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Abstract

The preparation of poly(acrylonitrile/methyl acrgh [poly(AN-co-MA)] copolymers and
poly(AN-co-MA)/clay nanocomposites, via emulsionlypoerization, their characterisation,
and the relationships between their molecular sires and physical properties are described.
The copolymer composition was varied, and the ptaseof the products were analysed and
correlated to copolymer composition.

The free volume properties of the copolymer wegpethdent on the glass transition
temperature (J), which is dependant on the copolymer compositidhe copolymer
crystallinity decreased with increasing MA conteftte decrease in crystallinity and increase
in both o-Ps lifetime and o-Ps intensity with dexsiag T, was caused by the enhanced chain
mobility brought about by the incorporation of mdtacrylate.

The poly(acrylonitrile-co-methyl acrylate)/clay macomposites with 60% AN:40%
MA (mol:mol) ratio were prepared using montmorilit@nclay modified via adsorption, using
2-acrylamido-2-methyl-1-propanesulphonic acid (AMPSvia in-situ intercalation
polymerization. The poly(AN-co-MA)/clay nanocompies with different clay loadings
showed no difference in morphology. They exhibitegroved thermomechanical properties
and higher thermal stability than the neat copolgne

The melt rheology results of these nanocomposstesved an improved storage
modulus as well as increased shear thinning bebhawih increasing clay content. However,
the nanocomposites exhibited long-time relaxatiehdviour and their chemical structures
evolved during analysis. This was attributed tolisgtion reactions taking place at the
temperature used during the oscillatory tests.

The sorption isotherms of water vapour in theseonamposites followed a dual-
mode sorption behaviour (BET type Il mode). Hyssexevas observed in sorption/desorption

isotherms of these nanocomposites. The equilibriwater uptake was higher in the



nanocomposites compared to the neat copolymers,itamtreased with increasing clay
content, especially at high water activities (0.8).

Although diffusion and permeability decreased wititreasing clay content the
solubility increased due to the hydrophilic natafehe clay. Despite the decrease in diffusion
and permeability parameters the free volume hotkusaof the nanocomposites remained

constant, but a slight decrease in free volume hoieber was observed.



Opsomming

Die bereiding van poli(akrilonitriel/metielakrilgat [poli(AN-ko-MA)] kopolimere en
poli(AN-ko-MA)/klei nanosamestellings deur middelarv emulsiepolimerisasie, hul
karakterisering asook die ooreenkoms tussen hutknté#re strukture en fisiese eienskappe is
beskryf. Die kopolimeersamestelling is gevarieem, eienskappe is geanaliseer en dan
gekorreleer met die kopolimeersamestelling.

Die vrye-volume eienskappe van die kopolimeer wafhanklik van die
glasoorgangstemperatuurg{Twat weer afhanklik is van die kopolimeersameéitezl Die
kristalliniteit van die kopolimeer het verminder trdie hoeveelheid MA teenwoordig. Die
afname in kristalliniteit en toename in beide diEleeftyd en o-Ps intensiteit met afname in
Ty is veroorsaak deur die beter kettingbeweegbaatuatd/eroorsaak is deur die byvoeging
van metielakrilaat.

Die poli(akrilonitriel-ko-metielakrilaat)/klei naassamestellings met 60% AN:40% MA
(mol:mol) verhouding is berei deur die gebruik vaontmorillonietklei, gemodifiseer deur
die adsorpsie van 2-akrielamido-2-metiel-1-propaldoensuur (AMPS) deur middel van 'n
in-situ interkaleringspolimerisasie. Die poli(AN-ko-MA)A&d nanosamestellings het, ten spyte
van die verskillende hoeveelhede klei wat gebrsjkgeen verandering in morfologie getoon
nie. Hulle het wel beter termodinamiese eienskappehoér termiese stabiliteit as die
oorspronklike kopolimere getoon.

Die smeltreologie resultate van hierdie nanosaetiggjs het ‘n beter stoormodulus
getoon, sowel as toenemende skuifverdunningsgadeddn verhoogde klei inhoud. Tog het
die nanosamestellings lang tyd-ontspanningsgededgog en die chemiese struktuur het
verander tydens analise. Dit word toegeskryf a@nsikliese reaksies wat plaasvind by die
temperatuur wat gebruik is tydens die ossillateriegtse.

Die sorpsie isoterme van waterdamp in hierdie samestellings het ‘n dubbel-styl

sorpsiegedrag gevolg (BET tipe Il styl). Histeresewaargeneem in sorpsie/desorpsie



isoterme van hierdie nanosamestellings. Die eweviig wateropname van die
nanosamestellings was hoér as vir dié van die oam&fpke kopolimere en dit het toegeneem
met 'n toenemende klei inhoud, veral by hoé hueiitdi0.8).

Al het die diffusie en deurlaatbaarheid afgeneeet im toename in die klei inhoud,
het die oplosbaarheid toegeneem as gevolg vanidiefitiese karakter van die klei. Ten
spyte van die afname in diffusie en deurlaatbaddpairameters, het die radius van die vrye-
volume openinge van die nanosamestellings kongiably, maar ‘n klein afname in die

aantal vrye-volume openinge is gevind.
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Introduction and objectives

CHAPTER 1

Introduction and objectives

1.1 Introduction

Polyacrylonitrile (PAN) exhibits desirable propegisuch as very low permeability to gases
(e.g. oxygen and carbon dioxide) and resistanaadst chemicals but it is rarely used as a
homopolymer due to its poor processabilityDifferent techniques to improve its
processability, and simultaneously utilising theesirable properties, have been developed,
e.g. blending and copolymerisation. Copolymerisahas been widely used, and copolymers
of PAN have wide applications, e.g. as fibre prsots and in packaging materiars.

The physical properties of most polymer materials eelated to their free volume. The
Positron annihilation lifetime spectroscopy (PAL&}hnique is commonly used to probe free
volume in polymers due to its high sensitivity he hanoscale hol&$.1t has however mainly
been used on polymer bleddsind commercial polymers only a few reports describe its
use on copolymers:*? In this study the changes in free volume propsrtie
acrylonitrile/methyl acrylate copolymers, with varg comonomer compositions, was studied
as a function of the glass transition temperatligg ¢f the copolymers.

The physical properties of polymers can be improvgdhe addition of fillers. Research on
filled polymers led to the discovery of polymer yclaanocomposites (PCNs) in the early
1990s and they have become an area of both academiéndustrial interest to dat&”
PCNs are produced by finely dispersing clay in &mper matrix and have been found to
exhibit improved properties when compared to tipairent neat polymers due to the strong
interaction between the polymer matrix and claytgdéds. The clay, being hydrophilic in
nature cannot be easily dispersed in most polymérgh are usually hydrophobic in nature,
and hence the need to modify the clay to enhanogpatbility between the clay and the

?18,29

polymer. Methods such as ion exchaigé adsorption®?° and sonicatiof! have been used

1
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to achieve this goal. Depending on the extent tehvkhe clay platelets are separated from
their natural tactoids, PCNs are classified into tmorphological structures: intercalated and
exfoliated nanocomposites. These morphologicattiras of PCNs play a determining role
in their physical properties.

Despite the numerous studies done on PCNs therecareports on clay nanocomposites of
poly(AN-co-MA). In this study poly(AN-co-MA)/clay anocomposites were prepared and
their morphological, rheological and water vapoorpsion properties were investigated and

correlate the physical properties to molecular modphological stuctrures.

1.2 Objectives

The main objectives of this study were to:
a) Synthesise acrylonitrile-methyl acrylate copolymeifs different compositions and
then:
+ Determine the effect of copolymer composition ag drystallinity and free
volume properties
» Establish correlations betweeg, Trystallinity and free volume properties
b) Synthesise poly(AN-co-MA)/clay nanocomposites usfrege-radical polymerisation
in emulsion and evaluate how the clay nanofillenteat and dispersion impacts the

following:

Comonomer composition, monomer to polymer conversiod morphological

features
* Thermomechanical properties and thermal stability
* Rheological properties in the rubbery state

« Water vapour transport properties and free voluropgrties
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1.3 Thesis layout

A short introduction and the objectives of the gtade described in Chapter 1.

The theoretical background to this work is presgénie Chapter 2. It includes a brief
definition of polymer/clay nanocomposites, theireparation and characterisation; it
introduces the concepts of penetrant transportolynpers and nanocomposites; and also

gives a brief overview on polyacrylonitrile and @spolymers.

In Chapter 3 the synthesis of poly(AN/MA) copolymerwith different comonomer
compositions, by emulsion polymerisation is desiland discussed. The copolymers were
characterised using nuclear magnetic resonancetrgpeapy (NMR) and size exclusion
chromatography (SEC). The investigations on theeotdf of varying the comonomer

composition on §, crystallinity and free volume properties are dibsxl.

Chapter 4 describes the synthesis and charactenisabf poly(AN-co-MA)/clay
nanocomposites with different clay content, ug% clay. Syntheses were carried out using
emulsion polymerization. The morphological charestes of these nanocomposites were
confirmed by small angle X-ray scattering (SAXS)Yamnansmission electron microscope
(TEM). Dynamic mechanical analysis (DMA) was usednvestigate the thermomechanical
properties and thermogravimetric analysis (TGA) wased for thermal stability

investigations. Copolymer composition, particleesind conversion were also investigated.

The rheological properties of the nanocompositepamed as described in Chapter 4 are
described in Chapter 5. This chapter describes Wiseoelastic properties of these
nanocomposites as determined by melt rheology. IResiuthe dynamic time sweeps, carried

out in order to investigate the melt stability o€ hanocomposites, are also reported.
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Chapter 6 describes the water vapour transporteptieg [i.e. the water vapour sorption

mechanisms, diffusion coefficient, and permeabiibgfficient] of neat poly(AN-co-MA) and
two nanocomposites: poly(AN-co-MA)/1%clay and p@éli-co-MA)/5% clay. The free
volume properties of these three samples are asoritbed in relation to the water vapour

transport properties and the morphological featafgmly(AN-co-MA)/clay nanocomposites.

Finally, Chapter 7 summarises the main conclusairthis study, and suggestions for future

research are given.
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CHAPTER 2

Theoretical background

2.1 Polymer/clay nanocomposites

2.1.1 Introduction

Polymer/clay nanocomposites (PCNs) comprise of lsgnper matrix filled with nanoscale
clay platelets. The reinforcement by clay takes@lan a nano level, contrary to the micron
scale reinforcement offered by conventional filléfkis means that clay nanofillers add value
to the properties of the material they are incompent in without necessarily compromising
the processibility and mechanical properties of mhaterial. PCNs have been reported to
exhibit improved properties compared to their resipe neat polymef? due to the strong

interaction between the clay platelets and themelychaing.*

2.1.2 Clay structure

Clay has become one of the most common reinforcemmererials in polymers due to its
abundance and low cost. Clays consist of alumilhcase building blocks made up of silica
(tetrahedral) and aluminium (octahedral). Clays desssified into two groups, namely 1:1
phylosilicates and 2:1 phylosilicates.

In 1:1 phylosilicates, also known as non-swelliteys, each platelet consists of a single sheet
unit of tetrahedral silicate, which is sandwicheetween alumina octahedral sheets, e.g.
kaolinite, nacrite and dickite.

On the other hand, the 2:1 phylosilicates, alsowknas swelling clays, consist of an

octahedral sheet between two tetrahedral sheetamprs of these are smectites,
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montmorillonite, rectorite, saponite and laponkég. 2.1 shows the 2.1 phyllosilicate clay

structuret!

Basal spacing

I')xcha‘ggeah]e cations o Q Al Fe, Mg, Li

&
® on

:
ORIt

Fig. 2.1: The 2.1 phyllosilicate clay structure.

The most commonly used clays in PCNs are the 2ylogiticates (swelling clay).

2.1.3 Modification of clay

In order to ensure efficient blending between tb&/mer matrix and the clay, the tactoids
must be modified to facilitate wetting and inteetan of monomer or polymer. The three
commonly used methods to modify clay are ion-exgeanadsorption and edge-wise
modification.

2.1.3.1 lon-exchange

The ion-exchange method involves the replacemetiieobxchangeable inorganic cations in
clay galleries by positively charged species esfigcorganic cations like quaternary alkyl
ammonium cations. The number of replaceable smaliganic cations is called the cation

exchange capacity (CEC). The organic cations fatéliwetting and intercalation of monomer
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or polymer by reducing the surface energy and edipgnthe interlayer distance. lon
exchange is the most commonly used method in clagifination?*°

2.1.3.2 Adsorption

Modification by adsorption utilises species that aapable of interacting with the hydrated
cations in the clay galleries through dipole-dipaiéeractions, ion-dipole interactions, or
hydrogen bondind®*® The amount of material that gets adsorbs in batvike galleries by
this method is difficult to predict, however thiethod facilitates expansion of the interlayer
distance®?° Choiet al’*%'"*2%and Xuet al'*? utilised this method and prepared a variety
of exfoliated nanocomposites; at one time reportiegfoliation morphology in
nanocomposites with clay content of up to 20% usiBeacrylamido-2-methyl-1-
propanesulphonic acid (AMPS) to modify the clayeTuse of AMPS to facilitate exfoliation
was initially understood to be through ion exchangsil later studies on its interaction with
clay revealed an adsorption mechant&im this study AMPS was used to modify clay by the
adsorption method.

2.1.3.3 Edge modification

The hydroxyl groups on the aluminium or silica ¢ tplatelet edges react with organic
species, e.g. titanates or silaf&¥' to yield ether linkages. In this method the irsger

distances do not change because the modificatiomessicted to the edges of the clay

platelets.

2.1.4 Preparation of PCNs

The methods used to prepare nanocomposites inthed®llowing: in situ intercalation, melt
intercalation, template synthesis, and intercatatibprepolymer from solution.

2.1.4.1 In situ intercalation polymerisation

The silicate layers are mixed with the monomertstd the monomer diffuses into the clay

platelets’ interspace, called galleries. This aiomolymerisation to takes place in the clay

10
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galleries so that the clay plafelets are pushedt:i;mn ea’ch other as the polymer c’hains
grow in between the silicate lay&r& In situ intercalation has received consideraktiension

in the academic field because it is the only methbdt can be used for dispersed
polymerisation methods like emulsion, solution, kbaind suspension. This method also
allows the synthesis of polymers that are teth&vetie clay platelets. The PCNs described in
this study were prepared using the in-situ intevttah method, whereby the monomers were
intercalated between the clay galleries beforermpelysation was initiated.

2.1.4.2 Melt intercalation

Here the polymer is heated to a temperature alis\@oftening or melting point. The molten
soft polymer is then mixed with the layered siledab promote its diffusion into the clay
galleries. For instance, Fornesal reported the preparation by blending of nanocasites

of nylon 6 nanocomposites using a twin screw extrddiThe melt blending method was also
used to prepare amorphous PS/clay nanocompositeg asBrabender batch mixXér Melt
intercalation has been reported to be applicabldltpolymers, and it can be implemented in
industrial processes like injection molding. To ejait is the most popular procedure for
preparing nanocomposites for industrial application

2.1.4.3 Intercalation from prepolymer

Here the layered silicate layers are swollen iolaent. The polymer is then dissolved in the
solvent/clay mixture allowing the polymer to difeumto the silicate galleries and displace the
solvent. The nanocomposite is formed when the sblvaolecules in the galleries are
replaced by the polymer molecui®sHere a negative Gibbs free energy difference &etw
the solvent intercalated platelets and the polymmarix is required.

2.1.4.4 Intercalation by sonication

Bongiovanni has reported on the use of sonicationntercalating epoxy monomer in

unmodified clay?® In this method the sonicator provides ultrasoundrgy with sufficient

11
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energy to overcome the forces holding the platetbtss aiding intercalation. However, this

method is not commonly used.

2.1.5 PCN morphology

The dispersion of clay platelets in a polymer nxatén afford three types of morphologies:
conventional polymer/clay microcomposite, intertadapolymer/clay nanocomposite, and the
exfoliated polymer/clay nhanocomposite dependinghenextent of dispersion of clay platelets
in the polymer matrix.

