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ABSTRACT.

A number of sequential interpenetrating polymer networks (IPNs) were synthesised
and characterised. The materials were prepared using epoxidised natural rubber
(ENR) with 25 mole percent (ENR 25) or 50 mole percent (ENR 50) epoxy content
with the second polymer component being either poly(methyl methacrylate)
(PMMA), poly(ethyl methacrylate) (PEMAY} or poly(butyl methacrylate) (PBMA).
In the case of ENR 25/PMMA IPNs, materials with different composition ratios
and crosslink densities in the elastomer and plastomer constituents were prepared.
Attempts were made to produce grafted IPNs by copolymerising methacrylic acid
(MAA) with the second polymer component. The morphology of the IPNs was
determined using dynamic mechanical thermal analysis (DMTA), transmission
electron microscopy (TEM) and modulated-temperature differential scanning
calorimetry (MTDSC). The mechanical properties were investigated using tensile

testing.

IPNs of ENR 25/PMMA were immiscible at all composition ratios and crosslink
densities. 50/50 full IPNs were found to give the best combination of properties.
There was no improvement in miscibility with the incorporation of MAA. As the
size of the alkyl group in the second polymer component was increased, more
miscibility was observed in the ENR 25 IPNs. The ENR 25/PEMA 50/50 IPN still
showed two distinct Tgs, but these were shifted inward by about 42°C. This IPN
also exhibited slightly higher tan & inter-transition values. The ENR 25/PBMA
50/50 IPN gave a broad transition with a value of the loss factor > 0.3 spanning a

temperature range of 80°C.

The ENR S0/PMMA 50/50 IPN was also immiscible. The ENR S0/PEMA 50/50
IPN showed improved miscibility with a broad transition and value of loss factor >
0.3 spanning a temperature range of 105°C. Further improved miscibility was
observed in the ENR 50/PBMA 50/50 IPN as shown by the significantly shifted

Tgs and loss factor values of > 0.3 over a 75°C temperature range.
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CHAPTER 1
INTRODUCTION AND OBJECTIVES

1.1 Introduction

Polymers are used in wide ranging applications that run the gamut from the humble
household buckets, to electrical components, to biomedical products and to high
temperature engineering parts . In fact, polymers in various forms are replacing
conventional materials like wood and metals in many applications. The search for

new polymers and new applications is a never-ending quest.

However, the development of a new polymer® is a slow and very costly undertaking.
Consequently, much attention is now being focused on tailoring existing polymers to
fit required specifications. One way of achieving this is by combining two or more
homo-polymers with different properties to yield synergistic effects ®. The end
properties of such multi-component polymer systems do not solely depend on the

properties of the constituent polymers, but also on the mode of combination.

The oldest way of physically combining two or more linear polymers is by
mechanical blending. This can be done in the molten state using the extruder @ or
by mixing two polymer solutions and drying the mixture. Rubber-toughened plastics
for the improvement of impact resistance are well-known examples of polymer
blends at work ©.

5)

In copolymerisation ®  on the other hand, polymer chains or corresponding
P y P

monomers are linked together chemically via covalent bonds. The different types of

© are statistical, alternating, block and graft. Thermoplastic elastomers

copolymers
have been produced using block copolymerisation technology ©, whilst graft
copolymerisation has been used to impregnate wood with polymer to make durable

knife handles ‘7,

Interpenetrating polymer networks (IPNs) is another class of multi-component

polymer system. In IPNs ®, the constituent polymers exist as crosslinked networks,



which interpenetrate one another. In ideal IPNs @ there are no covalent bonds

between the polymer networks. The present study involved a type of IPN.

IPN technology is a fast growing area of polymer technology ®. This is because
IPNs represent a unique multi-component polymer material. Most multi-component
polymer systems exhibit phase separation “?, This is not completely undesirable, In
fact, some of the special properties of polymer blends are due to this dual phase
nature "%, However, the ability to control phase separation in a material means that
the morphology of that material can be manipulated ®. The advantage that IPNs
have over physical blends, block and graft copolymers is that the presence of
crosslinks gives an added control of morphology ®. Since there is a direct link

between the morphology %

and the properties of any material, this equates to better
control of the properties of IPNs. The utilisation of these properties has led to IPNs
being used in such diverse products as tough plastics %", sound- and vibration-

- damping compounds an, ion-exchange resins ® and artificial teeth ®,

Given the current interest in IPNs, it is hardly surprising that many studies are being
conducted on various aspects of IPNs and using different combinations of polymers.

'The volume of patents and papers being published on IPNs is testimony to this ¢*9,

1.2 Objectives of the Present Study

The first objective of the present study was to prepare IPNs of epoxidised natural
rubbers (ENRs) and alkyl methacrylates using the sequential method. The two
commercially available ENRs, that is with 25 mole percent epoxidation (ENR 25}
and 50 mole percent epoxidation (ENR 50) were used. These elastomers have not
been used in IPN preparation before. The introduction of 25 mole percent and 50
mole percent epoxy groups into the natural rubber (NR) backbone was reported to
have changed certain properties of the NR . It was expected that IPNs of ENRs
would exhibit properties different from those of their unmodified natural rubber
counterparts. Exhibiting higher hysteresis '®, one of the applications mooted for
ENRs is as damping material. IPNs too, are suitable for damping purposes ® by
virtue of the morphology that can be achieved in them. Thus, it was thought



appropriate that IPNs based on ENRs should be studied. Methyl methacrylate
(MMA), ethyl methacrylate (EMA)} and n-butyl methacrylate (BMA) were chosen as
the second monomers because they are simple vinyl monomers, which can be easily
polymerised by free radical polymerisation. The combinations ENR/poly(methyl
methacrylate) (PMMA), ENR/poly(ethyl methacrylate) (PEMA) and ENR/poly(butyl
methacrylate) (PBMA) were expected to provide comparison between immiscible
and semi-miscible polymer pairs based on their solubility parameters %1%
Complete miscibility was not the goal in this work. These polymers also have glass
transition temperatures (Tgs) “” higher than those of the ENRs @Y. This was
essential for the development of a wide damping range, as energy attenuation was the

targeted application of these IPNs,

The second objective was to react the epoxy groups in the ENRs with a co-monomer
in the plastomeric network in an attempt to produce grafted IPNs. Of interest here,
was how inter-network interaction could influence phase separation. Methacrylic
acid (MAA) was used as the co-monomer because it copolymerised well with MMA
@ and provided the carboxylic group to react with the epoxy groups. The effects of
grafting on the morphology and properties of the IPNs were studied. Besides
grafting, the effects of IPN compositions and crossiink densities in both polymer

networks were also investigated.

