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SUMMARY v

The main aim of this work was two fold, firstly to investigate the effect of a highly reactive
comonomer, divinylbenzene (DVB), on the extent of melt graftmg of glycidyl methacrylate
(GMA) on ethylene-propylene rubber (EPR) using 2,5-dimethyl-2,5-bis- -(tert-butyl peroxy)
hexane (Trigonox 101, T101) as a free radical initiator, and to compare the results with a
conventional grafting of the same monomer on EPR. To achieve this, the effect of processing
conditions and chemical composition including the concentration of peroxide, GMA and DVB
on the extent of grafting was investigated. The presence of the comonomer (DVB) in the
grafting process resulted in a significant increase in the extent of the grafting using only a small
concentration of peroxide. It was also found that the extent of grafting increased drastically with
increasing the DVB concentration. Interestingly, in the comonomer system, the extent of the
undesired side reaction, normally the homopolymerisation of GMA (polyGMA) was shown to
have reduced tremendously and in most cases the level of polyGMA was immeasurable in the
samples. Compared to a conventional EPR-g-GMAcony (in the absence of a comonomer), the
presence of the comonomer DVB in the grafting system was shown to result in more branching
and crosslinking (shown from an increase in melt flow index (MFI) and torque values) and this
was paralleled by an increase in DVB concentration. In contrast, the extent of grafting in
conventional system increased with increasing the peroxide concentration but the level of
grafting was much lower than in the case of DVB. Homopolymerisation of GMA and excessive
crosslinking of EPR became dominant at high peroxide concentration and thls reflects that the
side reactions were favorable in the conventional graftmg system' / , '

The second aim was to examine the effect of the.in-situ functlonahsed EPR when used asa

compatibiliser for binary blends. It was found that blending PET with functionalised EPR

(FEPR) gave a significant improvement in terms of blend morphology as well as mechanical
properties. The results showed clearly that, blending PET with ~EPRpyg (prepared with DVB)
was much more effective compared to the corresponding PET/f-EPRcony (without DVB)
blends in which /~EPRpys having optimum grafting level of 2.1 wt% gave the most pronounced
effect on the morphology and mechanical properties. On the other hand, blends of |
PET/f~EPRpyp containing high GMA/DVB ratio was found to be unfavorable hence exhibited
lower tensile properties and showed unfavorable morphology. The presence of high polyGMA
concentration in f~EPRcony was found to create damaging effect on its morphology, hence
resulting in reduced tensile properties (e.g. low elongation at break). However, the use of
commercial terpolymers based on ethylene-methacrylate-glycidyl methacrylate (EM-GMA) or a
copolymer of ethylene-glycidyl methacrylate (E-GMA) contair'}ing various GMA levels as
compatibilisers in PET/EPR blends was found to be more efficient compared to
PET/EPR/f-EPR blends with the former blends showing finer morphology and high elongation
at break. The high efficiency of the terpolymers or copolymers in compatlbmsmg the PET/EPR
blends is suggested to be partly, higher GMA content compared to the amount in ~EPR and due
to its low viscosity. ,

Keywords: EPR, GMA, PET, functionalisation, comonomer, divinylbenzene, grafting,
blending, terpolymer, copolymer.
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CHAPTER 1

INTRODUCTION

1.0 Background

Studies on functionalisation of polyolefins by reactive processing have been carried out
widely [1-9]. During this process, functional groups can be incorporated into the
polymer backbone by a free radical melt grafting process. The term reactive processing
refers to the use of suitable reactive modifiers with polymers and the adoption of
conventional polymer processing machinery e.g. a batch mixer or an extruder, as a
chemical reactor to perform in situ targeted reactions for chemical modification of
preformed polymers [1]. The major feature of reactive processing is that it is carried out
in the melt without a solvent in the presence of shear at high temperatures, using a high
viscosity and heterogeneous polymers. This gives rise to tremendous challenges to melt
free radical grafting in terms of reactivity, selectivity and process control. In a typical
polymer functionalisation reaction, at least three reactants would be involved including
a polymer, functional modifier, e.g. a vinyl-containing monomer, and a free radical
initiator. The free radicals formed from the initiator react with the functional monomer
to form propagating radicals, which would graft onto the polymer backbone. The
efficiency of the grafting reaction depends largely on the reactivity of the free radicals
formed as well as the reaction process conditions (e.g. temperature, time, shear). The
major advantages of using reactive processing methods are relatively low output costs
and is a rapid way of obtaining new polymers without having to search for new
monomers. Furthermore, there is no need to use solvents in the melt reactions which
would provide post processing cost advantages in term of solvent recovery [1].
However, several limitations have been reported [10] including the use of high
temperatures typically required for melt reactions which may promote polymer
degradation or crosslinking that would subsequently affect the ultimate product quality

and performance.
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Work on polymer blends has been carried out exténsiVéIy in recent years by many
researchers [1, 11-13]. Polymer blends are mixtures of two or more ‘p.o,‘l-y,.m‘ers' with a
unique range of properties obtained from both polymer components. The combinations
of immiscible polymers that can be compatibilised result in polymer blends that would
offer an opportunity to achieve the desired properties at optimum cost [14]. In addition,
such polymer blends provide an alternative to designing completely new polymers, and
such would satisfy new markets useful in industrial applications [15]. With a proper
selection of materials and process conditions, blends with excellent properties can be
therefore made. In most cases however, one or both polymer phases do not posses any
functional groups and therefore reactive groups are typically incorporated into such
blends, through the use of functionalised polymers in order to enhance the compatibility

of the immiscible polymer components [16].

1.2 Polymer Functionalisation with Reactive Monomers

A number of functional monomers such as glycidyl methacrylate (GMA) [17-20],
maleic anhydride (MA) [21-23], and oxazoline [24] have been grafted onto polyolefins
by free radical grafting reactions. One of the main problems, however, in grafting these
monomers on polymer backbones is the fact that in addition to grafting, they can also
homopolymerise, a reaction that competes directly with the grafting process and often

results in low grafting [9].

1.2.1 Grafting Glycidyl Methacylate (GMA) onto Polymers

GMA (Figure 1.1) is a highly reactive bifunctional monomer, containing an unsaturated
group capable of free radical grafting on hydrocarbon polymers, and an epoxy group
that can react further with different functional groups e.g. carboxylic, hydroxide and
amine group. The use of GMA in reactive processing for polymer functionalisation has
gained a great attention from many researchers [2, 9, 25-27] and is summarised in Table

1.1.

0 o)

/\

HZCICIZ—C———O——CHZ—HC-—CHZ
CHs

Figure 1.1. Chemical structure of glycidyl methacrylate (GMA)
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Table 1.1. Functionalisation of GMA onto Polymersj /

EPR Torque 10 TRIS T101 0.003MR | 3%

rheometer

EPDM Torque 10 TRIS T101 0.0.229 3.6% [28]
rheometer M.R

EP Brabender 6% DCP 0.2% 0.8 mol% | [25]
like mixer

EPR Rheocord 6 phr Styrene DCP 0.3 phr 3.5phr [29]
Haake mixer

PE Haake mixer | 5% DCP 0.6% 1.6% [30]

10% 2.4%

EPR 10% DCP 1.1% 2.1%

PE Rheocord 10 phr Styrene DHBP 0.4 phr 5.2phr [31]
Haake mixer

PP Haake 5% Styrene AM 0.5% 4.7% [20]
Rheocord 90
mixer

PP Rheocord 6phr Styrene DHBP 0.2phr 1.4% [17]
Haake mixer

PP Rheocord 6phr Styrene DHBP 0.2phr 1.4% [18]
Haake mixer

PP Werner % 3phr Styrene DTBPIB 0.3phr 0.9phr [18]
Pfleiderer
ZSK-30 3phr Styrene DTBPIB 0.3phr 0.3phr
TSE