2.1.5.1 Microcomposite structure

In the microcomposites, clay particles are incoapedt in the polymer matrix in their original
form (i.e. tactoids) and limited interactions be&ngyolymer matrix and the clay platelets take
place. (see Fig. 2.2(a))

2.1.5.2 Intercalated structure

When the polymer chains diffuse between the sdidayers without distorting the layered
structure, but widen the interlayer distance (bapalcing), with the retention of the crystal
order an intercalated structure is formed.(see ZR(D))

2.1.5.3 Exfoliated structure

Complete distortion of the clay crystal morphologjyes the exfoliated structure. The clay
platelets are evenly dispersed in the polymer maii that strong polymer-clay interactions
take place. (see Fig. 2.2(c))

The intercalated and the exfoliated morphologiesgeha&ceived the most focus because they
impart enhanced properties to the polymer matrisperties, which are better than those

imparted by the microcomposit&s.

12
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{a) PCN Microcomposite {b) PCN Intercalated structure {c) PCN Exfoliated structure

Fig. 2.2: Polymer-clay microcomposite and nanocomp osite structures.

2.1.6 Analysis of PCN structure and properties

Different techniques are used to analyse PCNsderaio evaluate both their morphological
structures and physical propertf8g*34
2.1.6.1 X-ray diffraction
X-ray diffraction (XRD) is commonly used to studyet morphological structure of PCNs.
Using Bragg’s law (Equation 2.1), the basal spaoithe clay platelets can be determined.

N\ = 2dsir (2.2)
where n is the order of interferencé,corresponds to the wavelength of the X-r@ys the
measured diffraction angle and d is the interlagiestance.

Microcomposites show a significant Bragg peak. Bnegg peak of pristine clay may or may
not shift to lower diffraction angles in the micomposite. However, little or no increase in
basal spacing of the microcomposites comparedabdhpristine clay is observed. This is
because very little or no polymer would have peatett the galleries to increase the basal
spacing.

The intercalated PCN shows an increase in the <logsal spacing and a shift of the Bragg
peak to lower angles compared to pristine clay. ditenges in Bragg peak and basal spacing

is used to prove the penetration of polymer mokesinto the clay galleries’

13
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The absence of Bragg peak in PCNs has been adtribatthe exfoliated structure because the
platelets order has been totally disturbed by thesgnce of the polymer molecufes.

Typical XRD results of different morphological feats are shown in Fig. 2%8.

PPCN7

PPCNS

\_ PPCE

\__/_/\ pure clay

2 4 6 8 10
26 (deqgree)

Intensity

—
—

Fig. 2.3: Typical XRD results of clay and polypropy  lene/clay nanocomposites: PPCN 3

(exfoliated), PPCN 5 (intercalated), PPCN 7 (microm posite).

2.1.6.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is a qutliatechnique used to analyse PCNs
structure. It is generally used in conjunction WRRD. TEM gives a pictorial description of
the dispersion of the clay platelets in the polymeaitrix. In a microcomposite the clay is seen
in layers, which appear as dark layers; in an @atleted structure the platelets are seen in a
layered structure showing small spaces betweemn thed in the exfoliated structure the
single platelets are seen evenly dispersed in ohgr@r matrix, indicating that polymer has
effectively broken the platelets’ tactoit®® Fig 2.4 shows typical TEM results of the different

morphological structures.

14
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Fig. 2.4: Typical TEM images of (a) exfoliated nano composite (b) intercalated

nanocomposite and (c) microcomposite.

In the exfoliated nanocomposite, Fig. 2.4(a), tlay platelets can be seen as finely dispersed
randomly oriented and bent dark strips, while i ithtercalated structure, Fig 2.4(b), the clay
is seen as stacked strips oriented in the sametidineand in the microcomposite, Fig. 2.4(c),
the clay is not seen as dark strips but dark ameaning the platelets still exist in their
original tactoids.

2.1.6.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is used to evadu#iie thermal stability of PCNs. It
measures weight loss as a function of temperatmeexample is shown in Fig. 2.5. This
weight loss may result from evaporation of residomlisture or solvent and even polymer
degradation, especially at higher temperature. t€hgerature at the onset of degradation or
temperature at a particular weight loss (e.g. teatpee at 50% weight loss) can be deduced
from a TGA thermogram. This temperature is usedramdication of thermal stability. PCNs
have been reported to exhibit improved thermal iltabcompared to the respective
polymers®3437

From Fig. 2.5 the 80% weight loss temperature wimicheased with increasing clay loading

can be used as an indication of improved thernadiility with increasing clay contefit.
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Fig. 2.5: Typical thermogravimetric thermograms of polystyrene and its

nanocomposites.

2.1.6.4 Dynamic mechanical analysis

Dynamic mechanical analysis is used to measurevigepelastic properties of PCNs. It
measures the material responses to cyclic defoomais a function of temperature. It gives
important information on the relaxation and molacuhotions taking place in the PCN hence
information such as glass transition temperaturg), (Storage and loss modulus can be
obtained from this analysis.

The T, storage moduld8 and the temperature corresponding to the maximtinarg)

peak® have been reported to increase upon incorporafiatay into the matrix because the

clay restricts the mobility of the chains*

2.1.6.5 Oscillatory tests

Oscillatory tests, e.g. frequency sweeps, are daneriable strain frequency but constant

strain amplitude values. The time dependence dhefaaviour of PCNs are examined, with
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the short term behaviour simulated by the rapid enoents at high angular frequency while

the long term behaviour is given by the slow movetsat low frequencies.

The rheological properties of PCNs in the moltertestan be correlated to the microstructure,
i.e. the structural evolution and the dispersioaligy of the clay in the PCNs. PCNs have
been reported to exhibit early shear thinning @158t increased shear thinning with

increasing shear raté4® and high elastic moddfi when compared to their respective neat
polymers. Fig. 2.6 is a typical result of oscillgtdests, showing the variation in complex
viscosity of PCNs as a function of angular freqyemdth varying clay conterit

The storage modulus increases with increasing ctaytent in the low angular frequency

region yet there is no major change in the highurgrequency region due to clay’s ability

to align in the direction of stress at high angfitaquencies?'*3#

10000 -

1000

& (Pa)

100

w radis

Fig. 2.6: Storage modulus of polypropylene nanocomp osites as a function angular

frequency.

2.2 Gas and vapour transport in and through PCN merbranes
PCNs have been reported to show enhanced baropegies compared to their respective
neat polymerd®*#* In this study the author studied the permeabjiityperties of poly(AN-

co-MA)/clay nanocomposities to water vapour. Tramspf small molecules (penetrant)
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across polymer films is génerally describéd usimgé& correlated pérameters:’ the
permeability coefficient (P), diffusion coefficie(@@) and solubility coefficient (S).

2.2.1 Permeability

Permeability is the steady state transport of aifipgenetrant across a membrdné®In this
study the membrane that was used is a polymer fllhe permeability coefficient (P) is
dependent on the diffusion and solubility paransetef the penetrant within the polymer
membrane and is given by the equation:

P=DS (2.2)
where D is the diffusion coefficient and S is tblalsility coefficient.

The diffusion coefficient (D) is related to the nilip of the penetrant in the membrané®
while the solubility coefficient (S) gives an igdiion of the polymer—penetrant interaction
and penetrant condensability within the polymerrirdf*® The P value gives an idea of the
ease with which the penetrant moves through polymembrane matrix under a pressure
gradient and it is dependent on the nature of thignper, the penetrant and the pressure
gradient of the penetrant across the membrane.

The solution-diffusion model is a well accepted mlo describe the general movement of
penetrants (vapours and gases) across a polymebraee) from a high pressure region to a
low pressure region. In this model the movemeparfetrants across a membrane is proposed
to follow three steps: (1) adsorption of penetramtthe matrix surface exposed to the high
pressure region, (2) diffusion of penetrant throtigh matrix under a concentration gradient
in liquid form, and finally (3) desorption of thepetrant from the matrix surface exposed to
the low pressure region.

Initially, the diffusive flux and the gas conceation at every point in the membrane vary
with time. This flux at every point in the membrageproportional to the gradient of the gas

concentration. After a while a steady state cooditis reached, where the penetrant
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concentration in the membrane varies linearly frima high pressure region to the low

pressure region and the diffusive flux is the samevery section in the membrane.

2.2.2 Diffusion behaviour in polymers

Diffusion is a kinetic term, and different diffusianodels have been used to describe the
movement of penetrants across polymer membrane.dithesion models used today are
based on Fick’s laws of diffusiofi.Diffusion models in polymers are classified askfgn,

non-Fickian and anomalous. The sorption data cdiitbd to the following equation:

L=kt (2.3)

where M is the mass of sample after exposure to penefaartime (t), M, is the mass of
sample at equilibrium penetrant uptake, k is a tamsand the n value indicates the type of
diffusion.

2.2.2.1 Case | diffusion (Fickian)

In case | sorption curves are dependent on thersquat of time. Initially the penetrant
absorption linearly increases with time until iacles a plateau, i.e. equilibrium absorptibn,
as shown in Fig. 2.7(a). This is because the palgmielaxations are greater than the rate of
diffusion, so that the sorption equilibrium is read fastef’ The amount of diffused
penetrant is proportional to the square root o€tiffhe n value in Equation 2.3 is equal to 0.5
for Fickian diffusion.

2.2.2.2 Case Il diffusion (Non-Fickian)

Case |l diffusion is a deviation from the Fickiaiffasion behaviout hence its called non-
Fickian. The diffusion rate here is faster than th&axation processes and the sorption
strongly depends on the swelling kinetics so thatrt value in Equation 2.3 is equal to 1. The

amount of diffused penetrant linearly increaseé wihe, as shown in Fig. 2.7(b).

19



Theoretical background

2.2.2.3 Anomalous diffusion

Anomolous diffusion is an intermediate between tve mechanisms mentioned above.
There is a small difference between the diffusiate rand the polymeric relaxatiotis’
Sorption is affected by the presence of pre-exgstiricrovoids in the polymer matrix and
penetrant motion is influenced by the geometriccdtire of the polymer. The amount of
diffused penetrant is proportional to time by a powf between 0.5 and 1, (G5 < 1).

Some of the non-Fickian behaviour cases includdimaal absorption, two stage sorption
behaviour, sigmoid behaviour, a rapid increaseengtrant uptake accompanied with large
deformations, and weight loss due to irreversililencical or physical degradation of the

material. Fig. 2.7 shows typical Fickian and nookkn curves.

(a) (b)

AM% AM%

Time'2 Time'2
Non Fickian diffusion
L . . (i) Rapid increase in penetrant uptake
Fickian diffusion (i) Two-stage sorption
{iii) Weight loss due to ireversible degradation

Fig. 2.7: Typical examples of diffusion behaviour c urves: (a) Fickian and (b) non-

Fickian.

2.2.3 Sorption in polymers
Sorption is a term that is used to describe theotlision of penetrant in a membrane,

including adsorption, absorption, trapping in mi@inls, and clustering of aggregafés®

20



Theoretical background , , , , ,
Sorption mechanisms in polymers are influencedhgyforces on interactions between the

polymer and the penetrant. Typical sorption isatheurves are shown in Fig. 2.8, where the
concentration is plotted as a function of pressBenetrant activity can be used instead of
pressure and equilibrium penetrant uptake instéadmcentration in obtaining these sorption

isotherm curves.

Concentration
Concentration
Concentration

ressure
pressure P pressure

(a) Henry’s law (b) Langmuir model (c) Dual mode sorption

Concentration
Concentration

pressure pressure

(d) Flory-Huggins (e) BET mode

Fig. 2.8: Typical sorption isotherm curves.

2.2.3.1 Ideal sorption isotherm (Henry’s law)

The sorbed penetrants are randomly dispersed witienpolymer such that there is no
polymer—penetrant or penetrant—penetrant intemastibence Henry’s law is observEdrhe
solubility coefficient is constant, independent thie sorbed concentration at any given
temperature and the sorption isotherm is a linektion of concentration and pressure (Fig.
2.8(a)), according to the equation:

C=kyp (2.4)
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where C is concentration,Dk’is solubility coefficient of ’gas in polymer ’inderjent ’of
concentration at a given temperature and p is thgial pressure.

2.2.3.2 Langmuir adsorption isotherm

The diffusing molecules occupy specific polymeesjte.g. pre-existing voids or areas with
high inorganic filler conterit! hence the polymer—penetrant interactions are trirhnt
forces within the polymer—penetrant mixture. Th&uding penetrant will occupy all the
voids and a small amount can solubilise in the mpely matrix when all sites are occupied.

The penetrant concentration is then given by thdiea

- C‘pr
" 1+bp

(2.5)
where Cy is a hole saturation constant and b is a holendificonstant.

A typical Langmuir sorption isotherm curve is showrFig. 2.8(b).

2.2.3.3 Brunauer, Emmett and Teller sorption isothem

The Brunauer, Emmett and Teller (BET) sorption nidepresents a combination of the
Langmuir and the Flory-Huggins, and is a charastiermodel for water sorption in highly
hydrophilic polymers. Initially the water moleculadsorb at specific sites and the clustering
occurs at higher pressur®s’ The isotherm curve is sigmoidal, showing a corcsivape at
lower pressures and a convex shape at high pres@ee Fig. 2.8(e)).

2.2.3.4 Guggenheim-Anderson-de Boer sorption isothra

The Guggenheim-Anderson-De Boer (GAB) sorption hieaoh is considered to be a
refinement of the Langmuir and the BET isothePfit8. The theory behind this sorption
isotherm assumes localized physical adsorptionutiilayers without lateral interactions and
that the sorption system consists of active siteishwvare identical.

2.2.3.5 Dual-mode sorption isotherm

The dual mode sorption modet®®! (Fig. 2.8(c)) postulates the existence of two idist

populations of the diffusing penetrant molecules:
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* Molecules dissolved ih the polymer métrix by ofdjnanlissolution pfocess wich a
concentration g.- the concentration of these molecules followsHeary’s law.

* Molecules trapped on specific sites, e.g. microsad holes, with a concentration, C
— the concentration of these molecules is givethbyLangmuir equation.

The total concentration is therefore given by eiguat

_ _ C'pr
C=C, +C, —kDp+—1+bp (2.6)

This model has been used extensively to explain gbeption behaviours in glassy

polymers>>4

to explain the dependence of the solubility cogdfit of glassy polymers on
concentration. Recently, Fefigdeveloped a new dual mode sorption model basethen
(GAB) equation and the dual mode sorption becabsedual mode sorption could not
satisfactorily describe some of the sorption betag in glassy polymers, e.g. the (BET) type
Il sorption mode. Despite fitting well the BET typewater vapour sorption in food and
natural materials, the GAB assumed all sites toebaivalent. This assumption is not
applicable to glassy polymers, which are known awehtwo sorption sites. The new dual
mode sorption fitted well the BET type |l sorptimnglassy polymers because it combined the
dual mode sorption and the GAB equation.

2.2.3.6 Flory-Huggins sorption isotherm

The solubility coefficient increases continuallythvpressure because the penetrant—polymer
interactions are smaller than the penetrant—pemteimgeractions.”>* This results from either
plasticisation of the polymers by the sorbed pemttor cluster association in case of water-

hydrophobic systems. The penetrant concentratiothén polymer increases in a convex

behaviour with increasing pressure, as shown inZER(d).
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2.2.4 Determination of tranéport coefficientS

2.2.4.1 Transmission measurement

The transmission measurement method measuresttheframovement of penetrant from a
region of high pressure {pacross a membrane to a region of low pressuéf The two
surfaces of the membrane are maintained at congtassure pand p, where p>>p,. After
steady state is reached the amount of penetrarih@&rrosses the membrane of area (A), and

thickness|() during time {) can be measured and used to calculated P froeqgtiegion:

p=Q (2.7)

2.2.4.2 Time lag method

The time lag method is used to calculate diffusioafficient (D).

Q)

Fig. 2.9: Amount of absorbed penetrant as a functio  n of time: Time lag method.