The final objective was to characterise all the IPNs by dynamic mechanical thermal
analysis (DMTA), modulated-temperature differential scanning calorimetry

(MTDSC), tensile measurement and transmission electron microscopy (TEM).
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CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

2.1  Interpenetrating Polymer Networks

In the case where an individual polymer might have a desirable property, but is
lacking in another, the shortcoming may be overcome by combining it with another
suitable polymer. Poly(vinyl chloride) is an inexpensive, fire-retardant, chemically
inert when stabilised and rigid, but brittle, polymer. s impact properties are
improved by melt blending it with chlorinated polyethylene without adversely

affecting the other properties ©¢?

- When this is done, a multi-component polymer
system is obtained. There are several ways of producing such a system; the more

common methods using two polymers are illustrated in Figure 2.1.

(@) ®) ©

(d) (e)

Figure 2.1 Common ways of combining two polymers"®. (a) polymer blend,
(b) graft copolymer, (c) block copolymer, (d) IPN and (e) semi-IPN.




A polymer blend “? is obtained by physically mixing two linear polymers.
Attaching one polymer type onto the chain of another polymer produces a graft

copolymer 'Y, When different polymer chains are joined end to end, we get a block

copolymer"”

covalent link between the two networks

. In an ideal IPN, two polymer networks interpenetrate without any
&9 However, a semi-IPN ‘' js a
combination of one network polymer with a linear polymer. Most polymer/polymer
mixes exhibit a two-phase morphology due to the thermodynamic immiscibility of
polymers®?. In the special case of IPNs, phase separation can be controlled by the

presence of crosslinks ®.
2.1.1 Definition

Sperling ® defined IPNs simply as a combination of two or more polymers in
network form that are synthesised in juxtaposition. The more common IPNs are
made of two polymers. In such a case, a semi-IPN would comprise one polymer in
network form while the other is in linear fomi. In the ideal situation, there are no

chemical links between the two polymer networks.

Classically, polymer chains in an IPN system were crosslinked into networks only by
chemical bonds. This is no longer true. In thermoplastic IPNs (TIPNs) !9, chains
are held together by physical links. Block copolymer morphologies, ionic groups

U9 can achieve physical crosslinking. The nature of these

and semi-crystallinity
crosstinks imparts special properties % to these TIPNs, whereby they flow at high
processing temperatures as in a thermoplastic, but are physically crosslinked and

behave like a thermoset at application temperature.
2.1.2 History of IPNs

Aylsworth ¥ was credited with inventing IPNs in 1914. Working under Edison,
Aylsworth reduced the brittleness of phenol-formaldehyde phonograph records by
adding natural rubber and sulphur. The resulting combination of elastomeric
network and plastomeric network system must surely be the world’s first toughened

plastic. However, since this was happening before the birth of the concept of



macromolecules, the patent ! did not contain the term polymer, polymer networks
or IPN.

" were awarded a patent for producing a

In 1951, Staudinger and Hutchinson
smooth-surfaced, transparent plastic sheeting. The procedure entailed swelling
crosslinked polystyrene sheets in its own monomer mix. The swollen sheets were
then polymerised and stretched. Solt * produced the next known IPNs in 1955 in
the form of oppositely charged networks in suspension-sized particles that were

developed into cationic-anionic ton exchange resins.

In 1960, Millar "9 coined the term interpenctrating polymer networks for his
materials that consisted of divinyl benzene crosslinked polystyrene as the first and

second networks (homo-1PNg).

In the late 1960s, various investigating teams started work on IPNs independently.
Frisch et al. "? worked with polyurethane IPNs, which he modelled on the

(% were keen on dual

interlocking ring structure of catenanes. Sperling et al.
networks as a mean of reducing gross phase separation in polyblends. The
interphase regions in IPNs were studied by Lipatov et al. ®® in Kiev. These works
set in motion further development of IPNs and today research on IPNs is a world-

wide activity.
2.1.3 Nomenclature

Although the IUPAC Commission on Macromolecular Nomenclature has been
deliberating on it, no organised nomenclature for IPNs exists yet. Amongst the
IUPAC proposals are the use of the prefix net- to indicate a network and the
connective -inter- to indicate IPNs . Most publications however, use the slash

notation to indicate the combination of two polymers.

Thus, an IPN of poly(ethyl acrylate) and polystyrene is represented in the [UPAC
proposed way as: Net-poly(ethyl acrylate)-inter-net-polystyrene.

With the slash notation this becomes: poly(ethyl acrylate)/polystyrene

which is further abbreviated to: PEA/PS.




For reasons of simplicity, as well as to be in agreement with other IPN literature, the

latter method will be used in this work.
2.1.4 Types of IPNs

Mostly, IPNs are classified by the method of synthesis. The major types of IPNs

classified in this way are listed below.

2.1.4.1 Sequential IPNs

The networks in this type of IPN are formed sequentially. Polymer network I is first
produced. This network is then swollen with the mixture of monomer II, initiator
and crosstinker. The monomer Il mixture is then polymerised in situ to form ? the

second network. The present study employed this method.

2.1.4.2 Simultaneous TPNs (SIPNs)

Both networks of these IPNs are formed at the same time ©?

. The monomers or
prepolymers of both networks together with their respective initiators and
crosslinkers are mixed together and reacted simultaneously. Usually the two
networks are formed by independent non-interfering reactions. One network may be
formed by a free radical reaction whilst the other is formed by a condensation

mechanism.