PP Haake 18% Styrene DHBP 1.1phr 3.8% [16]
Rheocord
600 mixer

PP Haake 11% DHBP 1.1phr 2.8% [32]
Rheocord
600 mixer

TRIS trimethylolpropane triacrylate

T101 2,5-dimethyl-2,5-bis(s-butylperoxy) hexane

DCP Dicumylperoxide

DHBP 2,5-bis(tert-butylperoxy)-2,5-dimethylhexane

AM Acrylamide

DTBPIB 1,4-diisopropylbenzene

The grafting level of GMA onto PP in a co-rotating twin screw extruder was studied
[18] and the grafting yield was shown to increase with increasing concentration of the
initiator, (1,3-bis(tert-butylperoxyisopropyl)benzene) but decreased with increasing
screw speed or feed rate. Gallucci et. al [30] studied the reaction of grafting GMA in
the presence of dicumyl peroxide (DCP) as initiator onto low density polyethylene
(LDPE) and ethylene propylene rubber (EPR) using a batch mixer (Haake equipped
with roller blades). It was found that grafting on EPR could be achieved without
significant crosslinking (less that 5% gel was found). On the other hand, the EPR was
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found to be more difficult to functionalise compared to polyethylene (PE). It was
concluded that epoxy-modified polyolefins could be prepared in the melt by radical melt
grafting of GMA. However, when GMA was grafted onto ethylene propylene diene
rubber (EPDM), a considerable crosslinking was observed and this was also attributed

to the presence of peroxide in the system [28].

Grafting GMA onto low density polyethylene (LDPE) was also carried out by Pracella
et. al. [26] using bis[1-(tert-butylperoxy)-1-methylethyl] benzene (BTP) in a Brabander
internal mixer at 175 °C, 50 rpm, 5 min. In this work, two procedures were applied
during the grafting:
A. The LDPE was powdered and premixed with GMA and BTP before feeding,
then the mixture was charged in mixing chamber at 175°C.
B. LDPE was melted into the mixing chamber at 145°C for 5 min, then the
mixture of GMA and BTP were added dropped-wise then the temperature

was increased to 175°C for 5 min.

It was found that the grafting degree was largely affected by the grafting procedure with
procedure A giving higher grafting degree ranging from 1-12 wt % compared to that
achieved by procedure B. The authors suggested that good absorption of the monomer
and initiator onto the LDPE powder facilitated the grafting reaction rate leading to
higher grafting yield. The amount of the GMA grafted onto polymers is usually
determined by the initial concentration of the monomer and peroxide used in the melt
grafting reaction. A study on the effect of monomer (GMA) and peroxide
concentrations on the grafting yield of GMA onto EPR using dicumyl peroxide (DCP)
showed that an increase in peroxide and GMA concentrations increased the grafting
level to 0.7 mol % [25]. However, with constant GMA concentration a higher grafting
yield was obtained at peroxide concentration of 0.15%. In fact, an increase in the
peroxide concentration resulted in dramatic increase in the melt index due to
crosslinking reaction of the PE component of EPR. It was showed that GMA melt free
radical grafting onto polypropylene (PP) was accompanied by f-chain scission of the
polymer [16]. However, the extent of grafting and the level of PP degradation can be
controlled by manipulating both the initiator and monomer concentrations as well as the

processing temperature.
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1.2.2  Grafting Maleic Anhydride (MA) onto Polymers

Maleic anhydride (MA) (Figure 1.2) is also a bifunctional monomer which has been
used extensively for grafting onto polyolefins [21, 33-38]. Like other, ¢, f-unsaturated
compounds, reactions can take place on the carbonyl groups, the unsaturated site or on
both sites. Agnelli er. al [23] examined the grafting reaction of MA on PP and
concluded that an increase in peroxide concentration caused an increase in the
percentage of grafted MA onto PP but with a reduced melt flow index (MFI) values due
to excessive degradation of PP. It was shown that an increase in the initial MA
concentration and also an increase in the rotor speed resulted in increasing the chance of
MA reaction with the PP macroradicals leading to increased extent of grafting but this
was also associated with PP degradation [23]. Furthermore, in PE, the extent of
crosslinking was found to increase when MA was grafted onto different PE grades using
2,5-dimethyl-2,5-(di-t-butylperoxy)hexane as a radical initiator in a internal batch mixer
(Haake Buchler Rheomix 600) [21] whereas in EPR, both cross-linking and degradation

reaction have been shown to take place to varying extent [21].

g
Figure 1.2. Chemical structure of Maleic Anhydride (MA)

1.2.3 Grafting Oxazoline onto Polymers

Oxazoline, Figure 1.3, is another monomer which has been used extensively to
functionalise polyolefins [39-41]. It was shown that the efficiency of grafting of a
monomer containing a terminal oxazoline group with double bond, ricinoloxazoline

maleinate (OXA), Figure 1.4, onto PE depends strongly on the processing conditions.

A sample obtained from processing at a temperature of 180°C, screw speed of 64 rpm

and a mixing time of 7 min, without peroxide was found to give remarkable grafting
yield [40]. Oxazolines react fast with carboxyl and amino groups, which make them
suitable for use in blends containing these functional group e.g. as end groups in

polyester or polyamide [39, 42-44]. The functionalisation of polyolefins and elastomers
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with recinoloxazoline maleinate was shown to give an increase in the degree of grafting

with increasing the initial monomer concentration [24].

»

Figure 1.3. Chemical structure of oxazoline

C]:H:C];H
O—-’—CID Cl):O
0O 0 N
| | . 7
CH, (IZH—CH;'CH—_CH—‘(CH2 7
CH

Figure 1.4. Chemical structure of ricinoloxazoline maleinate (OXA) [45]

However, crosslinking was found also to accompany the grafting reaction in the case of
PE even with a low initial monomer and peroxide concentrations. Hu et al. [45]
investigated the grafting efficiency of ricinoloxazoline maleinate (OXA) onto PP in a
batch mixer. It was concluded that the grafting yield varied from about 0.5 to 1.5 phr
and was shown that the presence of styrene used as a comonomer, the grafting did not
enhance the grafting yield of OXA but it did markedly reduce the extent of PP
degradation. The efficiency of grafting was shown to be dependent on the concentration

of both monomer and peroxide.

1.3 Free Radical Grafting Reaction Process and Mechanism

The main reaction steps involved in a typical melt free-radical grafting process are
summarised in Scheme 1.1. The initiator decomposes under the effect of shear and high
temperature to give free radicals (I*) for subsequent reactions (Scheme 1.1, Rn-1). In
the presence of a polymer or a monomer molecule, the initiator radicals may follow two
different reactions. They may attack a monomer molecule generating a monomer radical

(IM¢) via H abstraction (Scheme 1.1, Rn-2) and this can continue to react with more
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monomer forming a homopolymer (Scheme 1.1, Rn-3), which has a limited hydrogen
abstraction capacity, thus, reducing the possibility of its grafting onto the polymer
backbone [10]. The initiator may also react with the polymer forming macroradicals
(Scheme 1.1, Rn-4). The grafting of the monomer onto the polymer backbone occurs
when the macroradicals react with a monomer followed by H atom abstraction,
(Scheme 1.1, Rn-5 and Rn-6). The macroradicals however, may continue to react with
more monomer molecules leading to the formation of longer grafts (Scheme 1.1, Rn-8).
Other side reactions such as polymer crosslinking (Scheme 1.1, Rn-9) or chain scission
(Scheme 1.1, Rn-10) may also occur during the grafting process, but their extent would
depend on the polymer structure, for example PE undergoes crosslinking while PP is

prone to chain scission [10].