The penetrant is administered to one surface ofmttimbrane and allowed to flow to the other
side (p = 0) through the membrafi&®"°Equation 2.8 can be used to used to calculate the

amount of penetrant (Q) that passes through thelrama of thicknesg)(at time ).
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t) Dt 1 2 &(-D)" - Dn?7t
) B exf{ B J #9)

Steady state conditions are approached asc and the exponential term of this equation

becomes negligibly small so that the graph of @gginst time reduces to the line:

Q) = %(t -é—DJ (2.9)

The time intercept of the line (Z), called the titag, is:

|2
Z=—- 2.10
D (2.10)

2.2.4.3 Sorption-desorption test

A schematic representation of the sorption-desompst is shown in Fig. 2.£6.

=olubdity
A% .
&
’"f polymer sample
rnmersed in
;' Diffusion - penefrant
’
Tirne'?

Fig. 2.10: Sorption-desorption method.

A sorption-desorption test is carried out by imrirgsthe membrane in a penetr&ht® 2

After a given time (t) the amount of penetrant abed by the sample is given by the

kil - 2
equation:M—t):l-z 8 oxg—P@n+d ﬂzt}

M. = (2n+1)° 7P |2

(2.11)

provided that D, temperature and pressure remaistaot.
M, is the mass of sample at equilibrium penetrant kpta

When M(t)/M, = ¥, t/fis given by the equation:

t) _1|-1 |72 12
(rzl,;sl?'”{l—s g(mJ H (212
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Solving this equation and expressing the final éqonan terms of D we get:

D= O.(t)4919 (2.13)
=),

Using this equation we can calculate the diffusioafficient.

The solubility coefficient is deduced using the &tipn:

s=Mo"Mo 50014 (2.14)
V,M.p

Mo is the initial mass of sample,.Ms the mass of sample at equilibrium penetranakgt \,

is the volume of sample, M is the molecular wegjhtenetrant, p is the partial pressure of
penetrant and 22414 is the molar gas volume if).cm

In this study the transport parameters of wateioua@nd oxygen in poly(AN-co-MA)/clay
nanocomposites were determined using the sorpesosgtion test. The results were used to

explain the diffusion and sorption behaviours @fsth penetrants in the PCNs.

2.2.5 Transport properties in PCNs

Polymers filled with nano-sized particles have bfemd to have lower permeability than the
corresponding neat polymets’®"®The permeability decrease in nanocomposites istdue
the impermeability of the clay platelets, which ast obstacles in the penetrant diffusion
pathway thus creating a tortuous path’® The length of the tortuous path depends of the
dispersion and orientation of the clay plateletsinithe polymeric materidf’

Gorrasiet al®®

studied the effect of clay dispersion on waterowapbarrier properties of
poly(e-caprolactone)/Na-MMT nanocomposites. They prepanéttocomposites using melt
blending; intercalated nanocomposites using in-piilymerisation or melt blending using
modified clay; and exfoliated nanocomposites usmgitu ring-opening ok-caprolactone.

They reported that the microcomposite and the ¢atated had almost the same permeability

parameters as those of the unfilled polymer, yetetkfoliated structure showed much lower
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values. Their explanation waé that in the inte’nmiasamples the ordered Structure bf the
inorganic component allows the diffusing molecutesjump from one site to another,
whereas the exfoliated structure provides an adiaaier because there is no continuity in
the inorganic phase as in the intercalated nanoositgs.

Gainet al looked at the influence of morphology and polyftiey interaction of the same
polymer as that used by Gorrasi, and reportedttieapermeability coefficients of hydrogen,
helium and carbon dioxide decreased when going frolorocomposite to intercalated
structure®

In polypropylene/MMT nanocomposites studied by Osragal.® the relative permeability
was found to decrease with increase in the d-spaafinthe MMT. They suggest that a large
d-spacing enhances exfoliation resulting in a desd permeability coefficient. Their results
were similar to those reported for polyethyleneatamposites by Jacquelet al.”

The decrease in the permeability value in PCNgtrébated mainly to the high decrease in
diffusion due to the tortuosity factor of the clalatelets. Sorption is affected by the polymer-
penetrant interaction, the amount of the amorphmaterial present, and the amount of clay
content and its texture.

Muralidharanet al.”®

explained the diffusion through PCN by the fredumte theory. They

studied the free volume of poly(ethylene-co-vinydetate)/clay nanocomposites using
positron annihilation and reported that the fretunm in the copolymer decreases with the
addition of the clay platelets, due to the restdainolecular movement of the polymer chains.
However upon increasing the clay loading the redafree volume percentage increased,
owing to the aggregation of the clay platelets ngkplace causing void formation. The

reduced permeability values reported for the loaydbading were attributed to the reduced

free volume available in the system.
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PCNs may exhibit sorption isotherms which are eittiéerent or similar to those of neat
polymers upon their incorporatidfh!’ Furthermore, clay was reported to be responsitne f

the increased sorption as the sorbed water inataesitle increasing clay conteftt.

2.3 PAN and PAN copolymers

Polyacrylonitrile (PAN) is a crystalline polymer qotuced by the polymerisation of
acrylonitrile (AN) monomer. This polymer is a higgarrier polymer; it shows remarkable
barrier properties against oxygen and carbon dexit has the lowest permeability of all
polymers. The major drawback in its applicatioritsspoor melt processability. Its thermal
degradation is reported to be 250-310 °C, whidbvier than its melting temperature of 320
°C.”® PAN undergoes cyclisation reactions to form a éadstructure, which is heat resistant

before it melts hence, the melt processabilityoisrp®#*

2.3.1 Improving the melt processability of polyacrionitrile

Two methods can be used to improve the melt prabdggy of PAN: blending and
copolymerization.

2.3.1.1 Blending

Blending involves the mixing of high molecular wieig°PAN polymers with 5-20% low
molecular weight PAN which acts as plasticizerergling can also be done by mixing PAN
with incompatible materials such as polyolefins.thaugh this method is effective in
improving the melt processability of PAN, the dabie properties are often compromised in
the proces&

2.3.1.2 Copolymerisation

The AN can be copolymerised with another monomey, styrene, butyl acrylate, methyl
acrylate. The second monomer will alter the crystatphology and the melting temperature

of PAN by intercepting and shortening the cryssalle AN sequences, thus reducing the
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number of and the average crystallite size. Siméh)alsly, cdmonomer improvés the mobility
by reducing close packing of the chains.

Rangarajaret al® studied the effects of different comonomers, methyl acrylate, isobutyl
acrylate and acrylamide, on the melt processalwlit?AN. They found that methyl acrylate
enhanced the melt processability by widening theptrature and molecular weight range of
processabilty. These achievements were attribudethe increased amorphous material in
PAN, which disrupted its long range crystallineurat

In 2003 Godshalket al®’ reported a qualitative decrease in crystalling@ainwith increasing
methyl acrylate content in poly(acrylonitrile/metktacrylate) copolymers. The incorporation
of methyl acrylate was also found to push the Btation exotherm to higher temperatures
while simultaneously reducing the melting tempenedu so that the temperature range over
which melting and chemical transformation was sigfitly separated so that they did not
overlap. Decrease in crystallinity with increasc@amonomer content was also reported in the
1970s by Guptat al.when they copolymerised acrylonitrile with HEMA.

In the present study acrylonitrile was copolymetizéth methyl acrylate, and the resulting

copolymer was blended with clay to prepare nano@sitgs.
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CHAPTER 3

Poly(acrylonitrile/methyl acrylate) copolymers: Correlation
between copolymer composition and free volume propiges, as

determined by positron annihilation lifetime spectioscopy

3.1 Introduction

Polyacrylonitrile (PAN) exhibits remarkable propest such, as low permeability to gases,
resistance to most chemicals and the ability tentri However, it has few applications
because the homopolymer has poor processabilitichaesults from its high melting point
and a high melt viscosity Copolymerisation has become the most widely usethou to
improve the melt processability of PAN without sigrantly compromising its desirable
properties. During copolymerization, a non crystallisable commer is randomly inserted
along the PAN chains so that it alters the closaircipacking and the long crystallisable
acrylonitrile (AN) sequences, resulting in improvekain mobility and reduced crystallite
size. These AN based copolymers have found agigits as fiber precursors (e.g.
acrylonitrile-methyl acrylate copolymetd)and packing material (e.g. styrene-acrylonitrile,
acrylonitrile-methyl acrylate copolymers). Copolymerisation affords materials  with
properties (e.g crystallinity, molecular relaxajiothat are different from those of
homopolymers of the respective monomers used indpelymerisation.

Many physical properties of polymers have beertedlto their free volume properties, hence
efforts have been made to evaluate and quantifsetiiee volume properties in polymérs.
Positron annihilation lifetime spectroscopy (PAU®)s become one of the commonly used
techniques to study the free volume of polymerg ttuits high sensitive to sub-nanometer
holes®%'® The average size of the free volume holes candiermined from the ortho

positronium (o0-Ps) lifetime using a simple relasbip, while the o-Ps intensity can be related
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to the free volume concentration. When a positnonis formed it occupies the free volume
holes because they have a lower electron densdyttaey annihilate by combination with
electrons. o-Ps lifetime is the time the positromiaxists in the free volume hole before it
picks up an electron and annihilates. While PAL®vftes unique information on the
polymer free volume, is not an information rich heue. It is therefore necessary to
correlate PAL parameters to other polymer propgrtisuch as crystallinity and chain
mobility, in order to obtain a better understandofgthe microstuctural properties of the
polymer. PALS has been used extensively in the ibiligg studies of polymer blends;*¢2°
but there are only a few reports of its use fosgstematic copolymefs:?* These reports on
positron parameters in copolymers focused mainlyweakly polar polymers, emphasising
the effect of polarity on positron parameters (oiffstime and o-Ps intensity). It was
concluded that polarity affects o-Ps lifetime thgbuguenching and o-Ps intensity through
inhibition. These effects can lead to misleadiregfvolume parameters. These effects were,
however, not observed in strongly polar polymeke fiolymethyl methacrylate (PMMAY:?

In the present study, poly(acrylonitrile-co-mettadrylate) (poly(AN-co-MA)), of various
comonomer compositions were synthesised and tlositrpn parameters were studied and
correlated to molecular structure, crystallinitydachain mobility in terms of J Earlier

$819262845n the use of positron parameters focused mainlganmercial polymers,

report
but here a systematic copolymer series was syistdtesand the respective samples

characterised in terms of their positron parameters
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3.2 Synthesis of poly(AN/MA) random copolymers

3.2.1 Materials

Acrylonitrile and methyl acrylate monomers, both3% purity, were supplied by Merck.
These monomers were passed through an alumina saturemove the inhibitor prior to use.
Sodium dodecyl sulphate (SDS) was supplied by Aldrand was used without any
purification. Potassium persulphate (KPS) was olethifrom Aldrich and was used as

received.

3.2.2 Preparation methods

Copolymers with different compositions, varyingrfrd0% AN:10% MA to 10% AN:90%
MA (mol:mol ratio) were prepared according to thegedure outlined below.

A three neck flask was charged with 150ml water #dredtwo monomers were added in the
quantities shown in Table 3.1, according to thgeted copolymer composition. For example,
for sample A90 the target was a copolymer contgii9ii% AN and 10% MA. SDS (0.76 g;
2.6 x 10° mol) was added, the mixture stirred for 30 minemcitrogen. The temperature was
increased to 70 °C and, after equilibration, KPS rfll: 3.7 x 1¢® mol) was added to initiate
the reaction. The reaction was run for 2 h at 70T resultant copolymer was precipitated
in methanol and then washed with ethanol and waieally, the copolymer was dried under
vacuum at 60 °C to constant weight.

For all the copolymers, the SDS, water and KPS @amapts were kept constant, but the

monomer compositions were varied, as shown in Taldle
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3.3 Characterisation

3.3.1 Proton nuclear magnetic resonance spectrosgop

The copolymer compositions were determined usingtopr nuclear magnetic resonance
spectroscopy’ NMR). The'H NMR spectra were determined using a Varian VXRtn
400 MHz instrument. The copolymers were dissolveddeuterated dimethyl sulphoxide
(DMSO-d&) and the chemical shifts were reported in parts pelion (ppm), using

tetramethylsilane (TMS) as a reference.

Table 3.1: Formulations used to prepare poly(AN/MA) copolymers with varying

comonomer compositions.

Sample Reagents
Acrylonitrile  Methyl acrylate SDS KPS Water

(mol) (mol) (mol) (mol) (ml)
A100 0.16 0.00 26x10 3.7x10 150
2A90 0.16 0.01 26x10  3.7x10 150
A80 0.13 0.03 26x10  3.7x10 150
A70 0.11 0.05 26x10 3.7x10 150
AB0 0.09 0.06 26x1H  3.7x10 150
A50 0.08 0.08 26x10  3.7x10 150
A40 0.06 0.10 26x10 3.7x10 150
A30 0.04 0.11 26x10  3.7x10 150
A20 0.03 0.13 26x10 3.7x10 150
A10 0.02 0.15 26x1d 3.7x10 150
A00 0.00 0.16 26x10 3.7x10 150

@Copolymer with feed composition of 90% AN and 10% Kkfnol:mol ratio)

3.3.2 Size exclusion chromatography
Size exclusion chromatography (SEC) measurementopblymers with 60%-100% MA
content were carried out on a SEC instrument caamgia Waters 717 plus autosampler,
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Waters 600E system controller and Water 610 fluidt.uA Waters 410 differential

refractometer was used for detection. Two PLgghbMixed-C columns and a PLgelu#n
guard column were used. The sample volume injeatedhe column was 100L . The oven
temperature was kept at 30 °C. THF (HPLC grade, Btdbilised), containing 0.1 M lithium
chloride (LiCl) was used as an eluent at a flove i@t1 ml/min. Calibrations were done using
narrow polystyrene standards with a molecular rasfgg00-2 x 16g/mol, and the SEC data
are reported as polystyrene equivalents.

The SEC measurements of a copolymer with 40% MAtesdnwere carried out using a
Waters 150 °C ALC/GPC chromatograph and a GRAMmaluCopolymer weighing 0.02 g
was dissolved in N-methyl-2-pyrrolidinone (NMP) a@d M LiCl. A temperature of 70 °C

and a flow rate of 1 ml/min were used.

3.3.3 Dynamic mechanical analysis

Dynamic mechanical analysis (DMA), used to deteamihe storage modulus (G’), loss

modulus (G”) and damping factor (taf)) of the copolymer films, was carried out using a
MCR 501Anton Paar Rheometer in oscillatory modemfrl80 °C to 45 °C, at a heating rate
of — 4 °C/min, using a 25 mm diameter plate-plaengetry. All tests were done under 0.1%
deformation and 10 N normal force at a frequency &fz. The samples were moulded into
disk shaped films by compression at 150 °C. Thekitdss of all samples was in the range

0.8-1.0 mm.

3.3.4 Positron annihilation lifetime spectroscopy masurements

All positron annihilation lifetime spectroscopy (P8) measurements were performed at
room temperature using a conventional fast-fashaidence system with 250 ps time
resolution. A 20uCi “Na positron source, sealed in an aluminium foil sveandwiched

between two circular sample disks of 15 mm diameted 1 mm thickness. This sample-

40



Poly(AN/MA) copolymers: Correlation between copadysncomposition and properties

source sandwich was placed between two detectdleafpectrometer to acquire the lifetime
spectrum. Each spectrum contained approximatelyllmmcounts accumulated, over 1-1.5
h. All spectra were analysed in three lifetime comgnts with the help of the PATFIT
programmé® The o-Ps lifetime results were used to obtaimtiean free volume hole radius,

using the empirical equation:
3t = 2{1— RR' + (27‘[)‘1 sin(%ﬂ(ns‘l) (3.1)

whereR, = R+A R whereAR = 1.66 A is the thickness of the homogeneous eledayer in
which the positron annihilates;, (ns) is the o-Ps lifetime; and R (A) is the hadius.

Assuming that the probability of o-Ps formationpi®portional to the low electron density
regions, the o-Ps intensitys)ican be related to the number of free volume hiolése matrix
and the fractional free volume can be determineddiyg the equation:

f, =Cx1,xV, (3.2)

where C is a constant that can be determined frodependent experiment and the free
o 4
volume hole size is given by; = gnR .

