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ABSTRACT

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

Boruban, Cetin

M.S. Department of Polymer Science and Technology

Supervisor: Prof. Dr. Zuhal Kiigukyavuz

July 2007, 75 pages

In this study, organo-montmorillonite (OMMT) nanmgposites containing 1%,
5%, 10% and 15% OMMT were prepared by siu intercalative oxidative
polymerization of pyrrole in the presence of OMMIhermal and morphological
properties of the Polypyrrole(PPy)/OMMT nanocomesiwere investigated by
Thermal Gravimetric Analysis (TGA), X-ray Diffracth Analysis (XRD) and
Scanning Electron Microscope (SEM). Electrical aacttvities of composites were

measured by four probe technique.

Formation of PPy and its incorporation in PPy/OMNdmposites were confirmed
by FTIR analysis. TGA results showed that PPy/OMM®mposites have
outstanding thermal stability compared to that &fyPXRD analysis revealed
intercalation of PPy in the OMMT lamelles. Scannietgctron micrographs
demonstrated that the morphology of the PPy/OMMThotamposites differ

slightly from that of the clay, since the modificet of PPy was not significant in



flaky structure of OMMT nanoparticles. Conductivityalues of PPy/OMMT

composites were found in the order offScm.

Since PPy has poor processibility, Polypropylen®@® composites were
prepared in the composition range of 2-20 % PPychdrical properties were
investigated by tensile tests. Electrical conduiitis were measured by four probe

technique. Morphological characterizations were enayl SEM.

Young’'s Modulus of PPy/PP composites increased witleasing PPy content,
and addition of 2 wt % PPy to PP resulted in a @tandecrease in the tensile
strain at break of the material. Also by additidn2owt % PPy to PP, the tensile
strength of material decreased and further increa&Py content, tensile strength
increased. Furthermoregn increase in the PPy content in PPy/PP composites
resulted in an increase in conductivitgEM micrographs revealed that as the PPy
loading increases from 10% to 20% in compositeesysadhered PPy particles by
PP matrix were driven out of PP matrix while PP nwmatriented along the draw
direction during tensile test.

Keywords: Polypyrrole, Montmorillonite, Polypropylene/polgpole composites,
Nanocomposite
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POL P ROL/MONTMOR LLON T VE
POL P ROL/POL PROP LEN KOMPOZ TLER N N SENTEZ VE
KARAKTER ZASYONU

Boruban, Cetin

Yuksek Lisans, Polimer Bilimi ve Teknolojisi Bolumu

Tez Yoneticisi: Prof. Dr. Zuhal Kiglkyavuz

Temmuz 2007, 75 sayfa

Bu cal mada, 1%, 5%, 10% and 15% organo-montmorillonit (@M iceren
OMMT nanokompozitleri Uretildi. Kompozitler, piralhn OMMT’ nin bulunduu
ortamdain situ interkalativ oksidatif polimerizasyonu ile hazmth. PPy/OMMT
nanokompozitlerinin s | 6zellikleri Termal Gravitmé& Analiz (TGA) yontemi ile
incelendi. Morfolojik 6zellikler, X- n difraksiyonu (XRD) ve Taramal Elektron
Mikroskobu (SEM) kullan larak incelendi. Elektriksdetkenlikleri dért nokta
yontemiyle Olguldd. PPy polimerinin olw u ve PPy/OMMT kompozit yap s na
girdi i FTIR analizi ile doruland . TGA sonuglar PPy/OMMT kompozitlerininl s
olarak saf polipirolden ¢ok daha dayan kl oldau gostermiir. XRD analizleri,
polipirolin OMMT duzlemleri aras na yerk ini ispatlam tr. Taramal elektron
mikrografikleri, PPy/OMMT kompozitlerinin morfoldgrinin  OMMT nin
morfolojisin  den farkl olduunu goOstermtir. Cunki PPy, OMMT
nanoparcac klarnn ince tabakal yapsn idgrmi tir. PPy/OMMT

kompozitlerinin iletkenlik deerleri 10° S/cm mertebesindedir.

Vi



Saf PPy ilenebilir bir polimer olmad ndan, hem iletken hem dela@nebilir bir
malzeme elde etmek igin, polipirolin termoplastitropolipropilen ile birleimi 2-
20% aral nda dei en kompozitler hazrlanntr. Kompozitlerin mekanik
Ozellikleri uzama testleri ile incelenntir. Elektriksel iletkenlikleri dort nokta
yontemi ile ol¢ilmutur. Morfolojik ozelliklerine SEM ile bak Imtr. Mekanik
testlerin sonuclar, PPy yizdesi arttkgca PPy/PPmparitlerinin Young
modiillerinin artt n gostermitir. Polipropilene arl kga %2 PPy eklendinde,
kopmadaki uzamada buyuk bir digozlenmitir. Yine PP’e, arlk¢ca %2 PPy
eklendi inde, kompozitlerin gerilme dayan kl Inda ani bir did gozlenmi,
ancak PPy mitar n n daha ¢ok artmas ile gerilmgad&kl| artm tr. Ayrca,
PPy/PP kompozitlerinin iletkenlikleri PPy miktateiorant| olarak artmaktadr.
SEM mikrografikleri kompozit igindeki PPy miktarm %10 dan %20 e kadar
arttrld nda, polipropilen taraf ndan sarmalannPPy parcac klar n n érguden

koparld n ve PP matriksinin cekme yoninde uzad gdstermektedir.

Anahtar sézcukler: Polipirol, Montmorillonit, Polipropilen/polipirol &mpozitleri,

Nanokompozit

vii



To My Family

viii



ACKNOWLEDGEMENTS

I would like to express my deepest gratitude tosmgervisor Prof. Dr. Zuhal
Kigilkyavuz for her guidance, patience, criticismg@iragements and insight

throughout the research.

I wish to thank to my friends in the laboratory tbeir technical help and

friendships.

| would like to thank to my parents for their mosailpports and sharing all the

difficulties with me throughout this study.

| also wish to thank to TUBAK for the financial support throughout the ressar



TABLE OF CONTENTS

N = 1S o O I v
O o Vi
ACKNOWLEDGEMENTS. ... e X
TABLE OF CONTENTS. ... it ereee et e e e e e ee e s X
LIST OF TABLES. ...ttt e e e eee e e e Xiii
LIST OF FIGURES. ... ... Xiv
LIST OF ABBREVIATIONS. ... e XVi
CHAPTER
LINTRODUCTION. ...ttt ettt e e e e eeen s 1
1.1 History of Conducting POIYMErS............oeveviiiiiiiiiiieeee e 1
1.2 Applications of Conducting POIYMErS............evvvviviiiiiiiiiiiieeeeeeeen 3
1.2.1 Applications That UtilizE®nductivity..................c.cccevveevenennn 4
1.2.2 Applications That UtilizEtectroactivity..............ccoeeeeeeeeennnnen. 6
1.3 Conduction MeChaniSMS.......cccccccuiiiiieiiiiiie e emeeean 8
1.3.1Band ThEOIY ....cooooeeeeeee et 8
1.3.2 Doping Process of ConducBolymers .............cooooeeeeein, 9.
1.3.3 Polaron and Bipolaron Model..............ccccooriiiiiiiiiiiiiiiiiieees 10
1.3.4 HOPPING PrOCESS ....coiiieeiiiieiieiiiiiie et eee e 13
1.4 COMPOSITES ..ot anana 13
1.4.1 Polymer Matrix COMPOSILES.........uuumreieiieeeaniiiiiiiieieeeeeeeeeaas 14
1.5 NANOCOMPOSITES. ...cciiiieeiicemeeee et ee e e e e et emeneee e 15
R SR O 1= 1 TP PP PPPPRPRP 16
1.6.1 MONtMOFTIONITE. ....coiiiiiiie e 18
1.7 Cation-Exchange Process....ccccooe oo, 19
1.8 Structure of Polymer/Layered StlsaNanocomposites..................... 20
1.8.1 Phase Separated MiCrOCOIMBIOS. ...........covvvvrvrmrmrnniniiienennn 20
1.8.2 Intercalated NanOCOMPOSILES.............ccovvviiiiiiriiiiiiiiiiiiieees 20
1.8.3 Exfoliated NanOCOMPOSIHES...........ccevvvveereriiiiiiiiiiiiiiniriennns 21



1.9 Synthesis of Polymer/Layered SiesadNanocomposites..................... 21

1.9.1 In Situ Intercalative Polmzation Method ............................. 22
1.9.2 Solution Intercalation M@thy...............cccovviiiiieiiiiiiie e 22
1.9.3 Melt Intercalation Method.............ccvvveeiriiiiie e 23
1.10 Properties of POlYPYITOIE..........uuuiiiiiiiieiiiiiiee e 23
1.10.1 Synthesis of Polypyrrole.............ccccoeeiiiiiiiiiiiieeeee, 24
1.10.2 Composites of POIypYITOle..........coooeiiiiiiiiiiiiiiiieeece e 26
1.11 POIYPrOPYIENE.....cceiieeiiieeeee e 29
1.12 AIM OF the StUAY........oi o ceeeeee et 31
2. EXPERIMENTAL. ...t 32
2.1 MAEETIAIS. ....eeeeiieieieee sttt ee e 32
2.2 Synthesis of PPy/MMT NanoCOMPOSILES...........ccovvvvvevevvvevrnnnnnnnnns 33
2.2.1 Preparation of Organophdlay...............ceevvvevvvivvernrneiiiinnnn. 33
2.2.2 In Situ Intercalative Pobmization with APS.......................... 34
2.2.3 In Situ oxidative Polymettion with FEC..........ccoeeiiiiiiiiieennn. 34
2.3 Preparation of PP/PPy COMPOSILES......ccoevviiiiiiiiiiiiieeeeeeeeeeeeeee, 35
2.3.1 Preparation of mixed andutded composites...........cccceeeeennn... 35
2.3.2 Injection MOUIdING....ccceeiiviiiiiiiiiiiiiii e 35
2.4 CharaCterization............ococeeriiiiiie e 35
2.4.1 Fourier Transform Infrai®gectrometer (FTIR)......................... 35
2.4.2Thermal Gravimetric ANalyEISSA). .......uvvvieiiieiiiiiiiiiiiieeee, 35
2.4.3 Conductivity MeasurementS...........cccceevvevvevvveeevenenninennieenns 36
2.4.4 TENSIIE TESKS......e ettt ee e e e e e eeeeee e e 37
2.4.5 X-Ray Diffraction (XRD) AGIS............uueeeiieeeeiiiiiiiiiiieeee. 38
2.4.6 Scanning Electron MiCroSEQBEM)............ccovviiiiiiiiiiiiiinnnnnns 93
3. RESULTS and DISCUSSION......ccoiiiiieeeee e 40
3.1 PPY/OMMT NanNOCOMPOSILES..... s eenrnrrnreeeeeeeaeaeasaaanieneneeens 40
3.1.1 Synthesis of PPy/OMMT NaDimOSItes...........uvvvuiiiiieiieeeennn. 40
3.1.2 FTIR Spectra of PPy/oOMMTNEaomposIites................cvvvvvvnne. 40
3.1.3 X-Ray Diffraction (XRD) AGIS............uevveiiiiiiiiiiieeeeeeennn. 43

Xi



3.1.4 Electrical Conductivity MBEEMENTS...........uvuviiiiiiiiiiieeeeeenas 47

3.1.5 Thermal Properties of PRYNDT Nanocomposites.................. 48
3.1.5.1 Thermal Gravimetric Ar&ad/(TGA)...........ceeevvvviiiiiiieiiieieians 48
3.1.6 Scanning Electron Microsc¢PEM) Analysis..............cccvvvveeees 51
3.2 PP/PPY COMPOSITES. ...ceiiiiiemmmmmiiiieieee e e e eeeeee e 53
3.2.1 Synthesis of PP/PPy COMPBSi.........ccccceveveiiiiiiiiiiieieieiiin, 53
3.2.2 Tensile Properties of PR/BBMPOSIES..........cceevieeieiiiiiiiininnne. 54
3.2.3 Electrical Conductivity MBEEMENTS........ccovvrreririiiiiiiiienn 60
3.2.4 Scanning Electron Microsc@BEM) Analysis...........cccceeeeeeeenn. 61
4. CONCLUSIONS. .....oiiiiiiiiiiiit e immmmme et e e 67
REFERENCES. ...ttt ettt ettt rmne e e 70