Iniator

Unwanted products

decomposition II +M 1
A, shear (1)

ROOR 2RO'(I'I‘“ (_’2) IM* | Monomer :

I
I
II +xM |
i (4) | (3 ||

~~C o~ [
l IMxM |
Polymer |
+M ' I
. : Homopolymer |
Macroradical . il (5) : (Unwanted side reactions l
r —————————————————— —_——— _I [ — '_'__‘_______.__.—'_.___L.—____j]
| I l’ ,
| | ,
Lo | T

CH=CH g |
,' \A/: s : | +RH Long graft ]'
I 1 (@ (6) ,
| bl e * /\/\/1/\/ |
| | | AASCo~~ MyM* l
I| Chain scission Grosshnking '| h'ﬁH ,l
| |

Il | | Shortgraft | :
| |1 /\/\,?/‘C‘\/\ l
| 5 MH 1
| I I
| | | |
l l : 1

Scheme 1.1 Simplified overall scheme of free-radical grafting onto polymer backbone,
M is monomer.
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The melt free radical grafting reactions are generally complicated due to the influence
of various factors including high temperature, high viscosity and heterogeneity of the
reacting medium as well as the formation of unwanted reactions of the monomer and the
polymer which would compromise the level of grafting [10] including radical or shear
induced crosslinking or chain scission of the polymer, as well as homopolymerisation of
the monomer [46]. It was shown that, generally, addition of high concentration of the
initial monomer or the initiator would result in an increase in the extent of
homopolymerisation of the monomer [9]. Monomers such as GMA and MA have low
reactivity toward macroradicals [9], hence low extent of grafting can be expected. To
improve the extent of grafting yield both the chemical composition and the processing
conditions must be controlled to minimise the extent of the unwanted side reactions.
Another approach would be to use a more reactive comonomer that will result in

enhanced grafting efficiency, see Sec 1.4.

The type and concentration of the initiator used has a major influence on the outcome of
a typical melt grafting reaction. The most widely used initiators are organic peroxides
e.g. dicumyl peroxide, benzoyl peroxide, 2,5-dimethyl-2,5-bis(z-butylperoxy) hexane
(T101) [4, 47] which generate the initiator radicals by homolytic cleavage of their labile
oxygen-oxygen bond. The most important factors that determine the selection of an

initiator include: [4, 47, 48].

1) The peroxide half life (t;2), as it determines the rate of decomposition of the
peroxide at different temperatures.

2) The decomposition rate of the peroxide to generate free radicals is strongly
dependent on the reaction conditions and process variables.

3) The reactivity of the generated radicals towards hydrogen abstraction from
polymer backbones. The nature of the radicals formed from further
decomposition of the initial alkoxyl radicals is also important. For example ¢-
butoxyl and methyl radicals have high efficiency to hydrogen atom abstraction
while the more stable ethyl radical generated from amiloxyl radicals favour

polymerization instead of H-abstraction.
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4) High reactivity of the initiating radicals towards monomers would promote
homopolymerisation of the monomer leading to lower extent of the desired
grafting reaction.

5) The physical characteristics of the initiator (solid, liquid absorbed on solid
carrier) are also important for the purpose of delivery and mixing and the
toxicity of the peroxides is an essential criteria particularly if applications

involve human-contact.

The initiator half life represents the time taken for half of the quantity of the initiator
originally used to decompose [10]. This is important because if the half life is too long,
the initiator may not be completely utilised and thus is inefficient and unattractive from
an economical point of view. Ideally, the half life of the initiator should be short
compared to the processing time [10]. In many cases, the nature of the peroxide
influences the efficiency of the grafting reaction and the degree of macromolecular
degradation. Competition between the grafting and side reaction processes, which
determines the chemical structure of the product, will largely depend on the nature and
concentration of the peroxide used [49]. Other factors are also important and must be
considered when selecting an initiator including the solubility of the initiator in the
polymer melt and in the case of multiphase polymer melts, its partition coefficient
between the phases. The method of introducing the initiator also plays a significant role
in determining its efficiency. Initiators can be introduced into polymers through the
main hopper of the processing machine either with the monomer or in a separate feed.
Alternatively, it can be added directly, by absorbing it onto the polymer, or by adding it
as a solution in the monomer or in a solvent. All reactants including the initiator may be

added at once or through multipoint addition.

The rate of decomposition and the reactivity of peroxides (ROOR) depend on the
peroxide structure and particularly the type of the R group [50]. The mechanism of
radical generation from Trigonox 101 (T101), one of the most widely used peroxide for
melt grafting reactions and the peroxide used in the work described in this thesis, is
illustrated in Scheme 1.2. Dissociation of T101 generates r-butxyl radicals and alkoxyl
radicals (Scheme 1.2, Rn-1).The formation of methyl radical takes place through S

scission of terbutoxyl radical (Scheme 1.2, Rn-2). Further formation of z-butxyl radicals
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and alkoxyl radicals take place by H atom abstraction and /3 scission reactions, (Scheme
1.2,Rn 3, 4, 6 and 7).

CH, H, H, H,
CH;?—0—0—?-—-CH2—CH2-?—0—0-—?—CH3
CH, CH, CH, CH,
Trigonox-101 Homolysis
(1) | decomposition
tert-butoxyl CH, CH, CH,
radical l
=0 'O—T—CHZ—CHZ—?—O—O—(I:—CHs
CH, CH, CH,
Alk j (4)
. oxyl radical
H-abstraction
B-scission I H-abstraction
CH, (3) B-scission l
2
(2) H,C—C—OH <|:|-|3 cI:H3 cI:H3
Ho—cl:—(:Hz-cwz—tlz—o—o—?—CH3
c CH CH
tert-butoxylalcohol Hs a '3 h}
v I
H, cr'H, H, Homolysis I
decomposition
o=? P CH,—CH,--T—O—O--—f—CH3 po 8
CH, CH, CH, :
(6) \ |
H-abstraction I |
I
? H, TH; I
CH;CH-C—0—0—C—CH,| |
c—o—o—-?——cna Fo f 1 I
CH, CH, |
(8) | (10)
S Homolysis |
Fscission decomposition I |
(7) 4 :
H CH y
3 [ ® (9) H, |
— #O0—C—CH >
0 ? o R > Gy |
CH CH, j-scission I |
- CH,
tert-butoxyl radical
Methyl radical

Scheme 1.2 Radical generation reactions from Triogonox-101
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1.4 Grafting Reactions in the Presence of Co-Monomers

It was shown in the Section 1.2 that generally the grafting efficiency of many functional
monomers onto polymers is low, and this depends on the reactivity of the specific
monomer with the macroradicals [9]. Efforts have been made by many authors to
improve the grafting yield of less reactive functional monomers by the use of more
reactive comonomers (sometimes referred to as coagents) [9, 17, 31, 51, 52]. For
example, the grafting yield of MA on isotactic-polypropylene (iPP) was improved by
incorporation of neodymium oxide (Nd,Os), into the reactive system as a grafting
coagent, with a significant increase in the grafting yield [49]. It was shown that when
NdyO5 content was 4.5 mmol %, the increment of the grafting degree of MA was about

30% compared with that of a related system but without the Nd,Os [49].

