in water than acetonitrile. If the redox potential is
too high, an irreversible dissolution of polypyrrole can occur, as for ferric perchlorate
in acetonitrile [93]. Methanol has been found to produce the best conducting polymer
based on conductivity and morphology [94, 95]. The conductivity was related to the
redox potential of the Fe?*/Fe" system and could be varied by adding FeCl,. The
optimum redox potential in methanol was +0.5 V vs SCE. The solvent also has an
influence on the dopant ion that remains in the PPy film. In ether using FeCI® as
oxidant leaves FeCl, as the dopant ion, while in methanol, the dopant is mainly CI’

with some FeCl, [86]. Water was found to be trapped in the PPy with formation of
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pyrrolidinone rings at chain terminations similar to electrochemically produced films
[86].

Other counter ions to the ferric ion will also be incorporated into the PPy film [86] as
will ions present in solution. Dopants whose bonds are variable / unstable such as CI-
O, B-F, P-F, should be avoided for sake of polymer stability [96]. Polymerization of
pyrrole in the presence of surfactants such as dodecylbenzyl sulphonic acid or a salt
like sodium dodecyl sulphate, leads to an increase in mass yield due to incorporation
of the salt/surfactant into the polymer [97]. Cationic surfactants were found to inhibit
the polymerization of pyrrole. Polymerization of pyrrole in the presence of
polystyrene sulphonate (PSS) produced particles (non-colloidal) with the size being
inversely proportional to the concentration of ferric chloride oxidant [98]. The size
effect is due to the affinity of pyrrole and the ferric ion to PSS. The acid
concentration affects the polymerization process.

The conductivity of polypyrrole increases as the synthesis temperature is reduced.
This is thought to be due to a reduction in the number of side reactions. Polypyrrole’s
conductivity as a function of temperature is studied as well as reflectivity, and
classified into metallic, critical and insulating regions [99]. Polypyrrole's
conductivity is strongly dependent on temperature. but the type of dependence
(metallic vs. insulating) depends on the conditions under which the sample was
made. In general. polypyrrole's conductivity decreases with decreasing temperature
until a minimum of T =10 to 20 K. Below this point, the conductivity increases with
decreasing temperature for highly doped (metallic) samples. and continues to
decrease for less highly doped (insulating) samples [318,320,321]. Whether a
particular sample is metallic or insulating is determined by whether the Fermi energy
is above or below the mobility edge (the critical energy that differentiates localized

and non-localized states) [319].

The density of polypyrrole has been determined to be 1.48 g/cm® and 1.44 +/- 0.05
g/cm® [98,100]. Polypyrrole derivatives have been prepared and their properties
studied. By blocking the 3-, 4- positions on the pyrrole ring, unwanted side reactions
at these sites are eliminated. This has been noted to yield higher conductivity in the
case of poly 3,4- dimethoxypyrrole [101,102]. Various alkylenedoxypyrroles have
been synthesised and studied including a series of soluble species [101,103,104]. N-
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substituted pyrroles tend to induce twisting relative to adjacent pyrrole rings, thus
limiting the conjugation length and conductivity. Solid state NMR has been used to
elucidate some of the conducting mechanisms and structures [105]. Bipolarons
appear to be the charge carriers and conductivity is linked to the loss or
decomposition of the dopant ions. Elevated temperatures in air reduce the quinoid
content and oxidise the 3,4-positions. Dodecyl sulphate is less stable than p-toluene
sulphonate at elevated temperatures. Under argon the dodecyl sulphate doped film
become brittle indicating cross linking at elevated temperatures [105].

The polymer produced by electrochemical or chemical synthesis is generally an
intractable solid or powder. In following section 2.6.2, there are some of the
strategies that have been investigated for the purpose of producing useable material.

2.6.2 Processability of Polypyrrole

Researchers have been looking at a number of methods for making conducting
polymers practical [106]. The trade off is often lower conductivities, though
sometimes there is the serendipitous gain of stability. Some of these methods include
direct polymerization onto polymers sheets, glass, polymer and inorganic particles,
clays, zeolites, porous membranes, fibres and textiles and soluble matrices. The
methods used to coat these materials are reviewed below to highlight potential

avenues for the development of radar absorbing materials.
2.6.2.1 Solutions of Polypyrrole

The solubility of polypyrrole is limited due to its rigid structure and cross-linking.
Attempts at increasing the solubility have been made by derivatizing the pyrrole ring
at the 3- and 4- positions with alkyl groups, or substituents on the pyrrole’s nitrogen.
Another technigues that has been proven successful for some conducting polymers is
to use long chain surfactant dopants like sodium dodecyl benzene sulfonate [104-
106], di(2- ethylhexyl) sulfosuccinate sodium salt [107], or polystyrene sulfonate
[95]. These polymers are then soluble in m-cresol, NMP, DMSO, DMF and THF.

2.6.2.2 Chemical preparation of Polypyrrole composites

Since polypyrrole is generally intractable, attempts have been made to polymerize

pyrrole onto or into the material where it is desired. In one strategy, the oxidant is
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mixed with the substrate and then exposed to pyrrole [108]. For instance, ferric
chloride has been mixed with polyvinyl alcohol [109], polyvinyl acetate [110],
polyethylene oxide [111], poly(styrene-butyl acrylate-hydroxethyl acrylate) [31],
poly(methyl acrylate-co-acrylic acid) [112], or rubber [113], and exposed to pyrrole
vapours. The variation of this method is to soak the substrate with the pyrrole

monomer and then immerse it in an oxidant solution [108, 114].

Polypyrrole can be deposited directly onto a substrate surface, by placing the object
in a solution containing pyrrole and oxidant. This coating strategy has been applied
to fabrics [115] and is discussed in greater detail in section 2.6.5.

Surfaces have been modified with dopant groups to facilitate polypyrrole-substrate
adhesion and deposition. Low density polyethylene has been sulphonated and used as
a template for the polymerization of pyrrole yielding PPy layers up to 80 nm thick
and conductivity up to 150 S/cm [116,117]. A similar system was investigated using
a sulphonic acid derivative of polystyrene grafted polyethylene [118], and
compression molded sulphonated polystyrene objects [119]. Other researchers have
attempted to improve deposition and adhesion of the polypyrrole by graft
polymerization of other polymers to the polyethylene [140]. Polypyrrole has been
deposited onto acrylic, polystyrene, polyimide and polyurethane foam [123].
Composites have been made by dispersing polypyrrole powder in melted LDPE,
HDPE and PS [141], or by dispersing polypyrrole powder or flakes in silicone rubber
or vinyl ester and curing the material [142]. Colloidal PPy has been made by

stabilisation with methylcellulose [143].
2.6.3 Copolymers and graft copolymers of Polypyrrole

Processable or soluble polypyrrole has been formed by graft copolymerization of
pyrrole. This has been accomplished by coupling pyrrole to a reactive monomer,
polymerizing the monomer and then polymerizing the pyrrole as was done for
methylmethacrylate [144-146]; or by modification of a preformed polymer with
pyrrole and then polymerizing the pyrrole as has been done for polystyrene-co-poly
(chlorostyrene) [147]. These materials were initially soluble with a tendency to

become insoluble at high pyrrole content.
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Direct copolymerization of pyrrole with other monomers has produced soluble
conducting product. Examples include the polymerization of pyrrole with various
aniline derivatives [148-150], and methyl ethyl ketone formaldehyde resin [151]. The
conductivity and solubility depends on the feed ratio of pyrrole.

2.6.4 Electrochemically synthesis of Polypyrrole

Pyrrole has been electrochemically copolymerized with a liquid crystal derivatised
thiophene forming an insoluble film [152].

2.6.5 Polypyrrole studies on textiles

Conductive textiles [153] can be produced by weaving thin metallic or carbon wires,
impregnating fibre materials with conducting powders, metallizing material, or by
blending filament-sized fibres of stainless steel or carbon fibre. Conducting fibres
have also been made from conducting polymers by solution spinning, however, they
are typically brittle, expensive to produce and hard to manufacture on a large scale
[154]. Conducting powder (carbon) incorporation is most cost effective, though the
high content required to yield percolation reduces the mechanical properties of the
fibres. Core/shell strategies, where normal textile fibres are coated with a conducting
material, maintain the original mechanical strength. Conducting polymers have been
used for this application, and yield conductivities that fall between metallized fabrics

and carbon-based blends.

One of the earliest reports of the deposition of polypyrrole onto fibres involved a
two-step process, whereby paper was soaked in a ferric chloride solution before
immersion in a pyrrole solution [134]. Variations on this method include exposing
the ferric chloride to pyrrole monomer in the vapour phase [155,156] and soaking the
substrate in monomer before polymerization in an oxidizing solution [157]. The

process is also applicable to the use of various solvents [158].

The easiest method of applying conductive polymer to a textile is from a solution of
the conducting polymer. The solubility of highly conducting polymers (PPy, PANI
and Polythiophene) is limited to solvents that are not generally compatible with the
textiles [126]. Water-based systems have been used for coating textiles such as the

PANIPSS system and emulsion polymerized monomers to form latex [159,160].
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In-situ polymerization is another method for producing conductive coatings on
textile substrates [161-163]. The mechanism for conducting polymer deposition
proceeds through the adsorption of oligomeric species onto the textile surface,
nucleation, from which subsequent polymerization occurs, growth, forming a smooth
continuous film. Neither the monomer nor the oxidant is adsorbed to produce
nucleation sites. In the presence of a fibrous surface, little or no polymer is found in
solution. The coatings made by this method do not form significant fibre-to-fibre

bonds, unlike solution and emulsion methods.

Polymer deposition is independent of surface material yielding films less than 1 um
thick and very uniform for coverages of 1-5%. Substrate material does not have a
significant effect on the polymerization of pyrrole, yielding essentially the same
conductivity for the same mass of textile. Clean glass fabric is reported to not coat
well with PPy [153], though its adhesion can be improved by the use of aminosilane
or pyrrole-silane molecules that chemically bond to the glass surface [164-166].
Factors important to determining the conductivity include surface area,
hydrophobicity, surface polarity and porosity. Porous fibres (nylon and
polyacrylonitrile) and materials with polar groups tend to increase adhesion and
polymer deposition while non-polar fibres such as polyethylene and poly
tetrafluoroethylene and dense crystalline fibres such as polyester yield poorer
adhesion. The conductivity is not a linear function of the mass of polypyrrole
deposited [52]. Fabrics prepared from continuous filament yarns produce better
conducting films than those prepared from spun fiber yarns [167]. The conductivity

of PPy-Textiles does not vary greatly as a function of humidity.

Kinetics of the polypyrrole deposition on textiles has been studied.[168] The rate of
polymerization is dependent on the concentration of monomer and type of oxidizing
agent. Ammonium persulfate, APS, is much faster than FeCl;. Acidic FeCl; is much
faster than more basic FeCl; as the acid drives the equilibrium Fe(H,0)s" >
Fe(H20)s(OH)*? + H* to the left. The hydrated species is smaller and not as tightly
coordinated, so the reaction is more facile. Highly coordinating ligands or high pH
slows the reaction rate. Comparing reactions with and without the presence of fibres
in the reaction vessel, the reaction rate is faster with fibres present and second order,

though first order reation rates can be achieved if the Fe®* concentration is
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significantly increased. Without fabric, the reaction rate is second order and slower.
Pure solvents such as methanol, methylene chloride or acetonitrile permit
polymerization to occur in the solution phase, so no PPy is deposited on the fabric.