Xii



LIST OF TABLES

Table 1.1Conductivities and stabilities of some polymers............cccceeeeeeen.. 3
Table 2.1 Properties of PYITole.........ooo e e .32
Table 2.2 Properties of Montmorillonite.......ceceeiiiiiiiiiiieeeeeeeeeee, 33
Table 2.3 Properties of Polypropylene.......cccceeeviiiiiiiiiiiiiiiieceee e 33
Table 2.4 Dimensions of Tensile Test SPeCiMen ............ccceeeeeririiiiiiiiinnn. 37

Table 3.1 d-spacing of MMT and OMMT with the copesading diffraction

ANGIE. e 45

Table 3.2 d-spacing values of OMMT and PPy/OMMTow@mposites............. 46
Table 3.3 2 values of o0MMT and PPy/OMMT nanocomposites................... 46

Table 3.4 Conductivity values of PPy/OMMT NanOCOSI[ES.................euvunnnnnnn. 48
Table 3.5 Data for preparation of PP/PPy COMPASILES...........uvvvvvvveviiniiiiieennn. 54
Table 3.6 Tensile Properties of PP/PPy cOMpoSIteS..........ccooeveeeeeiieieininnnnnn, 60
Table 3.7 Conductivity values of PP/PPy COMpOSIteS.............vvvveveiiiiiiiiennn, 60

Xiii



LIST OF FIGURES

Figure 1.2 Schematic representation of a bandtsieiof a metal,

semiconductor and an INSUIALON..............ueiiiriiiiiiie e 9
Figure 1.3 The oxidative doping Of polypyIrole.........ccccciiiiiiiiiiiiiiiieeeeeee 12
Figure 1.4 Band theory of conjugated pOlyMers..........ccccuvvviiieieiiieen e 12
Figure 1.5 Conductivities of some metals, semicetmhs and insulators............ 13
Figure 1.6 Structure of 2:1 phyllosilicates. ...........cocoiiiiiiiiiii e 17
Figure 1.7 Schematic representation of the cati@ha&nge process..................... 20

Figure 1.8 Scheme of different types of compositsireg from the interaction of
layered silicates and polymers: (a) phase sepamitrdcomposite;
(b) intercalated nanocomposite and (c) exfolia@aotomposite......................... 21

Figure 1.9 Schematic representation of polypyrialercalation

iNthe MMT galleries.......c.virii i e e e 22
Figure 1.10 Structure Of PPY..........ovvvitimmmre et eanes 23
Figure 1.11 Synthesis of polypyrrole by oxidation................cccooeeeieiiiiinn. 25
Figure 1.12 Structure of Polypropylene......ocoeeiiiiiiiiiiiiiiiiiaes 30
Figure 2.1 Four Probe TeChnique............oceeeeeeiiiiiiiiiiieeeee e 36
Figure 2.2 ASTM Tensile Test SPECIMEN.......coureeriiiiiiiiiiiieeeeeee e 73
Figure 3.1 FTIR Spectrum of MMT........coiiiiie e 41
Figure 3.2 FTIR Spectrum Oof OMMT .........uiiii e 42
Figure 3.3 FTIR Spectrum Of PPY............t i 42

Figure 3.4 FTIR Spectrum of PPy/clay nanocomposie®Py/1%0OMMT, b)
PPy/5%0MMT, c) PPy/10%OMMT, d) PPy/15%OMMT

[E=TpToTodo] 4] 010 1Sy | (=TS OSSP 43
Figure 3.5 XRD pattern of MMT and OMMT ... 45
Figure 3.6 XRD pattern of PPy/OMMT composite pregphibyin situintercalative
polymerization; a) OMMT, b) PPy, c) PPy/1%OMMT,RPYy/5%0MMT, €)
PPy/10%OMMT, f) PPY/15%O0OMMT ... ccoiiiiiieiiiie et 47

Xiv



Figure 3.7 TGA curve of a) MMT and b) OMMT ....cccceiiiiiiiiiiiiiiciceee e 49
Figure 3.8 TGA curve of PPy and PPy/OMMT nanocoritpsesa) PPy, b)
PPy/1%OMMT, c) PPy/5%0OMMT, d) PPy/10%OMMT,

€) PPY/ISYOMMT oottt 50
Figure 3.9 SEM micrographs of OMMT and MMT ... 51
Figure 3.10 SEM micrographs of PPY/OMMT......ccccoiiiiiiiiiiiiiieeee, 53
Figure 3.11 Tensile stress-strain (%) curve oypapylene............ccccoooenvnnnee. 56
Figure 3.12 Tensile stress-strain (%) curve of PRy-PP composite................. 56
Figure 3.13 Tensile stress-strain (%) curve of BRy-PP composite ................. 57
Figure 3.14 Tensile stress-strain (%) curve o¥dBPy-PP composite............... 57
Figure 3.15 Tensile stress-strain (%) curve of 2BRg-PP composite................ 58
Figure 3.16 Effect of PPy content on the tensilaistat break (%) of

[o70] 1 0] 0 J0 1S | (=S O PTPPPPPPPIN 58
Figure 3.17 Effect of PPy content on the tensilergjth of composites.............. 59
Figure 3.18 Effect of PPy content on the Young'dmias of composites .......... 59
Figure 3.19 Conductivity-Elongation graph of PP/RByposites...................... 61
Figure 3.20 Fracture surface of 2 % PPy-PP comgasit.............cceeeeeeeeeennnn. 63
Figure 3.21 Fracture surface of 5 % PP-PPy comgasit..............cceeeeeeeeeennnnnn. 64
Figure 3.22 Fracture surface of 10 % PPy-PP cortgasi.........cccccccvvvvvvvvvnnnnns 65
Figure 3.23 Fracture surface of 20 % PPy-PP cort@asi...........ccc.covvvvvvvvvnnnnn. 66

XV



ASTM
CB
CCC
CMC
CP
FTIR
HDPE
HOMO
IMC
LUMO
MMC
MMT
OMMT
PAN
PET
PLS
PMC
PP
PPNA
PPP
PPS
PPy
PPV
PTh
PVAC
Py
SEM
SPANI

LIST OF ABBREVIATIONS

American Society for Testing an@fdrials
Conduction Band
Carbon-Carbon Composites
Ceramic Matrix Composites
Conducting Polymer
Fourier Transform Infrared Spemeter
High Density Poylethylene
Highest Occupied Molecular Orbital
Inter-Metallic Composites
Lowest Occupied Molecular Orbital
Metal Matrix Composites
Montmorillonite
Organo-Montmorillonite
Polyaniline
Polyethylene Terephthalate
Polymer Layered Silicate
Polymer Matrix Composites
Polypropylene
Polypyrrole/clay Nanocomposite
Poly(p-phenylene)
Poly(paraphenylene sulphide)
Polypyrrole
Poly(pphenylene vinylene)
Polythiophene
Poly(vinyl acetate)
Pyrrole
Scanning Electron Microscope

Sulfonated Polyaniline

XVi



TEM
TGA
VB

V205
XPS
XRD
Y203

Transmission Electron Microscope
Thermal Gravimetric Analysis

Valance Band

Vanadium penta Oxide

X-ray photoelectron spectroscopy
X-Ray Diffraction

Yttrium Oxide

XVii



CHAPTER 1

INTRODUCTION

1.1 History of Conducting Polymers

Although most semiconductors are of inorganic retiirhas long been known that
conjugated organic molecules may exhibit semicotwtudehavior. These
structures can be present in polymers, and, asnaeqgoence of the specific
properties of these materials, such as high flewibihigh impact resistance, and
low density, which make them specially attractiegorts have been devoted to the
preparation of conducting polymers][IThe term conjugated polymer defines a
backbone chain that is unsaturated and therefaeahernating double and single
bonds along the chain, all carbon atoms are sihghlyded to neighboring carbon
atoms and remaining valence electrons are bourtydoogen atoms. Conjugated
polymers can be converted into metals by dopingtardefore form new class of
materials referred as synthetic metals, or condgcpolymers [R Since their
discovery in the mid-1970s, conducting polymersehbgen a hot research area for

many academic institutions][3

Polyaniline is one of the oldest known conductiveymers, which was first
prepared by Letheby in 1862. He oxidized anilinedacally in sulphuric acid and
described the existence of polymer in four différstates, each of which was an
octamer [4]. In 1971, H. Shirakawa and S.lkedaalisced that polyacetylene (PA)
can be made into films having metallic luster amd-level conductivity. However,

the field of conductive polymers really began iv19when A.J. MacDiarmid and



A.J. Heeger found that doping of polyacetylene \idttide demonstrated a much
higher conductivity than with other dopants, witinductivities reaching as high as
10 ® Scm' under approprite conditions ][2A.J. Heeger, A.J. MacDiarmid, and
Hideki Shirakawa were rewarded for their primaryrkvthe 2000 Nobel Prize in

Chemistry [3.

It was further found that polyacetyleweuld be obtained by both oxidative and
reductive polymerization. Its conductivity dependedthe doping ion’s properties
and concentration. Dopants reduce or oxidize ttgnper to form p-type and n-type
conductors [6]. Despite high conductivity of polyacetylene filmdoped form, the
material was inprocessible since it was unstablaiinand insoluble in solvents.
Synthetic work focused on increasing the procelgyibof (PA) by means of
increasing its stability and solubility [5]. Unfartately, the electrical conductivities
of the PA derivatives were much lower than the cmtidity of PA. Naturally,
much work has been devoted to develop stable ayakpsable conducting polymer

structures [7].

A | {/8\5 - [ {/S\ER] n

Polyacetylene Polythiophene Poly(3-alkylthiophene)
e O,
N n n
H
Polypyrrole Peolyaniline
"
n n ]
n
Paolyparaphenylene Poly(paraphenylene vinylene) Poly (paraphenylene sulphide)

Figure 1.1 Structures of several conducting polymers



In 1980’s polyheterocyles (Figure 1.1), which weneore air stable than
polyacetylene, due to lower polymer oxidation ptisgnwere first developed. New
classes of conducting polymers include polythiogh€éRTh), polypyrrole (PPy),
poly(p-phenylene) (PPP), poly(p-phenylene vinyle(ePV), poly(paraphenylene
sulphide) (PPS) and polyaniline (PANn). In Table dohductivities and stabilities of

some of these polymers were shown.

Table 1.1Conductivities and stabilities of some polymers

Conductivity Stability
Derivatives of
(S/cm) (doped state)

Polyacetylene 10°-10° Poor

Polypyrrole 100 Good
Polythiophene 100 Good

Polyaniline 10 Good
Polyphenylene 1000 Poor

1.2. Applications of Conducting Polymers

There are two main groups of applications for carithg polymers. The first group
utilizes their conductivity as its main propertyhel second group utilizes their
electroactivity. The extended-systems of conjugated polymer are highly
susceptible to chemical or electrochemical oxidatio reduction. These alter the
electrical and optical properties of the polymerd @y controlling this oxidation
and reduction, it is possible to precisely conttieése properties. Since these

reactions are often reversible, it is possibleytstesmatically control the electrical



and optical properties with a great deal of precisilt is even possible to switch

from a conducting state to an insulating state [8].

1.2.1. Applications that utilizes conductivity

These applications uses just the polymer's condtyctiThe polymers are used
because of their light weight, biological compdtipifor ease of manufacturing and

low cost.

By coating an insulator with a very thin layer @incucting polymer it is possible
to prevent the buildup of static electricity. Thgsparticularly important where such
a discharge is undesirable. Such a discharge catamhgerous in an environment
with flammable gasses and liquids and also in tkelosives industry. In the
computer industry the sudden discharge of statiectetity can damage
microcircuits. This has become particularly acute recent years with the
development of modern integrated circuits. To iasee speed and reduce power
consumption, junctions and connecting lines arerfiand closer together. The
resulting integrated circuits are more sensitivéd ean be easily damaged by static
discharge at a very low voltage. By modifying therimoplastic used by adding a
conducting plastic into the resin results in a fidashat can be used for the

protection against electrostatic discharge.