Similarly, to enhance the free radical grafting efficiency of GMA on polymers, various
comomomers e.g. styrene [17, 31], trimethylol propane triacrylate (TRIS) [9, 51] and
special initiating agents such as acrylamide [20] have been used. Work in the Polymer
Research Unit (PPP) (Aston University) by Al-Malaika et. al [9] showed that the
presence of the highly reactive comonomer TRIS results in significant improvement in
the grafting degree of GMA onto EPR with minimum extent of polymer degradation
and with no GMA homopolymer formation. The use of TRIS in grafting of GMA onto
EPDM has also been shown to give an improved grafting level [51]. Furthermore, the
addition of DVB and TRIS as comonomers in melt free radical grafting of GMA onto
PP were also shown to greatly enhance the level of grafting reaction and reduction of
the extent of side reactions [53]. The grafting reactions in the presence of the
comonomers TRIS and DVB on PP were achieved at much lower peroxide
concentration and consequently resulting in a negligible extent of PP degradation with
very small amount of polyGMA formation [53]. Examination of the kinetic of the
grafting reactions in the commoner systems showed that TRIS led to shorter complete
grafting reactions time compared to DVB [53]. It was also reported [53] that DVB was
more reactive towards PP macroradicals and resulted in formation of PP-DVB-PP
crosslinks which occured before the copolymerisation with GMA. In contrast, in the

GMA/TRIS system, TRIS appeared to be less reactive towards the PP macroradicals but

11




Chapter 1: Introduction

more reactive towards GMA and copolymerised with GMA before the formation of

TRIS assisted PP crosslinking,

The effect of styrene on grafting of GMA onto PP [17] and PE [54] was reported. The
presence of styrene as a comonomer increased the GMA grafting yield greatly with
reduced PP chain degradation [17]. In contrast, the addition of styrene in the grafting
system of GMA on PE increased the efficiency to 30%. However the styrene also
caused PE branching reaction [54]. Styrene was shown to act as a mediator where it
initially reacted with PP macroradicals to form stable styryl macroradicals which react
with GMA to form GMA-grafted PP [17]. However, the high grafting yield in the
presence of styrene was suggested to be associated with longer chain grafts and
formation of more grafting sites [46]. It is worth noting here that, in the presence of
maleate esters, styrene was found to be ineffective at improving their grafting yield on
PP inspite of the fact that it was effective in reducing the degradation of PP [46, 55].
The use of styrene with oxazoline for functionalising PP was also shown not to enhance
the grafting yield but did reduce the PP degradation [56]. It was illustrated that styrene

and oxazoline did not copolymerize easily hence the low extent of grafting.

Other comonomers were reported to enhance the grafting of functional monomer on
polymers. Whitney et. al [57] investigated the effect of three comonomers, vinyl 4-
tertbutylbenzoate (VBB), styrene and 1-dodecene (DD) on the grafting of MA onto
poly(ethylene-co-methylacrylate) (EMA). It was suggested that both styrene and VBB
were capable of significantly increasing the amount of MA grafted onto EMA while 1-
dodecene appeared to exhibit primarily a plasticiser effect. The styrene was shown to
react with the EMA macro-radicals at a greater rate than the MA monomer, thereby
producing styryl macroradicals. The MA monomer then reacted readily with the styryl
macro-radicals, resulting in an overall synergistic effect. As a result, the EMA polymer
grafted with styrene forming MA oligomeric grafts. In this system where VBB was
present, the VBB monomer was shown to graft onto EMA radicals, followed by MA
grafting onto the new macro-radical sites on the VBB. However, this resulted in reduced
MFT values indicating an increased viscosity due to crosslinking. As a result, there may
have been less mixing in the VBB system resulting in poorer migration of both VBB

and MA to the radical sites, leading to an overall decrease in anhydride incorporation
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when compared to the styrene system. The presence of DD however, resulted in a
remarkable increase in MFI value. The DD monomer was shown to function mainly as a
plasticiser in the melt and did not play a role in the MA grafting, which is the reason
why DD was found to be less effective than the other comonomers examined in this
study [57].

1.5 Reactive Processing

Functionalisation of polymers has been achieved primarily by one of two main routes
based either on in-situ melt reactions via reactive processing, or in solution [1, 58]. The
most widely used technique has been that of reactive processing which is a cost-
effective approach for the production of new materials [1, 9, 14]. Some of the main
advantage of reactive processing compared to utilisation of solvent is the reduced costs
associated with the solvent, recovery and the absence of solvent emission resulting in
safety implication, and since the solvent usually comprises 5-20 time the weight of the
desired polymer products, the economic advantages are extensive [59]. In a typical
reactive processing step, existing commercial polymers are chemically modified in the
melt inside an extruder or internal mixer (which act as a chemical reactor) and the
functionalised polymers produced can subsequently be used to promote further chemical
reactions with other materials e.g. other polymers, resulting in the desired properties of

the new materials [14].

For increased grafting level, a good mixing, and more precise internal temperature
control would be required [59]. For example, extruders [60, 61] and internal mixer [62,
63] are widely used in reactive processing. When an extruder is used, optimised reaction
zone length may possibly increase the grafting level and the use of a twin screws
extruder would create a better opportunity for good interfacial reaction to take place for
example during reactive blending of immiscible polymers [15]. It was reported that the
use of batch reactors for bulk free radical polymerisation of acrylic monomers may be
problematic due to poor heat transfer, inadequate mixing, rapid viscosity increase and
gel formation. Therefore, high efficiency mixing equipment such as twin screw extruder
are normally used for large scale reactive processing [48] and extruders are better sealed

against oxygen compared to batch mixers [10].
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Batch mixing involves loading a volume of material into the mixer, which must later be
unloaded, this contrasts the process of continuous mixing (e.g. in extruder) where the
material flows steadily from an upstream process into the mixer and is retained in the
mixer for a specified mixing time, and then discharged at the same flow rate for
downstream handling [64]. Haake Rhoecord or Brabender type batch mixers are the
most popular types of mixers used by most researchers for reactive processing for the
purpose of studying melt free radical grafting or reactive blending process. Batch
mixers are also used to process small quantities of exotic or expensive chemicals and
are also capable of processing highly viscous polymers. In order to achieve optimum
output, the polymer is normally added first in the empty chamber in order to warm up or
before adding other reactant ingredients. For polymer blending, mixing is conducted
generally until a homogeneous blend is achieved. However as mentioned earlier, due to
its structure, the mixing chamber of batch mixers are not perfectly sealed and this would
be unfavourable for low boiling point liquid monomers or other temperature dependent

reagents used in reactive processing systems.

1.6 Polymer Blends

Work on polymer blends has been carried out extensively in recent years by many
researchers [1, 28, 51, 65-68]. Polymer blends are mixtures of two or more polymers
that provide unique range of properties obtained from both polymer components.
Polymer blends offer cost effective alternative to designing new materials, as they have
useful and sometimes unique properties that can satisfy new markets of different

applications [15, 69].

Most polymers pairs are immiscible due to thermodynamic reasons and without
compatibilisation, the physical properties of such polymer blends are worse than those
of either individual polymers due to poor structural integrity [69]. Typically, the
dispersed phase agglomerates into large domains when subjected to thermal processing
due to phase separation [70]. For example, it was shown that there is no evidence for
any interfacial interaction or adhesion in the immiscible PET/PE physical blends and the
morphology of these blends showed discrete spherical domains of the manor component
within the continuous phase due to immiscibility of PET and PE polymers [71]. The
incompatibility of two polymer phases, e.g. the immiscible PET/HDPE blends, results
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in a fragile material [72] due to coalescence resulting in gross phase segregation and
delaminating on a macroscopic scale thereby increasing the brittleness and giving poor
surface appearance in the final molded part [73]. The miscibility of polymer blends have
been categorised into [74]: i) Completely miscible blends (minority) ii) partially

miscible blends and iii) fully immiscible blends.

1.6.1 Compatibilisation of Immiscible Polymer Blends

The immiscible polymer pairs require compatibilisation and an economical way of
achieving this would be through reactive blending that gives rise to an in-situ copolymer
formation by a reaction between functionalities of the polymers [69, 75, 76]. For
example, blends of PET and polyurethane (PU) were shown [77] to offer better
mechanical and thermal properties due to compatibilisation via association of the
carbonyl groups of PET with the hydrogens of -NH groups in PU. Compatibilisation
between two immiscible polymers can also be achieved by using a third component in
the formation of a block or copolymer which would significantly improve the blends
properties [72]. For example, blends of PET and HDPE have been effectively
compatibilised using GMA or MA as functionalising monomers with the GMA showing
a higher effectiveness [78], due to the slow reactivity of the hydroxyl end groups of PET
towards MA. Indeed, blends of poly(butylene terephthalate) (PBT) with poly(styrene-
co-acrylonitrile) (SAN) using epoxy containing molecules as compatibilisers showed
rapid reaction between carboxylic or hydroxyl end groups of PBT with the epoxy

groups [79].