Pure solvents have already been noted to inhibit the deposition of PPy on the textile,
whereas mixed solvents give mixed results. For instance, 20 g/L acetone in water
inhibits PPy deposition, whereas the same concentration of methanol does not
interfere. Textiles may be scoured with surfactants before sale and these may have an
effect on PPy formation. Surfactants that are cationic or nonionic do not promote
adsorption while dodecylbenze sulfonic acid, DBSA, marginally decreases
adsorption. Hydrophobic surfactants such as alkylnaphthylsulfonate promote film

formation.

Other additives, such as 1,4-dihydroxybenzene, reduce adsorption while p-
nitrophenol does not interfere. PPy — Fabric (Polyethyleneterphthalate and
Polyethylene) samples have been chemically polymerized, using Poly (vinyl alcohol)
as a surfactant to improve PPy coating on non-woven materials and NSA as a dopant
with APS as oxidant [116]. The DC conductivity (T) indicates 3-D variable range

hopping.

Conducting fibres have been fabricated by electropolymerizing pyrrole with a cotton,
silk or wool fibre wrapped around the electrode [168]. A considerable body of work
exists for polyaniline, PANI, coated textiles [169]. Polyaniline on glass fibres has
been studied [170]. The glass was cleaned in sulphuric acid to remove impurities
before polymerization in HCI, aniline and PTSA. Conductivities up to 1.79 S/cm
were realized based on the thickness of the film rather than the thickness of the
fabric. It is pointed out here that in the rinsing stages of the PANI/HCI or
PANI/PTSA fabrics, a solution containing the counterion must be used as rinsing

with pure water leaches out the dopant [170].
2.7 Electrospinning

As the diameters of polymer fiber materials are reduced from micrometers (e.g. 10—
100 nm) to nanometers, several amazing characteristics appear such as high surface
area to volume ratio (this ratio for a nanofiber can be as large as 103 times of that

microfiber), flexibility in surface functionalities, and high-qualified mechanical
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performance (e.g. stiffness and tensile strength) compared with any other known
form of the material. These properties make the polymer nanofibers to be optimal
precursors for many significant applications. In recent years, series of processing
techniques such as drawing [171], template synthesis [172,173], phase separation
[174], self-assembly [175, 176], electrospinning [177, 178], etc. have been used to
obtain polymer nanofibers. Even though the term ‘‘electrospinning’’, derived from
“‘electrostatic spinning’’, was used relatively recently (in around 1994), its
fundamental idea dates more than 60 years earlier. A series of patents [179-183]
were published from 1934 to 1944, which describe an experimental setup for the
production of polymer filaments using an electrostatic force. A polymer solution was
entered into the electric field, then the polymer filaments were formed from the
solution; between two electrodes bearing electrical charges of opposite polarity. One
of the electrodes was placed into the solution and the other onto a metal collector.
Once ejected out of a metal spinnerette with a small hole, the charged solution jets
evaporated to become fibers which were collected on the collector. The potential
difference depended on the properties of the spinning solution, such as polymer
molecular weight and viscosity. If the distance between the spinnerette and the
collector was short, spun fibers tended to stick to the collecting device as well as to
each other, due to incomplete solvent evaporation. The schematic draft of

electrospinning is shown in the Figure 2.54.

In recent years since 1980s the electrospinning process essentially similar to that
described by [184] has attracked more probably due in part to a surging interest in
nanotechnology, as ultrafine fibers or fibrous structures of various polymers with
diameters down to submicrons or nanometers can be easily fabricated with this

process.

There are mainly three components to complete the process: a high voltage supplier,
a capillary tube with a pipette or needle of small diameter, and a metal collecting
screen. In the electrospinning process a high voltage is used to create an electrically
charged jet of polymer solution or melt out of the pipette (Figure 2.53). Before
reaching the collecting screen, the solution jet evaporates or solidifies, and is

collected as an interconnected web of small fibers [177, 178].
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Figure 2.53 : Schematic of electrospinning setup and process.

One electrode is placed into the spinning solution/melt and the other attached to the
collector. In most cases, the collector is simply grounded, the electric field is
subjected to the end of the capillary tube that contains the solution fluid held by its
surface tension. This induces a charge on the surface of the liquid. Mutual charge
repulsion and the contraction of the surface charges to the counter electrode cause a
force directly opposite to the surface tension. When the intensity of the electric field
is increased, the hemispherical surface of the fluid at the tip of the capillary tube
elongates to form a conical shape known as the Taylor cone [185]. Further increasing
the electric field, a critical value is attained with which the repulsive electrostatic
force overcomes the surface tension and the charged jet of the fluid is ejected from
the tip of the Taylor cone. The discharged polymer solution jet undergoes an
instability and elongation process, which allows the jet to become very long and thin.
Meanwhile, the solvent evaporates, leaving behind a charged polymer fiber. In the

case of the melt the discharged jet solidifies when it travels in the air.

Both the dissolution and the electrospinning are conducted at room temperature with
atmosphere condition. However, some polymers may cause unpleasant or even
harmful smells, therefore the processes should be conducted within chambers having

a ventilation system. Furthermore, a DC voltage in the range of several to several
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tens of kVs is necessary to generate the electrospinning. One must be careful to avoid
touching any of the charged jet while manipulation. It is noted that the same polymer
dissolved in different solvents may all be electrospun into nanofibers.

There are many parameters that affects the transformation of polymer solutions into
nanofibers through electrospinning. These parameters include (a) the solution
properties such as viscosity, elasticity, conductivity, and surface tension, (b)
governing variables such as hydrostatic pressure in the capillary tube, electric
potential at the capillary tip, and the gap (distance between the tip and the collecting
screen), and (c) ambient parameters such as solution temperature, humidity, and air

velocity in the electrospinning chamber [186].

Consequently these fibers have a large surface area per unit mass so that nanowoven
fabrics of these nanofibers collected on a screen can be used for example, for
filtration of submicron particles in separation industries and biomedical applications,
such as wound dressing in medical industry, tissue engineering scaffolds and
artificial blood vessels. The use of electrospun fibers at critical places in advanced

composites to improve crack resistance is also promising [187, 188].
2.8 Emulsion Polymerization

Emulsion polymerization is a largely used process that helps to obtain waterborne
resins that contains several colloidal and physicochemical properties. A hydrophobic
monomer is added into the water with emulsifier and the reaction is continued with
the initiation reaction by the water-soluble initiator (such as NaPS) in this free-
radical non-homogenious polymerization type [189-195]. This polymerization
mainly involves the reaction of free radicals with relatively hydrophobic monomer
molecules within submicron polymer particles dispersed in a continuous aqueous
phase (Figure 2.54). This unique polymerization process that is heterogeneous in
nature exhibits very different reaction mechanisms and kinetics compared to bulk or
solution free radical polymerization. Surfactant is generally required to stabilize the
colloidal system; otherwise, latex particles nucleated during the early stage of
polymerization may experience significant coagulation in order to reduce the

interfacial free energy. This feature may also come into play in determining the
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number of reaction loci (i.e., polymer particles) available for the consumption of

monomer therein.
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Figure 2.54 : Schematic view of emulsion polymerization.

The spontaneous latex form of particles are obtained from polymerization at the very
beginning of the reaction process. These latex particles are normally 100 nm in size,
and are made of many individual polymer chains. The particles do not coagulate with
each other due to the surrounding of the surfactant on the particles. also the

electrostatic force coming from the surfactant makes the particles repel each other.

A large oil-water interfacial area is created as the particle nuclei form and particle
size incrases with the continuing of the polymerization. Therefore an effective
stabilizer that contains ionic and non-ionic surfactants, also protective colloid (e.g.
hydroxyethyl cellulose and polyvinyl alcohol), is needed to prevent the latex
particles from coagulation thanks to the physically or chemically integrated on the

particle surface [196]

Since growth and stabilization, nucleation of polymer particles are controlled by the
free radical polymerization mechanisms in combination with several colloidal

occurances, emulsion polymerization is considered as a relatively complex process.
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3. EXPERIMENTAL PART

3.1 Materials

All the studies included in this thesis were performed using the following materials:
Butyl Acrylate (BuA) (CH,CHCOOC,Hy), Acrylonitrile (AN) (CsHsN), Pyrrole (Py)
(C4HsN), Dimethylformamide (DMF) (CsH;NO), Dimethylsulphoxide (DMSO)
(C2HgOS), Sodium Dodecyl Benzene Sulfonate (SDBS) (CigH29NaO3S), Cerium
(V) Ammonium Nitrate (CAN) (HsNgCeO;g), Potassium Peroxydisulphate (KPS)
(K2S203), and Ammonium Persulphate (APS) ((NH4).S20s) were all reagent degree
and were purchased from Sigma Aldrich. Sodium Chloride (NaCl), Ethanol
(C2HsOH) and Methanol (CH3OH) were obtained from Merck. Distilled water was
obtained from our laboratory. All the reagents were used as taken without further

purification.

3.2 Analyses and Instruments
3.2.1 Spectroscopic analyses
3.2.1.1 ATR-FTIR analysis

Analyses were carried out on an ATR-FTIR reflectance spectrophotometer (Perkin
Elmer, Spectrum One, with a Universal ATR attachment with a diamond and ZnSe
crystal). The advantage of using this instrument with such an ATR attachment is,
having chance to perform analyses by simply taking a sample in its solid form and to
put it onto the crystal eye of the intrument to begin an analyzing process of just a few

seconds.

All the spectra obtained from the analyses performed on this ATR-FTIR instrument

were taken as absorbance / wavelength graphs in a 4000 — 650 cm™ band.
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3.2.1.2 Uv-Vis analysis

Ultraviolet—visible spectroscopy or ultraviolet-visible spectrophotometry (UV-Vis or
UV/Vis) refers to absorption spectroscopy or reflectance spectroscopy in the
ultraviolet-visible spectral region. The absorption or reflectance in the visible range
directly affects the perceived color of the chemicals involved. In this region of the
electromagnetic spectrum, molecules undergo electronic transitions. Molecules
containing m-electrons or non-bonding electrons (n-electrons) can absorb the energy
in the form of ultraviolet or visible light to excite these electrons to higher anti-
bonding molecular orbitals. The more easily excited the electrons (i.e. lower energy
gap between the HOMO and the LUMO), the longer the wavelength of light it can
absorb.

All the UV-Visible Spectroscopy analyses were performed by using the Perkin Elmer
Lambda 45 UV-Visible Spectrometer. The spectra were obtained between 0-5

absorbance and 190 — 1100 nm wavelength bands, with a 1 nm of sensitivity.
3.2.1.3 EIS analysis

A dielectric material (dielectric for short) is an electrical insulator that can be
polarized by an applied electric field. When a dielectric is placed in an electric field,
electric charges do not flow through the material as they do in a conductor, but only
slightly shift from their average equilibrium positions causing dielectric polarization.
Because of dielectric polarization, positive charges are displaced toward the field and
negative charges shift in the opposite direction. This creates an internal electric field
that reduces the overall field within the dielectric itself. If a dielectric is composed of
weakly bonded molecules, those molecules not only become polarized, but also
reorient so that their symmetry axis aligns to the field. The study of dielectric
properties concerns storage and dissipation of electric and magnetic energy in
materials. Dielectrics are important for explaining various phenomena in electronics,

optics, and solid-state physics.

Dielectric spectroscopy (sometimes called impedance spectroscopy), and also known
as electrochemical impedance spectroscopy (EIS), measures the dielectric properties
of a medium as a function of frequency. It is based on the interaction of an external

field with the electric dipole moment of the sample, often expressed by permittivity.
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It is also an experimental method of characterizing electrochemical systems. This
technique measures the impedance of a system over a range of frequencies, and
therefore the frequency response of the system, including the energy storage and
dissipation properties,is revealed. Often, data obtained by EIS is expressed

graphically in a Bode plot or a Nyquist plot.