The author, however, did not determine the cons@nhence the relative fractional free
volume (Rgr) was used:

Fr =V; x1; (3.3)

The use of positron parameters in relation to frdeme parameters has been reported to be
justified only if there are no other chemical preses that come into play to inhibit the
formation of the 0-P§?** This is due to the fact that if o-Ps inhibitionaqrenching, these

processes affect the o-Ps intensity.
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3.4 Results and discussion

3.4.1 Copolymer composition

'"H NMR data were used to calculate the copolymermmsition over the entire composition
range used. Fig. 3.1 shows thd NMR spectrum of a 60% AN:40% MA copolymer
(mol:mol). The spectra of some other selected gopets are shown in Appendix A. The
peak in the region 3.6-3.8 ppm is due to the rasmmnaf the protons of the methoxy group of
the MA units only, while the protons of the metmgeunits from both comonomer units (AN
and MA) yield the broad peak at 1.6-2.2 ppm. Thetgrs of the methine units of both
comonomers yield peak in the region 2.6-3.2 ppne. dihgle peak at 3.3 ppm is due to traces

of water in DMSOQOgs.

U

r~-r 1t 1t 1 11 1T 1T "1 "1 " T ‘" T " 1T "1 "1
40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 1.0

Chemical shift (ppm)

Fig. 3.1: 'H NMR spectrum of poly(AN-co-MA) containing 40% MA  content.

The AN compositions in different copolymers weretedmined [Using the calculation

procedure described in Appendix B]. The resultstalbelated in Table 3.2 ag\:
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Table 3.2 shows that the number average molecutdgght (Mn) values of the copolymers
were high; they were in the range of 3.2 X 26+.0 x 18g/mol and are typical of products of
emulsion polymerisations. High AN content copolymeere not soluble in THF, hence their
Mn values were difficult to obtain via SEC. TheimMalues are omitted, except that of the
copolymer with 60% AN, the Mn of which was obtainedh help from another laboratory
that had the facilities to use NMP as a mobile phasthe analysis. However, because we
were unable to determine all the Mn values of @lhhPAN copolymers, the Mn value of the

copolymer with 60% AN only is reported here.

Table 3.2: Poly(AN-co-MA): acrylonitrile feed compo  sition (f ay) and copolymer
composition (F an), number average molecular weight (Mn), polydisper  sity index (PDI),

particle size and Tg of copolymers of different cop olymer compositions.

Sample N AN Mn x 10 °pD| °Tg onset Tg
(g/mol) °C (°C)
A100 1.00 1.00 - - 101.3 101.5
A90 0.90 0.85 - - 90.8 91.6
A80 0.80 0.77 - - 75.0 77.6
A70 0.70 0.68 - - 70.4 73.3
A60 0.60 0.58 3.29 5.84 67.9 70.9
A50 0.50 0.46 - - 49.6 52.4
A40 0.40 0.36 3.82 2.76 42.7 45.7
A30 0.30 0.28 4.00 2.55 31.1 33.9
A20 0.20 0.16 3.80 3.59 24.9 26.7
Al0 0.10 0.08 3.20 2.67 194 23.3
AO00 0.00 0.00 - - 12.3 12.5

®Determined using NMR,’PDI: Mw/Mn, ®Temperature corresponding to the extrapolated
onset of storage decrea&&emperature corresponding to the extrapolated pekmum of

the loss modulus (according to ASTM D4065).
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3.4.2 Glass transition temperature

The ASTM glass transition ¢Yvalues of the copolymers were taken from the teatpegs
corresponding to the maximum of the loss modulee (&ppendix C).The Ty of the
copolymers decreases linearly with increasing canwr (MA) content, as shown in Table
3.2 and Fig 3.3. The MA is randomly inserted aldhg AN chain thus, enhancing the
molecular motions of the chains. The AN chains sti# due to the intermolecular dipole—
dipole interactions between the CN groups of monmaimés causing helical conformations of
the chains'*?*The main chains of PAN are tightly packed so thatintermolecular spaces in
the amorphous regions are reduced and the triphel lod the cyanide group restricts free
rotation, leading to molecular stiffness, and hemd¢egh T, for PAN. The introduction of the
methoxy pendant group of the MA in the AN polyméam results in disruption of the AN
chain helix, causing an improvement in the chairbititg and hence the observed reduction

in the Ty of the copolymer.

16.9
~

165 A0

A80

/ -\______—___ A70

A60

/_/__-—————\Q\._____ A50

T T T T T T T T T T T T T == A10
5 10 15 20 25 30 35 40

20

Fig. 3.2 WAXD spectroscopy results of poly(acrylon itrile-co-methyl acrylate)

copolymer of different compositions (key: A90 = 90% AN:10% MA copolymer).
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3.4.3 Crystallinity

The crystallinity of the copolymers was also fouadiecrease with increasing MA content, as
is expected®** Fig. 3.2 shows the WAXD spectra of the copolymdise homopolymer
PAN shows two crystalline peaks, & 2 17° and 8 = 29°, as is reported elsewhété>>®
The crystallinity of the PAN has been attributedp@arallel alignment of molecular rods,
which results from the irregular helical confornoatiof PAN macromolecular chains through
intermolecular dipole—dipole interactions betweétnile groups'*? Upon incorporation of
MA these two crystalline peaks decrease in intgngihd became broader until they
completely diffuse. The MA causes changes in thestaline lattice when a critical MA
content is reached through interruption of the loswgge AN sequences as the MA becomes
randomly inserted along the AN chain, due to imgetibns at crystalline boundaries

produced by the bulkier comonomer. As the comonaiky) content increases the average

length of uninterrupted AN sequence decreases@dodes the crystallinity of the copolymer.

3.4.4 Positron annihilation lifetime parameters andree volume

Fig. 3.3(a) is a 3D plot relating o-Ps lifetimg)( Ty and MA content while Fig 3.3(b) shows a
correlation between gTand o-Ps lifetime. The positron annihilation lifle¢ spectra were
recorded for PAN and PMA homopolymers and copolygmef different comonomer
compositions at 25 °C. The spectra could only s®lved into three components for all
samples not four components as reported for ottystailine polymers®

It was found that upon addition of the MA contem tASTM T of the copolymers decrease
while the o-Ps lifetime increase. Although the oliRstime values of the copolymers fall
between those of the homopolymers, deviation frioealrity (solid line) was observed. The
general increase in the o-Ps lifetime followedgsidal curve with increasing MA content
as shown by the dotted graph in Fig. 3.3(b) whageagon was calculated using the Origin

7.5 programme (R= 0.995).
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Below 50% MA content there was a positive deviatioom linearity with increasing MA
content, while above 50% MA a negative deviationswibserved with increasing MA
content.

0-Ps lifetime shows a sharp increase with incregaMé content from 0% MA to 30% MA.
This is considered to be due to the enhanced mbilimolecular chains in the amorphous
regions as well as the disruption of the crystallstructure of the long range AN chain. The
PAN homopolymer chains are known to be closely pdcttue to the polarity of the cyano
group and the incorporation of MA disrupts thissdgacking, causing an increase in the hole
size3** The crystalline phases in the crystalline copolgsrare dominated by AN units so
that the amorphous phase contain more MA relativeéhe crystalline phases. The o-Ps
lifetime come from the amorphous phase hence atip®sileviation in o-Ps lifetime is
observed in crystalline polymers.

Between 40% and 60% MA content the increment gradreo-Ps lifetime is reduced so that
an inflection point from positive to negative ddiwa from linearity is observed in this
region. The onset of inflection in the—Ty curve corresponds to the point at which the
disappearance of crystalline peaks begins to berebd in the WAXD spectra of the
copolymers. In this region it seems that the inoompon of MA has a larger effect on free
volume hole number rather than the hole size s;Bs intensity shows a positive linearity
while o-Ps lifetime plateaus in this region (comgp#&ig 3.3 and Fig 3.4). This could be a
result of the larger volume methoxy group whichinsorporated randomly along the AN
chain, causing an increase in the hole numberr#thae hole size, due to the steric hindrance
effects. The loss of crystallinity at this junctureuld also contribute to the increase in hole

number.
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Fig. 3.3: (a) The effect of MA content on Tg and o- Ps lifetime, (b) relationship between
Ty and o-Ps lifetime in different poly(acrylonitrile- co-methyl acrylate) copolymers.
From 70% to 100% MA content a negative deviatioonirlinearity in thets value was
observed. Similar negative deviations have beearteg in polymer blends and attributed to
the miscibility of the blend$ due to changes in the molecular packing interastiand
favourable segmental conformatidhhe negative deviation observed here could résart
intermolecular interactions between the polymerirchendant groups, which would cause

enhanced molecular packing and hence a smaller vioheme hole size than expected.
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However, there was a sharp increase in 0-Ps lietith increasing MA content. This is as a
result of increased steric hindrances and repudsiaith an increasing number of methoxy
groups having a more significant effect on the hgilee. With increasing MA content the
intermolecular repulsions dominate the intermolacumteractions due to decreasing cyano
groups with increasing MA content, hence therenisngreased distance between the chains,
which might be responsible for the sharp increagbe o-Ps lifetime.

The 0-Ps intensity shows a more positive lineareddpnce on the MA and,Tas shown in
Fig 3.4(a) and 3.4(b), up to 80% MA, after whiclsiairts to show a slight deviation from
linearity (indicated by the dotted line). Howevéhnis linear relationship deviates from the
theoretical linearity (indicated by the solid lindhe equations of both lines were calculated
using the Origin 7.5 program {R 0.997).

Most of the copolymers studied here are glassytla@@xperiments were done below thejr T
values except for the copolymer with 90% MA and ypmtthyl acrylate (PMA)
homopolymer. It could be expected that the chamgeshemical composition that enhance
chain mobility would have the same effect on o+Rernisity as those reported for temperature
variations below a‘.s An increase in temperature in the regions of iestt mobility (T<Ty)
results in increase in free volume hole numbererathan increasing free volume hole radius.
In the copolymer system used here the additioh@MA monomer caused an increase in the
hole number @) in the 40—-60% MA content region, where the odifime value remained
almost constant. Above 80% MA the PAL measurememee conducted above thg ®f
these copolymers. As reported earfiencreased temperature abovg résult in increased
hole size rather than hole number hence this demidtom linearity in o-Ps volume intensity

at higher MA content yet an increase in o-Ps lifetivalue
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Fig. 3.4: (a) The effect of MA contenton T 4 and o-Ps intensity, (b) relationship between

T4 and o-Ps lifetime in different poly(acrylonitrile- co-methyl acrylate) copolymers.

Equation 3 was used to calculate the relative ivaat free volume in the different

copolymers and the results were plotted agaipsad shown in Fig 3.5.
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Fig. 3.5: Variation of relative free volume in poly  (AN-co-MA) as a function of increasing

MA content.

The fractional free volume also follows a sigmoidalve with decreasing,T Below 50%
MA content the fractional free volume shows a dligbsitive deviation from linearity while
above 50% MA a negative deviation from linearitysnabserved for much the same reasons

stated earlier.
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3.5 Conclusions

The free volume properties, the crystallinity ahd Ty of poly(AN-co-MA) copolymers are
dependant on the copolymer compositions. WAXD gspechowed that copolymers
containing more than 60% AN had a crystalline ften peak while those with less than
60% did not exhibit any crystalline peak, thus simgwtotal disruption of crystallinity in
copolymers with high MA content. The ASTM,; Tinearly decreased with increasing MA
content due to the enhancement of chain mobilitye ©-Ps lifetime followed a sigmoidal
increase with decreasing.TThere is a positive deviation at low MA conteatsl a negative
deviation at high MA content. The positive deviaticesulted from the differences in MA
content between the amorphous and the crystallvasgs. The onset of inflection coincides
with the disappearance of the crystalline peak. THegative deviation could be due
intermolecular interactions. This deviation of olifstime with regard to J exists despite the
linear relationship between the MA content and e However, there was a linear
dependence between o-Ps intensity agdficopolymers with J values below measurement
temperature, but the fractional free volume showesigmoidal increase with decreasing T
The increases in 0-Ps lifetime (related to the fr@leme hole size), o-Ps intensity (related to
free volume hole number), and the fractional fredume are a result of improved chain
mobility and reduced packing brought about by ditons in the AN sequence in the

poly(AN/MA) copolymers upon MA incorporation.
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Synthesis and characterisation of poly(AN/MA)/alapocomposites
CHAPTER 4

Synthesis of poly(acrylonitrile-co-methyl acrylatejclay
nanocomposites via emulsion polymerisation and thei

characterisation

4.1 Introduction

The enhanced mechanical properties reported foorNglclay nanocompositégelative to
the neat polymer, prompted increased interestarfithd of nanocomposites because of their
interesting morphological structures and mechanjoalpertie$*® Numerous types of
polymer clay nanocomposites (PCNs) have since pespared and their properties studied in
an effort to enhance the properties of the neatrpet.*

PCNs are made by dispersing nanosized clay in gnmmol matrix. Incorporated clay
nanofillers add value to the properties of the mal® they are incorporated in, without
compromising the processibility and mechanical props of the material, due to the strong
interaction occurring between the clay and the mpelymatrix itself:>

PCNs have been reported to be lighter in weightehenhanced flame retardar¢yand
thermal stability’ as well as enhanced gas barrier propetfiesiative to the corresponding
neat polymer materi&l®*’

In order obtain a homogeneous system, clay is lysoetdified by organic modifiers, such as
guartenary ammonium compounds, before polymerisatiakes place. This improves
compatibility between the highly hydrophilic claypdathe hydrophobic polymer chains, as
well as increasing the basal spacing between theptatelets, thus promoting the penetration

of monomers and polymer chains between the plateBHoiet al'®*

reported the use of 2-
acrylamido-2-methyl-1-propanesulphonic acid (AMRS) both a reactive surfactant and a

clay modifier to obtain nanocomposities with exdtéd morphology, using in situ
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polymerisation methods. They reported that AMPSodwts on the surface of the galleries

through ion exchange, by a mechanism similar tot ttegorted for alkylammonium
compound£’?!In a recent paper, Greeshal®? disagree with this mechanism, but agree that
AMPS is able to penetrate the clay galleries argbdwion the clay surface, thus increasing
the basal spacing, to promote exfoliation durinlyperisation.

Copolymers of acrylonitrile (AN) and methyl acr@a(MA) are commonly used as carbon
fibre precursors. They are also used in packagpmications because of their outstanding
gas barrier properties. Currently, poly(acrylotetto-methyl acrylate) (poly(AN-co-MA))
based packaging films are readily available underttade name Baréxbut no reports have
been found on the preparation of nanocompositési®topolymer.

This study focuses on the preparation of poly(ANMA)/clay nanocomposites via emulsion
polymerisation using AMPS as clay modifier, sodidodecyl sulphate (SDS) as surfactant
and the water soluble initiator potassium persulpligPS). Nanocomposites of different clay
content were prepared from copolymers made usiognzonomer feed ratio of 60% AN and
40% MA (mol:mol). The conversions, copolymer composs and particle sizes of the
nanocomposites were investigated as a function Iy ccontent. Morphological
characteristics, thermomechanical properties aedrthl stability of these nanocomposites

were also investigated with respect to clay content
4.2 Synthesis of poly(AN-co-MA)/clay nanocomposites

4.2.1 Materials
Sodium-montmorillonite (Na-MMT) with a cationic exange capacity (CEC) of 92.6
mequiv/100 g clay was obtained from Southern Claydicts, USA. The monomers AN and

MA were supplied by Merck, and passed through amala column to remove the inhibitor
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prior to use. The surfactant, SDS, the initiatoRS{ and the clay modifier, AMPS, were

supplied by Aldrich, and used as received.

4.2.2 Preparation of nanocomposites

4.2.2.1. Preparation procedure

The procedure for the preparation of the neat gopet was described in Section 3.2.2. An
example of typical procedure used to prepare thme@mposites is described here for the
nanocomposite with 7% clay content.