2.1.4.3 Latex IPNs (LIPNs)

LIPNs are prepared by a two-stage emulsion polymerisation . In the first stage, an
emulsion of a crosslinked polymer [ is formed. This is called the seed latex. In the
second stage, monomer II, initiator and crosslinker are added and polymerised. The
absence of fresh emulsifier in the second stage does not favour the nucleation of new
particles, but instead, polymerisation takes place on the seed latex particles. The end
product consists of particles made up of both polymer networks in possibly a core-

shell structure 4%,




2.1.4.4 Interpenetrating Elastomeric Networks (IENs)
In this preparation, two non-interacting latices that have been synthesised separately

are mixed. The mixture is co-coagulated and subsequently crosslinked ¢%*®

2.1.4.5 Gradient IPNs

All the above IPNs are produced to be uniform macroscopically. Gradient IPNs ¥
are different in that they are deliberately made so that their composition varies as a
function of position in the sample. This can be achieved by swelling polymer
network I in the monomer mix II and polymerising before homogeneity is achieved
by diffusion ©”. A sheet can be obtained which is made up of pure polymer A on
one surface and pure polymer B on the other surface, but with a composition-graded

interior 1%,

2.1.4.6 Thermoplastic IPNs (TIPNs)
TIPNs "% differ from ordinary IPNs in that they are held together by physical
crosslinks as opposed to chemical or covalent crosslinks. Because of this, TIPNs

soften and flow at elevated temperature, but behave as thermosets at temperature of

28 [§[0)

use “”. TIPNs can be synthesised by melt blending or by the sequential route

Physical crosslinks that can be used are: i) phase separation of thermoplastic end

@9 ii) ionic portions in ionomers ©”, and iii) crystalline

GDn

blocks in block copolymers

portion in semi-crystalline polymers

2.1.4.7 Other IPNs

Studies on IPNs containing more than two components have been reporte
| 62

d 62

Frisch et a studied methods of improving miscibility in IPNs comprised of

polyurethane, epoxies and poly(methacrylate). Other efforts to improve miscibility

in [PNs have led to studies on IPNs where specific interactions between the

(33-35)

component networks are introduced These specific interactions can be

€]

effected by hydrogen bonding ¥, ionic interaction ®* and intermolecular grafting

(3



2.1.5 Sequential IPNs

As mentioned earlier, the preparation of this type of IPN involves producing polymer
network I and swelling this network in monomer mix II. This is followed by
polymerising and crosslinking monomer II and thus producing the two networks in
juxtaposition. Quite often, this synthetic route is used to combine an elastomeric
network, which is produced first, with a plastomeric network, However, it has also
been utilised to produce homo-IPNs ‘% where, polymer network I and polymer
network II are the same. A sub-group 6f this IPN is the semi-IPN in which one
constituent polymer is not crosslinked. A semi-IPN where polymer I is crosslinked,
whilst polymer Il is linear, is called a semi-I-IPN and the reverse is called a semi-1I-
IPN. Since the present work is involved with sequential IPNs, a brief review of work
in this area is given below.

Early work on sequential IPNs by Shibayama et al, ©®

involved the preparation of
homo-IPNs of polystyrene crosslinked by divinyl benzene. They found that the
formation of IPNs increased the modulus and lowered the swelling tendency of the
homo-IPNs when compared with a control PS network. They attributed these

(37,38

changes to increased entanglements in the IPNs. Other workers used homo-

IPN5s to study the swelling behaviour of IPNs.

Sperling, with various co-workers, has done a considerable amount of research on
sequential TPNs. Using poly(n-butyl acrylate)/polystyrene, Sperling et al. ®” studied
the effects of composition ratio and crosslink density on a series of semi-IPNs, IPNs
and random copolymers of the combination. They found the best synergism of
properties in the IPNs. From morphological studies using TEM and dynamic
mechanical studies using DMTA, they found that the improved properties of IPNs
coincided with increased miscibility in the IPNs due to the presence of crosslinks in
both networks “%. Other researchers using different IPNs have found this to be true
@4D  This was reinforced further by studies Sperling et al. “? did on
polybutadiene/polystyrene IPNs, which exhibited finer morphology with more

regularity when crosslink levels in both polymers were increased.




Studies on sequential IPNs ®**? have shown that the composition of IPNs greatly
affected the properties of the IPNs. Sperling ®” found that IPNs rich in plastometic
component exhibited toughened plastic characteristics, whilst IPNs rich in

elastomeric component behaved as a reinforced elastomer.

Phase separation depends primarily on the miscibility of the polymers “¥. In IPN,
in general, phase separation is reduced by the presence of crosslinks S i
sequential IPNs, as polymer I is already crosslinked before monomer I is
polymerised, more forced mixing can be obtained leading to smaller phases .
Further enhanced miscibility can be obtained via internetwork interactions (4547
One way of achieving this is by deliberately inducing grafting “**9.  Grafted IPNs
were found to exhibit poorly defined morphologies with irregular structures. The
phase domain boundaries were characterised by interphase regions. Sperling et al.
@70 produced anionic/cationic IPNs based on polystyrene/poly(4-vinyl pyridine)
where ionomeric substitution of the two networks was based on sulphonation of the
phenyl rings and quaternisation of the pyridine rings. Dynamic mechanical studies

indicated a two-phase morphology with evidence of significant mixing.

More studies on sequential IPNs are referred to in different sections below.

2.1.6 Morphology of Sequential IPNs

Most multicomponent polymer systems, IPNs included, exhibit phase separation @2,
The phases vary in size, shape, sharpness of their interface and degree of continuity.
These features contribute to the morphology of the material. The chemical
miscibility of the constituent polymers “®, the crosslink densities of these polymers

“9 interfacial tension ©®®, internetwork interaction “*7 ®

and the IPN composition
control the morphology of the IPN. The more miscible the system, the smaller the
phase domain it exhibits. A miscible system has a domain size 5 nanometres and
less, while an immiscible one has domain size bigger than 30 nanometres ©V. The
intermediate domain size of 5 to 30 nanometres is characteristic of a semi-miscible
system ©". The phase domains in [PNs are often of the order 20 to 80 nanometres

?

which are smaller than those expected for the corresponding blends. An approximate

10




indication of polymer—polymer misctbility is the difference in their solubility
parameters ¥, 5. Polymers with similar § values show better miscibility than if the

values are further apart.