Impedance is the opposition to the flow of alternating current (AC) in a complex
system. A passive complex electrical system comprises both energy dissipater
(resistor) and energy storage (capacitor) elements. If the system is purely resistive,
then the opposition to AC or direct current (DC) is simply resistance.

For the EIS analyses performed, it was used the Parstat 2263 Electrochemical

Analyzer instrument, as shown in Figure 3.1.

Figure 3.1 : Parstat 2263 Electrochemical Analyser.
3.2.1.4 Broad-band dielectric spectrometry

The interaction of electromagnetic waves with matter in the frequency range between
10° and 10 Hz is the domain of broadband dielectric spectroscopy. In this
extraordinarily extended dynamic range molecular and collective dipolar
fluctuations, charge transport and polarisation effects at inner and outer boundaries
take place and determine the dielectric properties of the material being studied.
Hence, broadband dielectric spectroscopy enables one to gain a wealth of
information on the dynamics of bound (dipoles) and mobile charge carriers

depending on the details of a molecular system.
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Figure 3.2 : Novocontrol BDS-40 Broadband Dielectric/Impedance Spectrometer.

The film and thin films samples which are subjected to this thesis study were
analyzed in the instrument shown in Fig 3.2, to make a conclusion about the
electromagnetic shielding performances and conductivity levels of the sampled
materials.

3.2.2 Morphological analyses

The morphology of the samples were diverting from eachother in various ways
because of their raw materials, production methods and production and preparing
conditions such as humidity, temperature, residual solvent, etc. The Scanning
Electron Microscope (SEM) and Atomic Force Microscope (AFM) analyses were
performed to enlighten the morphological properties of various samples studied in

this thesis.
3.2.2.1 SEM analysis

Some of SEM analyses were performed on a desktop model of SEC SEN-3000M
Mini-SEM instrument in Electropol-Nanotech Res. Grp. Laboratories of ITU (Figure
3.3), which can perform taking SEM pictures in a range of 50x — 30,000x
magnification, according to the sample type. And the detailed SEM analyses in a
larger scale (50,000 — 400,000) were performed by FEI - Quanta FEG 250 instrument
(Figure 3.4) of MEMTEK laboratories in Istanbul Technical University.
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Figure 3.3 : SEC SEN-3000M Mini-SEM instrument.

10/05/2012

Figure 3.4 : FEI - Quanta FEG 250 instrument.

3.2.2.2 AFM analysis

Atomic force microscopy (AFM) or scanning force microscopy (SFM) is a very
high-resolution type of scanning probe microscopy, with demonstrated resolution on
the order of fractions of a nanometer, more than 1000 times better than the optical
diffraction limit. The precursor to the AFM, the scanning tunneling microscope, was
developed by Gerd Binnig and Heinrich Rohrer in the early 1980s at IBM Research -
Zurich, a development that earned them the Nobel Prize for Physics in 1986. Binnig,
Quate and Gerber invented the first atomic force microscope (also abbreviated as
AFM) in 1986. The first commercially available atomic force microscope was
introduced in 1989. The AFM is one of the foremost tools for imaging, measuring,
and manipulating matter at the nanoscale. The information is gathered by "feeling"
the surface with a mechanical probe. Piezoelectric elements that facilitate tiny but
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accurate and precise movements on (electronic) command enable the very precise
scanning. In some variations, electric potentials can also be scanned using
conducting cantilevers. The AFM instrument used in this thesis study is shown in

Figure 3.5.

Figure 3.5 : Nanosurf Easy Scan 2 AFM-STM instrument.

3.2.3 Dynamic Mechanical Analysis

Dynamic mechanical analysis (termed shortly as DMA, also known as dynamic
mechanical spectroscopy) is a technique used to study and characterize materials. It
is most useful for studying the viscoelastic behavior of polymers. A sinusoidal stress
is applied and the strain in the material is measured, allowing one to determine the
complex modulus. Depending on the desired measurement method, the temperature
of the sample or the frequency of the stress can be varied while performing test,
leading to variations in the complex modulus; this approach can be used to locate the
glass transition temperature of the material, as well as to identify transitions
corresponding to other molecular motions. DMA instrument used while this thesis

study is shown in Figure 3.6.
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Figure 3.6 : TA Instruments DMA Q800 Dinamic Mechanical Analyzer.

3.3 Synthesis of Polyacrylonitrile (PAN)

In this study, it was used first, bulk polymerization; and then emulsion

polymerization for synthesis of PAN.
3.3.1 Bulk polymerization of Acrylonitrile (AN)
3.3.1.1 Materials

Cerium ammonium (IV) nitrate (NH4)2[Ce(NOs)s] (CAN), nitric acid (HNOs3), and
oxalic acid were all Merck reagents. Acrylonitrile was supplied from Aksa, Turkey.
All these chemicals and monomers were used as received. Distilled water was used

for preparing solutions and stock solutions.
3.3.1.2 Polymerization procedure of Acrylonitrile

Polymerization was carried out in a flat-bottomed flask equipped with a stirrer and a
condenser by the addition of Ce(I1V) (CAN) dissolved in HNOs—water to an aqueous
solution of monomer and oxalic acid. All operations were conducted in water at 25
°C. Polymerization started with addition of Ce(IV) solution at 25 C water bath
temperature and reaction concentrations of oxidant, monomer, and acid as following:
[Ce(1V)] = 2x1072M, [HNOs] = 0.1M, [OA] = 2x1072M, [AN] = 2.4M. After 1 hour,
the temperature was increased up to 60-C and was kept at this temperature for 1
hour. After 2 hours of polymerization, the resulting polymer was precipitated,
filtered and washed with distilled water. The filtered polymer was dried at room

temperature. Polymerization mechanism is given below:

83



COOH Coo -

| + Ce(lV) ——= | + Ce(ll) +H
COOH COOH
initiation
'
oo +cH =G ——= €00 —(0H, - 0,
COOH CN COOH CN CN
v
—(CH.-CH) —CH.—C+-¥* .C—CH,— (CH, -CH) — COO
€00 —(CH, - CH) 77 CH, ¥ ) 2T (CH -G 5
COOH CN CN  CN CN COOH
propagation

coo — (CH, -CH) — €00
| I me-n |
COOH CN COOH

mutual termination

Figure 3.7 : Polymerization scheme of AN with Oxalic Acid-CAN couple.

3.3.2 Emulsion polymerization of AN
3.3.2.1 Materials

Ammonium persulphate (APS) [(NH,)2S,0g], Sodium dodecylbenzenesulphonate
(SDBS) [CH3(CH2)11CsH4SO3Na], Methanol (CH3OH), were all Aldrich reagents.
Acrylonitrile was supplied from Aksa, Turkey. Distilled water was used as
polymerization medium and to prepare solutions. All the materials were used as

taken, without further purification.

Table 3.1 : Ingredients and their amounts in reaction medium.

Ingredients | Molar Mass (g/mol) | Mole | Molarity | Weight (g)

AN 53.06 0.10000 | 1.00000 | 5.30600
SDBS 348.48 0.00152 | 0.01523 | 0.53060
APS 228.18 0.00150 | 0.01500 | 0.34227
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3.3.2.2 Polymerization procedure

Polymerization was carried out in a round-bottomed reaction-bulb equipped with a
magnetic-stirrer and a condenser by the addition of APS-dissolved-in-water to the
aqueous emulsion of AN monomer. The emulsion medium was carefully prepared
before the polymerization process by addition of SDBS into the required amount of
distilled water, and after SDBS was completely solved, the AN monomer was added
into the medium while vigorous stirring. When the milky-emulsion was observed, the
medium was heated up, and the polymerization started with addition of APS solution
at 70-C. After 5 hours of polymerization, the resulting polymer was precipitated,
filtered and washed 5 times respectively with excess amount of distilled water and
methanol. The filtered and washed polymer was dried first in laboratory-oven under
1 atm of vacuum pressure at 60°C for 1 day, and then left to the atmospheric
conditions of laboratory at room temperature.

3.4 Synthesis of Polybutyl acrylate (PBuA)
3.4.1 Materials

Butyl acrylate, Cerium (IVV) ammonium nitrate (CAN), methanol and distilled water
were used to synthesize PBUA.The reagents were all purchased from Aldrich, and

were used as they are taken, i.e. without further purification.
3.4.2 Polymerization process of BUA

CAN was dissolved in HCl/water medium to obtain initiator solution, Butyl acrylate
was solved in required amount of water, and polymerization took place at 40 °C. The

yield was more than 70%.
3.5 Synthesis of P(AN-co-BuA) Copolymer

The different molar compositions of P(AN-co-BuA) copolymers were synthesized
from its comonomers, AN and BuA, with these AN/BuA%molar ratios, 95/5, 90/10,
85/15, 80/20, 75/25, 67/33, 50/50 and 25/75. The receipt to synthesize the P(AN-co-
BuA) was taken directly from the receipt previously already used to successfully
polymerize AN monomer. While the AN monomer ratio is excessively more than

BuA monomer as feeding rate, the copolymer was able to be synthesized without
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problem and the yield was not that bad. But, when the BuA monomer is more than
AN monomer as weight while feeding to the polymerization medium, the
polymerization was usually failed or resulted with a very low yield. The optimization
of the reaction time, the temperature of the reaction medium, the monomer feeding
composition of the copolymer to clearly see the differences in resultant polymer, and
the washing/filtering/drying conditions, were all done after multiple of
polymerization attempts.

P(AN-co-BuA) copolymer was synthesized firstly via bulk polymerization by using
Ce(lV) as a free-radical initiator and oxalic acid as redox-agent, in HNO3 acid
medium. The yield was higher than 90%, but the resultant polymer was almost
impossible to solve in any organic solvent, because of the strong crosslinks between

molecular chains caused by high-reactant CAN initiator.

Because of the faced problems while processing the polymer, the polymerization
method was changed to the emulsion polymerization that includes the use of a
surfactant to disperse monomer drops in water medium at micro/nano dimensions,
and the initiator as KPS (Potassium persulphate)/APS (Ammonium persulphate).
Ammonium persulphate is a salt that works as a free radical initiator in water
medium, and it results high yields and high molecular weight of synthesized
polymer. The related literature claims the interaction between the surfactant
molecules and the resultant polymer, thus easier the solubility and so the
processability. Most of the copolymers synthesized by emulsion polymerization were
able to be fully dissolved in any organic solvent at room temperatures in less than
half hour.

The visual, morphological and spectroscopic analyses were done to characterize the

synthesized copolymer products.
3.6 Thin Film Production

Most of laboratory analyzing techniques and devices are suitable to analyze materials
in film form, which polymeric materials are easier to handle and to observe,
especially while mechanical analyzes such as stress/strain test on a dynamic
mechanic analyzer. Thus, in this study, the thin films were prepared from synthesized

(AN-co-BuA) copolymer within a range of 20-100 microns thickness.
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3.6.1 Materials

Synthesized copolymers of various monomer ratios (5/95, 10/90, 15/85, 20/80, and
33/67 %BUuA/AN) were used to produce polymeric film samples. To produce each
film sample, 0.25 g of taken polymer was dissolved via stirring in
Dimethylformamide (DMF) on magnetic stirrer system for 1-2 hours to obtain a 10

ml total volume of polymer solution.
3.6.2 Procedure

Polymer solutions were casted onto smooth surfaces of specially prepared glass-cells,
and left to the vacuum atmosphere which was already set to -1 bar pressure and +60
°C temperature for 72 hours. After this solution-casting and drying stage, the
prepared films were carefully removed from glass-cells and left into the standard
atmospheric conditions (25 C, 1 atm, 65% RH) of laboratory for 24 hours and then
packed to keep in safety for further analyses.