Na-MMT (1.08 g) and AMPS (0.21 g: 1.0 x ifol) were dispersed in water and stirred for
24 h in a three-neck flask, connected to a condeasd a nitrogen inlet. A mixture of
monomer (AN and MA) (3.70 ml, 1:1 v/v) was then eddto the clay dispersion. The
resultant mixture was stirred for 30 min, then satéd at 36C for 30 min at 90% amplitude
(the average sonication energy was 30000 KJ). &@maining comonomer mixture (AN/MA)
(8.6 ml) was added to the sonicated mixture togetlith SDS (0.76 g: 2.6 x 10mol) and
the resultant emulsion stirred at room temperdra further 30 min, under nitrogen, before
increasing the reaction temperature to 70 °C. A&erperature equilibration, degassed KPS
solution (10 ml: 3.7 x 7®mol) was added and the polymerisation was camigdt 70 °C for

2 h. Formulations used for all samples that weepared for use in this study are shown in
Table 4.1 The resultant nanocomposites were ptat#oi in methanol and then washed with
ethanol and with water. Finally, the copolymer nmoraposites were then dried under
vacuum at 60 °C to constant weight.

4.2.2.2 Polymer recovery

Samples of the nanocomposites to be used for SHONMR analyses were recovered from
the PCNs by removing the clay as follows.

A sample of precipitated polymer (1.00 g) was digsd in a DMF/LICI (80 g/0.3 g) solution
in a three-neck round bottom flask fitted with adenser and nitrogen inlet. The mixture was

stirred at 80 °C under nitrogen for two days. Thgtumne was then centrifuged at 4400 rpm
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for 60 min to separate the clay platelets from ploéymer solution. The supernatant was
filtered using a 0.4wum membrane to remove any silicates and unwantedeggtes. The
filtrate was then precipitated in methanol. Theokered polymer was washed with ethanol

and with water, and then vacuum dried at 60 °C.

Table 4.1: Formulations used in the preparation oAN/MA copolymer nanocomposites of

varying clay content.

Reagent Clay content
0% 1% 3% 5% 7%
Acrylonitrile (mol) 0.09 0.09 0.09 0.09 0.09
Methyl acrylate (mol) 0.06 0.06 0.06 0.06 0.06

Clay (g) 0 0.11 0.32 0.54 1.08
AMPS (mol) 0 9.7x180 29x10* 48x10° 1.0x10°
SDS (mol) 26x18 26x10 26x10° 26x10° 26x10
KPS (mol) 37x1d  37x100 37x10" 37x10"® 3.7x10
Water (ml) 150 150 150 150 150

4.3 Characterisation

4.3.1 Dynamic light scattering
Particle sizes of the resultant emulsions were rdeteed using dynamic light scattering
(DLS). A Malvern Zetasizer ZS90 apparatus was u3ée samples were first diluted to a

five times dilution using deionised water beforénlgeanalysed.

4.3.2 Size exclusion chromatography

The molecular masses of the neat copolymer and lympeo recovered from the
nanocomposites were determined using size exclusiommatography (SEC). This was done
using a Waters 150C ALC/GPC chromatograph and a@Ralumn. A copolymer sample
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weighing 0.02 g was dissolved in N-methyl-2-pymnalione (NMP) and 0.1 M lithium

chloride (LiCl). A temperature of 70 °C and a floate of 1 ml/min were used.

4.3.3 Proton nuclear magnetic resonance spectrosgop

The copolymer compositions were determined usimgopr nuclear magnetic resonanée (
NMR) spectroscopy. The NMR spectra were obtainedgua Varian VXR-Unity 400 MHz
instrument. The copolymers were dissolved in detter dimethyl sulphoxide (DMSP The
chemical shifts are reported in parts per millipprQ), using tetramethylsilane (TMS) as a

reference.

4.3.4 Fourier transform infrared spectroscopy
Fourier transform infrared (FTIR) spectra were rded using a Perkin Elmer 1650 Fourier

transform infrared spectrophotometer. Thirty twarscwere recorded for each sample.

4.3.5 Transmission electron microscopy

The morphology of the clay particles in the nanoposites was directly visualized using

transmission electron microscopy (TEM). Bright TEMhages for the latex and the

microtomed samples were recorded on a JEM 200 @isinission electron microscope at an
accelerating voltage of 120 kV. Latex samples wihheted with water and then placed on a
300-mesh copper grid. The latexes on the grids w&amed using acetylaldehyde before
being placed in the TEM apparatus for analysisnThins were made by compressing the
precipitated polymer, and embedding these samptespoxy resin, followed by curing at 55

°C for 48 h. They were then microtomed to 100 nioktislices with a diamond knife on a

Reichert Ultra cut S ultra microtome, at room tenapgre. The microtomed sections were

then transferred onto a 300 mesh copper grid.
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4.3.6 Small angle X-ray scattering

The dispersion of the clay platelets was analysedgusmall angle X-ray scattering (SAXS).
SAXS measurements were recorded using a rotatipgezcanode X-ray source (functioning
at 4 kW) with a multilayer focusing ‘Osmic’ monocimnator giving high flux (1®photons/s)

and punctual collimation. Analyses were performed itransmission configuration at 298 K
using a 2D ‘image plate’ for detection. Diffractipatterns were obtained, giving the intensity

as a function of the diffraction angle.

4.3.7 Dynamic mechanical analysis

Dynamic mechanical analysis (DMA), to determine sih@rage modulus (5 loss modulus
(G") and tan §) of the copolymer films, was carried out usingAamon Paar Rheometer in
oscillatory mode, from 50 °C to 120 °C, at a heptate of 4 °C/min, using a 25 mm diameter
plate geometry. All tests were done under 0.1% rdedition and 10 N normal force at a
frequency of 1 Hz. The samples were moulded ins& dhaped films by compression at 150

°C. The thickness of all samples was in the rangel00 mm.

4.3.8 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used to deieenthe thermal stability of both the

nanocomposites and the neat copolymers. A PerkileETGA 7 instrument was used for
TGA analyses. The experiments were carried out mwadgtrogen atmosphere, at a flow rate

of 5 ml/min. Using a heating rate of 15 °C/min, teeperature was increased from°Zsto

590°C. Powder samples were used here.
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4.4 Results and discussion

The results from the different analyses were useotapare the nanocomposites of different
clay contents. The effect of clay incorporation vimgestigated by comparing the results of

the nanocomposites with the results of the neablgoyer.

4.4.1 Monomer to polymer conversion

The conversions of monomer to polymer, over timegewebtained using a gravimetric
method. Conversions at different time intervalsevaronitored at, 10, 30, 60 and 90 min, by
first drying the polymer latex and the weighingThe mass of the dried yield was used to

calculate conversion using equation 4.1.

Conversion (at time t) (%) =ﬂ><1OO (4.1)
Expected
Yield= "2
L

where B is the mass of dry polymer and L is mass of latex

The neat copolymer and the nanocomposites showaiivety fast polymerisation rates and
the maximum conversion was obtained after 90 mim. &1 shows a graph of the conversion
against time of the different nanocomposites. Higimonomer conversions of up to 80%
were obtained at all clay loadings. The comonomenversions were similar to the

conversion of the neat copolymer, meaning thatiricerporation of clay did not affect the

final comonomer conversion. Moraest al?*

prepared polystyrene-montmorillonite
nanocomposites in miniemulsion using conventioree fradical polymerisation and reported
similar results, but did not give explain the résuDn the other hand, results obtained here
differ from those reported by Samakaneeal'’ for poly(styrene-co-butyl acrylate)/clay
nanocomposites. They observed a decrease in thallogeenversion with increasing clay

loading. They reported on the use of controlled/marisations and attributed the decrease in

conversion to polymerisation to the presence of RAgents.
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Fig. 4.1: Percentage conversion of monomer in the n eat copolymer and

nanocomposites as a function of reaction time.

4.4.2 Particle size

The particle sizes of the nanocomposite latexe® i@und to increase with increasing clay
loading, as illustrated by DLS and TEM results ig.M.2(a) and Fig. 4.2(b), respectively.
However, particle sizes determined by TEM (appr@temaverage particle size 48 nm for 5%
clay nanocomposite) were found to be lower tharsehobtained by DLS (approximate
average particle size 88.3 nm for 5% clay nanocaitgp This variation is due to the
differences in mode of operation of the two anabljtiechniques. The increase in particle size
with increasing clay loading could be a resulthe tncorporation of clay platelets inside the
copolymer particles. The TEM results (Fig. 4.2&)pgest that the clay is incorporated into
the copolymer particles even at high clay loadipgsause no clay platelets were observed in
the aqueous continuous phase. The effect of thesaiwd the AMPS on the particle size was
considered to be negligible due to the small ansuiitised, relative to the other monomers

(see Appendix D).
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@
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Fig. 4.2: (a) Average particle size of poly(AN-co-M A) latexes with increasing clay
loadings, determined by DLS, (b) TEM image of poly( AN-co-MA)/5% clay emulsion

latex.

4.4.3 Copolymer composition

r——r -~ t1 1 "~ 1 "~ T17T "7 ‘"7 " T T * 1 " 1 °* 71T
40 38 36 34 32 30 28 26 24 22 20 18 1.6

Chemical shift (ppm)

Fig. 4.3: *H NMR spectrum of the organic copolymer fraction re  covered from poly(AN-
c0-MA)/3% clay nanocomposite (Solvent:  DMSO-46)

A series of nanocomposites with different clay ogd was prepared using the same
monomer feed composition of AN:MA (60%:40%, mol:iivil all cases. Fig. 4.3 shows'td
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NMR spectrum of the polymer recovered, through rexeion exchange, from | the
nanocomposite containing 3% clay. The results efhinocomposites containing 1%, 5% and
7% clay are shown in Appendix E.

The copolymerisation of the monomers, AN and MA;(® 0.78 + 0.02,a = 1.04 £ 0.02)2,5

is known to produce random copolymers with the Métributed along a polymer chain that
is dominated by AN units in high AN containing ctpuoers?® Despite the different clay
loadings used in the study for the preparatiorhefrtanocomposites the spectra were similar.
The'H NMR spectra here agree with that for random paN#co-MA) reported by Wile$!
thus confirming that copolymerisation took plackeTcopolymer composition was calculated
using the method outlined in Appendix B. The cadtedl copolymer compositions at different
clay loadings are shown in Table 4.2. Fig. 4.3 shtivat the peak in the region 3.6-3.8 ppm
(x) was due to the resonance of the protons ofrtehnoxy group of the MA units only while
the protons of the methylene units from both conmegounits gave the broad peak at 1.6-2.2
ppm (y). The protons of the methine units of batmonomers gave a peak in the region 2.6—
3.2 ppm (z). The single peak at 3.3 ppm is duesites of water in DMSQs.

The content of MA was found to be slightly higher the copolymer than in the feed
composition. A similar but unexplained result waported by Izumi and Kitagawa.lt is
proposed that this could be due to the slight chifiee in the water solubility of the two
monomers. Since the AN solubility (7.2 g/100 g whie slightly higher than that of MA (5.2
g/100 g water) the copolymer particle would contaiore MA relative to AN, and hence the
copolymer will contain more MA than AN.

The number average molecular weight (Mn) valuesedse with increasing clay loading.

Similar results are reported elsewh&&3°Xu et al®! and Kimet al*

reported no change in
the Mn value with increasing clay loading. Theyibtited this to crowding of the AMPS and
monomers around the clay so that the overall r&tpotymerisation is decreased. On the

contrary, the impurities in the clay galleries #meught cause a reduction in the molecular
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weight. The poly(AN-co-MA)/clay nanocomposites shealvhigh PDI values. This could be
because the propagation in clay-free micelles gieldry high molecular weight products,
while micelles with clay yield low molecular weightoducts in the clay gallerié&This is in

agreement with the impurity proposal.

Table 4.2: Molar ratios for the copolymer compositbns (Fav and Fua), number average
molecular weight (Mn), polydispersity index (PDI), glass transition temperature (Ty),
temperature at 50% weight loss (T and the residual mass of the poly(AN-co-MA)

nanocomposites.

Clay AN units MA units Mnx DI °Tg ‘Tg Tso  Residual
content ratio in ratio in 10° onset (°C) (°C) mass
(%) copolymers copolymers (g/mol) (°C) (%)
Fan Fua
7.0 0.552 0.448 1.45 8.62 68.3 71.6 409 29
5.0 0.574 0.426 1.35 9.12 68.2 71.3 407 26
3.0 0.580 0.420 1.32 6.84 68.1 70.9 404 25
1.0 0.585 0.415 1.90 9.84 684 71.0 401 24
0.0 0.583 0.417 3.29 584 67.9 70.9 400 21
%PDlI = Mw/Mn, "Temperature from extrapolated onset of storage fneddecrease,

“Temperature from the loss modulus peak (accordir®STM D4065)

4.4.4 Clay dispersion in nanocomposites

The clay dispersion in the polymer matrix and therphologies of the different
nanocomposites were studied using FTIR, SAXS and.TE

FTIR was used to monitor the presence of inorgelaig filler and the organic polymer matrix
in the nanocomposites. Fig. 4.4 shows the FTIR tspexf pure AMPS, neat poly(AN-co-
MA) copolymer, a nanocomposite with 7% clay loadiagd pure Na-MMT clay. Appendix F

includes the FTIR spectra of the other nanocomessitith different clay loadings. The Na-
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MMT spectrum exhibited typical absorption band§28 cm® (Al-O bending), 1046 cHw(Si-

O stretching) and 3632 ¢h{O-H stretching). The neat copolymer spectrum sftbbands at
1167cm' (C-O stretching), 1447 ¢m(C-H bending), 1738 cth(C=0 stretching), 2242 ¢
(C=N stretching)’® and 2960 cm (C-H stretching). The AMPS spectrum shows bands at

1550 cnt (N-H bending) and 1622 ¢(C=S vinylic stretching¥?

400 7% nanocomposite

(d)
300
Na-MMT clay

J \If
f\/j\ ©
200 neat Poly(AN-co-MA)
100 H
| AMPS
(@
0 . . . . T

T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Transmittance (%)

Wavenumbers (cm—l)

Fig. 4.4. FTIR spectra of (a) AMPS, (b) neat poly( AN-co-MA), (c) pristine clay and (d)

poly(AN-co-MA)/7% nanocomposite.

The nanocomposites exhibited characteristic peék=oth the neat copolymer and the Na-
MMT clay, hence demonstrating the presence of blatyr and polymer matrix in the PCN. In
the spectrum of the 7% nanocomposite, absorptiomiat 522 ci, 1046 cnt, 3425 cnit
and 3632 crl originated from the Na-MMT, while those at 1167 ¢ri447 cni, 1738 cnit,
2242 cnmi and 2960 ci originated from the copolymer. However, no typiedsorption
bands of the AMPS were visible in the nanocopoditgsause only a small quantity of AMPS
was utilised. AMPS is however believed to have hieearporated in the nanocomposites, as

has been reported elsewh&té’
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TEM images (see Flg 4. 2(b)) of the nanocompos#esieous dlsperélyolns d|d not show any
free clay particles in the aqueous phase, evemghtdiay loadings. These results qualitatively
indicated that the clay was incorporated in theypar particles. Microtomed samples of
films of the precipitated nanocomposites confirntedt clay was incorporated into the

copolymer matrix.

Fig. 4.5: TEM images of the extracted poly(AN-co-MA )/7% clay nanocomposite: (a) at
low magnification (bar = 200 nm), showing uniform d ispersion of the clay in the

polymer matrix and (b) at high magnification (bar = 50 nm), showing partial exfoliation.

TEM results (Fig. 4.5(a), (b)) of the microtomekins showed that there was a homogeneous
dispersion of clay in the copolymer matrix. Ther@swio major difference in the morphology
when the clay loading was increased as all sanghesved partially exfoliated structures
(Fig. 4.5 and Appendix G). Cheit al.'®* on the other hand, reported exfoliated structures
for nanocomposites containing up to 20% clay wheoess (well above 100% cationic
exchange capacity (CEC) of clay) AMPS was used @ la modifier and a reactive
surfactant. Although AMPS equivalent o 100% CEC wsed in this study, exfoliated PCNs
were expected since it is reported that the amoUAMPS that intercalates between the clay
galleries before polymerisation is independent ofargity above 100% CE&. The

differences between the morphological results founthe study and those reported by Choi
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indicate that the morphology is dependent on thantity of AMPS used and the

polymerisation technique used.

The degree of order within the nanocomposites waasared by SAXS. The MMT clay
showed a diffraction peak a®2= 7.7° corresponding to a d-spacing of 1.14 nmthia
nanocomposites this peak was shifted to lower atiffon peaks and the peak intensities

significantly decreased, as shown in Fig. 4.6.