Table 2.1 Solubility Parameters of Selected Polymers “%

Polymers 8, Solubility Earameter
(MPa)!
Poly(ethyl acrylate) ' 18.3
Poly(methyl methacrylate) 18.6
Polystyrene 17.5

Huelck et al. ® found that sequential IPNs of PEA/PMMA where the solubility
parameters are close, exhibited good miscibility with phase domains less than 10
nanometres in diameter. The PEA/PS IPNs with a bigger difference in 8 values
produced a bigger structure of about 100 nanometres because of less miscibility.

G0 and Yeo et al. ®® have derived equations for estimating the

Donatelli et al.
domain size in sequential IPNs and both equations have been found to agree
substantially with experimental results.

The Donatelli equation may be written as:

2y,

D = 2. 1
2 RTva[1vER - 1) @1
The Yeo equation may be written as:
4
D; 4 @.2)

~ RT(Av, + Bvy)

where 4 = 1(1/v,)(34"” - 34" — g Ingh)
B = 3(Ing ~34" +3)

D, is the domain diameter, v, the interfacial tension in dynes per centimetre, 7, the

absolute temperature and R, the gas constant.

v; and v, are the crosslink densities of networks I and II in mole per cubic

centimetre, respectively, and,

¢ and ¢ are the volume fractions of networks I and IT, respectively.

11




Although originally the domains were thought to be spheres, current thought is that
these domains are interconnected cylinders ® for mid-range and high polymer II
concentrations. This feature is a direct outcome of the mechanism of phase
separation, which wiil be discussed later. The spherical appearance is the cross-
sectioning effect ® produced when the IPNs are thinly sliced for transmission
electron microscopy. In fact, TEM micrographs of cylindrical structures have been

obtained ©¥.

In immiscible polymer mixtures, the phases are not separated by a plane but rather by

a region of inter-diffusion of the two types of macromolecules @

This region is
termed an ‘interphase’, a third phase in the immiscible blends with its own
properties. The thickness of the interphase is dependent on the thermodynamic

interaction of the two components and their molecular weights .

The interphase is not a homogeneous diffuse layer, but a complex entity with varying
compositions. An increase in miscibility provides a greater driving force for the

inter-diffusion of molecules and consequently a thicker interphase is obtained .

The smaller domain size of semi-miscible systems leads to higher surface area and
more percentage interphase. High loss factor values in the inter-transition region of

such systems are obtained from the cumulative transitions of the various

@359 This micro-heterogeneous morphology with the accompanying

(35)

compositions

broad transition is favoured for damping appiication

Analytical models have been developed to elucidate the nature of phase continuity in
IPNs. Kemer “® and Hashin and Shtrikman ©” assumed the morphology of

©® and Budiansky ©” assumed dual-

spherical domains in a matrix while Davies
phase continuity for their theories. Dual-phase continuity is defined as the continuity
of both polymers throughout the macroscopic sample as shown in the illustration

below.

12



(60)

Figure 2.2  Dual-phase continuity in IPNs

Comparisons between experimental results and the various models ¢ have shown

that experimental data fit the dual phase continuity models better.

In sequential IPNs, the effect of composition ratic on domain size is not
straightforward. One would expect an increase in the quantity of polymer I to lead
to bigger domain size. This was observed by Huelck et al. *® with sequential IPNs
of poly(ethy! acrylate)/polystyrene. However, Yenwo et al. ®* found that with castor
oil-urethane /polystyrene IPNs, this was only true with a low percentage of polymer
Il.  For mid-range and higher concentrations, as the polystyrene quantity was
increased, the domain size decreased %, A probable explanation for this was that a
higher level of polymer Il caused an increase in the number of domains being

formed.

Investigations in the 1960s, revealed that IPNs of immiscible polymer pairs produced
inward shifts in the glass transition temperatures of the two polymers ©*% Besides
this, the phase domains of the IPNs were also found to be smaller than that of the
corresponding blends ®**. These observations were interpreted > as an increase

n the miscibility of the polymers due to the presence of crosslinks.

13



The levels of crosslinking in both networks exert significant effects on the

morphology. This is best illustrated by Figure 2.3. ¢

IPN, 0.2 crosslinking
Figure2.3  Blend, semi-IPNs and IPNs of SBR/Polystyrene. ¢

The absence of crosslinking in the blend produced sharply defined PS domains in the
SBR matrix with size ranging from 500 nanometres to well over 1. micrometre.
Introducing crosslink in network II (see semi-II) reduced the domain size slightly, to
average around 1 micrometre. When network I was cr.osslinked, the size of the phase
domains was greatly reduced to about 20 nanometres. Even finer domain size was
observed in the full [PN. When the level of crosslinking in the IPN was doubled,
very fine and blurred structures were produced. This was expected, as increased
crosslinking level in polymer I produced a tighter initial network that restricted the
size of the regions in which polymer II phase separated. This relationship is backed
by the Donatelli equation ¥ where a bigger v; value leads to smaller D». The effect
is less for crosslinks in polymer I and this phenomenon is termed ‘network I

s (30) 7.68)

domination’ ©. This phenomenon was observed by Hourston et al. ¢

when they
compared the effect of crosslink densities in polymer network I and II, respectively,

on the morphology of the IPNs.
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69,70}

Studies of miscible polymer pairs carried out in the 1980s concluded that in

these cases the IPNs were actually less miscible than the corresponding blends.

1.9 studied homo-IPN of dueterated polystyrene/normal polystyrene using

Bates et a
smali-angle neutron scattering. Their results showed that the semi-If IPN to be less
miscible than the comresponding blend. The same result was obtained by Bauer et al.
9 with dueterated polystyrene (PSD)/poly(vinyl methyl ether) (PVME) semi-II-
IPN. This phenomenon occurs in cases where the first-formed polymer is soluble in
the second monomer. If the polymer is crosslinked, this leads to elastic stretching of
the first-formed network, which creates a force opposing mixing. This force is

absent in the blend where the éhains are in a relaxed state.