The reactively formed block or graft copolymers are able to stabilise the morphology
resulting in better adhesion at the interphase [80]. In polymer blends, it has been shown
that the size and morphology of the dispersed phase, its stability to coalescence and the
interfacial reaction between the two phases determine the overall performance of the
blends [81]. It is well established that in addition to composition, rheological properties
and type and extent of interaction between the blend components, the processing
conditions used may also affect the size and the shape of the dispersed phase [20, 81].
Therefore, overall compatibilisation of immiscible blends results in reduction of the
interfacial tension in the melt causing an emulsifying effect and leading to an extremely

fine dispersion of one phase in another [82]. This promotes specific interaction and/or
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chemical reactions with the blend constituents. The dispersed phase in a compatibilised
blends of immiscible polymers pairs is therefore stabilised against agglomeration by
interphase adhesion and lowering of the interfacial tension between the two phases [73].
Furthermore, stabilising the dispersed phase against growth during annealing by
modifying the phase boundaries of the interface can also be expected to promote

compatibilisation of immiscible blends [82].

The effectiveness of added compatibilisers vary significantly, for example diblock
copolymers have been shown to be more effective in improving the compatibility of
blends than triblock, multiblock, or graft copolymers [83]. This is most probably due to
the presence of just one linkage bond, which is necessarily located at the interface,
allowing the rest of the chain to penetrate into, and form entanglements in the
homopolymer phases. Despite the greater efficiency of diblocks, they have seldom been

used in commercial applications since [83].

In commercial reactive blends, graft copolymers are typically formed by reaction
between compatibilisers with functional groups randomly distributed along a chain and
the end functional groups in polymers like polyamides or polyesters. It was reported
[80] that the location of the functional groups plays an important role in determining the
kinetic of the reaction in the polymer blends, determined by investigating the kinetics
and comparing end-functional polymers versus mid-functional polymers. It was found
that coupling with a mid-functional polymer is slower than that with an end-functional

polymer and this was attributed to steric hindrance due to the polymer chain [80].

In blends of PP/NBR (nitrile butadiene rubber), where variety of compatibiliser having
acidic groups have been used, good compatibilisation was achieved [84]. It was shown
that GMA and oxazoline compatibilisers greatly reduced the size of the dispersed phase
and the size distribution became uniform, however similar observations were not seen
when compatibilisers containing carboxylic acid were used. Blending poly(styrene-co-
acrylonitrile) (SAN) with EPDM grafted with (methyl methacrylate) MMA improved
the miscibility of the blends [85]. Although the presence of compatibilisers in polymer
blends help to improve compatibilisation between the polymers, the quantity used has

been shown to always influence the degree of compatibility, and thus affect the
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properties of the end product. Karger-Kocsis et. al. [86] have shown that, at 5 and 10
w/w % modified elastomer used in PET/EPR binary blends gave similar stiffness, but
blends with 20 w/w % elastomer reduced the blend performance below that of PET

alone,

Enhanced interfacial adhesion with improved fracture toughness has been achieved in
polyamide6/ethylene-co-vinyl acetate (PA6/EVA-g-MA) blends [87]. The rate of
coalescence of the dispersed phase was lower, producing finer and more stable
dispersion of EVA-g-MA domains in the PA6 matrix. Comparison of the effect of the
binary and ternary blends of PA6/EVA in the presence of EVA-g-MA as a
compatibiliser suggested that the impact strength of the binary blends is slightly
increased compared to that of ternary blends [87]. Large differences in viscosity ratio
between components in the blends may also influence their compatibilisation. Small
viscosity ratios between the polymer components in blends allow easy dispersion in the
matrix giving a more uniform dispersion and fine particle size [87]. However,
increasing the functional groups of the compatibiliser does not necessarily improve the
compatibility. In some cases [88, 89], higher amount of functional groups were shown
to deteriorate the compatibility of blends as the interface becomes saturated with the
functional groups hence facilitate cross-linking reaction mainly at the interface and as a
consequence, the disperse phase will become more viscous and preventing droplet
breakup resulting in rough morphology. For example, the phase morphology of
PET/EPR showed a finer domain phase when it was compatibilised with EPR-g-GMA
containing 1.2 wt% grafted GMA compared to one with 1.5 wt% [90]. Similar findings
were also reported in the case of PET/EPR compatibilised with ethylene-glycidyl
methacrylate (E-GMA) where at lower GMA content, the blend exhibited finer
morphology and better mechanical properties [91]. The incorporation of various grades
of ecthylene-methacrylate-glycidyl ~methacrylate (EM-GMA) in  polybutylene
terephthalate (PBT) blends was found to be capable of improvement of the morphology
and mechanical properties of these blends [92-95].

In-situ produced copolymers formed at the interphase during reactive blending of

immiscible polymers, with one of the phases being functionalised, results in great

improvement in morphology and performance. For example, blending PET with GMA-
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functionalised ethylene propylene diene terpolymer (EPDM) and GMA-functionalised
EPR using batch mixer showed a tremendous improvement in morphology of the blend
compared to the corresponding physical blends [96]. Another example is the use of in-
situ functionalised PP with GMA (PP-g-GMA) as a compatibiliser in PET/PP blends
which was shown to promote significant improvement in phase dispersion and adhesion
in these blends [97]. The observed increase in mixing torque was attributed to the
occurrence of reaction between GMA modified PP and PET leading to formation of
PET-co-PP copolymer. In addition, the improvement in physical and mechanical
properties and morphology confirmed that PP-g-GMA was successful in acting as a

compatibiliser in these blends.

The compatibility of polypropylene/polyethylene terephthalate (PP/PET) blends was
further investigated [98] in the presence of glycidyl methacrylate grafted PP (PP-g-
GMA) containing either 0.2 or 1.2 wt% GMA. It was observed that the mechanical
behavior changed from fragile to ductile improving the tensile strength by 10%. More
importantly, the elongation at break increased by 10 to 20 fold while the stiffness
remained unchanged. The morphology examination of these blends revealed that the
average domain size of PP decreased to the micron/submicron size upon addition of the
GMA modified-PP. It is important to point out that a low-GMA graft content on PP was
shown to give slightly more efficient performance than higher GMA content on PP [98].

Several compatibilisers used in blending functionalised PP with thermoplastic
polyurethane (TPU) were investigated [99], for example the effect of amine
functionalized PP (PP-g-NH;), secondary amine functionalized PP (PP-g-NHR) was
compared with that of a maleated PP (PP-g-MA) on their compatibility with
thermoplastic polyurethane and was shown to be in the order: PP-g-NHR > PP-g-NH, >
PP-g-MA. Improvement in mechanical properties including higher tensile strength and
ultimate elongation, and finer and more stable morphologies of the blends resulted from
higher reactivity of the amine function (primary and secondary) with the urethane
linkages. Similar finding with poly(2,6-dimethyl-1,4-phenylene ether) (PPE)/PBT
blends was reported by Nelissen et. al [76] which showed that the type and

concentration of functionality on PPE, the molecular weight of the polymers and the
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presence of a catalyst or chain extending agents would influence the extent of

compatibilization of the PPE/PBT blends.