3.7 Electrospun-Nanofiber Production
3.7.1 Materials

Synthesized polymer/copolymer, Dimetyl formamide (DMF), Dimetyl sulphoxide
(DMSO). DMF and DMSO were purchased from Sigma-Aldrich, at analytical grade.

Polymers were previously synthesized in the laboratory.
3.7.2 Procedure

Electrospinning method was used to produce nanofibers of synthesized polymers. In
this process a high potential (1 — 50 kV) electrical field is applied between polymer
extruder/syringe system and metal collector surface. In this method, with suitable
amount of polymer feeding rate, average value of fiber diameter can be easily
arranged. While many other parameters such as atmospheric pressure, temperature,
relative humidity, temperature of polymer solution are all effecting parameters in
electrospinning process, the most important and determining parameters are syringe-
tip diameter and shape, concentration of polymer solution, electrical potential applied

and distance between tip and collector.
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Nanofibers were obtained by electrospinning method from two different solutions
including 300ul polymerized Py in copolymer matrix, and the copolymer itself;
which were previously described and prepared. 90/10 mol% AN/BuA copolymer was
used at a 5wt% concentration rate in DMF for both of the solutions.

In this study, all polymer solutions were prepared with 5-10% concentration at
standard room conditions (25°C, 1 atm), and electrospinning process was run under
about 1-3 kV/cm electrical potential/distance ratio (Table 3.2). From literature it was
already known that the fiber diameter increases with increase in concentration of
polymer solution, and polymer feeding rate; and decreases with increase in syringe-
collector distance, and applied electrical potential. Thus, nanofibers were produced
with desired properties, and samples were taken for analyses.

Table 3.2 : Electrospinning parameters used to produce nanofibers.

Feeding Rate (ml/h)|Applied Voltage (kV)| Distance (cm)
co-1 0.3 10 10
C0-2 0.15 10 10
0-3 0.15 15 10
co-4 0.15 20 10
coPy-1 0.15 20 5
coPy-2 0.15 15 5
coPy-3 0.15 10 5
coPy-4 0.15 20 7.5
CoPy-5 0.15 25 7.5
CoPy-6 0.15 30 7.5
coPy-7 0.15 20 10
coPy-8 0.15 25 10
coPy-9 0.15 30 10

3.8 Matrix polymerization of Pyrrole
3.8.1 Composite-thin-film production

Different amounts of Pyrrole (Py) added composite thin films were produced by
casting from Dimetylformamide (DMF) solutions of synthesized -via oxidative
polymerization with Ceric ammonium nitrate as initiator- Poly(Acrylonitrile-co-
Butyl Acrylate) [P(AN-co-BuA)] onto smooth glass-surfaces. SEM, ATR-FTIR, and

Dynamic Mechanical Analyses of products revealed a change in morphological view
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and mechanical behavior correlated with Polypyrrole (PPy) content. And electrical
impedance measurements were conducted to reveal electrical conductivity change

with increasing PPy content.

In some previous studies of literature, PAN and its various related
copolymers/terpolymers were used as polymer electrolytes, or to produce conductive
thin films, and/or fibers by its own, with/without adding salts or electronic active
self-dopant polymers to improve electronic interaction of structure in order to have
improved electrical conductivity and impedance properties, and they were
characterized by spectroscopic, mechanical, visual, and/or electrical impedance

techniques.

In this study, Cerium ammonium nitrate (CAN) was used as iniator for
Poly(Acrylonitrile-co-Butyl acrylate) [P(AN-co-BuA)] synthesis by free radical
polymerization. Pyrrole (Py) was polymerized on the synthesized copolymer matrix
by using the same oxidant (CAN) as initiator. CAN was chosen as an initiator
because of well distribution in reaction medium, its strong oxidation ability, and
homogenity in various solutions’ media, thus it is our difference from previous
studies, to achieve polymerization process in an easier and faster way, and to reach
good results in all visual, mechanical, and electrical properties. Because CAN is a
well oxidant as initiator metal salt, our synthesizing conditions do not require high

temperatures and/or nitrogen usage in vacuum atmosphere while process.
3.8.1.1 Synthesis of the polymeric matrix

Poly(AN-co-BuA) (both monomers, AN and BuA, from Aldrich, commercial grade;
and used in 95% / 5% molar ratios) was obtained by free-radical polymerization in

the presence of cerium ammonium nitrate (CAN) as initiator.

The reaction was carried out in distilled water media at 70°C for 3 hours. The
polymer was washed several times first with nitric acid solution to remove salts and
with distilled water and ethanol to purify it free from monomers, and dried under
dynamic vacuum for 24 hours. The reaction yield was over 95%. The Tg value of the
copolymer determined on the basis of DSC analysis from the second heating cycle
was equal to 93°C. A tentative structure can be seen in Fig. 3.8 with interactions

between DMF and PPy molecules as resultant product.
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3.8.1.2 Preparation of composite thin films

The composite thin films were obtained by the casting technique on smooth glass-
surfaces from synthesized copolymer with/without adding Pyrrole (Py) monomer to
solution in dimethylformamide (DMF). In Py added solutions, in order to polymerize
Py in polymer matrix, CAN was added as free-radical polymerization initiator at a
30% mass ratio of added Py amount. The solvent was removed under dynamic
vacuum under a 600 mm Hg vacuum pressure for 24 hours, and then composite thin
films were left to laboratory atmospheric conditions. The solvent was used readily as
taken.

3.8.2 Composite-electrospun-nanofiber production

To obtain electrospun-nanofibers, the same polymer/DMF and also PPy/polymer
ratios were used with the solutions which were previously prepared for film casting.
After various trials for optimizing the solution concentration, applied voltage,
distance from syringe-needle-tip to the collector plate, temperature; consequently the
electrospinning solutions were prepared at a 5% concentration, and applied voltage
between the needle and the collector was approximately 1 kilovolt per centimeter (1
kV/cm). The concentration parameter was held stable, and the other parameters such
as distance (5 cm, 10 cm, 15 cm) and the applied potential (5 kV, 10 kV, 15 kV)

were changed and applied.

Table 3.3 : Compositions of electrospinning solutions.

Polymer Type |Concentration(wt%)| Monomer|Amount |Initiator (CAN)|Solvent (DMF)

1st Solution 90A/10B 5% 0 0 0 10 ml

2nd Solution 90A/10B 5% Py 600 ul 0.174¢g 10 ml

Before electrospinning process, a 4 hours of stirring was applied to obtain
homogenous solutions. Various parameters such as distance, applied voltage, and/or
feeding ratios were tried and then the visual characterizations were performed on

SEM analyses.
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Figure 3.8 : Synthesized P(AN-co-BuA) random copolymer structure and
interactions between molecules of copolymer matrix, PPy and DMF.

3.9 Production of Composite Core-Shell Nanoparticles

The Polypyrrole/(Acrylonitryle-co-Butyl acrylate) core-shell nanoparticles were
obtained by a simple and cost-effective single-batch micro-emulsion polymerization.
Polymerization of Acrylonitrile (AN) and Butyl acrylate (BuA) was performed in an

aqueus medium with the presence of Sodium Dodecyl Benzene Sulphonate (SDBS)
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as anionic surfactant and Potassium/Ammonium Persulfate (KPS/APS) as initiator.
Unlike the conventional emulsion polymerization process, the micro-emulsion
polymerization process includes not only vigorously-stirring the monomers in water-
surfactant medium, but also a sonification process which held carefully on an
Ultrasonic Cleaner. Because of the ultrasonic vibrations applied to the monomer
droplets in water-surfactant medium, the droplets become much smaller, and the
surfactant molecules keep those new micro/nano droplets stable in reaction medium.
After such a copolymerization process which was performed for 5 hours at 70°C
temperature in water-bath, the resultant polymer emulsion was milky-yellowish-
white, and it was cooled down to the room temperature and the total reaction volume
was divided into small-glass-containers-with-stainless-steel-caps to keep the samples
safe for further analyses/experiments. Into each container, only different amounts of
Pyrrole (Py) droplets (without use of any extra initiator) were added at room
temperature, and the polymerization of Py occurred inside each container, so their
milky-yellowish-white color turned to bluish-gray till black, and at exteme amounts
of Py it was observed brownish-black. At the end of Py polymerization in AN-co-
BuA emulsion medium, nanoparticles of PPy/(AN-co-BuA) were sampled by help of
a micropipette, and the morphology was characterized by Scanning Electron
Microscopy (SEM) on nanoparticle samples wich were prepared by dispersing and
diluting in ethanol and then dropping on a glass-substrate. Other than SEM analysis
to have an idea about the particles’ average sizes; the average nanoparticle size was
also determined by a Particle Size Analyzer (via light-scattering method).
Nanoparticles were successfully obtained as approximately 170-250 nm diameter
changing by the different Polypyrrole (PPy) amounts. Then, the emulsions
with/without PPy were all precipitated with a 5000 RPM centrifuge machine, washed
5 times with distilled-water, and then left to drying in vacuum-oven under -1 atm
pressure and 60°C temperature for 3 days. Powder-like nanoparticle samples were
obtained at the end of drying process. These samples were used for further analyses
and/or experiments. Nanoparticle powders were chacterized by both Fourier
Transform Infrared-Attenuated Total Reflectance (ATR-FTIR), UV-Visible
Spectroscopy to reveal their polymeric contents, and also by DMF-Gas Permeation
Chromatography (DMF-GPC) to have an idea about their approximate molecular-

weights. UV-Visible Spectroscopy results are examined with particle sizes and it was
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observed that the UV-Visible absorption is directly proportional with the particle size

of nanoparticles.

Conductive polymers and their composites are being interested frequently in recent
years due to their usability for sensors, batteries, smart windows, electronic devices,
bio-applications, smart-textile applications etc. Polypyrrole is one of the most
commonly used types of conjugated conductive polymers. However it has not only
advantages such as easy polymerization, high conductivity, and good thermal
stability; but also some disadvantages such as brittleness and hard-processibility. The
researchers are trying to minimize this problem by interacting the Polypyrrole with
other polymers using various methods such as matrix-polymerization (includes
polymerization of Pyrrole in polymer matrix in organic solvent medium), template-
shell (or core-shell) particle production (produces shorter molecular chains of PPy, as
result increases the solubility of Pyrrole, so its processability), or directly
copolymerizing it with some chemical compounds which are already with high
solubility.

In this study, Acrylonitrile is chosen, since it is one of the most popular monomers of
textile industry due to its common usage as a precursor of carbon fibers by
copolymerizing with some other monomers. Butyl acrylate monomer is chosen for its
hydrophobicity and suitability for being copolymer with acrylonitrile.
Hydrophobicity is a critical factor to have core-shell nanostructures in emulsion

media with existence of a suitable surfactant.
3.9.1 Synthesis of P(AN-co-BuA) nanoparticles

0.1 mol monomer that consists of AN-BuA was emulsified in aqueus media with the
presence of 10wt% SDBS (percentage by weight of monomer amount). 90%AN-
10%BuA composition by moles was used. The reaction volume is completed to 100
ml with distilled water. All the ingredients and their amounts are demonstrated at

Table 3.4. The monomers are shown in the Figure 3.9.
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Table 3.4 : The total monomer, AN, BuA, SDBS and APS composition in feed.