By placing monomer between two conducting surfaeesl allowing it to
polymerise it is possible to stick them togethéisTis a conductive adhesive and is
used to stick conducting objects together and aléwelectric current to pass
through them.

Many electrical devices, particularly computers@mate electromagnetic radiation,
often radio and microwave frequencies. This canseamalfunctions in nearby
electrical devices. The plastic casing used in maEfnyese devices are transparent
to such radiation. By coating the inside of thesptacasing with a conductive
surface this radiation can be absorbed. This cast be achieved by using

conducting plastics. This is cheap, easy to appty@n be used with a wide range



of resins. The final finish generally has good agilbve, gives a good coverage,
thermally expands approximately the same as thgnpl it is coating, needs just

one step and gives a good thickness [8].

Many electrical appliances use printed circuit bisarThese are copper coated
epoxy-resins. The copper is selectively etchedrbalyoce conducting lines used to
connect various devices. These devices are platdwles cut into the resin. In
order to get a good connection the holes need tmée with a conductor. Copper
has been used but the coating method, electrolegpec plating, has several
problems. It is a multistage process, the coppating is not very selective and the
adhesion is generally poor. This process is besptaced by the polymerisation of
a conducting plastic. If the board is etched wittagsium permanganate solution a
thin layer of manganese dioxide is produced onlyhensurface of the resin. This
will then initiate polymerisation of a suitable nwmer to produce a layer of
conducting polymer. This is much cheaper, easyanick to do, is very selective

and has good adhesion [9].

Due to the biocompatability of some conducting podys they may be used to
transport small electrical signals through the bodg. act as artificial nerves.

Perhaps modifications to the brain might eventuladlycontemplated [10].

Weight is at a premium for aircraft and spacecréfte use of polymers with a
density of about 1 gcthrather than 10 gc for metals is attractive. Moreover, the
power ratio of the internal combustion engine i®wh676.6 watts per kg. This
compares to 33.8 watts per kg for a battery-electrotor combination. A drop in
magnitude of weight could give similar ratios tce tmternal combustion engine
[10]. Modern planes are often made with light weigbmposites. This makes them
vulnerable to damage from lighting bolts. By cogtiaircraft with a conducting
polymer the electricity can be directed away frdm tulnerable internals of the

aircraft.

Molecular electronics are electronic structureseadsed atom by atom. One

proposal for this method involves conducting polysneA possible example is a

5



modified polyacetylene with an electron acceptingug at one end and a
withdrawing group at the other. A short sectiorilad chain is saturated in order to
decouple the functional groups. This section isvkmas a 'spacer' or a 'modulable
barrier'. This can be used to create a logic devibere are two inputs, one light
pulse which excites one end and another which extite modulable barrier. There
is one output, a light pulse to see if the othat kas become excited. To use this

there must be a great deal of redundancy to comapefsr switching ‘errors' [11].

1.2.2 Applications that utilizes electroactivity

Depending on the conducting polymer chosen, thed@md undoped states can be
either colourless or intensely coloured. Howevbke tolour of the doped state is
greatly redshifted from that of the undoped stditee colour of this state can be
altered by using dopant ions that absorb in visildgt. Because conducting
polymers are intensely coloured, only a very thiyer is required for devices with a
high contrast and large viewing angle. Unlike l@jwrystal displays, the image
formed by redox of a conducting polymer can haveigh stability even in the
absence of an applied field. The switching timeiesd with such systems has
been as low as 106 but a time of about 2 ms is more common. Theeclfdtime

is generally about f@ycles. Experiments are being done to try to irszeaycle

lifetime to above 10cycles [11].

The chemical properties of conducting polymers mitleen very useful for use in
sensors. This utilizes the ability of such materiad change their electrical
properties during reaction with various redox agefdopants) or via their
instability to moisture and heat. An example ofstis the development of gas
sensors. It has been shown that polypyrrole behasesquasi 'p' type material. Its
resistance increases in the presence of a redwasgsuch as ammonia, and
decreases in the presence of an oxidizing gas asictitrogen dioxide. The gases
cause a change in the near surface charge cdraes Electron holes) density by
reacting with surface adsorbed oxygen ions [10otAar type of sensor developed

is abiosensor. This utilizes the ability of triiddi to oxidize polyacetylene as a



means to measure glucose concentration. Glucasddgzed with oxygen with the
help of glucose oxidase. This produces hydrogeoxide which oxidizes iodide
ions to form triiodide ions. Hence, conductivity soportional to the peroxide

concentration which is proportional to the glucosacentration.

Probably the most publicized and promising of tlierent applications are light
weight rechargeable batteries. Some prototype esiscomparable to, or better
than nickel-cadmium cells now on the market. Théymper battery, such as a
polypyrrole-lithium cell operates by the oxidatiamd reduction of the polymer
backbone. During charging the polymer oxidizes asim the electrolyte enter the
porous polymer to balance the charge created. &meously, lithium ions in

electrolyte are electrodeposited at the lithiunfesze. During discharging electrons
are removed from the lithium, causing lithium idosreenter the electrolyte and to
pass through the load and into the oxidized polyridée positive sites on the
polymer are reduced, releasing the charge-balaranimns back to the electrolyte.

This process can be repeated about as often agcaltgecondary battery cell [8].

Conducting polymers can be used to directly conwdectrical energy into
mechanical energy. This utilizes large changeszie sndergone during the doping
and dedoping of many conducting polymers. This t@nas large as 10%.
Electrochemical actuators can function by usingnges in a dimension of a
conducting polymer, changes in the relative dimemsiof a conducting polymer
and a counter electrode and changes in total volofma conducting polymer
electrode, electrolyte and counter electrode. Théhod of doping and dedoping is
very similar as that used in rechargeable battelimsissed above. What is required
are the anodic strip and the cathodic strip changiae at different rates during
charging and discharging. The applications of timslude microtweezers,
microvalves, micropositioners for microscopic ogtielements, and actuators for

micromechanical sorting (such as the sorting ofdgiical cells).

One of the most futuristic applications for condugt polymers are 'smart’
structures. These are items which alter themselvasake themselves better. An

example is a golf club which adapt in real timeatpersons tendency to slice or
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undercut their shots. A more realizable applicat®wribration control. Smart skis
have recently been developed which do not vibraténd skiing. This is achieved
by using the force of the vibration to apply a pposite to the vibration. Other
applications of smart structures include activepsusion systems on cars, trucks
and train; traffic control in tunnels and on roaasl bridges; damage assessment on

boats; automatic damping of buildings and prograbien#ioors for robotics [11].

1.3 Conduction mechanisms

1.3.1 Band Theory

The electrical conductivities of materials alloweth to be classified into three
groups called conductors, semiconductors and itesldn polymeric materials
conduction may occur through the movement of eitlectrons or ions. In both
cases electrical conductivity depends on a numb&rmalamental parameters, such
as the number density of mobile charge carrierthe chargeg, and the carrier
mobility . The relationship between conductivity and the tHeger quantities is

expressed by the general relationship [12].

=nq

The conduction mechanism can be explained by usiegband theory, which

explains the electronic structure of materialsslaswn in Figure 1.2The highest

occupied bands are the valance band (VB) and thesibunoccupied bands are the
conduction band (CB). The energy spacing betweerhitjhest occupied molecular
orbital (HOMO) and the lowest occupied moleculabitad (LUMO) is known as

band gap energyEf). For metals the VB and CB overlap and the inicins
conductivity is attributed to the zero band gapr Eemi-conductors, the narrow
band gap energy enables the electrons to jump tdyCBermal excitation even at
room temperature to render the material conductidaterials where the energy
separation is too large for thermal excitation tonpote electrons to CB are termed

as insulators [13].
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Figure 1.2 Schematic representation of a band structure cétalm semiconductor

and an insulator

1.3.2 Doping Process of Conducting Polymers

The concept of doping is the unique, central, ugdey, and unifying theme which
distinguishes conducting polymers from all othepety of polymers. During the
doping process, an organic polymer, either an @tsulor semiconductor having a
small conductivity, typically in the range 1bto 10° Scm, is converted into a
polymer which is in the “metallic’ conducting regin(ca. 1 to 10Scm?). The
controlled addition of known, usually small1(0%) nonstoichiometric quantities of
chemical species results in dramatic changes irldagtronic, electrical, magnetic,
optical, and structural properties of the polyni#wping is reversible to produce the
original polymer with little or no degradation olfiet polymer backbone. Both
doping and undoping processes, involving dopantisions which stabilize the

doped state, may be carried out chemically or elebemically.[14]

All conducting polymers undergo either p- and/oredex doping by chemical
and/or electrochemical processes during which timeber of electrons associated
with the polymer backbone changes [15,16].
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p-Doping, that is, partial oxidation of thebackbone of an organic polymer, was
first discovered by treating trans-(GH)with an oxidizing agent such as
iodine[17,18].

trans-(CH) + 1.5xyb  [CH™(I3)y1x (v 0.07)

This process was accompanied by an increase iructiuiy from ca. 16 Scm' to
ca. 16 Scm'. If the polymer is stretch-oriented five- to sbid before doping,
conductivities parallel to the direction of strétwhup to around T0Scni' can be
obtained [15,16].

n-Doping, that is, partial reduction of the backbdorsystem of an organic polymer,
was also discovered using trans-(¢HYy treating it with a reducing agent such as

liquid sodium amalgam or preferably sodium naplitieal(Nphth = naphthaline)
trans-(CH) + (xy)Na'(Nphth)  [Na," (CH)Y]x+ Nphth  (y 0.1)

The antibonding system is partially populated by this process Wwhis

accompanied by an increase in conductivity of ai®8Scm® [17,18].

1.3.3 Polaron and Bipolaron Model

The conventional doping process in the semicondugtmerates intermediate
energy levels within the band gap and these midsgaies exist as either a hole for
p doping or electrons for n doping. Either holesetectrons contribute to the
electrical conductivity of semiconductors, as cleacgrriers. A conducting polymer
is known as an organic semiconductor whose bandsgagually above 1.5 eV and
whose intrinsic conductivity is low. Doping (oxid@ or reduction in chemistry

terms) is necessary to produce higher conductiv®y.

The polaron-bipolaron model has been widely appli¢gdl conjugated

polyheterocyclic material. The concepts of polaeo bipolaron are from solid-
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state physics. From the chemistry point of viewodamn is a radical cation that
stabilizes itself by polarizing. Considering polymte (Figure 1.3) as an example,
upon the oxidative doping of polypyrrole, an elentis removed from the p-orbital
of the backbone producing a free radical and alegsnpositive charge. The
combination of a charge site and a radical is dadlepolaron, which has a spin of
1/2. This creates new localized electronic statethe band gap, with the lower
energy states being occupied by single unpairectreles. The polaron state of
polypyrrole is symmetrically located about 0.5 eWn the band edges. The partial
delocalization of polaron across several monomennts leads to structural
distortion in the polymer. The distortion is causby the existence of two
nondegenerate ground states, namely aromatic andiquUpon further oxidation,
the free radical of the polaron is removed, crgatinnew spinless defect called a
bipolaron. This is of lower energy than the creata two distinct polarons.At
higher doping levels it becomes possible that twanmns combine to form a
bipolaron. Thus at higher doping levels the polarare replaced with bipolarons.
The bipolarons are located symmetrically with a dagap of 0.75 eV for
polypyrrole. Theoretical studies have proved tlnat formation of bipolarons via
the combination of polarons is energetically fawbbeaeventually, leading to
continuous bipolaron band with continued dopingeifband gap also increases as
newly formed bipolarons are made at the expenstheofband edges. For a very
heavily doped polymer it is conceivable that theperpand the lower bipolaron
bands will merge with the conduction and the vadelands respectively to produce
partially filled bands and metallic like conducti[20]. This is shown in Figure
1.4.
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Figure 1.3The oxidative doping of polypyrrole
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Figure 1.4Band theory of conjugated polymers

Conductivity of CPs can be tuned over eight or manders of magnitude in the

same material. The doping level of conducting pdysn affects range of
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conductivity from insulator to metal. Fig 1.5 shothe typical conductivity ranges

of the three most common conducting polymers (F2y,PTh).
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Figure 1.5Conductivities of some metals, semiconductors asdlators

1.3.4 Hopping process

Intramolecular transport, intermolecular transpahd interparticle contact
determine the overall conductivity in a polymertteatwo are known as hopping
process through which transport of a particle c&@s the electronic states become
increasingly localised. Among the others, interpet contact has the greatest

importance in terms of conductivity of polymers]21

1.4 Composites

Composites are combinations of two materials inciwline of the materials, called
the reinforcing phase, is in the form of fiberseests, or particles, and is embedded

in the other materials called the matrix phase. Téiaforcing material and the
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matrix material can be metal, ceramic, or polynigmpically, reinforcing materials
are strong with low densities while the matrix isually a ductile, or tough,
material. If the composite is designed and fabeidatorrectly, it combines the
strength of the reinforcement with the toughnessthe matrix to achieve a
combination of desirable properties not availabte any single conventional

material.