Arbitrary intensity

20

Fig. 4.6: SAXS patterns of poly(AN-co-MA)/Na-MMT na nocomposites with different clay

loadings: (a) 0%, (b) 1%, (c) 3%, (d) 5%, (e) 7% an d (f) pristine clay.

The SAXS results showed that the extent of exfiolimtemained fairly constant regardless of
the clay loading. The change in peak intensitieshef nanocomposites with different clay
loadings was attributed to the differences in daptent within the nanocomposites. The d-
spacing of the nanocomposites showed that polyrhains were intercalated between the
clay platelets although they did not cause totdbleation.3**** This confirmed the results

obtained from TEM analysis, which showed partidbé&ation in all the nanocomposites.

68



Synthesis and characterisation of poly(AN/MA)/alapocomposites

4.4.5 Thermomechanical properties

The dependence of storage modulus, loss modulusdamgping factor on temperature is
shown in Fig. 4.7(a), 4.7(b) and 4.7(c), respettivin Fig. 4.7(a) the DMA results show
enhanced storage moduli for the PCN materials coedpto the pure copolymer, over the
entire temperature range explored (50-120 °C)abeve and below the,TThe effect of clay
loading on the storage modulus was however fourftetonore pronounced above thg as
shown in Fig. 4.7(a). An increase in storage maoslisugenerally observed in PCKs®3’
This is attributed to the strong interaction takipigce between the clay platelets and the
polymer chain constituting the matrix because pédeact as rigid links between the polymer
chains. The polymer chains thus confined in thenitic of the clay platelets become
immobilised. Choiet al'® and Kodgireet al®’ also reported that the degree of intercalation
and clay dispersion affect the storage modulus.

The onset of J and the (ASTM) § were taken from the extrapolated onset of storage
modulus decrease and the extrapolated maximum rosdulus peak, respectively (see
Appendix 3). The results in Fig. 4.7(b) and Tablg dhow no major change ing ith
increasing clay loading, similar to the resultsoméed by Moraest al?* This is however
contrary to what was reported by Agagal®®*° for the clay nanocomposites of polyimide
and polybenzoxazine. They reported thgintreases with increasing clay loading due to the
maximised adhesion between the polymer chains b@dlay platelets and the polymer is
more immobilised.

Fig. 4.7(c) shows that the temperature taken atmbg&imum damping factor peak did not
shift towards higher temperatures, as could haen xpected’ A peak shift towards high
temperature with increasing clay loading is atti#outo an increase ingTcaused by the
hindered cooperative motion of the polymer ch&nslowever, in the present study the
temperature at the maximum tay) yalue was found to decrease with increasing ctayent,

as is reported elsewhere for poly(vinyl alcohopdiaite nanocomposités:*
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Fig. 4.7: Dynamic mechanical properties of the copo lymer recovered from the
nanocomposites as a function of temperature: (a) st orage modulus, (b) loss modulus

and (c) damping factor.

4.4.6 Thermal stability

The neat copolymer and the nanocomposites showasithermal decomposition behaviour.
The neat copolymer does not completely decomposeolmerved in other polymer

systems?3 This is due to the intra- and inter-molecular isation that takes place upon
heating to form ring structures, which are resistarthermal degradation. For this reason it
has been reported that pure PAN yields residuepofou70% In the present study a

residual mass of up to 21% for the neat copolymes wbserved, indicating that the
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cyclisation process does indeed take place. Theapility of cyclisation decreases with

increasing MA content as MA hinders the cyclisagwoces$**

— Poly (AN-co-MA )/7% clay
- - = - Poly (AN-co-MA )/5% clay
— - —- Poly (AN-co-MA)/3% clay
- - - - Poly(AN-co-MA)/1% clay
== Poly(AN-co-MA /0% clay
80
g
2 60
=
40
20 . | | I ) ! '

Temperature ( 0C)

Fig. 4.8: TG thermograms for copolymer nanocomposi tes and neat copolymer.

Fig. 4.8 shows that the nanocomposites were sjigitbre thermally stable than the neat
copolymer, which is in agreement with other literat report$:*32°31 The temperature at
which 50% weight loss occurred increased with iasieg clay loading, as shown in Table
4.2. This is explained in terms of the clay’s @pilo act as an insulator between the polymer
and the decomposing zone. It also forms a char ahegt as a mass transport barrier and
restricts thermal motion of the polymer localisedtie clay gallerie8.

The residual amount of the nanocomposites alseasad with increasing clay loading from
21.5% for the neat copolymer to 29.0% for the 7%atamposite, as shown in Table 4.2.
This is due to the increasing content of the thdynstable nanosilicates that are dispersed

within the polymer matrix.
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4.5 Conclusions

Poly(AN-co-MA)/clay nanocomposites with up to 7%aygl content were successfully
prepared via batch emulsion polymerisation, usidPS as a compatibiliser. Stable PCN
latexes were obtained and the incorporation of steywed an increase in the particle size. On
the other hand, the clay did not affect the overativersion and the copolymer composition
remained fairly constant with increasing clay cott&AXS and TEM results showed that the
PCNs were partially exfoliated and the morpholo@sviound to be rather invariable with the
clay loading. The PCNs produced exhibited enhanmegberties, such as an increase in
storage modulus and thermal stability. These imgmoents are due to mainly the variation in
clay content in the different copolymers rathemtimaorphological variations. They Values

of the nanocomposites remained fairly constant, aede similar to the J of the neat

copolymer.
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CHAPTER 5

Rheological properties of poly(acrylonitrile-co-mehy!

acrylate)/clay nanocomposites

5.1 Introduction

Polymer/clay nanocomposites (PCNaje relatively new materials, and have attractedtg
interest, both industrially and academically. S&isdon properties of PCNs in comparison to
their neat polymefé have revealed that the PCNs have enhanced prepeaid that the
morphological properties of the PCNs also contgbiat the observed enhanced propetties.
The focus in PCN studies to date has been mainlgwonmorphological featurés, i.e. the
exfoliated structure and the intercalated structiaterials with such morphologies exhibit
improved properties when compared to the neat pealgmand conventional
microcomposite$®*? In the exfoliated structure the clay platelets fanely dispersed in the
polymer matrix so that there is no order within fhlatelets, and they exist independently.
However, in the intercalated structure the polymiegins diffuse between the clay galleries
but the platelets remain orderly stacked, althotighspaces between the platelets increase
slightly ®*3 Since these morphological structures contribugmiicantly to the mechanical
properties of the resultant material, various tégis have been used to characterise the
morphology of PCNSs, particularly transmission aleat microscope (TEM) and X-ray
diffraction (XRD).

Rheological properties have been correlated to nterostructure, the particle size and
dispersion of the nanofiller within the polymer mrat**> Hence the rheological properties
have also been used to obtain indications of thephwogical structure of PCN8® The
dependence of the slope of the storage modulusdimviog) plotted as a function of the

oscillation frequency (in log) indicates the degoééispersion of the clay nanofillers with the
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polymer matrix"*8 At low frequencies the slopes for molten homopaysnhave been found
to be equal to 2.0, and equal to 0 or 1 for thels@mopolymers®*92°

Rheological properties of PCNs such as storage msgduiscosity, and loss modulus in the
molten state provide useful information on the nmtiperties of the PCNs. Lotét al*
studied the rheological properties of HDPE/clay awmposites and found that the
nanocomposites exhibited early shear thinning anoherease in the storage modulus, which
improved the elasticity of the material, resultimg a stable inflated bubble during film
blowing. An increase in shear thinning behaviouthwincreasing clay content has also been
reported:®?! The increased shear thinning and the shiftinghefdnset of shear thinning to
lower frequencies in nanocomposites have beerattrd to the ability of the clay platelets to
align along the direction of shear under high shates®%'?2

This study describes rheological studies of polylaoitrile-co-methyl acrylate)/clay
nanocomposites (poly(AN-co-MA/clay) with differenlay contents, prepared via emulsion
polymerization, using 2-acrylamido-2-methyl-1-prapaulphonic acid (AMPS) as the clay
compatibiliser. Although some rheological propestibave been reported for the neat
poly(AN-co-MA) copolymer, they focused on low molggr weight products made via
solution polymerisatiof®? The focus is now on the impact of clay incorpamaton the melt

flow properties such as storage modulus, complegogity, relaxation behaviour and shear

thinning, as well as evaluating the thermal stgbdf these PCNs.

5.2 Synthesis of poly(AN-co-MA)/clay nanocomposites

5.2.1 Materials
The materials used for the preparation of thesecmmnposites were described in Section

4.2.1.
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5.2.2 Preparation of nanocomposites

The procedure used for the preparation of the pdly¢o-MA)/clay nanocomposites was

described in Section 4.2.2 and the preparatioheheat copolymer in Section 3.2.2.

5.3 Analyses

Most of the details pertaining to the characteiasabf the nanocomposites used in this study
were described in Chapter 4. The procedures usdidear rheology and Fourier transform

infrared (FTIR) analyses are described here.

5.3.1Frequency sweep test

Frequency sweep measurements were performed usilgysica MCR 501 in oscillatory
mode, with parallel plate geometry (25 mm diameténe measurements were carried out at
180 °C, using an angular frequency range of 10@-ta@/sec, under a 10 N normal force. A
constant strain of 0.1% was used, which is withm linear viscoelastic (LVE) range. Before
conducting the measurements the samples were nubuitke circular discs at 150 °C. The

disc samples were 40 mm in diameter and the sathiglness in the range 0.8—-1.2 mm.

5.3.2 Fourier transform infrared

Fourier transform infrared (FTIR) spectra were rded using a Perkin EImer 1650 Fourier
transform infrared spectrophotometer. Thirty twarsc were recorded for each sample.
Circular disc samples, approximately 10 mm in dieanemade by pressing the polymer

samples at 150 °C, were used in this analysis.
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5.4 Results and discussion

5.4.1 Characteristics of nanocomposites
The nanocomposites produced were partially exfdiags evident from TEM and SAXS

results in Fig. 5.1(a) and Fig. 5.1(b), respectivel

Fig. 5.1: (&) TEM image of a poly(AN-co-MA)/7% clay = nanocomposite and (b) SAXS
results for: (a) neat poly(AN-co-MA), (b) 1% clay n anocomposite, (c) 3%

nanocomposite, (d) 5% nanocomposite, (e) 7% nanocom  posite, and (f) pristine clay.

TEM images give a visual representation of the alisipn of the clay platelets within the
polymer matrix. The platelets are clearly seen ask dstripes, showing the extent of
exfoliation. Fig. 5.1(a) and Appendix 7 show thae platelets are partially exfoliated within
the polymer matrix and finely dispersed throughtiwg polymer matrix irrespective of the
clay content. TEM results are supported by SAXSiltesFig. 5.1(b) shows that the peak in
the Na-MMT (D = 7.7°, d = 1.14 nm) shifts to smaller anglesjdating an increase in the d-

spacing between the clay sheets, up to 3.5 nm. ilMbease in peak intensity in the
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nanocomposites with increasing clay content wasbated to the increase in clay content,

while the extent of exfoliation remained almost teme for the different clay contents
studied. Both the TEM results and the SAXS reshitsved that the PCNs were only partially
exfoliated.

Table 5.1 tabulates the number average moleculaghtyehe storage modulus and complex
viscosity at angular frequency of 108, $or poly(AN-co-MA) copolymer with different clay

loadings.

Table 5.1: Number average molecular weight (Mn), pgdespersity index (PDI), storage modulus

(G') and the complex viscosity at 100’ of poly(AN-co-MA)/clay nanocomposites

Sample Mn x 10 *PDI G' (Pa) Complex viscosity

(g/mol) at 100 & at 100 &
Poly(AN-co-MA)/7% clay 1.45 8.62 2.96 x 16 3.20 x 16
Poly(AN-co-MA)/5% clay 1.35 9.12 2.31 x40 2.30 x 10
Poly(AN-co-MA)/3% clay 1.32 6.84 1.49 x%0 1.50 x 18
Poly(AN-co-MA)/1% clay 1.90 9.84 6.88 x 10 8.20 x 16
Poly(AN-co-MA)/0% clay 3.29 5.84 3.68 x10 5.30 x 16

*PDI: Mw/Mn

The Mn values decreased significantly upon thetamdof clay. This indicates that the clay
plays a significant role in the propagation stegirdy the polymerisation reaction. As
expected from emulsion polymerisations, producth welatively higher molecular weights

were obtained compared to products from solutidgrperisations™
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5.4.2 Rheology results

5.4.2.1 Linear viscoelastic range

In order to determine the oscillation amplitude. ithe range within which the polymer
structure is unaffected by the deformation app(teé LVE range), an amplitude sweep was
performed at a constant frequency of 5 Hz. The l&iige is described by a constant storage
modulus before the storage modulus shows a grdmuaiteep decrease. Fig. 5.2 depicts the

effect that the oscillation amplitude has on thefi@m 0.01 to 100% strain.

T
S
]
=}
=
©
<}
1S
]
(2]
o
=
n

10" - O Poly(AN-co-MA)/7% clay
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Fig. 5.2: Strain amplitude sweeps for neat poly(AN- co-MA) and 3%, 5% and 7% clay

nanocomposites at a constant oscillation frequency of 5 Hz.

It is interesting to note that the LVE upper boarydincreased from 1% for the neat
copolymer to 5% upon incorporation of 3% clay itib@ polymer matrix. However, as the
clay loading increased the LVE upper boundary desed monotonically, probably due to the
increased restriction of polymer chain motion. @@ other hand the G' within the LVE range

increased with increasing clay content, as is tegoglsewheré®?’
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Despite this behaviour, the LVEs of the sampledistlihere were within the 0.01-1% strain

range, except for the sample with 3% clay cont€he frequency sweep measurements were
therefore carried out at 0.1% strain, which is witthe LVE of the nanocomposites and the

neat copolymer.

5.4.2.2 Frequency sweep

Fig. 5.3 shows the relationship between the G' #m oscillation frequency for the
nanocomposites with various clay loadings. G' wasnél to increase monotonically with
increasing clay content over the entire frequerge. G' values at high angular frequency,
tabulated in Table 5.1, showed a sharp increaseimgreasing clay content. This is attributed

to the strong interaction between the polymer &edctay??
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Fig. 5.3: Storage modulus versus frequency sweep fo  r neat poly(AN-co-MA) and 1%,

3%, 5% and 7% clay nanocomposites.

The G' values of the neat copolymer and the 1% cmmposite did not show any low

frequency plateaus as did the samples with higlagrloadings. This indicates that in the 1%
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nanocomposite the polymer matrix dominates the o@kstic properties rather than the

clay*# Since PCNs with a clay content as low as 3% etédba plateau at low frequencies,
one can speculate that the percolation thresholdnighe region of 1.5-2.5% clay
content'®2"?8 At this clay content the polymer and the clay betgi form an interconnected
3-dimensional network structut&??®The 3-D network structure is a characteristicighty
filled polymers in which a percolated structurefasmed. The plateau behaviour has been
reported to be an indication that the PCNs act ddisl-Bke viscoelastic materials in the
frequency domain considered, or as viscoelastid€lwith infinitely long relaxation time%.

Fig. 5.4(a) and 5.4(b) shows plots for G' and lmexlulus (G") as a function of the angular
frequency for the neat copolymer and the nanocoitgusth 7% clay, respectively. The G’
and G" vs angular frequency curves of nanocomgmsyith 1%, 3% and 5% clay content are
shown in Appendix H. Throughout the frequency ratige G' values are higher than the G"
values for both the nanocomposites and the unfidigablymer. No crossover point between
G' curves and the G" curve was observed, (see 54, as would be expected for a
conventional viscoelastic material shifting fromliddike to liquid-like behaviour at
frequencies below the relaxation time of the polyroleains at a given temperature in the
molten state. When G'>G" a material exhibits stikd behaviour and when G'<G" a material
exhibits liquid-like behaviouf? The results obtained here show that all samplesvet
typical solid-like behaviour throughout the frequgmange, despite all measurements being
recorded at a temperature above theoT all the samples. The poly(AN-co-MA) and its
nanocomposites exhibit relaxation times much longean the domain of frequencies
evaluated.