Total Monomer AN SDBS APS
BUuA (%)
(moles) (%) (wt%monomers) | (mol%monomers)
0.1 90 10 10 1.5
47759 | 1.282¢g 0.606 g 0.342 ¢

The three necked reaction flask is covered with aluminum folio in order to avoid
sunlight that may start polymerization. The condenser is tied to one neck of the flask
so that the evaporating monomer could be gained back. While 30 minutes stirring
with magnetic stirrer in the hot water bath, the temperature was kept at 70°C. Then
required amount of APS is added as solved in distilled water to the emulsion and the
polymerization had started. After 3 hours (normally, the emulsion polymerizations
take 5-6 hours; here it was stopped after 3 hours to keep polymer particles as small as
possible), the polymer emulsion was cooled down till room temperatures, and the
milky-yellowish-white liquid samples were taken from the emulsion to characterize
the synthesized copolymer particles by SEM and Particle Size Analyzer in further
steps. Total volume of resultant emulsion was then poured into the desired number of
small glass-containers in equal volumes. In one of these containers, the precipitation
by NaCl/distilled-water solution was performed to stop in the medium the possible
reactions which could go on increasing particle-size. The other containers were kept
for further stages of this study. Precipitated polymer particles were characterized by
ATR-FTIR, UV-Visible Spectrometer and SEM.
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Figure 3.10 : P(AN-co-BuA) structure.

3.9.2 Synthesis of P(AN-co-BuA)/PPy core/shell nanoparticles

AN-BUA copolymers were prepared as given above. At the end of 3 hours
polymerization, after waiting for equalizing the reaction with room temperature,

without any initiator addition, pyrrole droplets were added into the emulsion medium
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with the help of sonication process, and reaction continued 24 hours. Figure 3.11.
shows the tentative mechanism of composite formation. Increasing amounts of
pyrrole droplets are added as 10, 15, 20, 25, 30, 35, 40, 80, 120, 240, and 360
microliters. Samples were taken from this latex to characterize by SEM and Particle
Size Analyzer. And then nanoparticles were precipitated and 5 times washed with
distilled water and by the help of a 5000rpm centrifuge. The resulting nanomaterials
were characterized by ATR-FTIR, UV-Visible Spectrometer and DMF-GPC.

3.10 Production of Electrospun Nanomats

Nanomats were produced from in-which 40, 80, 120, 160, and 200 pl Py in-situ-
polymerized Acetonitrile+DMF (50/50 vol%) solutions onto the glass cover-slides
via electrospinning/electrospraying method. The resultant samples were
characterized by light-microscopy, SEM, and ATR-FTIR analyses.

APS SDBS AN-BuA Copolymerization in SDBS Miscelle

PYEROLE droplet
P(AN-co-BuA)PPy
Core/Shell Nanoparticle

it

P{AN-co-BuA) Nanoparticle in Miscelle

Figure 3.11 : Tentative mechanism of studied core-shell formation.
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3.11 Solvent Effect on Electrical Conductivity of Composites

It is well known from the literature that, doping the polymers with ferroelectrical
metal atoms and/or strong-ionic functional groups increases the electrical
conductivity. For instance, FeCls is not only as an initiator, but is widely used also to

achieve this aim while polymerization of electroactive monomers.

In this study, a special doping process was not used on PPy including composite
products, but dielectrical properties of different solvents were taken into account, and
from the related literature it was seen that, Dimethylformamide (DMF) is superior to
many of other solvents as its dielectric constant is much higher, so, for example,
while electrospinning it has a superiority to the others, and also because of its higher
polarity, it dissolves most of the polymeric compounds without problem even at
room temperatures; but, DMF has a disorder effect on conjugated polymeric chains,
and even if it leaves the film/thin-film/nanoweb structure after a well designed
evaporating process, permanent is the damage to the interaction between intra-
molecular chains of conjugated polymer. On the other hand, Dimetylsulphoxide
(DMSO) has a lower polarity degree compared to DMF, and its higher melting point
(18.6°C) is creating problems while trying to process some polymers, but; because of
its —Sulfo group, it is showing a doping effect, and keeping/increasing the

conductivity of conjugated polymers.

Here in this part of the study, the thin-films were prepared onto ITO-PET surfaces
using DMSO as solvent, and the electrical impedance spectroscopy results showed

high admittance values for those samples.
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4. RESULTS AND DISCUSSION

4.1 Characterization of Synthesized Polymers

After the synthesis of PAN polymer, the spectroscopic characterization was done by
ATR-FTIR spectroscopy. When the comparison was done with the related literature,
it was clearly understood that PAN polymer was successfully synthesized at a high
yield such as 70-80%.
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Figure 4.1 : ATR-FTIR spectra of synthesized PAN polymer.

The vibrations characteristics of the PAN structure are those of C=N nitrile group at
ca.2244 cm™ and the bands in the regions 29442870, 14601450, 13801350, and
1270-1220 cm™ are assigned to the aliphatic CH group vibrations of different modes
in CH, CH,, and CHjs, respectively. ATR-FTIR characterization was applied on all
synthesized polymers and copolymers, which were with 100/0, 95/5, 90/10, 85/15,
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80/20, 75/25, 67/33, 50/50, 25/75 molar ratios as AN/BuA% monomer initial feeds

while the polymerization process.

After the taken photos of the synthesized polymers of different monomer ratios, it

was seen that the more BuA monomer in polymer structure results the larger polymer

particles and the yellowish color; while the more AN monomer in polymer structure

results the smaller polymer particles and a smoother-powder form, and whiter the

color. The light microscope views reveal the change in the morphology of

synthesized polymers in a bigger scale. The SEM pictures show the differences

between the shapes and the average sizes of the synthesized copolymer particles, by

changing the fed monomer ratios. The more the fed BuA monomer, the larger the

particles and assymmetrical as shape; the more the fed AN monomer, the smaller the

particles and more spherical particles were obtained.
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Figure 4.2 : ATR-FTIR spectra of synthesized AN-BuA copolymers.

In ATR-FTIR spectral graph above (Figure 4.2), it is possible to see all the

characteristic peaks of synthesized polymers related to PAN and PBUA. Here we

understand that the polymers contain not the exact monomer feed ratios but there

exists a linear correlation between monomer feeds and resultant polymer. Mass
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(bulk) polymerization and emulsion polymerization methods are well known with
their hard-to-control molecular weight distribution in resultant polymer and their
different initial/resultant monomer ratios, thus, this is not a surprising result. On the
other hand, from the analyses it is obvious that the synthesized copolymers contain
different molar ratios of monomers. In Figure 4.3, the correlation between AN
monomer feed rates and ATR-FTIR absorbance ratios of synthesized polymers’
related characteristic peaks is shown, which reveals as result the increase of AN

existence in resultant polymers.
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Figure 4.3 : Absorbance ratios of characteristic peaks in copolymer (related to AN
feed rates)

4.2 Characterization of Copolymeric Films
Films made by solution casting from 95/5, 90/10, 80/20 and 67/33 AN/BUA mol%
copolymers were characterized by ATR- FTIR spectra and Dynamic Mechanical

analyses to reveal how they differ from each other as composition and mechanical

behavior.
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Figure 4.4 : The morphological change of polymeric film surfaces with increasing
BuA mol% amount in copolymer structure (a: 100% PAN film, b: 95/5
AN/BUA, c: 90/10 AN/BUA, d: 80/20 AN/BUA, e: 67/33 AN/BUA).

As it is seen in Figure 4.4, the film samples show a change to smoother surface
morphology from granular structure, by decreasing AN/BUA ratio. A similar
tendency was observed in case of synthesized copolymer particles. It was mentioned
before that, the polymer particles change their morphology from white powder-like
particles to pale-yellowish latex granules which are larger as particle diameter and
which tend to stick to eachother, with increasing amount of BuA in resultant
copolymer. Long side groups of BuA are responsible creating inter-molecular
interactions between molecular chains of the copolymer, and the molecular chains
slide and fit onto eachother in a better packed form of polymer, and this is resulting
the elasticity of polymer with better mechanical characteristics , also the smoother
morphology on film surfaces. Furthermore, when a conjugative polymer will be
included into the copolymer matrix to create a electrical conductive composite, the
negative impact of conjugative polymer on mechanical and morphlogical properties

of resultant product can be compensated with required amount of BuA co-monomer.
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4.2.1 FTIR spectroscopy

Films show the expected variation from each other in FTIR spectra (Figure 4.5),
because of their different monomer compositions. The characteristic absorbance
peaks of related compounds are also clearly seen. Thus, the spectra shows good
correlation between absorbance values and monomer contents, as a proof of

copolymer structure and composition.
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Figure 4.5 : ATR-FTIR spectra of the films made by solution casting from AN-BuA
copolymers.
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4.2.2 DMA analysis

Stress-Strain tests and Multifrequency-Strain tests were performed on Dynamic

Mechanical Analyzer, to reveal the effect of monomer composition on mechanical

behavior and Glass-transition temperature (Tg) values of film products.
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Figure 4.6 : Stress-strain curves of 95/5, 90/10, 80/20 and 67/33 AN/BuA mol% fed
copolymeric films (C1 : 95/5, C2 : 90/10, C3 : 80/20, C4 : 67/33).

The stress-strain curves in Fig 4.6 shows how the mechanical behavior drastically

changes with increasing BUA monomer content in copolymer structure. Here

between DMA film samples the maximum BuA content exists in 67/33, and it shows
elastomeric behavior; i.e. it has very high level of strain (120% elongation) when

even a very low level of stress (12-13 MPa) was applied.
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Figure 4.7 : Storage Modulus, Loss Modulus and Tan Delta Curves of Copolymeric
Films according to Multifrequency-strain Test Results (DMAL : 95/5,
DMAZ2 : 90/10, DMAS3 : 80/20, DMA4 : 67/33 AN/BUA).

Figure 4.7, both curves show the logical order according to the BuA monomer
content of copolymeric films. The BuA content increases, the T4 value decreases.
According to Tan Delta peak, the T4 values are approximately 105, 95, 90, 72°C for
DMAL, DMA2, DMA3, DMA4 film samples; and according to Storage Modulus

peak, the Ty values are about 80, 75, 60, 40-45°C for same order of samples.
4.2.3 Thermal gravimetric analysis (TGA)

Thermal analyses were performed on prepared polymeric samples to understand the

change in their decomposition behavior by applied heat. The decomposition behavior
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is a critical point especially for end-uses which include high temperatures as ambient

conditions, such as filtering-systems, protective coatings, protective clothings, etc.
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Figure 4.8 : Decomposition analysis of 100% PAN film.
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Figure 4.9 : Decomposition analysis of 95/5 mol% AN/BUA copolymeric film.
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Figure 4.10 : Decomposition analysis of 90/10 mol% AN/BuA copolymeric film.
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Figure 4.11 : Decomposition analysis of 85/15 mol% AN/BuUA copolymeric film.
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Figure 4.12 : Decomposition analysis of 90/10 mol% AN/BUA + 200Py copolymeric
film by TGA.

As it can be seen in the TGA graphs in Figure 4.8 to 4.12, 100% PAN polymeric film
showed a decomposition between 280-290°C; while the samples with BuA in
polymer structure showed around 325-330°C. This increase indicates that BuA
comonomer improved thermal stability. On the other hand, the residue material left
after completely burning was decreased from approximately 50% to 30-40% of
initial mass at the end of process. Also, PPy inclusion in copolymer matrix
drastically affected the thermal resistance, which it was already expected as

electroactive polymers show low thermal resistances.
4.3 Characterization of Composite Films
4.3.1 FTIR spectroscopy

ATR-FTIR spectroscopic analysis revealed all the characteristic absorbance peaks of
DMF, PAN, PBUA, and PPy in P(AN-co-BuA) and P(AN-co-BuA)/PPy composite
films (Fig. 4.14). It was already expected to see some shifts of the absorbance bands

because of inter-molecular and inter-planary interactions. The peak observed at 1315
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cm™ can be assigned to C-H in plane vibration [208-210], as well as inclusion of
Cerium into structure by doping of conductive polymer due to further oxidation ( see
in Fig. 4.13). Linear and significant dependency of absorbance of C-N stretching (at
1454 cm™) versus increase in initial Py amount indicates the increase in PPy content
[211] in composite while absorbance changes in characteristic peaks of DMF and

P(AN-co-BuA) matrix in composite stay constant (Fig. 4.13, Fig. 4.14).