For the matrix, many modern composites tfsrmosetting or thermosoftening
plastics (also called resins). The plastics argmets that hold the reinforcement
together and help to determine the physical pragsedf the end product.

Thermosetting plastics are liquid when preparedHautien and become rigid (ie,
they cure) when they are heated. The setting process igeirsible, so that these
materials do not become soft under high temperatureese plastics also resist
wear and attack by chemicals making them very deradven when exposed to

extreme environments.

Thermosoftening plastics, as the name implies,harel at low temperatures but
soften when they are heated. Although they are Em®monly used than
thermosetting plastics they do have some advantagieh as greater fracture
toughness, long shelf life of the raw material, amEty for recycling and a cleaner,

safer workplace because organic solvents are matauefor the hardening process.

Ceramics, carbon and metals are used as the nfatrikome highly specialised
purposes. For example, ceramics are used whenatexial is going to be exposed
to high temperatures (eg, heat exchangers) an@rtashused for products that are

exposed to friction and wear [22].

1.4.1 Polymer Matrix Composites
The major classes of structural composites thattdrday can be categorized as

polymer matrix composites (PMC), metal matrix cosipgs (MMC), ceramic

matrix composites (CMC), carbon-carbon composit€3C(), intermetallic
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composites (IMC) or hybrid composites. PMC are thest developed class of
composite materials in that they have found widesg@r application, can be
fabricated into large, complex shapes, and haven lameepted in a variety of
aerospace and commercial applications. They arstwmted of components such
as carbon or boron fibers bound together by annicgpolymer matrix. These
reinforced plastics are a synergistic combinatiérhigh-performance fibers and
matrices. The fiber provides the high strength ammblulus, whereas the matrix
spreads the load as well as offering resistanceveéathering and corrosion.
Composite strength is almost directly proportiotealthe basic fiber strength and
can be improved at the expense of stiffness. Higbutus organic fibers have been
made with simple polymers by arranging the molexuaring processing, which

results in a straightened molecular structure [23].

1.5 Nanocomposites

The definition of nanocomposite material has broadesignificantly to encompass
a large variety of systems such as one-dimensiomab-dimensional, three-
dimensional and amorphous materials, made of disfirdissimilar components
and mixed at the nanometer scale{hn). The general class of nanocomposite
organic/inorganic materials is a fast growing armefa research [24]. Major
differences in behavior between conventional contg®sand nanocomposites
result from the fact that the latter have muchdaiigterface area per unit volume

leading to unique phase morphology [25].

This rapidly expanding field is generating manyigng new materials with novel
properties. The latter can derive by combining prtps from the parent
constituents into a single material. There is dfs® possibility of new properties

which are unknown in the parent constituent materia

The inorganic components can be three-dimensiaaahdwork systems such as
zeolites, two-dimensional layered materials suchclays, metal oxides, metal

phosphates, chalcogenides, and even one-dimensiandl zero-dimensional

15



materials such as (MBe-), chains and clusters. Experimental work has gelyeral
shown that virtually all types and classes of nanggosite materials lead to new
and improved properties when compared to their atanposite counterparts.
Therefore, nanocomposites promise new applicationgnany fields such as
mechanically reinforced lightweight components, 4fioear optics, battery

cathodes and ionics, nano-wires, sensors and syltgms [26].

1.6 Clays

The clay minerals are a part of a general but itapdr group within the
phyllosilicates (Figurel.6) that contain large pertages of water trapped between
the silicate sheets. Most clays are chemically stndcturally analogous to other
phyllosilicates but contain varying amounts of wated allow more substitution of
their cations. There are many important uses amdiderations of clay minerals.
They are used in manufacturing, drilling, constiattand paper production. They
have geat importance to crop production as clagsaasignificant component of
soils [27].

Common clays are naturally occurring minerals aral thus subject to natural
variability in their constitution. The purity of ¢h clay can affect final
nanocomposite properties. Many clays are alumiasés, which have a sheet-like
(layered) structure, and consist of silica St€trahedra bonded to alumina AlIO
octahedra in a variety of ways. A 2:1 ratio of tarahedra to the octahedra results
in smectite clays, the most common of which is munillonite. Other metals such

as magnesium may replace the aluminium in the @rgstucture.
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Figure 1.6 Structure of 2:1 phyllosilicates

Depending on the precise chemical composition @fcthy, the sheets bear a charge
on the surface and edges, this charge being baldnceounter-ions, which reside
in part in the inter-layer spacing of the clay. Thiekness of the layers (platelets) is
of the order of 1 nm and aspect ratios are higbicaly 100-1500 nm. The clay
platelets are truly nanoparticulate. In the contéxtanocomposites, it is important
to note that the molecular weight of the plateles 1.3 x 16) is considerably
greater than that of typical commercial polymers,feature which is often
misrepresented in schematic diagrams of clay-base@composites. In addition,
platelets are not totally rigid, but have a degs&éexibility. The clays often have
very high surface areas, up to hundreds &fper gram. The clays are also
characterised by their ion (e.g. cation) excharagecities, which can vary widely.
One important consequence of the charged naturidneofclays is that they are
generally highly hydrophilic species and therefoggurally incompatible with a
wide range of polymer types [28]. The interactibe$ween organic matter and clay
minerals are among the the most widespread reactionature. The adsorption of
organic materials by clay minerals has been widelestigated during the last
decade and has been extensively reviewed. Theadattens include cation

exchange and adsorption of polar and nonpolar mtgec In these interactions,
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adsorption, in which physicalor chemical bonds(loag short- range interactions,
respectively) are formed between the mineral aedtiganic matter, is the primary
process. In most adsorption reactions the clay raiseserve as the substrates and
the organic entities are the adsorbed species.nfapp process may follow the
primary adsorption reactions: Adsorption properidéghe clay minerals may be
altered after primary adsorption. In their natui@im clay minerals appear with

norganic exchangeable cations, which contributdeéa hydrophilicity[29].

1.6.1 Montmorillonite

Montmorillonite is a layered silicate belonging tine smectite group of
phyllosilicate minerals. It is formed primarily Iblye alteration of extrusive volcanic
rocks such as volcanic ash falls and ash fall tuBflsmmonly these minerals are
products of geological weathering or hydrothermggration of silicate minerals
and silica phases in these igneous rocks [30]. Moritlonite’s water content is
variable and it increases greatly in volume wheabgorbs water. Chemically it is
hydrated sodium calcium aluminium magnesium siéidaydroxide (Na, Ca)(Al,
MQg)2 (SikO1g) (OH).nH,O. Potassium, iron and other cations are common

substitutes, the exact ratio of cations varies withrce [31].

Similar to other clays, montmorillonite swells witfie addition of water. However,
some montmorillonites expand considerably more to#mer clays due water
penetrating the interlayer molecular spaces andcamitant adsorption. The
amount of expansion is due largely to the typexshangeable cation contained in
the sample. The presence of sodium as the predatn@xa@hangeable cation can
result in the clay swelling to several times itsgmral volume. Hence, sodium
montmorillonite has come to be used as the majoistdoent in non-explosive
agents for splitting rock in natural stone quariiesorder to limit the amount of
waste, or for the demolition of concrete structuvdsere the use of explosive

charges is unacceptable.
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It is the absorption and swelling characteristibattmakes montmorillonite so
useful in industrial and commercial applicationsoritmorillonite is used in cat
litters, industrial oil absorbents, filtration madianimal feeds and agricultural

applications [30].

1.7 Cation—Exchange Process

The sorptive properties of the smectite clays fogaaic molecules are greatly
modified by replacing native exchangeable metatfidions with long-chain or
quaternary ammonium cations. These modified clagscamonly referred to as
‘organo-clays’. There are two different types ofjamoclays: Those saturated with
large quaternary ammonium cations and with onewar fong alkyl chains and
those saturated with small quetarnery ammoniumhatip and aromatic cations.
Some investigators use the term ‘organophilic-cldgs the first type and the

‘adsorptive clays’ for the organoclays saturatethwmall quatenary cations.

It is now common to synthesize organophilic claysdplacing the metallic cations
by quaternary cations of the type [(§NR]" or [(CHs).NRR ], where Rand

R are aliphatic or aromatic substitutents, respebtiv The adsorption of a
guaternary ammonium cation by a cation exchangehamesm is independent of
the pH of the system, whereas cation exchange giitsoiof primary, secondary, or
tertiary ammonium cation depends on the pH of tistesn. In addition, the
guaternary ammonium cation does not show acidlzasic properties and does not

form H-bonds either with proton donors or with guoes [29].
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Figure 1.7 Schematic representation of the cation exchangeepso

The ion-exchange process in smectite clays not selyes to match the clay
surface polarity with the polarity of the polymdut it also expands the clay
galleries. In general, the longer the surfactaairckength, the further apart the clay

layers will be forced [32].

1.8 Structure of PLS nanocomposites

Polymer/clay composites are divided into three ganéypes, namely phase
separated, intercalated, and delaminated or eiddlidllustrated structures can be
seen in Figure 1.8.

1.8.1 Phase Separated Microcomposites

A third alternative is dispersion of complete clpgrticles (tactoids) within the

polymer matrix, but this simply represents useheftlay as a microscale fillers.
1.8.2 Intercalated Nanocomposites

In the case of an intercalate, the organic compasenserted between the layers of
the clay such as that the inter-layer spacing gaesed, but the layers stil bear a

well defined spatial relationship to each other[28
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Figure 1.8 Scheme of different types of composite arising fritni@ interaction of
layered silicates and polymers: (a) phase sepamai@composite; (b) intercalated
nanocomposite and (c) exfoliated nanocomposite.

1.8.3 Exfoliated Nanocomposites

In an exfoliated structure, the layers of the dlaye been completely separated and
the individual layers are distributed throughoué thrganic matrix. The silicate
layers are totaly delaminated and the layers steriD A apart.Usually, the clay
content of an exfoliated nanocomposites is muctefotvan that of an intercalated
nanocomposites [33].

1.9 Synthesis of PLS nanocomposites
Three main methods used for preparing PLS nanocsitego are: In-Situ
Intercalative Polymerization MethodSolution Intercalation Method andVelt

Intercalation Method.
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1.9.1 In Situ Intercalative Polymerization Method

In this method, the OMMT is swollen within the ligumonomer or a monomer
solution so that the polymer formation can occupétween the intercalated sheets.
Polymerization can be initiated either by heat adiation, by the diffusion of a
suitable initiator, or by an organic initiator atalyst fixed through cation exchange
inside the interlayer before the swelling step g monomer [33]. MMT may be
conventionally represented as containing sorberst(M™) between silicate
network which are co-ordinated to solvent moietissally HO, the coordination
number depending on the nature of the sorbed afid#].

125 nmI In-situ
synthasis of PPy

MMT
MMT/PPy

Figure 1.9 Schematic representation of polypyrrole interéafain the MMT

galleries.

1.9.2Solution Intercalation Method

This route involves the dispersion of the organpaad the polymer in water or
polar organic solvent. The high polarity of watesults in swelling of NaMT.
The layer silicates owing to their unique featusmn de dispersed easily in an
adequate solvent. The polymer dissolves in theest)vthen adsorbs onto the
expanded silicate sheets. When the solvent is eatgah) the sheets reassemble,

sandwiching the polymer to form the intercalatedctre [35].
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1.9.3 Melt Intercalation Method

This method involves annealing, statically or unsleear, a mixture of the polymer
and OMMT above the softening point of the polynidelt intercalation is broadly
applicable to many commodity and engineering polanefrom non-polar
polyolefin, weakly polar PET to strong polar amidiéelt compounding is a well-
known process to fabricate various thermoplastits useful shapes with low cost
and high productivity. Morever, the high shear emwinent of the melt extruder can

assist delamination or exfoliation of the clay plats [33].