The case for full IPNs is expected to be different from the above studies. Where
gelation precedes phase separation, both network chains have to be extended for
phase separation to take place. Therefore, a single phase is favoured. If phase

separation occurs before gelation, the crosslinks will tend to hold the polymers apart
®

Inter-network interaction “’*” has been proven to increase the miscibility in IPNs
and this affects the morphology of the material. This interaction ties the networks of
the two component polymers and thereby reduces the molecular movement essential
for phase separation. Consequently, smaller phase domains are produced. Inter-

548 and ionic coupling 7.

network interaction can be achieved via grafting
Bauer et al. 7V studied the effect of grafting on the miscible polymer pair of
dueterated PS (PSD)YPVME. Although this pair produced a miscible blend 7%, as
proven by a single phase detected by SANS or dynamic mechanical analysis, the
introduction of crosslinks in the semi-II-IPNs led to a phase-separated morphology.
However, when the blends were subjected to gamma irradiation which crosslinked

72) also studied

and grafted the polymers, they showed increased miscibility. Bauer
semi-II-IPNs of PMMA with dueterated PS. Grafting in this system was achieved by
using functionalised PMMA macronomers. Small-angle X-ray scattering (SAXS)
results ¥ showed the ungrafied material to be phase separated while the grafted
counterpart was uniform. Thermal analysis of the samples 72 yielded a single Tg for

the grafted samples and two Tgs for the ungrafted samples.
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) concluded that a small amount of grafting is sufficient to

Scarito and Sperling
affect the morphology of IPNs. In an epoxy/acrylic system, the addition of only 3%

of glycidyl methacrylate produced an IPN with a single transition.

Frisch et al. studied the effect of ionic interaction "™, They incorporated tertiary
amine into the PU network and carboxyl groups into the PMMA network of a
PU/PMMA IPN. DSC and SEM showed improved miscibility with smaller phase

(74.75)

domains . Frisch et al. obtained similar results ¥ when they introduced the

same charge groups into IPNs of PU/PVC.

Adachi et al. "7 reported on complex formation in polyoxyethylene/poly(acrylic
acid) sequential IPNs that were synthesised by matrix polymerisation. IPNs
containing between 30% to 60% poly(acrylic acid) exhibited single-phase
morphology as complex formation reduced phase separation. They deduced that
complex formation took place via hydrogen bonding between the ether oxygens of

the polyoxyethylene and the carboxylic hydrogens of the poly(acrylic acid) networks.

The rate of network formation in relation to the rate of phase separation also exerts
an influence on the morphology of IPNs. Of interest, is the sequence of events,
whether phase separation precedes gelation or vice versa. If phase separation
happens first, then the domain sizes will be large ® and when gelation sets in, it will
keep the domains apart. However, when the reverse is true, the crosslinks will tend
to keep the domains small. The latter condition is true in sequential IPNs where the

crosslinked network I ensures that gelation happens before phase separation ®.

2.1.7 Polymer Miscibility

Although miscible polymer pairs exist, most multi-component polymer systems
exhibit phase separation due to thermodynamic immiscibility ®. The Gibbs free
energy of mixing, AGn, is given by

AGp = AHn - TASy (2.3)
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where, AHy, represents the enthalpy of mixing, ASy, represents the entropy of mixing

and T is the absolute temperature.

For a binary system, mixing will take place if the following conditions ™® are met.

AGy, <0 (2.4)
( 52,5(;,,,) >0 (2.5)
5@2 TP .

where ¢, is the volume fraction of component 2.

The AGp, in a binary mixture can behave in three different ways as shown in Figure
2.4.

+
A

R A

AGp
C .
M B
0 1
)

Figure 2.4  Free energy of mixing for binary mixtures which are:
(A) completely immiscible, (B) completely miscible and (C) partially

miscible.

Curve A does not satisfy both conditions and therefore represents an immiscible
system. Curve B satisfies both criteria for all compositions and represents a miscible
system. Curve C satisfies condition I{refer to equation (2.4)] for all compositions
but does not satisfy condition 2 [refer to equation (2.5)] in the middle composition

region where the mixture phase separates.




The enthalpic term, in non-polar systems can be written as '

M. = V(6,-8,) 44 (2.6)
where, V' is the total volume of the mixture, §, and &, represent the solubility
parameters of the two polymers and ¢ and @, represent their volume fractions. This
. enthalpic term is positive and for most polymer pairs, it is bigger than the entropic
term 7. However, where the solubility parameters of the two components are close

to each other, the enthalpic term approaches zero and a negative AGy, is obtained.

Consequently, miscibility is manifested.

According to statistical thermodynamics, the entropy of a system is given by the
number of possible arrangements of the molecules in the system ®?. This can be

visualised by the quasi-lattice model below.

x
O bod : b
P X
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c X0 o)
| o
(a) (b)

Figure 2.5  Schematic diagram of quasi-lattice structures for

(a) small molecules and (b) polymer molecules.

With small molecules, the number of possible arrangements is high, as for instance,
an O-type molecule can be in any site and exchange position with other O-type
molecules as well as X-type molecules, In the case of a polymer, the same O-type
molecule cannot interchange position with other O-type molecules or any X-type
molecules because the repeat units of the molecules are now bound by covalent
bonds. - These bonds also restrict the movement of a molecule to be in co-ordination
with its neighbours. Besides the above limitations, the volume exclusion effect &V

means one chain cannot physically pass through another. These restrictions on
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randomness mean the entropic change decreases dramatically with increase in
molecular weight.

The entropic term can be written as ®"

AS,, = —k(N, Ind; + N, Ing,) @.7)

where, k£ is Boltzmann constant, N, and N, are the numbers of polymer I and

polymer II molecules, respectively, and ¢ and ¢ are the volume fractions of
polymer I and polymer I, respectively. As can be seen, the entropy of mixing
depends on the number of molecules present. As the molar mass increases, the
number of molecules becomes small and the combinatorial entropy of mixing
becomes negligibly small. The combination of the bigger and positive enthalpy with

the smaller and negative entropy leads to a net outcome of positive AG, and

immiscibility.