1 —a— PPy/PAN
6 4 —e— PPy/PBUA
—4A— PBUA/PAN

Absorbance Ratio

0 50 100 150 200 250 300
Py Content (microliters)

Figure 4.13 : The changes of characteristic peaks’ ratios of copolymer matrix and
PPy related to Py contents.

Fig. 4.13 shows how the characteristic absorbance peak of PPy increases while
others almost do not show any change. To reveal this relation, only three absorbance
peaks were taken to account. Because as be seen in Fig. 4.14, other absorbance peaks
are in the shared absorbance bands of more than one components. For instance,
characteristic absorbance peak of DMF (1666 cm™ C=O stretching) and C-C
stretching absorbance peak (1644 cm™) make some shift and meet in the same band,

and occurs as one absorbance peak in ATR-FTIR spectra.
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Figure 4.14 : ATR-FTIR spectra comparison graph of composite thin films with
various Py contents (a: Oul, b: 100ul, c: 200ul, d: 300ul).

4.3.2 DMA characterization

Homopolymer form of PPy is well known with its fragile structure and bad
mechanical behaviour. Thus, it is expected to see worse mechanical behaviour with

increasing initially Py content of composite thin films.

Homopolymer of BUA (PBUA) is a resin-like material, and when it is in copolymer
structure with another monomer like Acrylonitrile (AN), it improves the mechanical
properties of that copolymer. So, it is possible to say that, existence of BUA in
copolymer matrix has a contrary effect with Py content. Thus, in order to avoid the
fragile structure of composite thin films with increasing Py content, the molar ratio

of BUA monomer within copolymer can be increased.

Stress/strain curves were obtained on DMA instrument, and in Fig. 4.15, curves
show all the expected results [314,315]. In figure it is also important to see the
enhancement in mechanical behavior with BuA inclusion. 95/5 mol% AN/BuUA film

shows a better characteristic than the film produced using commercial PAN-Aldrich.
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Figure 4.15 : Stress / Strain curves of composite thin films with various Py contents.

4.3.3 Morphological characterization

Two extreme composite thin films (thin film with no Py added, and thing film with
300 ul Py added) were chosen to see more clearly the difference between the surface
visual appearance. Scanning Electron Microscope (SEM) images revealed the visual

change more with increasing magnification as can be seen in Fig. 4.16 and Fig. 4.17.

In SEM images, it is possible to see that the composite thin film with no Py added
has a much more smooth surface view, and the 300 ul Py added composite thin film
has many pore-like (or Polypyrrole core-shell) structures and segmental surface, can
be measured as having an approximately 800-900 nm width in Fig. 4.17. For deep
understanding, it is needed to make further visual analyses on composite thin film
surfaces. As a result, it can be simply said that, film surface characteristic is changing

to a rougher morphology with increasing PPy content (Fig. 4.16 and Fig. 4.17).
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Figure 4.16 : SEM image of composite thin film with no Py added (X3000
magnification).
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Figure 4.17 : SEM image of composite thin film with 300 ul Py added (X3000
magnification).
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4.3.4 Impedance spectroscopy

Electrical impedance analyses were performed on composite thin films to see their
dielectric constants, electrical conductivity, and impedance values [315].
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Figure 4.18 : Variation of dielectric constants of the composite thin films with 0,
100, 200, and 300 ul Py (INSET: Extended view of the curves).

Within 0.01-10 Hz frequency band, dielectric constant values show positive
correlation with PPy contents of composite thin films. This tendency can be seen
better in inset of Fig 4.18. Because 300 ul Py added composite film has a very high
dielectric constant at 0.01 Hz as seen in Fig. 4.18, an extended view is shown on the

same figure to reveal diversity in a larger detail.

Dielectric constants are differing in lower frequency values, but they approach to

zero value at the ranges higher than 1 - 10 Hz band (Fig. 4.18).

Conductivity values (calculated via both Real and Imaginary Conductivity values)

are not showing a direct correlation since a frequency band of 46 kHz - 64kHz ; but
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at lower frequencies there is a positive correlation between conductivity and Py
content values (Fig. 4.19).
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Figure 4.19 : Conductivity curves of composite thin films (INSET: Extended view
of the curves).

As can be seen in Fig. 4.20, impedance curves of composite films are ordered in
an inverse correlation with Py contents, and the curves start to differ more from
each other starting from the 10 Hz — 100 Hz frequency band to the lower

frequencies.
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Figure 4.20 : Impedance curves of composite thin films (INSET: Extended view of
the curves).

The relation between impedance curves of composite thin films can be seen more
clearly in zoomed part of the same figure which shows the impedance curves
comparison graph in a larger view. Figure 4.21 shows the relation between initial Py
contents, mechanical breakdown stress, and conductivity values of composite thin

film samples.
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Figure 4.21 : 2-Y graphical view of relation between Py contents, breakdown
stresses, and conductivity values (at 10’ Hz) of composite thin films.

The results of this study on produced composite thin films reveal that, with
increasing amount of added Py to polymerize in P(AN-co-BuA) matrix, the
absorbance peaks of PPy polymer also increase. This was clearly observed by ATR-
FTIR spectrophotometric results. The increased PPy content in copolymer matrix
results worse mechanical properties, causing both lower breakdown force and
shorter elongation under applied tensile stress while dynamic mechanical analyzes.
PPy content also results in different and rougher visual apperance on composite thin
film surface. Electrical properties of composites showed interestingly different
tendencies with various subjects of analysis, including dielectric constants,
conductivities, and impedances. While dielectric constants and impedance values of
composites were showing positive correlation with PPy content, the conductivity
values were not in a similar order within whole applied frequency range, but under

all frequencies lower than 46 kHz. This situation can be explained by the different
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surface characteristics of each composite thin film, and/or different PPy distribution
ratio in copolymer matrix. But also it gives future hopes to create new ideas of
various application areas which need different mechanical properties while suitable
electrical conductivities.

4.4 Nanofiber Characterization

Because nanofibers are difficult to handle in their stand-alone form, mechanical

analyses were not made, but were only optical and statistical analyses.

In addition to optical microscopic measurements, for further details Scanning
Electron Microscope (SEM) images were taken. The samples’ surfaces were coated

with Gold-Palladium (Au-Pd) particles prior to SEM analyses.
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Figure 4.22 : SEM pictures and average diameter analyses of co-1 nanofibers.
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Figure 4.23 : SEM pictures and average diameter analyses of co-2 nanofibers.
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Figure 4.24 : SEM pictures and average diameter analyses of co-3 nanofibers.

120



20

14

Count
=

AN
Y

20 41 B0 B0 001 T200
Ciameters (nm)

N total | Mean |Standard Deviation| Sum |[Minimum| Median |Maximum

50  |362.838 279.76781 181419 50 |291.798|1151.086

Figure 4.25 : SEM pictures and average diameter analyses of co-4 nanofibers.
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First four nanofiber samples (from Figure 4.22 to 4.25) were electrospun from DMF
solutions of AN-BuA copolymer. The samples co-1 and co-2 have same applied
voltage (10 kV) and tip-collector distance (10 cm), but different feeding rates (0.3
ml/h and 0.15 ml/h). And, the samples co-2, co-3, and co-4 have constant feeding
rate and tip-collector distance as 0.15 mil/h and 10 cm; but the only variable

parameter they have is the applied voltage, as 10, 15, and 20 kV.

Co-1 and Co-2 samples give smooth fiber surfaces, with a low-deviated fiber
diameter distribution. Furthermore, decreasing the feed-rate (Co-1: 0.3 ml/h, Co-2:
0.15 ml/h) resulted in thinner nanofibers (mean value of fiber diameters decreased
from 265 nm to 214 nm).

A great deviation from mean fiber diameter is observable with increasing applied
voltage, for Co-2, Co-3, and Co-4 samples. Especially in SEM pictures of Co-3 and
Co-4, ultra-thin fiber formation can be seen. Such a formation was thought to be
happened because of higher voltages per cm. All the four nanofiber samples were
prepared from the same solution, thus, it is not possible to say that such a non-
uniform diameter distribution can happen due to non-homogeneous electrospinning
solution; because the first two samples (Co-1 and Co-2) give quite uniform and

smooth fibers from the same solution, with different electrospinning parameters.
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Figure 4.26 : SEM pictures and average diameter analyses of coPy-1 nanofibers.
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Figure 4.27 : SEM pictures and average diameter analyses of coPy-2 nanofibers.
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Figure 4.28 : SEM pictures and average diameter analyses of coPy-3 nanofibers.
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The nanofiber samples coPy-1, coPy-2, and coPy-3 are shown in Figure 4.26, 4.27
and 4.28. They are produced with constant parameters of feeding rate (0.15 ml/h) and
tip-collector distance (5 cm), but with variable applied-voltage as 20 kV, 15 kV, and
10 kV. There is not an obvious correlation between values of mean fiber diameter.
Such a non-uniformity and high thickness of nanofibers can be explained with very
small tip-collector distance (5 cm), thus, lack of space and lack of time to form

nanofibers after Taylor-cone.

Another interesting point is the neck-formation which is much larger than fiber
diameter. The rough surface of nanofibers are expected to be resulted due to PPy
inclusion into the copolymer matrix, and neck-formation is, too. Such necks could be
formed because of low-solubility of PPy which is embedded into the copolymer
matrix, and/or due to the difference in dielectricities of PPy and copolymer matrix,
thus, the charge carriers are not distributed uniformly in composite electrospinning
solution, therefore, resulted a deviance in interaction of solution with electrical field

that shapes the fiber body.

AN-BuA/PPy composite nanofibers (named as coPy) are thicker compared to the
nanofibers which were produced only from AN-BUA the copolymer. This indicates
the PPy formation in copolymer matrix and possible porous structure in fiber body

which inflates it to result larger diameters.
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Figure 4.29 : SEM pictures and average diameter analyses of coPy-4 nanofibers.
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Figure 4.30 : SEM pictures and average diameter analyses of coPy-5 nanofibers.
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Figure 4.31 : SEM pictures and average diameter analyses of coPy-6 nanofibers.
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The samples coPy-4, coPy-5, and coPy6 can be seen in Figure 4.29, 4.30, and 4.31.
They were produced with a constant feeding rate (0.15 mi/h) and constant tip-
collector distance (7.5 cm), but with variable applied voltages as 20 kV, 25 kV, and
30 kV. The mean values of fiber diameters and also standard deviations show an
important decrease with increasing applied voltage.

While fibers are with a rough surface due PPy inclusion, they also lose uniformity of
diameter distribution, i.e., very thick micron-level fibers are forming, but ultra-thin
fibers accompany those thick fibers. Neck-formations are again noticeable, since it is
already thought to be a result of PPy formation in copolymer matrix.

In Figure 4.32, 4.33, and 4.34, it is shown the samples coPy-7, coPy-8, and coPy-9
produced with constant feeding rate of 0.15 ml/h and constant tip-collector distance
of 10 cm, but with variable applied voltages as 20 kV, 25 kV, and 30 kV. The
decrease in fiber diameters and standard deviations again show a decrease due to
increasing applied voltages. But, the overall fiber diameter is showing an important
decrease compared to the previous “coPy” samples which were produced with
shorter tip-collector distances. The applied voltage increases the amount and
intensity of electrical field, thus, it increases the force that protrudes fiber from
polymer solution and flies it through the space between the needle-tip and the
collector. At this point, the tip-collector distance is very critical for fiber formation as
it describes the time, rate and distance for evaporation of the solvent that has to leave
the polymer solution to form also to strain the fiber body. While very small tip-
collector distance does not give enough time and space to the solvent to leave the
polymer solution, it also lacks the possibility to strain and elongate the fiber body to
decrease its thickness. Therefore, it is possible to tell that a critical balance exists
between the applied voltage and the tip-collector distance, as well as between other
parameters such as feeding rate, temperature, viscosity, humidity, solvent type, etc,

to produce the nanofibers with desired characteristics.
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Figure 4.32 : SEM pictures and average diameter analyses of coPy-7 nanofibers.