1.10 Properties of Polypyrrole

Among the conducting polymers, polypyrrole (PPydie of the most investigated
due to its high electrical conductivity and itsatétely good environmental stability
and low toxicity [36]. This conductive polymer cha potentially used in batteries,
supercapacitors, sensors, anhydrous electrorhealdtiids, microwave shielding,
and corrosion control [37]. Polypyrrole can be egwslepared from aqueous and

organic solvents by both chemical and electrochahmethods [38].
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Figure 1.10Structure of PPy
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1.10.1Synthesis of Polypyrrole

The PPy and its derivatives have been synthesitleer doy an electrochemical or
by a chemical oxidative polymerization. GeneraRys are brittle, insoluble and
infusible, and hence inprocessible. Thereby, inepordo develop PPy-based
conductive materials, several approaches includingidant-impregnated
polymerization using pyrrole vapor, electrochemipalymerization of pyrrole in
the presence of latex particles with anionic sw@faand graft copolymerization
containing pyrrole as grafted groups, have beenliegpd39]. These various
approaches produce polypyrrole materials with ciffie forms, chemical oxidation
generally produce powders, while electrochemicattsgsis leads to films dopsited

on the working electrode and enzymatic polymerwagives aqueous dispersions.

Although, because of several distinct advantaglestrepolymerization has been
for a long period the preferred method at the latoyy scale, the recent
development of solution processable PPy has trggharstrong renewal of interest
in chemical polymerization, which remains the mesttable method as far as
industrial production is envisioned. The electranlml conditions, the electrode
material, the solvent, the counterion and the maeraa influence the nature of the
processes occuring. For example, if the applieémi@l is too low (under certain

condition), the rate of polymerization will be suitfat no precipitate eventuates. If
the solvent is nucleophilic ( or contains dissoleagigen), it will react with the free

radical intermediates. If the electrode materiagéxéremely polar, at the potential
required for polymerization, deposition may be disaged. In addition the solvent,
monomer, counterion and substrate interactionakienportant since they dictate

the solubility and/or deposition of the resultaatymer.
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Figure 1.11Synthesis of polypyrrole by oxidation.

The number of variables available with chemicalyp@érization is greatly reduced
because no electrochemical cell or electrodes emgloyed. The range of dopant
counterions that can be incorporated into the pohgte backbone during
polymerization has also, until recently, been galtedimited to ions associated
with the oxidant. However, chemical polymerizatioemains of interest for
processing purposes, first, because it may bere@msigcale up this batch process,
and second, it results in the formation of powders colloidal dispersions.
Furthermore, it is possible to use chemical dejmwsito coat other nonconducting

materials [3].
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1.10.2 Composites of Polypyrrole

Polypyrrole, is the subject of numerous studies tluets good environmental
stability and high electrical conductivity. Howey@&Pys are brittle, insoluble and
infusible, and hence inprocessible [39]. This led intensive research on the
preparation of a variety of organic-organic and rgamic-organic polymer
composites and nanocomposites [37]. The PPy andidts/atives have been

synthesized either by an electrochemical or byeazbtal oxidative polymerization.

Hua Bai, and QChen prepared Polypyrrole/sulfonated polyanilinBy(SPANI)

composite films by direct electrochemical polymatian of pyrrole in an aqueous
solution of SPANI. Spectroscopic results demonsttahat the polyanion, SPANI,
was incorporated into the PPy matrix as a dopame. domposite films exhibited a
higher thermal stability than that of pure PPy. iBiag electron microscopic
images revealed that the composite film had smeawoith compact morphology.
Furthermore, a simple ammonia sensing device bais¢lde composite film showed

high sensitivity and a low limit of detection [40].

Gaoyi Han and Gaoquan Shi prepared porous polyieypaymethyl methacrylate
composite films. The synthesis procedures include tvapor deposition
polymerization of pyrrole on the composite films pflymethyl methacrylate and
ferric hydroxide bis(1,4-bis(2-ethylhexyl) sulfosilate). The porous composite
films showed electroactivity, and the sensors basadthem exhibited high

sensitivity and fast response to ammonia gas [41].

W.S. Barde, S.V. Pakade and S.P. Yawale synthe§laggbyrrole (PPy) and poly
(vinyl acetate) (PVAc) composite thin films by chieal oxidative polymerization
method with the solution of ferric chloride (FgCbxidant in methanol. Their dc
conductivities as a function of temperature (308%36) were measured. The ionic
transference numbers for the PPy-PVAc films, sysiteel with different
concentration of Fegl were determined by dc polarization technique. Tae

electrical conductivity of the films, at room temgwire, first increases with
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concentration of Feglnd attains the maximum value (r = 6.17 ¥48/cm) at 0.5
M of FeCk[42].

Qilin Cheng, Vladimir Pavlinek and Chunzhong Li #yesized polypyrrole/nano-
Y03 conducting composite by chemical oxidative polyzegion. The composite
was characterized using transmission electron mioaoy, X-ray diffraction, FTIR
spectra, X-ray photoelectron spectroscopy and r&att conductivity
measurements. The results indicate thgDsYnanoparticles are almost enwrapped
by polypyrrole. An interaction exists between PRyg aanocrystalline O3, which
gives rise to changes in surface properties andel@Ctrical conductivity of the

composite, and they also improve thermal stabilftthe composite [43].

M.V. Murugendrappa and Ameena Parveen synthesiz#gpyrole (PPy) by
chemical oxidation method by using ammonium petsatp as an oxidant, and
vanadium pent oxide @POs) was used as it was received. PPyGY composites
were synthesized by using various weight percestdf@, 20, 30, 40 and 50) of
V,0s in PPy by in situ polymerization. The compositesrevcharacterized by using
various techniques such as XRD, IR and SEM speamipys SEM micrographs
indicate that YOs was homogeneously distributed in the PPy. IR spscopy
revealed that the characteristic stretching freqgigsnwere shifted towards lower
frequency side, as compared to pure PPy. XRD miapts indicated that PPy—
V205 have many aggregated pores which have been rediusetb homogeneous
distribution of \bLOs in PPy [44].

Suprakas SinhaRay and Mukul Biswas prepared Morillorate (MMT)-based
nanocomposites of polypyrrole (PPy) through theymparization of pyrrole with
MMT and FeC-impregnated MMT in bulk and in agueous medium. The
composites were characterized by IR, X-ray diffiact (XRD), and scanning
electron microscopy (SEM) studies. XRD analysesag&d no change in d001
spacing in MMT (9.8 A), suggesting no intercalatiohPPy into MMT lamellae.
The SEM micrograph for the water-redispersible RT nanocomposite clearly

showed a highly dense agglomeration of finer sphérparticles. The SEM
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micrograph for the composite with high PPy loadimas not particularly different
from those for the composites with low PPy contdiite bulk conductivity of the
composites was in the range of (1.3 to 26) X 8icm, depending on the FeCl
impregnation level and on the PPy loading in theosites [45].

J.W. Kim, F. Liu and H.J. Chaynthesized conducting polypyrrole (PPy) into
the layer of inorganic clay within a nanolevel by mverted emulsion pathway
polymerization method, using dodecylbenzenesulfatd (DBSA) as both an
emulsifier and a dopant. The synthesized PPyfiéatmorillonite (MMT)
nanocomposite was confirmed to have a layered temeicwith a folded or
penetrated PPy from X-ray diffraction, and it wasttier characterized via FT-IR
spectroscopy. Intercalation of PPy was observen fitee XRD and FT-IR analysis,
in which the characteristic peaks of PPy in theypwirole/clay nanocomposite
(PPNA) were observed. Four probes method was adidptexamine electrical DC
conductivity. Since the existence of clay effects an insulating material, the
conductivity of PPNA was lower than that of pureyPidA a broad range of
temperature [39].

Jui-Ming Yeh, Chih-Ping Chin and Susan Chang pregbar series of electronically
conductive nanocomposite materials that consistetlable polypyrrole (PPy) and
layered montmorillonite (MMT) clay platelets by situ oxidative polymerization
with dodecylbenzene  sulfonic  acid (DBSA) as  dopantnd
cocamidopropylhydroxysultaine as a intercalatingragor MMT. Organic pyrrole
monomers were first intercalated into the intentagggions of organophilic clay
hosts and followed by a one-step oxidative polyragion. The as-synthesized
electronically conductive polypyrrole-clay nanocarspe (PCN) materials
contained clay with weight ratio %1, 3%, 5% and 10Phe incorporation of
nanolayers of MMT clay in electronically conducti®®y matrix resulted in a slight
increase in thermal decomposition temperature basdte TGA studies. Electrical
conductivity of all the PCN materials in the forrh a powder-pressed pellet was
found to be slightly smaller than that of pristiXkD implied an intercalated MMT
clay nanolayer structure existed in the PPy maity.
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Hong-Quan Xie, Cheng-Mei Liu and Jun-Shi Guo pregddwo kinds of conductive
polypyrrole composites by in-situ polymerization pfrrole in a suspension of
chlorinated polyethylene powder or in a naturaberblatex using ferric chloride as
oxidizing agent. The conductivity percolation threkl of the composite is about
12%. The composites can be processed repeatediipittng a maximum tensile
strength over 9 MPa and a maximum conductivity ndarScm'. The

polypyrrole/natural rubber composites were prepasedcessfully by using a
nonionic surfactant (Peregal O) as stabilizer atgdd than 3 with a molar ratio of
FeCk/pyrrole=2.5 below 45°C. The latter composites sh@mwow conductivity

percolation threshold about 6%, a maximum tendilength over 10 MPa and a

maximum conductivity over 2 Sch{47].

Miroslava Mravcakova and Maria Omastova preparedtmorillonite/polypyrrole
(MMT/PPy) composites with two montmorillonites, amorganic sodium
montmorillonite (NaMMT) and an organo-modified mowrillonite (OMMT)
which was modified with distearyldimethyl ammoniuchloride, by the in situ
polymerization of pyrrole in water, in aqueous $olu of dodecylbenzenesulfonic
acid (DBSA) used as anionic surfactant, and in waethanol. Ferric chloride was
used as oxidant in each case. Wide angle X-rayesoad patterns of OMMT/PPy
composites synthesized in methanol/water showedhange in interlayer spacing
and the electrical conductivity of these composites low, similar to that of
NaMMT/PPy composites prepared under the same c¢onslitX-ray photoelectron
spectroscopy (XPS) proved that the surface of NaNMPy composites is rich in
MMT, whereas more PPy was found on the surface MiMJI/PPy composites
[37].

1.11 Polypropylene

Polypropylene (PP) is a crystalline thermoplastid ane of the major members of
the polyolefins family. It is the lightest of theidely used thermoplastics with the
exception of plastic foams. With a specific grawtyless than one, polypropylene

will float on water [47]. PP possesses excellersistance to organic solvents,
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degreasing agents and electrolytic attack. It hémaer impact strength, but it's
working temperatures and tensile strength are supéw low or high density
polyethylene. It is light in weight, resistant ttaiging, and has a low moisture
absorption rate. This is a tough, heat-resistagisigid material, ideal for the
transfer of hot liquids or gases. It is recommenfitgdzacuum systems and where
higher heats and pressures are encountered. &xXtadient resistance to acids and

alkalies, but poor aromatic, aliphatic and chlowabsolvent resistance [48].