Mixing of two polymers over a wide molecular weight and concentration ranges, on
a molecular level, can take place if the heat of mixing is negative. The driving force

behind this is intermolecular interaction ¢%2.

2.1.8 Phase Diagrams

Most miscible polymer blends become cloudy when their temperature is raised. The
incidence of cloudiness is called the cloud point ®¥. A plot of cloud point
temperature as a function of concentration generates cloud point curves or phase
diagrams. The cloud point curve of such a system that exhibits decreased solubility
with increase in temperature is concave upwards and the critical temperature is
known as the lower critical solution temperature (LCST). On the other hand, when a
miscible blend phase separates upon lowering of temperature, the cloud point curve
is concave downwards and an upper critical solution temperature (UCST) is
observed. Most of the polymer/polymer phase diagrams that have been worked out
yielded LCST behaviour. #+*

Studies ®7*® have also been carried out on ternary phase diagrams of polymer-I-

polymer-IT-monomer-II systems under isothermal and isobaric conditions, where
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monomer 1} 1s converted into polymer . This is the situation encountered in

systems of sequential IPNs.

I l . v
X ! miscible
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Figure 2.6 Phase diagrams ® for (a) lower critical solution temperature,

(b} upper critical solution temperature and (c) sequential [PNs.

2.1.9 Mechanisms of Phase Separation
Phase separation in IPNs can take place by two mechanisms %"

a. Nucleation and growth (NG)
b. Spinodal decomposition {SD}
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It can be seen from the phase diagrams that a binary system has three regions:
miscible, metastable and immiscible. In the metastable region, the NG mechanism

operates

. Here, separation can only proceed by overcoming the activation energy
of nucleation. Once the nucleus is formed, it grows by a diffusion of
macromolecules towards the nucleus. The molecules diffuse from a region of
relatively high concentration to the vicinity of the growing nucleus, which is a region
of relatively Jow concentration. That is, the coefficient of diffusion is positive. This
mechanism produces spheres with sharp boundaries of the second phase within a
matrix of the first phase. These spheres grow by increasing their diameter with time,

whilst their comtposition remains constant,

In the immiscible region, phase separation takes place via the SD mechanism ©. In
this region, there is no barrier to phase separation and it occurs by a continuous and
spontaneous process. In this mechanism, macromolecules diffuse from a region of
relatively low concentration into a region of relatively high concentration, that is, the
coefficient of diffusion is negative ®. SD tends to produce interconnected cylinders
of the second phase within a matrix of the first phase. Unlike NG, in this mechanism
the composition and size increase with time. SD produces finer phases with blurred

interface until Iater stages of decomposition.
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Figure 2.7.  Schematic presentation of (a) nucleation and growth, and
(b) spinodal decomposition ©.
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2.1.10 Characterisation of IPNs

Studies of IPNs have mostly been concerned with the level of mixing between the
constituent polymers. Hence, techniques that vield information on the morphology,
glass transition temperatures and mechanical properties of IPNs have been employed

to characterise them. A brief review of some of these techniques is given below.

Microscopic techniques give direct visual evidence of the shape and size of phase
domains as well as phase continuity. Hence, they are widely used in the
characterisation of blends. The two-phase nature of IPNs has been observed using

©b scanning electron microscopy “® (SEM) and transmission

optical microscopy
electron microscopy “**. Microscopic techniques require the preferential staining
by, for example, osmium tetroxide, of one of the polymers to distinguish the
networks. This is easily achieved in the presence of unsaturation or reactive groups
“7 in the polymer. In the absence of both, a small amount of an unsaturated species

like isoprene is deliberately introduced into one of the networks to facilitate staining
(25

A possible source of artefact in TEM is the introduction of an artificial grain
structure by OsOy staining. Observable under greater magnification, this may lead to
serious errors in cases where the size of the deposit is comparable to the expected

size of the domains ©”.

Measurement of Tg is the most popular method of characterising IPNs. The
existence of a single sharp, single broad, individual or shifted transitions yields

information about the extent of mixing in IPNs ©.

A widely used criterion of
polymer miscibility is the detection of a sharp single glass transition intermediate
between those corresponding to the two component poiymers. What this really
means is that homogeneity is detected down to the lowest limits of measurement of
the technique used. In immiscible polymer pairs, gross phase separation takes place,
producing domains of the pure component. In this case, two distinct Tgs are
detected, identical in temperature and width to those of the unblended components.
Semi-miscibility produces some inter-diffusion of molecules and phase sizes slightly

higher than the minimum limits of detection. This partial mixing is manifested by
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the inward shifting of Tgs of the individual component “®. Broadening of Tg peak is
also indicative of partial mixing which produces a micro-heterogencous morphology
©D Differential scanning calorimetry (DSC) and dynamic mechanical thermal
analysis (DMA) are the most common methods of measuring Tg. Between these

@999 studied the aspects of

two, DMA has been extensively used. Sperling et al.
molecular mixing in poly(n-butyl acrylate)/polystyrene [PNs using DMA. Hourston
et al. ® compared the miscibility of acrylic latex IPNs derived from empirical
equation to that by DMA studies. Frisch et al. ¥ used DMA to study the Tg
behaviour of polyurethane/epoxy IPNs. They found the highest miscibility in the full

IPNs as signified by one Tg.