131




3l

24
20
g’IE
(]
0
10
a00 1000 1500 2000 00
Diameters (nm)
N total Mean |5tandard Deviation| Sum |Minimum| Median [Maximum
50 #25.6907 527.48402 41284.54 | 112.365 | 704.414 | 2715.428

Figure 4.33 : SEM pictures and average diameter analyses of coPy-8 nanofibers.
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Figure 4.34 : SEM pictures and average diameter analyses of coPy-9 nanofibers.
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Table 4.1 : Electrospinning parameters and resultant average fiber diameters.

Feeding Rate (ml/h) | Applied Voltage (kV) | Distance (cm) | Fiber Diameter (nm)
co-1 0.3 10 10 265+ 85
co-2 0.15 10 10 214 £ 57
co-3 0.15 15 10 203 +198
co-4 0.15 20 10 363 290
coPy-1 0.15 20 5 1192 + 560
coPy-2 0.15 15 5 1362 + 613
coPy-3 0.15 10 5 930 £431
coPy-4 0.15 20 7.5 1003 + 605
coPy-5 0.15 25 7.5 801 + 467
coPy-6 0.15 30 7.5 671 + 270
coPy-7 0.15 20 10 899 + 582
coPy-8 0.15 25 10 826 +528
coPy-9 0.15 30 10 616 + 404

After all these statistical diameter analyses, it is generally seen that increasing
applied potential and decreasing feeding rate results thinner fibers; and the
decreasing syringe tip — collector distance results in thicker structure. Polypyrrole
content in “coPy” termed samples is affecting the surface morphology of nanofibers,
which form cauli-flower morphology due to PPy’s characteristic. Furthermore, the
nanofibers with PPy show a tendency to have lower standard deviation from the
mean diameter values by increasing applied voltage, while the nanofibers without
PPy vice versa. Generally, it is possible to say that, the higher mean diameters have
also higher deviations; a reflection of this result can be seen also in related SEM
images (Figure 4.22 to 4.34). For instance, in some samples, thick fibers are formed

(1-3 micron), while ultra-thin fibers (20-50 nm) accompanying these thick ones.
4.5 Characterization of Composite Nanomats

The optical characterizations of composite nanomat samples are shown below, in
Figure 4.35. The color change from blackish-gray to light gray can be seen by

decreasing PPy content in the polymer matrix of composite nanomats.

134



Figure 4.35b : Optical characterizations of nanomats (picture on the left is the photo
view, and the picture on the right is the light-microscope view of
150x magnification).

As seen in Figure 4.35b, tree-like structures are clearly observed on nanomat sample
surfaces. The reason of such interesting morphology is thought to be high-
electroactivity of PPy in composite nanofibers. Because of the high electrical-
potential applied between syringe-tip and collector while electrospinning-process, the
nanofibers are forming a thin layer of electroactive composite nano-web, and then
the consequtive nanofibers are collecting onto it which it can form a latter-surface to
reach to the syringe-tip in extremely-strong electrical field of electrospinning setup
(in Figure 4.36 it is clearly seen the double-layer morphology of nanomat surface in
SEM shot of 1000x magnification).
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Figure 4.36 : SEM view of a produced nanomat sample.

The correlation exists between the three parameters, which follows as; initial Py
contents added into the polymer solutions to form PPy in polymer matrix, PPy’s
FTIR absorbance peaks and the tree-like morphology of nanomat surfaces. The
increasing amount of PPy and also the higher conductivity levels of PPy due to its
doping by initiator-solvent system in composite structure, the surface morphology of

nanomat sample (Figure 4.36) showed a change to this interesting form.
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Figure 4.37 : ATR-FTIR spectra of 40, 80, 120, 160, and 200 ul Py polymerized
nanomats.

In Figure 4.37, the spectra shows the change in characteristic peaks regarding to PPy
formation in polymer matrix used to produce nanomats. Especially the absorbance
peaks seen in 2800-3600 cm™ band are thought to be related to the doped form of

PPy, indicating also its high electrical conductivity.
4.6 Characterization of Core-Shell Nanoparticles
4.6.1 SEM analysis of P(AN-co-BuA) and PPy/P(AN-co-BuA) nanoparticles

Nanoparticles were sampled from emulsions by diluting in ethanol, then dripping the
diluted dispersion onto glass substrates and then drying at room temperature. The
samples were characterized morphologically by Scanning Electron Microscope and

they were coated with gold-palladium prior to analyses.
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Figure 4.38 : P(AN-co-BuA) nanoparticles.
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Figure 4.39 : P(AN-co-BuA)/PPy core/shell nanoparticles (15 microliters Py).
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Figure 4.40 : P(AN-co-BuA)/PPy core/shell nanoparticles (40 microliters Py).
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Figure 4.38, 4.39, 4.40, 4.41. and 4.42 show the SEM images of P(AN-co-BuA) and
PPy/P(AN-co-BuA) nanoparticles obtained from emulsions. Spherical structures
occured by the emulsion polymerization method, by the stirring in high rpm of
magnetic stirrer. Adding Pyrrole into the emulsion medium while continuing
reaction, provides a core-shell structure since the surfactant SDBS create a
nano/micro-reactor vessel by providing micelle formation where the monomers are
encapsulated in. Hydrophobic part of the surfactant molecules adsorb on the
produced conducting polymer, a surfactant thus becoming a part of the resulting
material. And this is also increasing the solubility so the processability of PPy.
Therefore, P(AN-co-BuA) are encapsulated in SDBS miscelle by the hydrophobic
tail, since the BuA monomer is hydrophobic, too. Then, Pyrrole polymerized by the
adsorption on the surface of the miscelle. As seen in the Table 4.2, nanoparticle sizes
are decreased by the addition of pyrrole first; but then increased by the increasing

amounts of Py added.

Table 4.2 : P(AN-co-BuA) and PPy/P(AN-co-BuA) nanoparticle sizes estimated
from SEM images.

Nanoparticles Fed Pyrrole (ul) Average Particle Size
(nm)
P(AN-co-BuA) 0 117428
PPy/(AN-co-BuA) 15 107432
PPy/(AN-co-BuA) 40 127430
PPy/(AN-co-BuA) 120 143+40
PPy/(AN-co-BuA) 240 260+86
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Figure 4.41 : P(AN-co-BuA)/PPy core/shell nanoparticles (120 microliters Py).
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Figure 4.42 : P(AN-co-BuA)/PPy core/shell nanoparticles (240 microliters Py).
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4.6.2 Particle size analysis of P(AN-co-BuA) and PPy/P(AN-co-BuA) NP

The particle size analyses of synthesized nanoparticles were performed also with
another method, i.e. Light Scattering method, on Particle Size Analyzer - Malvern
Mastersizer Microplus Ver.2.19 device. Samples that containing different amount of
pyrrole addition were taken from emulsion latexes and sent to the Organik Kimya
A.S. in order to analyze particle size. As seen in the Figure 4.43, the colour of each
emulsion sample changes from gray to darker gray-bluish-black by increasing
pyrrole content. The colour change indicates the polymerization of Pyrrole, the
change in color-tones indicates different amounts of PPy formation.

Figure 4.43 : The colour change of CSNP emulsions by increasing PPy content.

By increasing amounts of polypyrrole in the structure, particles get larger as shown
in the Table 4.4. These diameters were measured by Particle Size Analyzer and the
results differ from the results obtained by SEM image analyzing, this is thought to be

caused from the aggregation due to electrostatic interactions and structure of

polypyrrole.

4.6.3 Atomic Force Microscope (AFM) analysis of nanoparticles

Polymer template nanoparticles and 35microliters Py polymerized core-shell
composite nanoparticles were sampled via dispersing in ethanol and then dripping
onto glass substrates; and the morphological change was observed between these two
samples, as an indication of PPy formation on polymer template NPs. As it can be
seen below in Figure 4.44, the sample morphologies show a change from smooth to

rough.
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Table 4.3 : P(AN-co-BuA) and PPy/P(AN-co-BuA) CSNP sizes measured by
particle size analyzer via light-scattering.

Nanoparticles Fed Pyrrole Content Particle Size

() (nm)
PPy/(AN-co-BuA) 0 362
PPy/(AN-co-BuA) 15 435
PPy/(AN-co-BuA) 20 477
PPy/(AN-co-BuA) 25 486
PPy/(AN-co-BuA) 30 630
PPy/(AN-co-BuA) 40 666
PPy/(AN-co-BuA) 80 1337
PPy/(AN-co-BuA) 120 1360
PPy/(AN-co-BuA) 240 1816
PPy/(AN-co-BuA) 360 2158

In Figure 4.44, the surface morphologies of the nanoparticle samples prepared by
dripping their diluted ethanol dispersion onto glass substrates. The roughness seem to
be decreased in latter, it is not because the sample with PPy give smaller particles
and so less roughness; but it is because the analysis area is smaller, the AFM tip
works on a smaller area, so the roughness is less affected by sample slope. Slope of
the sample surface, so the scanning area is a critical factor while AFM analyses.
Thus, it has to be taken into account also the morphological view, which is indeed

changing to a rougher topography with PPy formation.
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Figure 4.44 : The surface topographies of (a) polymer template and (b) CSNPs.

4.6.4 ATR-FTIR characterization of nanoparticles

After washing five times with distilled water by centrifuge process at 5000 rpm
revolution speed, all the particle samples were dried, and taken in powder form to the
further analyses. The ATR-FTIR spectra of P(AN-co-BuA) and PPy/P(AN-co-BuA)
nanoparticles are shown in Figure 4.45 and it was recorded in the absorbance
mode. Peak at 3430 cm™ shows the N-H streching from P(AN-co-BuA) , peak at
1449 cm™refers to N-C ring vibration from P(AN-co-BuA), peaks at 2954 and 1055
cm™ are assigned to C-H streching from P(AN-co-BuA). The peak at 2242 cm™ is
the characteristic peak of C=N nitrile group from AN. C=O stretching from BuA can
be seen at 1726 cm™ as a characteristic. The peak at 1634 cm™ may be coming from
O-H bending.
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Figure 4.45 : ATR-FTIR spectra of nanoparticles and core-shell nanoparticles.

The characteristic peaks can be easily seen by the ATR-FTIR graphs of PPy / p(AN-
co-BuA) nanoparticles in Figure 4.45 above. The peak at 1554 cm™ shows the PPy
ring vibration and also peak at 1449 cm™shows the PPy ring vibration (C=C
streching) too. At the 1166 cm-1 C-H in-plane deformation of PPy is observed. 1045
cm™ peak refers to N-H in-plane deformation. Peaks at 967 and 911 cm™are the =C-
H out of plane vibration of PPy. The appearance of the peak at 1554 cm™above a
certain Py addition concentration is due to PPy formation in the structure strongly.
Figure 4.40 indicates that the 1554 cm™ peak is appearing and increasing sample by
sample as the added pyrrole amount is increased up to 360 ul. Also, the samples with
more PPy content (120, 240 and 360 microliters of initial Py), show a floating-high
absorbance curves between 4000 — 1800 cm™ interval, some of the literature informs

such a behavior as an indicator of high-electroactivity.

Furthermore, the absorbance peaks around 720 cm™ wavenumber band is known as
indicating the conjugation length of PPy polymer chains. Longer the conjugation

results higher the conductivity.