In general, -olefins such as PP can not be polymerized by eithéical or ionic
catalysts. While atactic PP can be produced by okea Lewis acid or
organometallic compound, the product is a branchéihery polymer (Tg = -2C)

at ambient temperature with no important commeraglications. In the 1950s,
Nata showed that Ziegler-type catalyst could beduseproduce stereoregular PP
with high crystallinity; however, in contrast toetipolymerization of high-density-
polyethylene (HDPE), the coordination polymerizatiof -olefins is slower and
more critically dependent on the nature of thelgataThe commercial plastic, first
introduced in 1957, is highly isotactic (iiePP). High-molecular-weight (150,000
to 1,500,000)-PP can be obtained by using a heterogeneous satslya violet
crystalline modified titanium () chloride with a cocatalyst or activator, usualty
organoaluminum compound such as diethylaluminurorgld. Catalyst are slurried
in a hydrocarbon mixture, which helps to facilitdteat transfer in batch or
continious reactors operating at temperatures &€ 56 89C and pressure of 5 to
25 atm. Hydrogen, which acts as a chain-transfeniagnay be used to moderate
molecular weight. Syndiotactic PPPP) can be produced by using homogeneous
Ziegler-Natta catalyst at lower temperatures. Caenbdo its isotactic counterpart,

s-PP has a slightly lowélr,, and is more susceptible to solvent attack [49].

—HCHy—CH—g
CH;

Figure 1.12 Structure of Polypropylene

30



In general homopolymers (i.e. with only one typenodnomer) can be used for
housing, housewares, packaging, cassette holderilzers, monofilaments and
film tapes; copolymers (i.e. different monomers emeolved) are prefered for all
applications exposed to cold and they are widebdu®r pipes, containers, boat

hulls, seat shells and automotive parts e.g. yatses and bumpers.

Polypropylene can be manufactured to a high degfgaurity to be used for the
semiconductor industry. Its resistance to bactaepialvth makes it suitable to be
used in medical equipment. Polypropylene is usedast of our nonwoven fabrics
such as rope used in a variety of industries, dioly fishing and agriculture. PP
can be used for flexible packaging applicationgy.(g/ogurt containers, syrup
bottles, straws, etc.), construction sector (e.tpindge pipes, pumps, etc.),

automotive sector, etc [50].

1.12 Aim of the Study

Montmorillonite/polymer nanocomposites have gainsmhsiderable interest in
recent years. The homogeneous dispersion of moikomite clays in polymer

matrixes could lead to enhancement in thermal lftighinechanical properties, gas
permeability and ionic conductivities. The aims tbfs study are to synthesize
PPy/OMMT nanocomposites chemically, to investigtite thermal, mechanical,
electrical conductivity, morphological features ahe dispersion of nanoparticles
in the polymer matrix then to compare the propsrtiethese hanocomposites with

that of pure PPy.
Since PPy/MMT composites are infusible and inpreabke, composites of PPy

with an elastomer (PP) were prepared for the perpafsobtaining conductive

materials having improved processibility and betteichanical properties.
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CHAPTER 2

EXPERIMENTAL

2.1 Materials

The materials used have been: (i) Pyrrole (mongnven)ch was purchased from
Sigma Aldrich Chemie GmbH.(Table 2.1), distilledden vacuum and stored in a
refrigerator before use. (i) The filler used is mtmorillonite, a sodium calcium

aluminum magnesium silicate hydroxide, produced Sigma Aldrich Chemie

GmbH.(Table 2.2) () Anhydrous iron(lll) chloride (FeG), produced by Sigma
Aldrich Chemie GmbH, was used as catalyst. (iv) Aonium persulfate (APS)

(98%, Merck) and dodecylbenzene sulfonic acid (DBS#ere functioned as

oxidant and acid dopant (v) Dodecylamine was usedam intercalating agent
produced by Sigma Aldrich Chemie GmbH (vi) Methamgked in the washing
process was obtained from Aklar Kimya. (vii) HCI svaurchased from Sigma
Aldrich Chemie GmbH.

Table 2.1Properties of Pyrrole

Molecular formula] C4HsN
Molar mass 67.09 g/mol
Density 0.967 g/ml
Melting Point -23C
Boiling Point 129-13fC
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Table 2.2Properties

of Montmorillonite

Molecular formula

(Na Ca) (Al Mg)(SisO10)3 (OH)e
nH>O

Molar mass 540.6 g/mol
Density 2.35g/cth
Color White, yellow

Table 2.3Properties

of Polypropylene

Molecular formula (GHe)n
Molecular weight of

_ 42.08 g/mol
repeat unit
Amorphous density 0.85 g/ém
Crystalline density 0.95 g/chm
Glass transition 0

0°C

temperature
Melting temperature 17%C

2.2 Synthesis of PPy/MMT Nanocomposites

2.2.1 Preparation of

Na" -montmorillonite (20 g) was dispersed in 500 mLvedter (66C) by using a

mechanical stirrer.
concentrated hydro
Homoionic CH(CH

alkylammonium chloride salt in water. This was palinto the montmorillonite-

Organophilic Clay

To obtain alkylammonium salbdecylamine (8.51 g) and
chloric acid (4.6 mL) were digsdl in 100 mL of water.

5)11NH3" forms were prepared by ion exchange with
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water solution under vigorous stirring for 1 holine mixed solution was stirred for
24 hours at 6. The reaction product was filtered at room terapge and then
repeatedly washed with distilled water until no Ag@ecipitate was observed by a
0.1 N AgNQ solution, and then dried in an oven under vacuwn6®C. This
product was termed as C12-MMT.

2.2.2In situ Intercalative Polymerization of PPy with APS

As a representative step to prepare the Polypy®@dM&T nanocomposite

materials; first, organophilic-MMT was introducedto 400 mL distilled water

under magnetic stirring overnight at room tempe®atRyrrole monomers (10 g, 0.3
mol) and DBSA (24.3 g, 0.15 mol) were subsequeantlyled to the previous
solution, which was stirred for another 24 h at 5efpon addition of ammonium

persulfate (6.8 g, 0.06 mol) in 100 mL distilledtesa the solution was stirred for 40
h at 5°C and then terminated by pouring large amofimethanol into the solution.
PPy/OMMT nanocomposite materials were then preatigit from the mixing

solution as a black powder, followed by filteringdasequentially washing with
distilled water, methanol, and acetone several dinfdhe as-synthesized DBSA-
doped nanocomposite precipitates were then obtaigedrying under vacuum at
30°C for 12 h.

2.2.3In situ Oxidative Polymerization of PPy with FeC}

An oxidant, 0.1 mol (16.2 g) anhydrous Fed@lssolved in 100 mL of distilled
water was mixed with 0.01 mol of surfactant (DB3#gsolved in 100 mL distilled
water in reaction vessel and stirred for 15 mine Th1l5 mol pyrrole (10.4 mL)
dispersed in 50 mL of water was inserted dropwige the stirred mixture of an
oxidant and surfactant. The polymerization wasiedrout for 4 hours at room
temperature at moderate stirring. The precipit&Pg was filtered off and washed
with distilled water. The black PPy powder was drile a vacuum oven at 60- 8D
for 8 hours.
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2.3 Preparation of PPy/PP Composites
2.3.1 Preparation of mixed and moulded composites

PP/PPy composites were prepared by mixing virginvRFP chemically synthesized

PPy at 60 rpm for 30 minutes using Brabender P@stder. Obtained composites
were compressed in a mould for 5 minutes at Z1@nd then these moulds were
fast cooled. Percentage of PPy in the composites &5, 10, and 20 with respect

to total weight.

2.3.2 Injection Molding

The specimens for mechanical characterization wegpared by injection molding
using a laboratory scale injection molding machi@dicroinjector, Daca
Instruments). During molding; barrel temperatur&Q2C), mold temperature (0
°C), injection pressure (16 bars) and cycle timen(@®) were identical for the
preparation of each sample.

2.4 Characterization

2.4.1 Fourier Transform Infrared Spectrometer (FTIR)

FTIR spectra of the samples were recorded on a eéBrukS 66/S FTIR

spectrometer in order to detect the functional gsou
2.4.2 Thermal Gravimetric Analysis (TGA)
The thermal gravimetric analysis were performedtBerkin Elmer Pyris1 Thermal

Gravimetric Analyzer. Samples were examined atadihg rate of 13C/min. under

N, atmosphere.
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2.4.3 Conductivity Measurements

Conductivity measurements were performed by fowbertechnique at room
temperature. Two of the probes were used to socuceent and the other two
probes are used to measure voltage (Figure 2.1jodn probe technique, four
equally spaced osmium tips were placed onto a HHael head was lowered to the
sample until the four probes touch with the samphe current source supplied the
steady current through the outermost probes anddliage drop across the inner

two probes was measured.

Current
Source

Voltmeter

L L L ] ¥

\'“"ll I—ﬂ/

Figure 2.1 Four Probe Technique
Conductivity was given by the equatiors In2.1/ .d.V

Where is the conductivity, | is the current passes ulgio the outer probes, V
voltage drop across the inner probes and d is dnepke thickness. Using four
probes eliminates measurement errors due to thieepresistance, the spreading
resistance under each probe, and the contactaestsbetween each metal probe
and the specimen material. In order to determinedactivities, current voltage

measurements were done using FPP 0602 Electrometer.
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2.4.4 Tensile Tests

Tensile tests were performed for each compositiocoming to ASTM D638
(Standard Test Method for Tensile Properties o$titia), by using a Lloyd LR 30K
Universal Testing machine. The shape and dimensibtise specimens are given
in Figure 2.2 and Table 2.3.

.3..__“'--.._ > e

W -
1 - |‘-'_ i i !
e —— ]

) L. :

Figure 2.2 ASTM Tensile Test Specimen

Table 2.4Dimensions of tensile test specimen

Symbol Specimen Dimensions (mm)

W, Width of narrow section| 7.4

D, Distance between grips 50

Lo, Total length of specimen 110

T, Thickness of specimen 2.05

In discussing tensile properties it is of importana be familiar with some terms.
Stress:Stress is defined as the force per unit area pdipelar or normal to a
force.

Stress () = FlAy
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Strain: Strain is defined as= D /D
where; D = original gauge length and = the change in gauge length due to
deformation

Tensile Strengthit is calculated by dividing the maximum load inwtens by the
original cross-sectional area of the specimen. rEsailt is expressed in terms of

mega Pascal.
Tensile Strength = Force (Load) (N) /Cross Secfioza (mnf)

Young’'s Moduluslt is also called the tensile or elastic modulisung’s Modulus
can be calculated from the initial straight linetmm of a stress-strain curve; tensile
modulus is the slope of this line. The result ipressed in MPa unit.

Young’'s Modulus = Difference in Stress / DifferenneCorresponding Strain

Tensile Strength at BreakVhen maximum stress occurs at break, it is detegha
as Tensile Strength at Break. The result alsopsessed in MPa unit.
Tensile Strength at Break: Load Recorded at Br&2doss Section Area (nfin

Tensile Strain at Breaklt is the main strain measured at the breakingtpoi

The crosshead speed used in measurements was ZBincnThe test was
performed by pulling the specimens from both gripdil it fails. Stress versus
strain diagrams were obtained from the mechaniesting device and tensile
strength, tensile modulus, tensile strain at braa# values were determined by

using these graphs.

2.4.5 X-Ray Diffraction (XRD) Analysis

The composites were analyzed by using a RigakufiiniX-Ray diffractometer.
Cu-K anode radiation, generated at a generatoriorensf 30 kV and and a

generator current of 15 mA was used as the X-Raycso The diffraction patterns
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were collected at a diffraction angle rom 4 to 3% at a scanning rate and step
size of £/min and 0.08 respectively.

2.4.6 Scanning Electron Microscopy (SEM)

JEOL JSM-6400 low voltage scanning electron miaopsc was used for
morphological studies of composites. Before SEMtpb@phs were taken, the
fractured surfaces of PP/PPy composites were caoaitteda thin layer of gold in
order to obtain a conductive surface. Specimen® wwed using the secondary
electron image with an accelerating potential ofk®) at the magnification used.
The main purpose was to observe the way by whiehQMMT dispersed in the
PPy matrix and the fracture behaviour of the PPy®&Rposites.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 PPy/OMMT Nanocomposites

3.1.1 Synthesis of PPy/OMMT Nanocomposites

In situ intercalative polymerization with APS: This process involves mixing
of the clay mineral with the required monomer. Thenomer then intercalates
within the interlayer and promotes delamination. obpaddition of APS,
polymerization begin to occur and get yield polymaatrices. Using this method,
the PPy/clay nanocomposites whose clay content gihgnl% to 15% were

obtained

In situ oxidative polymerization with FeQs: The required monomer and
DBSA were put the reaction media then the additibReCk immediately changed
the mixtures from colourless to black. This was indatof a charge transfer
reaction between the Beenters and lone pairs on the N atoms in Py leairige
formation of [Py]. The obtained PPy had a greater conductivity e/aghan PPy
obtained by using APS (about 100 times). Becaugbaifreason, PPy which was
synthesized by Feglwas used inorder to investigate the behaviour BPPy

composites and the weight content changing %2 % @0mposites were prepared.