Poly(AN-co-MA) and its nanocomposites exhibited higomplex viscosities. Table 5.1
includes the complex viscosity values for the défé nanocomposites at 100. sThese
values were taken to represent the initial complsgosity (complex viscosity ag)t The high

values observed were attributed to the high moteaukights of the polymer matrix.
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Furthermore, an increase in viscosity with incnegsilay content was observéd, as shdwn in
Fig. 5.5, although the nanocomposites had loweeowr weights than the neat copolymer.
This demonstrated that the melt flow propertieseandwminated by the clay filler rather than
the continuous polymeric matrix. Such an increase the complex viscosity with
incorporation of clay is reported to be causedh®y accurrence of interactions between the

dispersed clay filler and the polymeric mafifxThis hinders chain motion.
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Fig. 5.4. Storage and loss modulus of (a) neat poly (AN-co-MA) and (b) poly(AN-co-

MA)/7% clay nanocomposites as a function of angular frequency.
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Fig. 5.5 shows that all samples exhibit shear thioprbehaviour, even the neat copolymer.

The shear thinning in nanocomposites is a resutiiaf’'s ability to align in the direction of
shear at high frequenci&$>“? However, none of the samples showed a Newtoniateal
within the frequency range studied, as was alsoorteg by Rangarajaret al®® for
poly(acrylonitrile-co-methyl acrylate) prepared vémlution polymerisation (they did not
however comment on this behaviour). Although théhaurecorded an increase in shear
thinning with increasing clay content, as is repdrtelsewherd?'?? the onset of shear
thinning was not observed within the angular fretquyerange studied in this present study.
The more pronounced shear thinning characteristic iwcreasing clay content is attributed
to the ability of the clay to orient in the diramti of shear under high angular

frequencie$?*3!
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Fig. 5.5: Complex viscosity of various poly(AN-co-M A)/clay nanocomposites as a

function of angular frequency.

After the frequency sweep measurements the sam@es analysed using TEM to confirm

the orientation of clay platelets in the directmfrshear during the test. The results, Fig 5.6(b)
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and Appendix I, show a reorganlsatlon and enhaex&njlatlon of the cIay platelets after the
frequency sweep measurement. Fig. 5.6 shows thgs csectional TEM images of the

poly(AN-co-MA)/7%clay nanocomposite film before andfter frequency sweep

measurement.

Fig. 5.6: TEM images of poly(AN-co-MA)/7% clay (a) before frequency sweep

measurement and (b) after frequency sweep measureme  nt.

5.4.2.3 Melt stability

The solid-like behaviour observed in all samplesldde due to thermal instability of the
samples occurring at the temperature of the frequesmweep test. The melt stability of the
neat copolymer and PCN with 7% clay content wadistlover 20 h (the approximate time
taken to perform a frequency sweep test). The te@endence of the complex viscosity of
these samples at constant strain (0.1%) and freguéh Hz) was plotted. The results are
shown in Fig. 5.7(a) and 5.7(b). The complex viggosf both the neat copolymer and the
nanocomposite increases sharply with time withia finst 4 h. Beyond 4 h the extent to
which complex viscosity increases seems to be dbpgnon the clay loading. The 7%

nanocomposite showed a steeper gradient than #itecopolymer, meaning that the rate at
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which the complex viscosity of PCN with 7% clay temt increased was higher than that of

the neat copolymer. These results indicate thatctmemical structures of both the neat

copolymer and the nanocomposite undergo changesuptonged heating at 180 °C.
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Fig. 5.7: Results of the dynamic time sweeps: (a) p  oly(AN-co-MA) and (b) poly(AN-co-

MA)/7% clay nanocomposites at 180 T and 0.1% strai  n.

FTIR was used to analyse the neat copolymer san@ése and after exposure to the
frequency sweep test in order to monitor any chahgbhanges that may take place during the
test. Fig. 5.8 shows the FTIR spectra of the negblymer sample before and after the
frequency sweep measurements.

The FTIR spectrum of the copolymer sample afteftbguency sweep test shows a new band
at 1621 cril, representative of =C=C= and —C=N- conjugated bofitlis indicates a small
detectable amount of products from cyclisation tieas?*** which took place during the
frequency sweep measurement. The copolymer wableoln DMF before the frequency
sweep tests but after the test it only swells inEDMhis change in solubility indicates that
crosslinking reactions took place during the teBhis melt instability may hence be
responsible for the solid-like character observedhese materials, even at low frequencies,

were the materials were expected to shift to ligike character.
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Fig. 5.8: FTIR spectra of poly(AN-co-MA): (a) befor e frequency sweep measurement

and (b) after frequency sweep measurement.
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5.5 Conclusions

Poly(AN-co-MA)/clay nanocomposites were succesgfulprepared via emulsion
polymerisation. These nanocomposites were of higieaular weight and exhibited high
complex viscosities, typically in the 30" range at 1005 Shear thinning behaviour was
observed in these nanocomposites due to the abflityay platelets to align in the direction
of shear stress at high angular frequencies. Témrporation of clay monotonically led to an
increase in the storage modulus thoroughout thelandrequency range studied, and up to
500% increase was observed at 18Gas copolymers with the maximum clay content used
(7%). However, the nanocomposites and the neatlypmeo showed typical behaviour of
material with long relaxation times: the G' valwesre greater than the G" values throughout
the angular frequency range studied. This phenomermuld have resulted from the
cyclisation reactions which took place during tteeilatory tests. Results of dynamic time
sweeps and FTIR indicated that cyclisation reastiprobably took place during these tests.
The incorporation of clay fillers dominated the olgyical properties more than molecular

weight did, especially in terms of the complex oisity.
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CHAPTER 6
Sorption and transport properties of water vapour n

poly(acrylonitrile-co-methyl acrylate)/clay nanoconposites

6.1 Introduction

Transport of small molecules (penetrants) in amduph polymeric materials is described by
three parameters: permeability coefficient (P),fudiion coefficient (D) and solubility
coefficient (S). The permeability coefficient debes the ease with which the penetrant
moves in and through the polymer membrane, theisith coefficient gives an indication of
the mobility of penetrants, and S gives an indaratn the polymer—penetrant and penetrant—
penetrant interactior’s’

The diffusion of penetrants within a polymer matis associated with the rate at which
polymer structural changes takes place in respand® motion of the penetrant molecules.
The solubility of a penetrant in a polymer matsxdiescribed by the sorption isotherm which
correlates the amount of sorbed penetrant in anperyto the pressure or penetrant activity.
Sorption isotherms show considerable differencepedding on the polymer—penetrant
systeml.'3 In glassy polymers the dual-mode sorption moded igell accepted model to
describe sorption in many penetrant/polymer sysfehie dual-mode sorption assumes the
existence of two penetrant populations, those inilised in the polymer matrix and those
entrapped in microvoids.

The transport properties of different penetrantsubh a polymer membrane are affected by,
among other factors, the presence of fillers ingblymer. The transport properties of water
vapour in polymers filled with clay platelets, poigr clay nanocomposites (PCNs), have
been studied?” and a reduction in the permeability coefficienPiBNs compared to the neat

copolymers has been reported. This has been a#tdlio a tortuous path model where the
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high aspect ratio platelets act as physical barfigr the diffusing penetrant because they are

impermeable to the penetrdft.?*Nielsert® proposed the tortuous path model to explain the
permeability coefficient reduction in filled polymse This models assumes that the fillers are
impermeable to the diffusing penetrant but haveeffect on the mobility of the polymer
chains, and that the plates are oriented parallgté polymer film surface, perpendicular to
the direction of diffusion.

Different numerical models have since been devedpeexplain permeability and diffusion
coefficient reduction in polymer/clay nanocompasibased on the tortuous models. Various
considerations, such filler—polymer interf&egolymer constrains around fillers, and filler
orientatiorf>?*were taken into account during the developmenhese different models. The
decrease in diffusion coefficient in PCNs compatedheat polymers is attributed to the
tortuous path introduced by the clay platelets,civlare impermeable to the penetrant so that
the penetrant travels a longer distance in fillelymer than in neat polymef$3%* The
effectiveness of clay in decreasing the diffusioefticient of water in poly-caprolactone)
was found to be dependent on its degree of dispersi the polymer matrix with the
exfoliated nanocomposites having a significantldueed diffusion coefficient, while the
intercalated nanocomposites and microcompositesatidhow any changes compared to the
neat polymer?

Solubility in PCNs is influenced by both the materd the clay platelets. Gorrasi et4l.
reported an increase in the equilibrium water uptaith increasing clay content due to the
hydrophilicity of clay. Burnside and Giannéfiproposed that strong interacting fillers reduce
swelling while non-reinforcing fillers result insolvent uptake that might be higher than that
of the unfilled polymer. The nanocomposites canil@kisorption isotherms which are either
different or similar to those of neat polymers uploeir incorporatiort®%°

This Chapter describes the study of the transpopegrties of water vapour in poly(AN-co-

MA)/clay nanocomposites. Two of the four nanoconifgssdescribed in Chapter 4 were used
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in this study, namely poly(AN-co-MA)/1% clay and Ip@AN-co-MA)/5% clay). The neat

copolymer was used as a comparison. Transport giepen the other two samples are still
under investigation. The transport properties ofew&apour in these nanocomposites were
determined from sorption-desorption measuremeriis. dim was to investigate the sorption
isotherms and determine the solubility, diffusiondapermeability coefficients of water

vapour in these nanocomposites.

6.2 Materials

The poly(AN-co-MA)/clay nanocomposites used in thstudy were synthesised and

characterised as reported in Chapter 4.

6.3 Analyses

6.3.1 Sorption measurements

The sorption measurements were carried out usirtpdgorption-desorption methods, using
an intelligent gravimetric analyser (IGA). An IGAicmobalance (Hiden Analytical Ltd.,
Warrington, UK) was used to accurately measurestirption rate of water vapour by the
films. The IGA apparatus is an ultrahigh vacuuntesyswhich allows the sorption-desorption
isotherms and the corresponding kinetics of sonptipdesorption at various pressures to be
determined. The IGA consists of a fully computatismicrobalance (with a weighing
resolution of +1ug), which automatically measures the weight ofsample as a function of
time while the gas vapour pressure and the sarapipdrature are accurately controlled. The
equilibrium pressures were determined by Baratn@sgure transducers and maintained at
the set point by active computer control of the #i@mce/exhaust valves throughout the
experiment. The sample temperature was also meuditdiroughout the measurement and

regulated to + 0.1°C using a water bath.
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Sorption measurements were done at 23 °C, withethetor thermostated by means of a water

bath. The films were degassed in the electrobalander a vacuum of <Tountil a constant
weight was reached (approximately 16 h). The vapwas introduced at a rate of 100
mbar/min until the desired pressure was achievetltha weight gain was recorded until
equilibrium was reached. The pressure was increiastee same manner to move to the next
set point, and a new sorption kinetic determinatias carried out. This step was repeated
until the isotherm was completed. The sorption dadorption isotherms were measured by
increasing or decreasing the equilibrium pressaremall steps. Correction of the buoyancy
effect was done online.

The poly(acrylonitrile-co-methyl acrylate)/clay rmamomposites used in this study were first
pressed into cubic films (1 cm x 1 cm x 0.03 cnijpgs hot press at 150 °C. The masses of

the resultant films were approximately 3.

6.3.2 Positron annihilation lifetime spectroscopy
The procedure used for positron annihilation lifegi spectroscopy (PALS) measurements of

the nanocomposites is as described in Section.3.3.4

6.4 Results and discussion

The samples used in this study were prepared e&@rfdical polymerisation in emulsion, as
detailed in Chapter 4. These samples were of higleenlar mass, although the molecular
mass decreased upon incorporation of clay, whiée RDIs increased with increasing clay
content (Section 4.4.3). All samples (the neat boper and the nanocomposites) used in this
study have high glass transition temperaturgsvélues), as determined by DMA (Section
4.4.5). The nanocomposites exhibited Vialues similar to those of the neat copolymer
regardless of the clay content. Despite the diffecday loadings used in the preparation of

the nanocomposites, they all exhibited partialljobated morphologies (Section 4.4.4). The
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sorption-desorption measurements were done at petature well below the samples’ glass

transition temperatures, at which the neat copolyanel nanocomposites were in their glassy

state.

6.4.1 Sorption-desorption results

During the sorption-desorption measurements thgbaressure of water vapour within the
IGA reactor was changed in a stepwise manner, FRI¢pf and the sorption kinetics were
recorded as time dependent mass gain or loss htveater activity (@), as shown in Fig.

6.1(b).
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Fig. 6.1: (a) The first five sorption pressure ste  ps and (b) the corresponding sorption

kinetics of water vapour in neat poly(AN-co-MA) for the first five pressure steps.

The water vapour sorption isotherms were obtairfit=at plotting the equilibrium mass uptake
versus the corresponding af each pressure step. The results are showrgir6R.

6.4.1.1 Sorption behaviour of water vapour in polyAN-co-MA)/clay nanocomposites.

Fig 6.2 shows the sorption isotherms of water vapauneat poly(AN-co-MA) and its
nanocomposites of different clay content. The eéguilm water vapour uptake was
dependent on both,aas well as the clay content. The changes in dujwifn water vapour

uptake could not be attributed to the polymer makt@cause all the nanocomposites had
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similar compositions. As thg,ancreased the equilibrium water vapour uptake MSoeaSed

in all the samples, and the equilibrium water vapoptake was found to be higher in the
nanocomposites compared to the neat copolymercht gisen @. This has been previously
attributed to the hydrophilic nature of the cl&yHowever, the equilibrium uptake in the
nanocomposites increased significantly with incregslay content, especially at the high a
values. The partially exfoliated morphology of thesanocomposites could act as extra

absorbing sites so that the nanocomposites cowddrabmore water compared to the neat

copolymer.
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Fig. 6.2: Sorption isotherms of poly(acrylonitrile- co-methyl acrylate) of different clay
content.

The equilibrium water vapour uptake of neat poly(BdMA) and its nanocomposites
follows a sigmoidal increase with increasing as shown in Fig. 6.2 - typical dual sorption
behaviour (BET type Il mode). The dual mode sorpt® widely accepted model to explain
sorption in glassy polymer€:*22"2cannot satisfactorily describe the BET type Il mothe

Guggenheim-Anderson-de Boer (GAB) equafidron the other hand, has been used to
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simulate sorption isotherms showing BET type |l dgbur after it fitted well to the water

vapour sorption data of food and natural matefidig> Although it fits well to this behaviour
its required assumption, namely that all sorptidessare equivalent, is inconsistent with
glassy polymers, which have been widely acceptechawe two sorption sites. Féhg
developed a new dual-mode sorption model basedercanventional dual-mode sorption
and the GAB equation. This model fits the BET tyjpgorption mode well.

According to the new dual-mode sorption model teegirant concentration in the polymer is
given by the Equation 6.1:

: k'a - (A-Dk'a

c=C 6.1
P1-k'a "1+(A-Dk'a ©.1)

C, -The weighted mean value of sorption capacity pblgmer to penetrant

k'- A measure of the interaction between the penttrantecule and the polymer

a- Penetrant activity

A'- A measure of the interaction of penetrant moleeuwid the microvoid

Since the new model fits well with the BET typestirption mode it was adopted here. The
parameters obtained from fitting this model to ekpental data are given in Table 6.1. The
fitting was done using the regression method. Titied curves are shown in Fig. 6.2 as solid
lines and R was utilised to estimate the goodness of fit. iee dual-mode sorption fitted
well all the sorption data obtained here, as showhig 6.2. The sorption parameters show
that the water vapour—polymer interaction and watapour—microvoid increases with

increasing clay content.

Table 6.1: New dual-mode sorption parameters of pol  y(AN-co-MA) nanocomposites

with different clay content.

Sample k' A R?