1.7 Types of Compatiblisers

An overview of the main types of compatibilisers used for compatibilisation of

immiscible polymer blends is outlined below [100]:

iy In Situ Formed Copolymers
In this approach, the blend components are modified in such a way so that a reaction
can occur during melt blending. For example, a hydrocarbon polymer would first be
functionalised in-situ with a reactive group, for example, with an anhydride, epoxy, or
oxazoline function that can react with the second polymer to provide the formation of an
interchain block or copolymer through covalent or ionic bonding [100]. Table 1.2
shows examples of reactions between various functionalised polymers and Table 1.3
shows compatiblisation reactions that can take place easily across polymer phase

boundaries.

ii) Copolymers Added Separately (Non-Reactive Copolymers)

Non-reactive copolymers have segments that are capable of specific interactions with
each of the blend components, their miscibility is often dictated by their closely
matched solubility parameters whereas reactive copolymers, segments are capable of
forming stronger covalent or ionic bonds with at least one of the blend components
[100]. Interfacially active graft or block copolymers of the type A-B or A-C may
compatiblise immiscible polymers A and B provided that C is miscible (at least partly)
with B [100].

iit) Addition of Reactive Copolymers
Compatibilisation of immiscible polymer blends can be performed by addition of
reactive copolymer during reactive blends. For example, blends of PET with PP can be
compatibilised by adding PP-g-GMA in with PP-g-GMA is miscible with PP while the
GMA is reactive toward carboxyl or hydroxyl end groups in PET.
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Table 1.2 Examples of common compatibilising reactions between functionalised blend

constituents
Code Reaction Mechanism Refs.
Anhydride and amine
[11, 101-
” ' 105]
—OH
: U ) ! K H,0
N : O N O
” H /\/\/\L\N
Epoxy and carboxylic acid
[106-108]
2 / \‘)\« . O% Ei I
CH—CH, *+ H—0—-C _ CH—CH;Z0—C-
Epoxide and amine [109-113]
el P y
3 CH—CH, + H r;J e CH—CHQ—‘T—
\/ H H
Oxazoline and carboxylic acid [114-116]
4

H

N /\ 0 0O O
7 I I (]
+ H—‘Q—C —_— C—[T—CHz—CszO—C

:
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Table 1.2 Examples of common compatibilising reactions between functionalised blend
constituents (continue)

Code Reaction Mechanism Refs.
Oxazoline and amine [117]
'r\'j /—\ H H
5 §_</{;l + HA[“.% — %—g—N—CHZ——CHZ—N
O \/ H
Hydroxyl/Carboxylic (Transesterification) [118-121]
6 0 O
HH/?*HAM% s %%
\_’/. 5 -H,0
Isocyanate and Carboxylic acid [122-125]
7 /\ (o} P 0
N=c=0 + H—0 U S ||
\/ '_l{
Isocyanate and amine [124]

N—=—6=—0 H——N-— —_— N—C

S N 'L

E i . 8 T%
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Table 1.3. Compatibilisation through the reaction of functionalised blend components

Epoxy and Carboxyl PP-g-GMA/PET or PBT or CNBR [106, 107, 126-128]
HDPE-g-GMA/PET [129]
EP-g-GMA/PET [91]
PS-g-GMA/PBT [108, 130, 131]
ABS-g-GMA/PBT [89]
Oxazoline/carboxyl acid or PP-g-OXA/PBT [115,116]
Mercapto (-SH) PP-g- OXA/PA [132]
NBR-g-OXA/EVA-SH or EPDM-SH [133]
PS-g-OXA/PBT [42]
Anhydride/Amine PSU-g-MA/PA6 [134]
NR-g-MA/PA [101]
PE-g-MA/PA6 [105, 135, 136]
PA-1010/HIPS-co-MA [137]
PP-g-MA/PA-6 and PA-12 [103, 104, 138-141]
EP-g-MA/PA-6 [102, 142]
Anhydride/Carbonyl HDPE-g-MA/PET [143]
SAN-g-MA/PBT [144]
SEBS-g-MA/PET [145]
EVA-g-MA/PBT or PET [65, 146, 147]
ABS-g-MA/PC [148]
PP-g-MA/PBT [149, 150]
Isocianate/carboxyl or amine EPR-g-Isocianate/PBT [151] ‘
LDPE-g-Isocianate/PA or PBT [124]

PP-g-HI/PBT and PET [122, 151]

&

i 2 o !
Epoxide/Amine PET/HDPE E-GMA, E-EA-GMA [78]
SEBS-g-GMA, E-MA-GMA [152]
PET/EPR E-GMA [90, 153]
PBTAES MMA-GMA-EA [154]
PBT/PC E-GMA [155]
PET/PP E-GMA, [156, 157]
SEBS-g-GMA, SEP-g-GMA [158, 159]
PBT/ABS S-GMA and MMA-GMA [160]
Epoxide/Amine LDPE/PA-6 E-GMA [161]
SEBS-g-GMA [67]
ABS/PA MMA-GMA [162, 163]
Anhydride/carboxylate PP/PET SEBS-g-MA, LLDPE-g-MA [164, 165]
LLDPE/PBT EVA-g-MA [166]
PET/HDPE EPR-g-MA, SEBS-g-MA, E-GMA | [167]
Anhydride/amine LDPE/PA-6 SEBS-g-MA [67]
PP/PA-6 SEBS-g-MA [12, 168, 169]
PMMA/PA-6 SMA [170, 171]
PP/PA-6 TPE-g-MA [172]
Oxozaline/carboxyl PP/PBT SEBS-g-OXA, EP-g-OXA [171]
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1.8 Thermodynamic Consideration

As was mentioned earlier, for thermodynamic reasons, most polymer pairs are
immiscible, and few polymers generate a truly homogeneous product. This is generally
not detrimental, as often it is desirable to have a two-phase structure. However, the
situation at the interface between these two phases would lead to problems. A typical
problem would be a high interfacial tension and poor adhesion between the two phases
which would contribute, along with high viscosities, to the inherent difficulty of
imparting the desired degree of dispersion to immiscible mixtures and to their
subsequent lack of stability with gross separation or stratification during later

processing or use [18, 19].

Compatibility of polymers from a thermodynamic perspective can be determined by a
balance of enthalpy and entropic contributions to the free energy of mixing according to
Eqn 1.1 [173, 174].

AGnmix = AHmix-TASmix (Eqn.1.1)

AHpix =VZWOD,/V (Eqn.1.2)

ASpix = -K[N} In®, + NyIn®,] (Eqn. 1.3)
Where

AGmix — Gibbs free energy of mixing
AHpmix — enthalpy of mixing

ASmix — entropy of mixing

T — temperature

K - the universal gas constant

N, - moles of component ]

@, — volume fraction of component |
Vs — interacting segment volume

V — the total volume

W — interaction energy

7 — coordination number
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For a system to be fully miscible, the mixing free energy AGmix must be negative
(AGmix< 0) [174]. The condition where AGm< 0 can be achieved only if the binary
polymer-polymer interaction coefficient y is negative [175]. Interaction coefficient is
influenced by three factors; dispersion interaction, free volume and the specific
interactions. According to the classical Flory-Huggins theory [173, 174], entropy
change on mixing (see Eqn. 1.3) is an inverse function of the molecular weight of each
component due to the intrinsic order in a system from limited possible arrangement of
linked segments. This will make a negligible contribution to the free energy of mixing
change associated with the net intermolecular attractions [174]. As a consequence,
AGmix = AHmix, and miscibility depends entirely on the energetic of intermolecular
interaction between the blend components (e.g. H-bonding, ionic, dispersion).
Copolymers may be added as discrete third components or generated in situ during
processing via interfacial reaction of blend components. The formation of the
appropriate bridging copolymers at the interface in the blends is possible if two co-

reactive polymers are incorporated [84].