3.1.2 FTIR Spectra of PPy/Org.-MMT Composites

The characteristic FTIR spectra of the organopMMT, MMT, pristine PPy, and
PPy/OMMT nanocomposite materials were illustrated-igure 3.1, 3.2, 3.3, 3.4.
According to Figure 3.1, the characteristic absorpbands of MMT are 1073 chn
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for Si-O-Si stretching, 1615 c¢hfor H-O-H bending, 799 cth for Si-O
deformation, 524 cthfor Al-O, 463 cn for Mg-O. For OMMT, the characteristic
absorption bands include Glsymmetric stretching at 2928 ¢nCH, symmetric
stretching at 2853 ¢ CH, plane scissoring at 1471 ¢nand these bands came
from dodecylamine which is intercalating agent. dddition, absorption bands
which are the characteristic bands of MMT relatedsilicate are also found in
Figure3.1, such as 1618 érfor H-O-H bending, 1061 cthfor Si-O-Si stretching,
801 cm' for Si-O deformation 522 ci(Al-O), and 466 cni (Mg-O). This result
shows that the intercalation of alkylammonium aagibetween the silicate layers.
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Figure 3.1FTIR spectrum of MMT
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Figure 3.2FTIR spectrum of OMMT

The representative vibration bands of PPy were 5891cm' (2,5-substituted
pyrrole), 1037 cnt (C-H vibration of 2,5-substituted pyrrole), and?%nd 726 cim
! (C-H deformation of 2,5-substituted pyrrole) ame fpeak at 1168 chis from

S=0 stretching vibration of sulfonic acid (FiguBe3).
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Figure 3.3FTIR spectrum of PPy
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Peaks coming from both OMMT and PPy were obsermethé FTIR spectra of
PPy/OMMT composites (Figure 3.4). The appearanqeeaks 1539, 1037, 902 and
726 cm' in the composite and the PPy homopolymer readilyioesed the
incorporation of PPy in the composite backbone.oAlhe composite’s FTIR
spectrum clearly shows the presence of charadtepsiaks of OMMT at 2923,
2852, 1459, 580 and 426 ¢mThus, FTIR data confirmed the incorporation of
either moieties in the structure of the compogiteo, as the loading of clay content
in the composites was increased, the charactepstiaks of clay bands became

sharper in the FTIR spectra of PPy/clay materials.

Transmittance [%]

d

T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

Figure 3.4 FTIR spectrum of PPy/clay nanocomposites; a) PBQMMT, b)
PPy/5%0OMMT, c) PPy/10%0OMMT, d) PPy/15%OMMT nanocasifes.

3.1.3 X-Ray Diffraction (XRD) Analysis

A typical synthesis of polymer—clay nanocomposite®lves organic modification
of clay with the alkylammonium cation and inter¢aa of a suitable monomer
followed by in situ polymerization. The role of the alkylammonium oatiis to

improve penetration of the organophilic monomets the interlayer space and the
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role of the monomer is to promote dispersion of ¢kegy particles. The increased
basal spacing arises from the expansion of thelay&r space to accommodate the
polymer; as a result, the intercalation procegsobfmers can be distinguished from
the difference in basal spacing [51]. By monitorthg positionThe basal spacing
(d001) from XRD measurement is calculated at peakipos according to Bragg’s

law:
d= /(2 sin ), where is the diffraction angle.

In the case of exfoliated nanocomposites, the siterlayer separation associated
with the delamination of the original silicate layen the polymer matrix results in
the eventual disappearance of any coherent X-rdsaclion from the distributed
silicate layers. On the other hand, for intercalatanocomposites, the finite layer
expansion associated with the polymer intercalatesults in the appearance of a

new basal reflection corresponding to the largdegaheight [33].

Interlayer spacing increased with increasing primaliphatic-amine length. In
general, greater spacing would be advantageousimtercalation of a polymer. It
would also lead to easy dissociation of MMT, whigbuld result in hybrids with
better dispersion of MMT. Figure 3.5 shows the Xpdterns of MMT and OMMT
when 2 varies from 4 to 12. The XRD pattern of pure MMT shows a
characteristic peakd001=9,71 A) at 9.10of 2 . However, the basal spacing of
OMMT is 10.97A (Table 3.1). The (001) peak is skiftoward a lower angle and
the space between the layers become larger. Téaslglindicates the intercalation

of alkylammonium cations between the silicate layer
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Table 3.1d spacing of the MMT and OMMT with the corresparglidiffraction

angle.

MMT OMMT
d-spacing 0 d-spacing 0
2 2
(R) (R)
9.71 9.10 10.97 8.05

The wide angle X-ray diffraction (XRD) pattern oMMT clay showed a peak
2 °=8.05 (d-spacing = 10.97 A ) in the direction df001) indicative of the
expected interlayer distance between two silicayers. This spacing was sufficient
for intercalation of PPy in the clay which was ers#a by the XRD pattern of
PPy/OMMT composite. A sharp XRD peak appeared aif®.05 for the OMMT
as shown in Figure 3.5, indicating that the istger distance of OMMT was 10.97
A, based on the Bragg equation E&dsin ).

1200

1000 -

400 MMT

Org.-MMT

a 5 6 7 8 9 10 11 12
2 theta (deg.)

Figure 3.5XRD pattern of MMT and OMMT

In the case of 1 % PPy/clay composite, a broad WXieBk appeared at 2of
5.30 (Table 3.3), indicating the intergallery distarzsl been increased to 16.65 A
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(Table 3.2) by intercalation of PPy material betwethe clay layers during
nanocomposite synthesis. Also, 1% PPy/OMMT nanoawmite has peaks at
10.18, 17.60, 24.50 (Table 3.3)ndicating that the dispersion of clay platelet®in
PPy matrix led to an effective increase in the pwyic crystallinity resulted from
the heterogeneous nucleating effect of layeredas#iexisting in polymer matrix.
According to Table 3.3 and Table 3.2, as the logdifhclay was increased in the
PPy/OMMT composite system, diffraction peaks weritesd toward lower angle
and the basal spacing values getting larger sjightl

Table 3.2d-spacing values of OMMT and PPy/OMMT nanocomssit

OMMT 1% 5% 10% 15%
PPy/OMMT | PPy/OMMT | PPy/OMMT | PPy/OMMT
_ 10.97 16.65 16.97 17.14 17.31
E.; 4.92 8.70 8.84 8.88 8.92
é 4.42 5.03 5.08 5.09 5.11
© 3.29 3.63 3.65 3.66 3.67

Table 3.32 values of OMMT and PPy/OMMT nanocomposites

oMM 1% 5% 10% 15%
PPy/OMMT | PPy/OMMT | PPy/OMMT | PPy/OMMT

8.05 5.30 5.20 5.15 5.10
18.25 10.15 10.00 9.95 9.90
~ 20.30 17.60 17.45 17.40 17.35
27.05 24.50 24.35 24.30 24.20
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Figure 3.6 XRD pattern of PPy/OMMT composite preparedifbgitu intercalative
polymerization; a) OMMT, b) PPy, c) PPy/1%OMMT, @Py/5%OMMT, e)
PPy/10%OMMT, f) PPy/15%0MMT

3.1.4 Electrical Conductivity Measurements

Conductivity of composites were measured at roomptrature using four probe
technique. The conductivity values for various RIMMT nanocomposites were in
the order of 18 S/cm are presented in Table 3.4. Electrical cotidc of
composite materials in the form of a powder-prespelet was found slightly
smaller than that of PPy homopolymer, as shownahld 3.4. This was expected
because composites have more insulating statesRR&{52] and the clay layers
are regarded to interrupt the effective doping aedken the interchain interaction
of polymer main chains resulting in low conductitf the nanocomposite systems

[39]. Also, clay component was not electronicalnductive and the incorporation
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of clay into PPy matrix contributed a smaller molec weight, leading to a lower
electrical conductivity [46].

Table 3.4Conductivity values of PPy/OMMT nanocomposites

Conductivity (Scrif)
PPy 2,3.10°
1 % OMMT/PPy 6,8.10°
5 % OMMT/PPy 2.8.10°
10 % OMMT/PPy 1,0.10°
15 % OMMT/PPy 8,7.10'

3.1.5 Thermal Properties of PPy/Organo-MMT Composkis
3.1.5.1 Thermal Gravimetric Analysis (TGA)

The thermal stabilities of PPy and their nanocoritpssin N were studied by
TGA. According to the published reports on polyrokty nanocomposite materials,
the unparalleled ability of smectite clays was fdbtim boost the thermal stability of
polymers. Figure 3.7 shows wieght loss versus teatpee date for MMT, and
OMMT; and Figure 3.8 represent weight loss vergasperature data for PPy, and
PPy/OMMT nanocomposites.

According to TGA thermographs, for MMT (Figure 3J), a weight loss (~10%)
between 50C and 950C seems because of water elimination and the smalct
water that is the bonded hydroxyl groups. Howeweganically modified MMT
(Figure 3.7 b) loses about 36% of their total weigktween the same temperature
range. There are four major stages of weight los© ©OMMT. The first weight loss
between 58C and 108C (~1%) is a release of free water. The secondthind
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stages in the temperature range 250%65re associated with the decomposition of
organic substances present in OMMT and loss in éeatpre 550-75%C, the

bonded hydroxyl groups start to decompose.
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Figure 3.7 TGA curve of a) MMT and b) OMMT

As for PPy (Figure 3.8 a), a small weight loss $%6) up to around 16C is
presumably due to the elimination of water and oti@atiles. The weight loss
occuring between 200 and #80(~22%) is approximately the weight fraction of
DBSA,; therefore it is attributed mainly to the dap#ss. It has been suggested that
the lower temperature decomposition (250°&)0s that of the excess DBSA, and
the higher one (300-480) is that of the bound DBSA. Above 48) the polymer
itself decomposes and at 8@0all polymer material is decomposed. The TGA
thermogram (Figure 3.8 (curves b,c,d,e)) of the/BRMT clay nanocomposites
showed several stage of weight loss starting af@2hd ending at 9@, which
might correspond to the degradation of the intetoa agent followed by the
structural decomposition of the polymers. The fisgtight loss below 10C (~2-
3%) is a result of the release of free water. Téeord stages in the temperature
range 276C-800C are associated with the dopant loss the decotiposdf

polymer and the decomposition of organic substapcesent in the organo clay.
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The lower molecular weight organics are released £t the lower temperature,
followed by the higher molecular weight organiesthe last stage of weight loss in
the the temperature range 80078FC the structural water that is the bonded
hydroxyl groups start to decompose and are beitepsed. After ~ 700°C, the
curve all became flat and mainly the inorganic desi (i.e., AdO3;, MgO, SiQ)
remained. From the amounts of the residue at 700fCinorganic contents in the
original PPy/clay materials can be obtained, whigdre significantly higher than
the values calculated from the feed compositiore Galculated inorganic contents
tend to be lower than those determined from TGAabdy because of low yield of
PPy prepared from pyrrole monomers in PPy/OMMT mizite

The weight loss observed for PPy about 860was 100%. However, The weight
remaining of PPy/clay nanocomposites whose clayecds are 1%, 5%, 10 % and
15% were 8.4%, 16.8%, 29.3% and 34.4% respectivelpe same temperature.
Hence, the thermal stability of nanocompositesbater than pure PPy and also the
thermal stability of nanocomposites increases witheasing OMMT content in the
PPy/OMMT system.

110

100

80 o

70 1

60
50 \
40

30 A (€)

Weight (%9

20 4 @

10 (c)

\@ (b
0 T T T T T T T T

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000

Temperature ( DC)

Figure 3.8 TGA curve of PPy and PPy/OMMT nanocomposites; ay,PH
PPy/1%OMMT, c) PPy/5%0OMMT, d) PPy/10%OMMT, e) PEB#AOMMT
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3.1.6 Scanning Electron Microscopy (SEM) Analysis

In order to investigate the effect the morphololipeoperties of PPy/OMMT
composites scanning electron microscopy analysis peaformed to all samples

produced.