C, (wt%)
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Poly(AN-co-MA)/0% clay 1.71 0.45 1.95 0.999
Poly(AN-co-MA)/1% clay 0.93 0.62 4.01 0.999
Poly(AN-co-MA)/5% clay 0.74 0.77 4.67 0.999

A significant upswing was observed at a 0.65. This could be due to water liquefication

which results from capillary condensation into miaids®* The neat copolymer and the

nanocomposites show similar sorption behaviouwas also reported by Murasé al*® for
nylon 6/clay films, but contrary to what was regartby Gorrasiet al*? who reported

different water vapour sorption isotherm behavioystween the neat syndiotactic

polypropylene and its nanocomposites.
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Fig. 6.3: The sorption-desorption isotherms of neat poly(AN-co-MA) and the poly(AN-

co-MA)/5% clay nanocomposite.

The sorption-desorption isotherms of all sampldsil@ted hysteresis feature (Fig. 6.3) as is
reported for other glassy polymer/water mixtute®. Hysteresis is typified by a higher
equilibrium penetrant uptake during desorption tlaming sorption. Fig. 6.3 shows the

sorption-desorption isotherms of neat copolymer #ed copolymer with 5% clay content.

101



Transport properties of water vapour in poly(AN/N#AQy nanocomposites
The equilibrium water uptake during desorption Wagher than the equilibrium water uptake

during sorption at any givenyavalue. This phenomenon is due to a slower moveroént
clustered water molecules during desorption. Clugjeof water molecules in microvoids
makes them less mobile than individual moleculessulting in a decreased rate of
desorptiort’ The hysteresis could be due to different interstaésses developing in the
polymer as a result of the penetration of waterouaphrough the polymer matrix at the
sorption and desorption stagés.

The solubility coefficient was calculated using fbBowing equatior*4°

s=Mo"Mo 50014 (6.2)
V._.M.p

p
where M is the initial mass of sample,.Ms the mass of sample at equilibrium water vapour
uptake, Y is the volume of the film, M is the molecular \eigf water, p is the partial
pressure of water, and 22414 is the molar gas velimen.
The solubility coefficient results af,a 0.8 are given in Table 6.2. The solubility wasrid
to increase with increasing clay content. This ug do the hydrophilic nature of the clay
platelets.
6.4.1.2 Diffusion of water vapour in poly(AN-co-MAjclay nhanocomposites
IGA software was used to calculate the diffusioefticient, based on the Fick's law, as
outlined in the IGA manudf.
The total amount of penetrant uptake by thin fillmg¢ch as those used in this study, with
negligible diffusion from the edges can be desctilly Equation 6.3 under a constant

pressure atmosphere, assuming that D is constant:

M) _. < D(2n+1) 2t
M., - Z(2n+1)n2 F{ } (6:3)

n=0

Taking long times approximations into account (B940M..), this equation reduces to:

M, _. (8 _ Dt
M =1 (nzjex;{ 2 J (6.4)
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The IGA software fits Fickian kinetics by the folllng equation:

M, _ . _t
v =1 ex;{ kj (6.5)

©

where K is a time exponential constant.
D is defined by the long time approximation, andchiulated from the k parameter given by

the IGA software from the equation:

D= (6.6)

where | is the sample thickness

Table 6.2 gives the transport parameter of watepoua in poly(AN-co-MA)/clay
nanocomposites at O@po. The diffusion coefficient was calculated using tBA software,
the solubility coefficient was calculated as ddsedi in Section 6.4.1.1, and the permeability

coefficient as described Section 6.4.1.3.

Table 6.2: The transport parameters of water vapour in  poly(AN-co-MA)

nanocomposites of different clay loadings.

Sample D x 10 S P x 10’

(cm?sh)  (cm*(STP)/lcmimbar)  (cm*(STP) cm/cris, mbar)
Poly(AN-co-MA)/0% clay| 7.29 55.47 4.04
Poly(AN-co-MA)/1% clay| 6.05 58.16 3.52
Poly(AN-co-MA)/5% clay| 3.38 60.42 2.04

The diffusion coefficient decreased considerablyrupncorporation of clay, as is also
reported elsewher8. This is because the impermeable clay plateletsecabe diffusing
molecules to follow a tortuous path?* The rate of diffusion in filled polymer is undevet

to be strongly affected by filler orientation, cemtrations, as well as interactions between

filler and the polymer matrig?
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6.4.1.3 Permeability of water vapour in poly(AN-coMA)/clay nanocomposités

The permeability coefficients were calculated ughmgequation

P=D.S (6.7)
where D is diffusion coefficient and S is the sitilylcoefficient

The results are as given in Table 6.2. The decrieatbe permeability of the nanocomposites
is due to the high aspect ratio of the platelethictv increases the contact surface area

between the filler and the matfix.

6.4.2 Free volume properties of poly(AN-co-MA)/claynanocomposites

Free volume and molecular theories can be usedesuritbe the diffusion of penetrants
through polymers. Cohen and TurnBtifleveloped the free volume model which states that
the diffusion of a molecule takes place when thdemde moves into a void that is larger
than its critical size. The free volume theory asss that diffusion is a result of random
redistribution of voids inside the polymer matrix.

The free volume parameters of samples used indh#ien study were measured by PALS
and the results are tabulated in Table 6.3. Thecetif clay content on o-Ps lifetime (related
to free volume hole radius), o-Ps intensity (redate free volume concentration) and the
relative fractional free volume (R) were studied in relation to the transport préperof the
poly(AN-co-MA)/clay nanocomposites.

The lifetime spectra of the neat copolymer andrtheocomposites were resolved into three
lifetimes only, similar to the poly(AN-co-MA) copghers described in Section 3.4.4. The o-
Ps lifetime of the neat copolymer remained faiystant but a decrease in 0-Ps intensity and
fractional free volume with increasing clay contem&s observed. Similar results were
reported by Ammalaet al** for poly(m-xylene adipamide)/MMT nanocomposites.eTh
decrease in relative fractional free volume caratigbuted to restricted mobility of chain
segmentd’*? The free volume results also indicate that theraswno significant

agglomeration in the nanocomposites, as was olsdereen TEM and the SAXS results

104



Transport properties of water vapour in poly(AN/N#AQy nanocomposites ,
(Section 4.4.4). Agglomeration would have causedirmnease in the o-Ps intensity, and

consequently fractional free volume upon incorgoratof clay, due to additional void

formation? but 0-Ps intensity decreased instead.

Table: 6.3 Free volume properties of poly(AN-co-MA)  /clay nanocomposites of different

clay content, as determined by PALS.

Clay content 0-Ps lifetime 0-Ps intensity Fur

(%) 13+ 0.02 ns I3+ 0.02 % (%)
Poly(AN-co-MA)/0% clay 1.68 20.9 14.49
Poly(AN-co-MA)/1% clay 1.66 21.1 14.19
Poly(AN-co-MA)/5% clay 1.66 20.4 13.63

The decrease in diffusion coefficient observed bandue to two factors: the decrease in
available free volume resulting from the nanosdadenogeneous dispersion of the clay
platelets and the polymer matrix, and the increasadusity brought by the platelet structure
of clay and its high aspect rafibThis decrease in diffusion coefficient had a majéluence

on the permeability coefficient, which decreasegniicantly despite an increase in the

solubility coefficient.
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6.5 Conclusions

The water vapour sorption in poly(AN-co-MA) and itsay nanocomposites follows dual
mode (BET type Il) sorption behaviour and the sorpbehaviour was not affected by the
incorporation of clay. The sorption-desorption sins exhibit hysteresis due to slow rate of
desorption, as a result of water clustering in tierovoids. Using the new dual sorption
model, it was found that the water vapour intemctvith the polymer matrix and the
microvoids increased with increasing clay contedithough the solubility poly(AN-co-
MA)/clay nanocomposites increased with increasirgy ccontent the permeability and
diffusion coefficients decreased with increasingyclcontent due to the tortuous path
introduced by the impermeable clay platelets. Thwease in the solubility with increasing
clay content is due to hydrophilic nature of clay.

Despite the decrease in diffusion coefficients witbreasing clay content the average free
volume hole size remained almost constant whileaterage free volume hole number and
the relative fractional free volume decrease sljghith increasing clay content, so that the
decrease in diffusion is attributed to the tortupath and a decrease in relative fractional free
volume. The platelet structure of clay and its hagpect ratio enhanced the polymer/clay
interaction, hence the decrease in free volume.fideevolume parameters indicate that there

was no significant agglomeration in clay nanoconitpegespite the clay content.
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CHAPTER 7

Conclusions and recommendations for future work

7.1 Conclusions

Copolymers of acrylonitrile (AN) and methyl acndaiVIA) were successfully prepared using
free radical polymerization in emulsion, with copoler content varying from 0% MA/100%
AN to 100% MA/0% AN (mol/mol).

The Ty was found to be directly dependent on the comjoosaf the copolymer; it showed a
linear decrease with increasing MA content. Ondtteer hand the cystalline peaks of these
copolymers decreased significantly with increadit®y content, and no crystalline peak was
detectable in copolymers with MA content > 30%. Tteetional free volume and the o-Ps
lifetime of the copolymers followed a sigmoidal iease with increasing MA content, with a
positive deviation being observed in copolymerstaiming MA content < 30% and negative
deviation in copolymers with MA content > 50%. Hoxee the o0-Ps intensity linearly
increased with increasing MA content although teiationship deviated from the theoretical
linear relationship.

The Ty of poly(AN/MA) copolymers decreased linearly witficreasing o-Ps intensity but
showed a sigmoidal decrease with increasing of@ntie and fractional free volume. The o-
Ps lifetime and relative fractional free volumetioé crystalline copolymers showed positive
deviation from linearity while the amorphous copuobrs showed a negative deviation from

linearity. However the o-Ps intensity increaseddinty despite the changes in crystallinity.

Poly(AN-co-MA)/clay nanocomposites were succesgfufirepared using free radical
polymerization emulsion using AMPS as clay modifi€he nanocomposites were of high
molecular weight, but, the molecular weight decegasignificantly upon incorporation of

clay. Despite the different clay contents usedha preparation of poly(AN-co-MA)/clay
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nanocomposites they all exhibited partially exftezlda morphology, and the ihcorporation of
clay did not affect copolymer composition or theeall monomer to polymer conversion of
the nanocomposites.

A significant improvement in storage modulus wasesked despite there being no change in
Ty values between the different nanocomposites. Taeoecomposites showed a slight
increase in thermal stability as the clay contanteased.

A significant increase in storage modulus was olerfrom rheological tests of the
poly(AN-co-MA)/clay nanocomposites. It was also outhat the extent of shear thinning
increased with increasing clay content, although thé nanocomposites showed high
viscosities, including the neat copolymer. Howeverat poly(AN-co-MA) and its
nanocomposites were found to exhibit long relaxabehaviours and a solid-like viscoelastic
behaviour within the angular frequency range sudie

Both the neat copolymer and the nanocompositesbhigeti BET type Il dual-mode sorption
behaviour, with equilibrium water uptake increaswigh increasing clay content. Hysteresis
was observed in the neat copolymer poly(AN-co-MAY ats nanocomposites, because the
amount of equilibrium water uptake was higher dgirthe desorption process than during
sorption. The diffusion and permeability coeffidemecreased significantly with increasing
clay content due to the tortuous path created byl platelets, but solubility increased with
increasing clay content due to the hydrophilic ratf clay. The decrease in permeability and
diffusion could only be attributed to the tortuquesth since the incorporation of clay did not
significantly affect the free volume propertiesttoé hanocomposites.

The o-Ps lifetime (free volume hole size) remainedstant irrespective of the clay content,
but a small decrease in 0-Ps intensity (free vollole content) was observed with increasing
clay content. The decrease in 0-Ps intensity amadtitmal free volume confirmed that
poly(AN-co-MA)/clay nanocomposites did not show rsfgcant agglomeration and the

decrease in diffusion was attributed to the tortupath and decrease in free volume.
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7.2 Recommendations for future work

1. Study the evolutions taking place during the prapan of PCNs in emulsion
polymerisations in order to obtain a better undeirsg of the PCNs morphology. The
question that still remains to be answered for PONepared by emulsion
polymerization is: “where is the clay at the sta#rthe reaction, in the micelle or in the
aqueous phase?”

2. Use controlled polymerisation techniques to contfeé molecular weight of the
polymer chains, use techniques such as RAFT toapeeplock copolymers with
different block lengths, and investigate the effeicimolecular weight or block length
on the physical properties of the resultant nanquusites e.g. rheological and
sorption properties.

3. Correlate sorption coefficients, diffusion ratesddree volume properties to nanoclay

filler orientation induced by shear of PCN in itsubbery state.
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Appendices e
Appendix A
'H NMR spectra of poly(AN-co-MA) copolymers of diffeent compositions
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Fig. A 1: 'H NMR spectra of different copolymers: (a) 20% AN:8 0% MA, (b) 40%

AN:60% MA, (c) 80% AN:20% MA, (Solvent: DMSO.g).
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Appendix B

Calculation procedure used to determine copolymeramposition
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Fig. B 1: 'H NMR spectra of copolymer with comonomer compositi on ratio of 60%
AN:40% MA, (Solvent: DMSO.q4).

The copolymer compositions were calculated asrmedlibelow:

m = acrylonitrile content in the copolymer

n = methyl acrylate content in the copolymer

x = the integral due to the methyl proton from thethyl acrylate monomer only

y = the integral due to the methylene protons flmth monomers

Therefore:

3n =x so thatn :g (A-1)
and

2m+2n=y andm=

(&

N <

X
3
Equation A-1 gives the amount of MA in the copolyraed A-2 gives the amount of AN in

the copolymer.

Ratio of MA content = Jr: and ratio of AN content = 1 — MA content.
n+m
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Appendix C

Determination of the onset of T, and T,

Storage modulus (Pa)
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Fig. C 1: Storage modulus of poly(AN-co-MA)/1% clay =~ nanocomposite.
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Fig. C 2: Loss modulus curve of poly(AN/MA) copolym er containing 50% AN:50% MA.
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Appendix D

Effect of AMPS on particles size
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Fig. D 1: Variation of particle sizes with AMPS con tent corresponding to the amount

used in the nanocomposites.
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Appendix E

'H NMR spectra of poly(AN-co-MA)/clay nanocomposites
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Fig. E 1: 'H NMR spectra of: (a) poly(AN-co-MA)/1%clay, (b) po ly(AN-co-MA)/5%clay,

(c) poly(AN-co-MA)/7%clay, (Solvent: DMSO 46).
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Appendix F

FTIR spectra of poly(AN-co-MA)/clay nanocomposite®f different clay content
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Fig. F 1: FTIR spectra of clay and poly(AN-co-MA)/c  lay nanocomposites with 1%, 3%,

and 5% clay content.
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AppendIXG

TEM images of poly(AN-co-MA)/clay nanocomposites

Fig. G 1: TEM images of poly(AN-co-MA)/clay nanocom  posites with: (a) and (b) 1%

clay content, (c) and (d) 3% clay content and, (e) and (f) 5% clay content.
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Appendix H

G’IG” curves of poly(AN-co-MA)/clay hanocomposites
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Fig. H 1. The G/G” vs angular frequency of poly(AN
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Appendix |

Effect of high shear on the orientation of clay pltelets during rheological tests.

Poly(AN-co-MA)/ 1% clay

Poly(AN-co-MA)/3% clay

Poly(AN-co-MA)/5% clay

Fig | 1: TEM of poly(AN-co-MA) nanocomposites of di

Before

After

after frequency sweep measurements.

fferent clay loading before and

122



Appendices ’
Appendix J

Articles emanating from this study and submitted fo publication

Authors Title Journal submitted to:
1. Eddson Zengeni, Patrice Synthesis and characterisation of International Journal
C. Hartmann, Ron D. poly(acrylonitrile-co-methyl of Nanotechnology
Sanderson acrylate)/clay nanocomposites via  (June 2009)
emulsion polymerisation.
2. Eddson Zengeni, Patrice  Poly(acrylonitrile-co-methyl Journal of Applied
C. Hartmann, Ron D.  acrylate) copolymers: Correlation Polymer Science
Sanderson, Peter E.  between copolymer composition  (August 2009)
Mallon and structural properties
determined by positron
annihilation lifetime spectroscopy.
3. Eddson Zengeni, Patrice Rheological properties of Polymer Composites
C. Hartmann, Ron D. poly(acrylonitrile-co-methyl (September 2009)
Sanderson acrylate)/clay nanocomposites
prepared via emulsion

polymerisation
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