1.9 PET Profile

Poly(ethylene terephthalate) (PET) is a polycondensation polymer that is most
commonly produced from a reaction of ethylene glycol with either purified terephthalic
acid or dimethyl terephthalate, using a continuous melt-phase polymerisation. PET is a
hard, stiff, strong, dimensionally stable material that absorbs very little water [176]. It
has good gas barrier properties and good chemical resistance except towards to alkalis
(which hydrolyse it). Its crystallinity varies from amorphous to fairly highly crystalline.
It can be highly transparent and colourless but thicker sections are usually opaque and
off-white. Its melting temperature is about 255°C [177]. The chemical structure of the
repeat units of PET is illustrated in Figure 1.5. PET chains are relatively stiff due to
flexible but short (CH,); groups [178]. Generally, PET is recognised to be very slow at
crystallisation especially outside temperature range (around 190°C). It is highly
transparent if the melt is rapidly cooled to a temperature below its Tg to form an
amorphous solid. However, crystallisation takes place if the amorphous solid is heated
above Tg [178]. PET is the most industrially important polyester and has been

principally recognised for its use as fibre [179]. However, PET which is an engineering
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plastic, is also widely used for food packaging (mainly for soft drink bottle), in
electronics [180] and in a number of other applications [179, 180]. It is well known that
the mechanical properties of PET are molecular weight dependent [181, 182]. It is also
established that PET can degrade under conditions typically encountered during
processing and that the extent of degradation is dependent on temperature and other
processing variables [183-186]. It was reported [187] that when poly(ethylene oxide)
segments were incorporated into PET, a large drop in 7g was observed. A major
advantage of PET is its excellent permeability and good barrier properties [188].
However, PET has poor impact resistance when it is injection moulded. Blends of PET
with other polymers, in particular with polyolefins, may offer an attractive balance of

mechanical and barrier properties and improved processability [189].

O @)

I Il

Figure 1.5. Chemical structure of poly(ethylene terephthalate)

1.10 EPR Profile

EPR (Figure 1.6) is formed by copolymerization of ethylene and propylene. Its
properties are dependent on various parameters such as structures of the copolymer
chains, the content of each of the comonomer units in the copolymer chain, the
distribution of the comonomer in the composition of different chain and the average
molecular weight and its distribution [176]. The EPR has rubbery properties at room
temperature in which vary with the compositions of ethylene (E): propylene (P) ranging
from 45:55 to 80:20 w% of E:P composition. EPR demonstrates excellent resistance to
degradation by heat, light, oxygen and ozone because EPR does not have unsaturated
carbon-carbon bonds [176]. However, their limitations include low resistance to oils
and fuels, poor adhesion to many substrates or reinforcements and a generally low
compatibility with other rubbers. EP copolymers are widely used for exterior
automotive and construction parts including solid and cellular weather strips, wire and
cable insulation [74]. While both PE and PP are crystallising plastics, random

copolymers of ethylene and polypropylene are non-crystallsing and have low Tg.
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?Hs
‘%CHQ—CHZ‘}F‘(‘CH;CH‘)F]

Figure 1.6. Chemical structure of ethylene-propylene rubber

1.11 Aim and Objectives of This Study

Conventional melt free radical reactions of GMA onto polymers has been reported in
the literature to give rise to low grafting yields. Higher peroxide content would be
needed in order to achieve the desired grafting level, but this approach results in severe
polymer degradation and promotes homopolymerisation of the monomer. The first aim
of this study was to investigate and optimise the grafting reaction of GMA on EPR in
the presence of a highly reactive comonomer, and divinyl benzene (DVB) was chosen
for this purpose. The in-situ melt free radical grafting of GMA in the presence of the
reactive comonomer DVB was carried out using a novel approach developed by Aston
University PPP research group [3, 9, 51, 190]. The effect of the comonomer DVB on
the grafting of GMA onto EPR was conducted using a,a- dimethyl 2,5-bis(t-
butylperoxy) hexane (Trigonox T101) as an initiator. The investigation examined the
effect of chemical composition and the processing conditions on the grafting reaction.
The functionalised polymer products were characterised using various techniques
including Fourier Transform Infrared (FTIR) spectroscopy, Nuclear Magnetic
Resonance (NMR) spectroscopy and melt flow index (MFI). The grafting level was
determined after purification of the reaction products to remove all side reaction
products and the grafts extent was than measured using a calibration curve developed
through titration and FITR methods. The overall performance of the functionalised
rubber in the presence of DVB (FEPRpvg) was then compared with performance of

conventionally functionalised EPR (f-EPRconv) in absence of DVB.

The second aim of the work was to examine the effect of the synthesised functionalised
EPR polymer (both DVB-modified (EPRpvg) and the synthesised conventional
(/-EPRconv) on the extent of compatibilisation of binary blends of PET/f~EPR. The
efficiency of these functionalised EPR polymers in compatilising PET//~EPR blends

was examined using various techniques such as scanning electron microscopy (SEM),
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tensile test, dynamic mechanical analyser (DMA) and FTIR spectroscopy of
fractionated blend components in order to examine the extent of the reaction at the
interphase. Ternary blends based on PET/EPR/f-EPR as well as PET/EPR/commercial
terpolymer, ethylene-methylacrylate-glycidylmethacrylate (EM-GMA) or copolymer,
ethylene-glycidylmethacrylate (E-GMA) containing GMA were also examined and the
performance of the ternary PET/EPR/£EPR blends was also compared with that of the
corresponding binary PET/f-EPR blends.
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CHAPTER 2

EXPERIMENTAL AND ANALYTICAL TECHNIQUES

2.1  Materials
2.1.1 Polymers

Two different polymers were used in this work, see Table 2.1,
1. Ethylene-propylene Rubber (EPR): Commercial grade Tafmer P-0280, pellet,
supplied by Mitsui Chemical.
2. Poly(ethylene terephthalate) (PET): Film grade of PET (Eastapak™
PET9921W), pellets, supplied by Eastman Chemical Limited.

Table 2-1: Polymers used in the experiments

Ethylene-propylene (I}IJ Tafmer P- 0280

rubber Mitsui White pellet .
‘%CH{"C%‘H, G*z_CH"}‘m Chemical | MFI=49 g/I0min | 821

(EPR) E:P=82

Fo!y(g:}hy}le{ne)— (ﬁ Q Eastman Eastapak

erephthatate HO—CH3~CH; o—c{}vO—CHZ—CH2 OH | Chemical | 9921W Fig 2.2

(PET) n Limited White pellet

Four commercial compatibilisers were also used, see Table 2.2, as follows:

1. Terpolymer: Ethylene-methylacrylate-glycidylmethacrylate terpolymer (EM-
GMAy), was a commercial grade (Lotader AX8900), pellets with a ratio of
ethylene: methyl acrylate: glycidyl methacrylate: of 67:25:8 w/w and a melt
flow index (MFI) of 6g/10min (ASTM 1238-2.1kg load, 190°C, based on the
data provided by manufacturer (Atofina Chemical company)). The level of
GMA content was 8%.

2. Terpolymer: Ethylene-methylacrylate-glycidyl methacrylate terpolymer (EM-
GMA (s was a commercial grade (Lotader AX8920), pellets with a ratio of
ethylene: methyl acrylate: glycidyl methacrylate: of 71:28:1 w/w and a melt
flow index (MFI) of 8g/10min (ASTM 1238-2.1kg load, 190 °C, based on the
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data provided by manufacturer (Atofina Chemical company)). The level of
GMA content was [ %.

3. Terpolymer: ethylene-methylacrylate-glycidyl methacrylate terpolymer  (EM-
GMAy@ss)) was a commercial grade (Lotader AX8950) pellets with a ratio of
ethylene: methylacrylate: glycidylmethacrylate: of 76:15:9 w/w and a melt flow
index (MFI) of 85g/10min (ASTM 1238-2.1kg load, 190 °C, based on the data
provided by the manufacturer (Atofina Chemical company). The level of GMA
content was 9 %.

4. Copolymer: ethylene-glycidyl methacrylate (E-GMAgis)) was a commercial
grade (Lotader AX8840) pellets with a ratio of ethylene-glycidyl methacrylate of
92:8 w/w and a melt flow index (MFI) of 5 g/10min (ASTM 1238-2.1kg load,
190 °C), based on the data provided by manufacturer (Atofina Chemical
company). The level of GMA content was 8%.