The FTIR spectrum obtained for nanoparticles shows the presence of PPy’s
characteristic absorption bands at 1543, 1458 cm* (C=C stretching of pyrrole ring),
1311 cm™ (C-N stretching vibration in the ring), 1166 cm™* (C-H in-plane
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deformation), 1041 cm™ (N-H in-plane deformation), 908 cm™ (C-H out-of-plane
deformation), 783 cm* (C-H out-of-plane ring deformation) and 673 cm-1 (C-C out-
of-plane ring deformation or C-H rocking).

In Figure 4.46, PPy’s characteristic peak at 1554 cm™ (the PPy ring vibration peak,
which does not occur on FTIR of copolymer nanoparticles) is taken into account to

show the increase in PPy content of nanoparticles.
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Figure 4.46 : The change in ratio of PPy/PAN characteristic peaks by initial Py
amount.

As seen in Figure 4.46, first four samples (copolymer np, and core-shell np with 10,
15, 20ul initial Py feed) do not show a clear characteristic peak of PPy, then the peak
absorbance shows an increase with Py amount, but last two samples (core-shell np
with 240 and 360ul Py) show a decrease. The maximum absorbance ratio is clearly
seen at core-shell np sample with 120ul initial amount of Py. It indicates also the

evidence of the highest amount of PPy formation on this sample.
4.6.5 UV-Visible spectroscopic characterization of nanoparticles

While UV-Visible Spectroscopy characterization, two types of sampling were

performed prior to the analyses. First, 10 microliters of emulsion from each sample

were taken into and dispersed in 10 ml of distilled water, and UV-Vis spectroscopy

analysis was achieved (Fig 4.47). The second type of sampling technique includes

precipitation and isolating the nanoparticles from their own emulsions, and washing

and drying them, and then dissolving 0.001 g nanoparticle powder was in 10 ml
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DMF and after calibration of the spectrometer with pure DMF, taking the

measurements (Figure 4.48).
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Figure 4.47 : UV-Visible spectrum of P(AN-co-BuA) and PPy/P(AN-co-BuA)
nanoparticles in distilled water medium (emulsion/water 1/1000
dilution).
The UV-Visible spectroscopy results show the absorbance increase by the increasing
pyrrole addition into the reaction media. 0, 10, 15, 20, 25, 35, 40, 80, 120, 240, and
360 microliters of Py added nanoparticles were analyzed and after 40 microliter PPy
added, the characteristic peak at 460 nm appears and shows the n-n* transition band

of PPy [316]. This peak appears at 80, 120, 240, and 360 ul pyrrole added samples as
seen in the Figure 4.48.
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Figure 4.48 : UV-Visible spectrum of PPy/P(AN-co-BuA) nanoparticles in DMF
solvent (0.001 g of particules / 10 ml DMF).

4.6.6 Thin-films of CSNP and their EIS characterization

Thin-films (with about 2-3 microns of thickness) of previously synthesized core-shell
nanoparticles were produced by dripping their 20ul of 2,5wt% DMSO solution onto
1cm x 2cm Indium tinoxide-Polyethyleneterephtalate (ITO-PET) surfaces arranging
to cover about half of the surface (to leave an open surface to attach the resultant
samples to the analyzer in order to conduct Electrochemical Impedance Spectroscopy
analyzes), and then drying them for a few hours in vacuum-oven under -1 atm
pressure and 60°C temperature to evaporate and remove excess of DMSO, so to

obtain thin-film surface.

150



Figure 4.49 : Preparation stages of thin-films and the resultant samples.

After obtaining the thin films of PPy/AN-co-BuA composite CSNPs on ITOPET
substrates, they were taken into 10 ml of 0.1 M NaClO4/H,0 solution to perform
Electrochemical Impedance Spectrocpy (EIS) analyses. The Nyquist, Bode Phase,
Bode Magnitude and Admittance results were obtained and their graphs were plotted

as comparison to eachother as can be seen in Figures 4.51 to 4.54.
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Figure 4.50 : The morphology change on surfaces of CSNPs’ thin-films (a: thin-film
obtained from 20ul Py polymerized CSNPs, b: thin-film obtained from
40ul Py polymerized CSNPs).

Above in resultant views of AFM analyses (Figure 4.50), it is shown the
topographical views of two thin-film samples which were produced by using CSNPs
with different PPy contents. As it can be easily noticed, the increasing amount of PPy
formation shows itself either as changes in topography of film surfaces, whereas
granular surface is more obvious on latter because of larger particles sizes; and as an
obvious difference also in roughness values. Here it would be wise to take into
account that the analyzed surface areas are identical for both samples, so it is
possible to evaluate the roughness value as an indication to compare morphological
changes caused by different amounts of PPy formation on surfaces of copolymeric

nanoparticles which were used as templates.
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Figure 4.51 : Nyquist plots’ comparison on EIS (analyses were performed in 10 ml
0,1 M NaClO4/H;0).
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Figure 4.52 : Bode Phase plots” comparison on EIS (analyses were performed in 10
ml 0,1 M NaClO4/H;0).
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Figure 4.53 : Bode Magnitude plots’ comparison on EIS (analyses were performed
in 10 ml 0,1 M NaClO4/H;0).
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Figure 4.54 : Admittance curves’ comparison on EIS (analyses were performed in
10 ml 0,1 M NaClO4/H,0).
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From the related literature it is well known that usually the maximum peak of semi-
circle curves are evaluated as “conductivity” of the sample-system which is subjected
to EIS analysis. Thus, it can be seen above in Figure 4.54, the sample labeled as “40
Py” is showing a conductivity even higher than ITOPET surface itself. And this
result can be related to the polymerization method for Py here in this study was used,
and the doping effect of DMSO in the temperature of vacuum-oven which was used
to obtain thin-films. Some of the literature already reports doping effect of annealing
the film samples were casted on substrates with DMSO as solvent.
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Figure 4.55 : FTIR spectra of CSNP thin-films between 3800-2000 cm™ band.

In extended view of spectra above it is shown (Figure 4.55), FTIR absorbance curves
of 15, 20, 30, 35, 40 (top black curve), 80 (lowest black curve) and 120 pl Py
polymerized CSNP-thin film samples. Here it is focused on the characteristic peaks
of PPy. (3558 cm™ : O-H stretching covalently bound due to lack of O-H bending at
1620 cm™ in undoped PPy; 3400 cm™ N-H stretching; 3110 cm™ : Aromatic C-H
stretching) [212]. 35 and 40 microliters Py polymerized CSNP thin films have the

maximum absorbance, as they showed also better performance than other samples in
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EIS analyses. For instance, FTIR absorbance peaks show a good correlation with

Admittance peaks of EIS.

0.254

cm-1

Figure 4.56 : FTIR spectra of CSNP thin-films between 4000-650 cm™ band.

In Table 4.4, the characteristic absorbance peaks related to PAN, PBUA, and PPy are
listed. Here it is seen and also from the literature it is known that 2959 cm™
absorbance peak is related to PPy formation, and it is -C-H deformation stretching of

PPy.

Figure 4.57 shows the correlation between the related PPy absorbance peaks from
FTIR and the Admittance curves’ maximums from EIS which are regarded to the

electrical conductivity performance to the sample subjected to EIS analysis.
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Table 4.4 : Absorbance peaks regarding to PPy, PAN and PBuUA of CSNP thin films.

15 Py 20 Py 30Py | 35Py | 40Py 80 Py | 120 Py
cm-1
736 0.01 0.03 0.03 0.02 0.03 0.03 0.02
PPy | 1403 0.02 0.02 0.02 0.02 0.02 0.02 0.02
1453 0.06 0.08 0.06 0.07 0.07 0.05 0.06
2190 0.01 0.01 0.01 0.01 0.01 0.01 0.01
2959 0.03 0.04 0.04 0.05 0.05 0.04 0.04
3564 0.03 0.02 0.02 0.03 0.04 0.02 0.02
PAN | 1453 0.06 0.08 0.06 0.07 0.07 0.05 0.06
2243 0.04 0.05 0.04 0.05 0.05 0.04 0.04
PBUA | 1728 0.08 0.12 0.08 0.1 0.09 0.07 0.08
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Figure 4.57 : PPy FTIR absorbance peaks — admittance maximums correlation.
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Except some points, almost all the points regarding to absorbance maximums of
chosen characteristic FTIR peak of PPy (here it is at 2959 cm™) and admittance
values of thin-film samples, are showing a good correlation with each other. Some
samples are showing a bias from the expected tendency, due to side-chains formation
on molecular chains of PPy because of either excessive Py amount, and the
decreasing initiator/Py ratio with increasing Py monomer, while the initiator amount
is stable for all samples. To obtain higher conductivity, it is of course important to
polymerize more Py so to result more PPy formation, but also to keep the initiator/Py
ratio as high as possible, and also to use a suitable solvent system while either
producing CSNPs and preparing the composite samples, to keep the PPy chains in
oriented and regular form, also to obtain them with higher doping levels.
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5. CONCLUSIONS

In this study, first it was investigated the bulk and emulsion polymerizations of
Acrylonitrile (AN) and Butyl acrylate (BuA), and then, their homopolymers and
copolymers with different mol% monomer ratios were synthesized. Each
copolymeric product differs in morphological, mechanical, electrical and chemical
character by change in monomer fractions of its’ raw materials, first due to its
polymer, and then the solvent type which has to be used to solve and than also to
shape it into composite products such as film, thin-film, coating, nanofibers via
casting/spin-coating/dripping/electrospraying/electrospinning methods. Pyrrole (Py)
and its derivatives were also used to enhance the electrical behavior of polymeric
products, and all the performed analyses proved the existence of electroactive
polymer in composites, while changing drastically their morphological, mechanical
and spectroscopic characteristics. For the better mechanical properties, BuA amount
plays a critical role. Electroactive composites could be produced in various forms
according to the end-use, thus, while the composite films/thin-films are suitable for
anti-corrosive coatings for metal surfaces or electromagnetic shielding material for
walls, ship/aircraft bodies, or as electrochromic film coating on automobile, seacraft,
and airplane glasses; on the other hand, nanofiber forms of electroactive composites
are more suitable for a wide range of applications such as gas-sensors, bioactive-
synthetic-tissues, antibacterial and/or antiviral air-conditioner filters, etc., because of
their porous structure at nano scale, so their large total surface area. In this thesis
study, as last stage, P(AN-co-BuA) copolymer was synthesized via micro-emulsion
polymerization method. Py monomer at different Py/Polymer wt% ratios in this
emulsion medium was polymerized, and this process was carried out without using
any extra initiator nor surfactant. Polymerization of Py in emulsion medium, so its
deposition onto each polymer particle as “shell” was performed at room temperature,
and thus to produce polymer-composite core-shell nanoparticles (CSNP) was
obtained by using such an easy and cost-effective single-batch method. Then, these
core-shell nanoparticles (CSNP) were used also to produce thin-films by dripping

onto electrically-conductive Indiumtinoxide Polyethyleneterephtalate (ITO-PET)
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substrates from their DMSO-solutions. The increasing BuA amount in copolymer
structure results better mechanical characteristics which can be compared even to
elastomers; lower Glass-transition temperatures (Tg), but better thermal resistance,
which also means higher curing temperatures; on the other hand, increasing PPy
formation results cauli-flower surface structure, so an increasing surface roughness,
brittleness as mechanically, but higher electrical conductivity. It is possible to
enhance electrical behavior while keeping mechanical properties at an acceptable
level, with increasing PPy amount, but also BuA comonomer in composites. Already
some samples showed a good potential for the future applications, as their electrical

and mechanical behaviors are much better than their homopolymeric precursors.
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