Although Tg measurement for determination of muscibility is very popular, it has its
limitations as well. One such limitation is the difficulty of resolving the Tgs of an
immiscible mixture, where the individual Tg is less than 20° C apart ‘. The
second limitation is the concentration dependent nature of some Tg measurement
techniques @. Depending on the sensitivity of the technique, a component that is
present in a small quantity may not be detected. These two shortcomings may lead
to an erroneous assumption of miscibility. Discrepancy in Tg measurements by
different techmiques might anse, if these techniques are responsive to co-operative
molecular motions occurring over different region sizes. For instance, DSC is
sensitive to motions of longer molecular segment than the segment responsible for
the micro-brownian motions detectable by DMA. As such, a particular blend may be
judged miscible by DSC but heterogeneous by DMA 190,

A plot of tensile strength against composition of a polymer pair can give an
indication of miscibility. Miscible polymer systems usually show synergistic effect
above the linear additive effect of the two components “**'%). This improvement in
tensile properties is usually attributed to the strong interactions producing better

molecular packing. On the other hand, immiscible polymer pairs have been reported

to exhibit a broad minimum in tensile strength as a function of composition 1%+,

Hourston et al“% measured the tensile properties of poly(vinyl isobutyl

(107)

ether)/poly(ethyl acrylate) IPNs, polyurethane/polyacrylate IPNs and some

(108}

acrylic based latex IPNs The results were correlated with the dual phase
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(109)

morphology of the respective IPNs. Meyer used tensile testing to characterise

polyurethane/poly(methyl methacrylate) IPNs.

Some workers have found infrared @' and nuclear magnetic resonance
(NMR) spectroscopies useful in characterising IPNs. Meyer et al. ' used FTIR to
study the kinetics of network formation in polyurethane/poly(methy! methacrylate)
IPNs. The effect of crosslinking on molecular mixing in IPNs was studied by

(10 yising FTIR spectroscopy. In numerous studies, FTIR was used to

Coleman et al.
identify the mechanism responsible for miscibility in polymer blends. Shift in
carbonyl absorption indicated that, to a large extent, hydrogen bonding promoted
miscibility QIZ1H - Using BC NMR spectroscopy, Hourston and Klein 41 detected

interchain mixing at phase boundaries of polyurethane/polysiloxane IPNs.

Scattering techniques have also been used to characterise IPNs. More common
among these are X-ray and neutron scattering methods. Lipatov et al. '© studied
phase separation in polyurethane/polyacrylate IPNs using SAXS technique. The

M7 in their studies on polyurcthane-

same technique was employed by Stein et al
based IPNs. SANS has been used to study the domain size of IPNs “*''®_ Sperling
favoured SANS over transmission electron microscopy as it can resolve much

smaller domain sizes and is thus a better technique to study dual-phase continuity.

Optical clarity can also give an indication of miscibility “*'®_ Mixtures of two
amorphous and miscible polymers are always clear. However, absolute judgement of
miscibility cannot be made on this basis alone. Although it has been shown that the
presence of as little as 0.01 weight percent of an immiscible polymer can cause
opacity in a blend “*”, there are circumstances where immiscible or semi-miscible
polymer pairs form optically clear blends. Clarity can be observed in such a system
if the sample film is so thin, that, light encounters only one of the two phases in
passing through it ©®. The production of two layers upon phase separation can also

(123)

produce a transparent film The third instance of clarify in a heterogeneous

polymer system is when the dispersed phase has dimension smaller than the

(123

wavelength of visible light The majority of optical clarity in heterogeneous

polymer systems, however, is due to the two polymers having equal refractive

indices 123,
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2.1.11 Applications of IPNs

(8,11,12)

IPNs have found applications in a variety of fields Some of these

applications are reviewed in this section.

Studies have been cartied out on the use of IPNs in damping applications @212,
Damping involves the transformation of mechanical energy into heat *®. This
transformation is most efficient at the Tg of a material where mechanical energy is
converted into heat of friction due to the increased molecular movement “*”. The
micro-heterogeneous morphology of some IPNs results in a very broad composite Tg
@3 which stretches between the Tgs of the two polymers. This means that the IPNs
damp effectively over this broad temperature range. In the early 1970’s, Sperling et

(2 studied latex acrylic IPNs for noise and vibration damping. These IPNs

al.
exhibited significant damping in the temperature range of —30°C to 70°C. Hourston
and McCluskey “*® found that IPNs of poly(vinyl isobutyl ether)/poly(methyl
methacrylate) showed broad damping peaks over the temperature range of —20°C to
20°C. Wong and Williams ™** concluded that polyurethane IPNs showed better
damping propertics when compared with its copolymers and blends. Klempner et al.
3D obtained a damping peak in the temperature range of 5°C to 35°C from
polyurethane/epoxy IPNs. They also showed that the damping temperature range
could be tailor-made by using non-reactive aromatic plasticisers. By doing so, the
temperature at which maximum damping occurred could be adjusted without altering

the width of the transition.

Another fast growing sector of IPN application is the medical field. Vale and Greer
832 reported using IPN technology to produce composite silicone rubber surgical
tubing, which was hydrophilic. Gradient IPNs in the form of hydrogel beads were
studied by Mueller and Heiber *® as a controlled drug delivery agent. For this
application, polymer network I was produced as suspension-sized particles. Then the
drug and one component of a condensation polymer were dissolved into the network.
The second component of the condensation polymer was then swollen into the
particles. With diffusion, the second network was formed. IPNs of crosslinked

collagen and 2-hydroxy ethyl methacrylate were produced by Kuzma and Odorisio
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39 These IPNs were good for contact lenses as they exhibited high water content,
high oxygen permeability and good mechanical strength. Roemer and Tateosian ©°°
developed sequential homo-IPNs of PMMA to be used in dentures. Crosslinked
PMMA particles produced by suspension polymerisation were swollen with linear
PMMA, MMA monomer, crosslinker and initiator. The IPN produced was solvent

resistant.

The electronic and electrical industries are also discovering new applications of
IPNs. Usmani 9 found that diallyl phthalate/epoxy IPN was a good replacement
for moisture sensitive epoxy resins for encapsulating small light-emitting diode
displays. The use of silicone/polytetrafluoroethylene IPNs for electronic parts has
been proposed *”. Other applications of IPNs that have been quoted include

(138,139) (140,141

coating materials and adhesives

2.2  Epoxidised Natural Rubber

Natural rubber (NR) is initially obtained as latex from the tree Hevea Braziliensis.
This milky fluid, which flows when the bark of the tree is cut, is a suspension of
rubber particles in an aqueous phase. In the dry form, NR consists of 95%
hydrocarbon rubber and 5% non-rubbers ™*?. The hydrocarbon is made up of chains

of cts-1, 4-polyisoprene with molecular weight ranging from 1,000,000 to 2,000,000
(143)

CHs H CH H
/ N
e G Ho CHo —-—C{z CHopwww

Figure 2.8 Chemical structure of natural rubber

Although NR has some desirable properties like low hysteresis and strain induced

crystallisation (¥

(145)

, it cannot compete with some speciality synthetics concerning oil
resistance and gas permeability "**. The modifications of NR have been carried

out with the hope of changing some of its properties and widening its applications.
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Chlorinated “*? and cyclised NR "*” have been commercially produced in the past.
Other attempts at modification have produced rubber bound antioxidants “*®, di-

9 and polystyrene grafted NR %9,

urethane crosslinking system
The most successful modification of NR is the incorporation of epoxy groups into the
polyisoprene chain. This is done by reacting NR latex with hydrogen peroxide and
formic acid under controlled conditions of moderate temperature and low acidity

(5D Epoxidation takes place according to the equation given below.