Scanning electron micrographs of MMT, OMMT, PPy &#ly/OMMT composites
are presented in Figure 3.9 and Figure 3.10. SERtagiaphs show that MMT
(Figure 3.9 a) has flaky particles arranged int® filom of spheres with irregular
size. OMMT patrticles are similar but have smallé&zesspheres and partial
rearrangement of MMT spheres by organic modifiégFe 3.9 b).

W Y Y 18vn
WETH “zoky - HiReags - OF METU { 28KU  %3,888 39mm

R

(a) MMT (b) OMMT

Figure 3.9 SEM micrographs of OMMT and MMT

SEM micrographs of PPy exhibits submicrometer-stagéght globular particles.
Also, PPy (Figure 3.10 a) showed loose-packing imaiqgical image, reflecting a

low crystallinity of pristine electronically condiive PPy matrix. According to
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SEM micrographs the morphology of the PPy/clay rantwposites differ slightly
from that of the clay. Because the particles unolesgme rearrangement of the
original OMMT flakes, so PPy slightly modified tHfiaky structure of the OMMT
nanoparticles. Morover, the surface exhibits somghb inclusions that could be
assigned to PPy as judged. The sand-like coloMMT particles changed to
grey or black, depending on the amount of PPy farnradicating the covering of
OMMT patrticles with PPy especially this was seencomposites which were
PPy/1%OMMT (Figure 3.10 b) and PPy/5%OMMT (Figurd@c). The typical
PPy structure is hardly visible. However, the SEMnograph of PPy/10%OMMT
(Figure 3.10 d) and PPy/15%OMMT (Figure 3.10 e)vetm wealthy and much
larger compact-packing of crystalline domains, esponding to a polymer matrix
with higher crystallinity, which was consistent ithe results obtained from the

wideangle powder X-ray diffraction pattern studies.

1Mm — 1Hm

METU 28KV ¥7.588 39%mm

(b) PPy/1%OMMT

METU = 28KU X5.,B880
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(e) PPy/15%OMMT
Figure 3.10SEM micrographs of PPy/OMMT

3.2 PP/PPy Composites

3.2.1 Synthesis of PP/PPy Composites

During the last decade there has been widespreackst in conductive polymers
both for academic purposes and for potential appinos. However, many
electroactive polymers suffer from a lack of stiépiand a poor processability. Up
to now, PPy is one of the most useful conductingymers, since it has high

conductivity and good thermal and oxidative sta&pilBut, like most conducting
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polymers prepared to date, it is also intractable. order to improve the

processability of polypyrrole, efforts have beendmdo obtain composites which
contain both polypyrrole and nonconductive prod#@esihermoplastic [47]. PP/PPy
composites were prepared by mixing PP with chetyicinthesized PPy using a
Plasticorder Brabender. The amount of conductiyggyorole was varied between

2 and 20 wt % in composites.

Table 3.5Data for preparation of PP/PPy composites

PP (q) PPy (g) PPy in composite
(Yowt)
44.1 0.9 2
42.75 2.25 5
40.5 4.5 10
36 9 20

3.2.2 Tensile Properties

In this study, tensile test was performed to ingasé the mechanical properties of
PP/PPy composites. The loading of PPy with differamight percents into
thermoplastic polypropylene matrix produces changeale mechanical properties

of the resulting composites.

The response of a material in a tensile test i$ wederstood by means of stress-
strain curve. The effect of different PPy concetigraon tensile properties can be
seen by stress-strain curves of specimens whichillastrated in Figure 3.11

through Figure 3.14. The response of the matetabspplied stress distinguishes

them as ductile or brittle. As it is seen from Fg3.10, the virgin PP is vey ductile
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at a test rate of 5 cm/min. The area under theecigthe measure of the energy
necessary to break the material. Addition of PPyh® virgin PP, makes it more

brittle and decreases the energy required to biteak

All the composites prepared in this study togethigh the values of the virgin PP
are evaluated and the data are presented in TahlelTBe tensile strain at break
(%), tensile strength, and Young’s modulus of geirewere determined as 432.1 %,
26.4 MPa, and 431.9 MPa, respectively. Figure 8donstrates the effect of PPy
content on the tensile strain at break of the caies. Addition of 2 wt % PPy to
PP resulted in a dramatic decrease in the tenséénsat break of the material.
However, increasing PPy content did not appreciabignge the tensile strain at

break.

When 2 wt % PPy was added to PP matrix, the tessiength of PP decreased
(Figure 3.17).Because the interaction between PRixmand PPy was so weak.

However, tensile strength increases with increaBiRy content.

Stiffness of the material at the start of a tensdst is expressed by Young’s
modulus and it is clearly seen that Young's modudasomes strongly improved
when composites are formed (Figure 3.18) As thditmpof PPy increases in the
composite system, strain will decrease and stressases, this affects the Young’s
modulus which increases simultaneously. The inerdasYoung's modulus is

reasonable and expected, because extension of #iR imarevented by PPy acting

as the reinforcing phase.
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Figure 3.11Tensile stress-strain (%) curve of polypropylene
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Figure 3.12Tensile stress-strain (%) curve of 2 % PPy-PP caitgo
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Figure 3.13Tensile stress-strain (%) curve of 5 % PPy-PP caitgo
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Figure 3.15Tensile stress-strain (%) curve of 20 % PPy-PP
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Figure 3.16Effect of PPy content on the tensile strain at ki@a) of composites
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Figure 3.17Effect of PPy content on the tensile strength ohposites

700

600 -

500 -

400 A

300 -

Young's Modulus (MPa)

200 -

100 A

(0] 5 10 15 20
PPy Content (% weight)

Figure 3.18Effect of PPy content on the Young's modulus of posites
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Table 3.6Tensile Properties of PP/PPy composites

Tensile Strain at | Tensile Strength | Young’s Modulus
Wt % ppy

Break (%) (MPa) (MPa)
0 432,12 + 8,35 26,42+0,55 431,89+9,77
2 10,57 +0,56 18,49+0.90 454,45+11,78
5 10,53+0,77 23,43+0,15 463,03+12,69
10 7,65+0,34 32,28+1.21 553,33+7,88
20 5,89+0,12 32,82+1.60 567,61+3.86

3.2.3 Electrical Conductivity Measurements

The conductivity of PP, PPy and PP/PPy composiesiaown in Table 3.7.Even a
very small PPy amount present in composites resulis enourmous enhancement
in conductivity by about nine orders of magnitudeonductivity of prepared

composites increases with increasing weight peacenbf PPy. This is expected

because a conducting polymer is added to an imsglatatrix polypropylene.

Table 3.7Conductivity values of PPy/PP composites

Wt % PPy Conductivity ( Scm™)
0 1.0.10"
2 3.4.10°
5 5.4.10°
10 1.2.10°
20 4.3.10°
100 3.9.10"
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It is well known that at low loading of the condwetfiller the modest conductivity

increase is observed with rising filler contentd@&en conductivity increase and
sudden elongation decrease occurs in relativelsgomaconcentration range around
so called percolation threshold. According to Feg3:19, that point is about 1.8
wt.% for PP/PPy composites.

110 — 1000

- 100

eh

wt % PPy

Figure 3.19Conductivity-Elongation graph of PP/PPy composites

At this concentration a conductive network is fodneithin the insulating phase

and a dramatic increase in conductivity by severdér of magnitude is observed.

3.2.4 Scanning Electron Microscope (SEM) Analysis

In Figures 3.19 through 3.22, SEM micrographs aictiured surfaces PP-PPy

composites are shown at magnifications of x1000/2®RPPy is shown at
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magnification x1000 and x5000 respectively. Itées from Figure 3.20 and Figure
3.21 that 2 % and 5 % PPy/PP composites have snsoothces and a few crack
propagation lines are observed. Due to the rouglaci of the filler, the amount of
bound PP increased. As the PPy loading increasesniposite system to 10% and
20% (Figure 3.22 and Figure 3.23 respectively), RBlered to PP matrix and
during tensile test the filler driven out of PP matvhile PP matrix oriented along
the draw direction. As the filler loading increasd#se amount of polymer needed
for complete coating increase. Hence the distaremvden the filler particles
becomes shorter which increase the stress exeneiller particles resulting in
fracture at low stress. Therefore the elongatiomraek decreased. Also, as the
loading of PPy in the composites increase, the hteigthe surface of the

composites. So, it shows the composites became cooductive [37].

For more precise analysis of the morphology, a muoeerful technique like

transmission electron microscopy (TEM) analysisusthwe performed.
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Figure 3.20Fracture surface of 2 % PPy-PP composite
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Figure 3.21Fracture surface of 5 % PP-PPy composite
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Figure 3.22Fracture surface of 10 % PPy-PP composite
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Figure 3.23Fracture surface of 20 % PPy-PP composite
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CHAPTER 4

CONCLUSIONS

Nanocomposites of polypyrrole (PPy) with nanodimemsl organo-

montmorillonite (OMMT) were prepared via situ intercalation of pyrrole (Py) in
the presence of ammonium persulfate as an oxidapeiion of water solvent. In
this method, a series of composites having compasianging from 1 to 15 % by

weight OMMT were synthesized.

FTIR spectra provide the intercalation of dodecytarin the MMT layers and the
modification of MMT was achieved. FTIR spectrum d¢fie PPy/OMMT
nanocomposites contains peaks coming from both OMMAJ PPy which indicates

that PPy was incorporated in composite systems

The wide angle X-ray diffraction pattern of MMT ai@MMT clay showed that
peaks in the direction af(001) were 9.19(d-spacing = 9.71 A) and 8.9610.97

A) respectively. So, the untreated MMT was modifieyl dodeclyamine and its
basal spacing became larger. Also, the wide angtayXdiffraction showed the

insertion of PPy between the layers of OMMT asrthroscale layer.

Electrical conductivity of PPy/OMMT composites werethe order of 18 S/cm.

Increasing OMMT content resulted in a slight deseean the conductivity of
composites. This was expected because the OMMT eoemt is not electronically
conductive and the incorporating of MMT clay intd®y° matrix contributes a

smaller molecular weight, reflecting a lower elaetk conductivity.
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The TGA thermogram of PPy and PPy/clay nanocomp®sihowed that the
thermal stability of nanocomposites are better thare PPy and also the thermal
stability of nanocomposites increases with increggilay content in the PPy/clay
system. Because PPy was completely burned &{C30fut as loading of OMMT
content increased in nanocomposites, the remamrauat of composite materials
also increases. Introduction of inorganic compomento organic materials can
improve their thermal stability, as the dispersaticade layers hinder the

permeability of volatile degradation products ouithe material.

SEM micrographs show that MMT has flaky particlesaaged into the form of
spheres with irregular size and OMMT patrticles sirailar but have smaller size
spheres and partial rearrangement of MMT spheresdigecylamine. SEM
micrographs showed the modification of OMMT by PRIso, SEM results
indicated that when the OMMT content became higli#0% and 15%
respectively), PPy/OMMT nanocomposites showed wwgalhind much larger

compact-packing of crystalline domains.

Despite of its high conductivity and good thermiadl axidative stability, PPy has a
lack of stability and a poor processability like mgaelectroactive polymers. In order
to improve the processability of PPy, efforts haeen made to obtain composites
which contain both PPy and PP. For the PP/PPy ceit@3o addition of 2 wt % PPy
to PP, resulted in a dramatic decrease in theléessiain at break, and slightly
decraese in tensile strength were seen. As incigd&Py content, tensile strain at
break went on to decrease and tensile strengtmiiegacrease respectively. Also,
increasing PPy content in composites results iseréa Young's modulus of
composites. Because extension of PP matrix is ptedeby PPy acting as the
reinforcing phase. Also, Increase in the PPy cdriteRP/PPy composites results in

an increase in conductivity.

It is seen from the SEM images of 2 % and 5 % Py&@hposites that they have
smooth surfaces. As the PPy loading increases nmposite system to 10% and
20%, PPy adhered to PP matrix and during tensiethe filler driven out of PP
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matrix while PP matrix oriented along the draw diien. As the filler loading

increases, the amount of polymer needed for compladting decrease.
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