H.0O, + HCOOH

HCOOOH + H;O

" CHs H CHsa
HCOOOH + >C=C/ — /i\CH + HCOOH
e GH2 é—izw e GH2 CHpmww

Figure 2.9 Epoxidation of natural rubber 1

This reaction is stereospecific ¢°?

, which means that the resultant elastomer
maintains its original cis configuration. Epoxidation level up to 75 mole % can be
achieved without the formation of secondary ring-opened structures 2. It has been
proven by >C NMR spectroscopy that a random distribution of the epoxy group in
the rubber chain is produced by the process *>”. Today, natural rubber with 25 mole
% (ENR 25) and 50 mole % (ENR 50) epoxidation are marketed by Kumpulan
Guthrie Sdn. Bhd. Malaysia, under the trade name of Epoxyprene 25 and

Epoxyprene 50. These rubbers have been used in the present study.
ENR can be vulcanised using any of the systems used for NR ®®. In this study, a

peroxide cure was chosen as it avoided the addition of other compounding

ingredients, which might affect the IPN formation.
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2,2.1 Properties of Epoxidised Natural Rubber

The properties of NR change proportionally with level of epoxidation. For every

mole % increase in the epoxidation level, Tg increases by 0.9°C and solubility

(1%

parameter by approximately 0.031 (MPa)"2 However, due to the

stereospecificity of the epoxidation process coupled with the small size of the oxygen
atom, ENR retains the strain crystallisation of NR **? This is reflected by the high

tensile and tear strength of gum ENR vulcanisate ®. The increase in Tg leads to an

(19

increase in ambient temperature hysteresis *' . This means that higher epoxidation

produces ENR with lower rebound resilience and with improved damping properties

19 " A very attractive enhancement in property is the decreased air permeability of

(156)

ENR *? and its improved peel adhesion ‘°®. An increase in epoxy content also

renders the rubber more polar “P. Consequently, ENR is resistant to mon-polar

I3 ENR 50 exhibits swelling behaviour in between those of

@n

solvents
poly(chloroprene) (CR) and a medium acrylonitrile-butadiene rubber (NBR)
Another interesting feature of ENR is that it achieves high reinforcement by silica
fillers without the need of coupling agents. Other rubbers inciuding NR would
require the incorporation of a silane coupling agent °”. ENR also exhibits high

(156)

adhesion to chlorinated polymers %, nylon ©*®  brass coated steel ®*? and glass

{160)

2.2.2 Blends of Epoxidised Natural Rubber

Biends of ENR/NR *”, ENR/BR ", and ENR/SBR “*” have all been studied. All
these blends exhibited dual phase morphology (61169
observed in blends of ENR/PVC % Although only partial miscibility was observed
U9 petween ENR 25 and PVC, ENR 50 and PVC have been shown to be miscible

across the complete composition range 1®. The miscibility has been attributed to

. Better miscibility has been

the occurrence of hydrogen bonds between the two polymers “*>. Various aspects of
PVC/ENR 50 blends have been studied. These included the effects of mixing
conditions and blend compositions on mechanical properties ‘%7, Blends of

(168)

- chlorinated polyethylene and chloroprene “*” with ENR 50 have also been

found to be miscible. De et al. 9"®"Y have studied blends of carboxylated
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NBR/ENR 50 and chlorosulphonated polyethylene/ENR 50, which they called self-
vulcanising systems. At high temperatures, the blends crosslinked to form one-phase

(172)

systems without the addition of curatives * '“. Thermoplastic elastomers have been

produced from the combinations of ENR/polypropylene ! and ENR/styrene-

acrylonitrile (SAN) copotymer 47,

2.2.3 Applications of Epoxidised Natural Rubber

The applications considered take advantage of the properties of ENR, which have

been brought about by the epoxidation process.

The good adhesive and sealant properties of ENR have been utilised to develop

47 and rubber

adhesives for bonding wvulcanised rubbers of differing polarity
compounds to steel ™). Studies carried out on ENR 25 tyre tread formulations have
shown that it offers the combination of safety from high wet traction and good fuel

(79 Inner liner compounds made of ENR

economy from low rolling resistance
50/NR blends have been found to compare favourably with a saturated
chlorobuty)/NR liner compound V'”. The tyre industry might well prove to be the
largest market for ENR. Besides the aforementioned applications, the hysteresis

properties of ENR make it suitable for anti-vibration mountings %,

2.2.4 Reactivity of Epoxidised Natural Rubber

The epoxy groups are reactive sites. In this section, are discussed briefly some ENR

reactions that have been studied.

Acids can cause ring-opening of the epoxy groups leading to the formation of diol,
ether crosslinks and in the case of consecutive epoxy groups, the formation of
tetrahydrofuran rings. These reactions are schematically represented by the

equations below @7
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Figure 2.10  Reactions of ENR with acid 1"

These reactions have been used to explain the storage hardening of ENR, which
contains residual acid from the epoxidation process. The epoxy group can also react
with amino functional groups. This reaction has been studied 1’ as a way of

synthesising polymer-bound antioxidant. An example of such a reaction is given

below between ENR and an aromatic amine.

>§@+H2N_©__, Noél‘@

Figure 2.11  Reaction of ENR with an aromatic amine ¢7®
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