Table 2.2: Compatibilisers used in the PET blends

T

T

Ethylene- Atofina GMA=8 %
methylacrylate- ’ Chemical _ . White
1 glycidylmethacrylate Lotader MF1=6g/10min Pellets
terpolymer _CH, AX8900 Ester=25 %
(EM-GMAy) oL,
Ethylene- o |CH Atofina GMA=1 % White
mexhyiacrylate- l 3 | 2 Chemical MFI=8¢/10min Pellets
2 glycidylmethacrylate 0 0 Lotader
terpolymer | | AX8920 Ester=28%
(EM-GMA ) o:? <|::0
2 - P =Q 9, N
Ethylene CHCH; CH-CH CHiC Atoﬁn'a GMA=9 % thte‘
methylacrylate- X y ! z Chemical MFI=85g/10min Pellets
3 glycidylmethacrylate CH, Lotader
terpolymer AX8950 Ester=15
(EM-GMA,)
oH Atofina GMA=8 % White
Ethylene- S Chemical - ; Pellets
glycidyl 00— <|:H Lotader MF1=5g/10min
methacrylate 1CH AX8840 Ester=0
copolymer [
4 (E-GMAy) T
o] :CI
AE—CHZ—C%CHQ CH2]7
[ dn
CH,

2.1.2 Monomer and Comonomer
Glycidyl methacrylate (GMA) (97% purity) and divinylbenzene (DVB) (80% purity)

were purchased from Aldrich Chemical Co. Ltd and used as received, see Table 2.3.
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Table 2.3. Monomer and comonomer used in the experiments

1 Glycidyl 0 [e] Aldrich Colourless liquid Fig. 2.3
methacrylate / \c Chemicals B.P=189°C
(GMA) H,C— O0—C—CH—CH, | Lud Purity=97%
CAS No. 106- H,
91-2 CH,
M.w (142)
2 CH,=CH Aldrich Mixture of o- and p- Fig. 2.4
Divinyl Chemicals isomers
Benzene Ltd. Colourless liquid
(DVB) B.P=180°C
CAS No. 1321- Purity=80%
74-0
CH2=CH
M.w (130)

2.1.3 Initiators

The peroxide, 2,5- dimethyl 2,5-bis(t-butylperoxy)hexane, Trigonox 101 (T101) was
provided by Akzo Nobel and used without further purification. The initiator 2,2-
azoisobisbutyronitrile (AIBN) was supplied by Ventron and used without further

purification, see Table 2.4.

Table 2.4. Initiators used in the experiments

T o

1 a,a- dimethyl 2,5- AKZO Colourless liquid Fig. 2.5
bis(t,butylperoxy) T“) TH: T"& T“» B.P=}69.4 'C
hexane H}C-—T—O—O—?——CHZ—CH,—C—O—-O-——T—CH, Purity=98%
Trogonox 101 cH, &n, iH) on,
(T101)

M.w (290), Halflife=1 min at 190°C
CAS No. 78-63-7

2 2,2-azobis(2- Ventron White powder Fig. 2.6
methylpropionitrile) CH, CH, M.P=102°C
(AIBN) Purity=98%
N=C—C—N=N C=N
CAS No. 78-61-1
CH, CH,

M.w (164), Half life=1.42 min at 180°C
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2.1.4 Solvents and Additives

Tricholoacetic acid (TCA) and 1.0 N potassium hydroxide (KOH) standard solution in
methanol were of analytical grade and were supplied by Aldrich Chemical Co (see
Table 2.5). Solvents such as xylene, toluene, acetone, methanol, chloroform, hexane

and ethyl acetic acid, phenol, dichlorobenzene were of reagent grade and were used

without further purification. see Table 2.5.

Table 2.5. Solvents and chemical additive used in the experiments

1 Tricholoroacetic Acid (TCA) Cl O Aldrich Crystals with a slight
| Chemicals Ltd odour
Cl—C—C—OH M.P=196°C
Purity=98%
Cl
2 Potassium hydroxide K-O-H Aldrich White pallet
Chemicals Ltd
mieas M.P 360 °C
3 Ethyl acetate 0 Fisher Colourless liquid
Il H Chemical
c 02 B.P.77.1°C
SIONAT TN
H,C @] CH,
4 Xylene CH, Fisher Colourless liquid
Chemical
B.P. 138-139°C
H,C
5 Toluene CH, Fisher Colourless liquid
Chemical
B.P. 110-111°C
6 Acetone o) Fisher Colourless liquid
Chemical o
B.P. 55-56 °C
H,C CH,
7 Methanol OH Fisher Colourless liquid
1 Chemical
¢ B.P. 64-65 °C
P IS
S
H
9 Chloroform Cl Fisher Colourless liquid
1 Chemical
B.P. 60-62 °C
CI—({J——H
Cl
10 | Hexane H, H, Fisher Colourless liquid
C CH, Chemical .
H3C/ \C/ \C/ B.P. 68-69 °C
H, H,
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Table 2.5. Solvents and chemical additive used in the experiments (continue)

11 Phenol OH Fisher White crystal solid
Chemical
M.P. 40.5°C
12 Dichlorobenzene Fish .
cl Cllfe:r:icai Colorless to light yellow
B.P. 179-180 °C
Cl
13 1,4-Dichlorobenzene-d4 Cl Colorless
D D Sigma-Aldrich B.P. 173 °C
98 % deutaterated
D D
Cl
14 Chloroform-d Cl:] Colorless
Sigma-Aldrich o
cl c—D B.P. 60.9 °C
[ 99.8 % deutaterated
Cl
Colorless
15 1,1,2,2-Tetrachloroethane-d2 cl Gl Alfa Aesar
B.P. 147°C
Cl—C—C—Cl 99.6 % deutaterated
D D
. . Colorless
16 Dimethyl sulfoxide ~d6 0 Alfa Aesar
] 1 | 1 B.P. 190 °C
b— | ”'“S”—T—“D 95.5 % deutaterated
D D
17 Dimethy! sulfoxide 0 Fisher Clear, colorless liquid
l ‘ Chemical )
B.P. 189 °C
T-——CH3
CH,

2.2  Processing and Sample Preparation

2.2.1 Polymer Functionalisation by Reactive Processing

The reactive processing was carried out using a Thermo-Haake (Rheomix 600) internal
mixer using roller rotors. The mixing chamber has three plates which are electrically
heated and run with a PolyLab motor drive, equipped with a digital torque displaying
unit and a ram which can be pressed down to offer closed chamber system and exerts
pressure on the polymer during mixing. The temperature can be controlled up to 400°C

and compressed air is used as a cooling system. The torque and temperature of the
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chamber were determined by the mixer sensors. The data were monitored and recorded

via the associated Polylab software.

The net chamber volume (Vn) with the roller rotors in use was 69 cm’. However the
amount of the polymer needed to fill the chamber depends on its melt density. The melt
density of EPR was measured using Ray Ran Melt Flow Indexer at 190 °C. The EPR
was charged into pre-heated cylinder of the Melt Flow Indexer and kept for 4 minutes
before introducing a 2.16 kg load on the piston. The amount of extrudate through a

standard die (2.095 mm diameter) obtained in a given length of the cylinder was

weighed. The melt density of the polymer was calculated using Eqn. 2.1.

Melt density = Mass of extrudate [191]
(Ray Ran) Volume of the cylinder at length of 1 cm (Eqgn. 2.1)

Example of calculation:

Melt density of EPR (p) = 0.56/0.71 x 1
=0.79 g/em’

The mass of extrudate = 0.56 g
Area of the barrel (given) = 0.71 cm? [191]
The piston travel distance =1 cm

Volume of the cylinder = 0.71 cm’

The amount of polymer needed to fill the chamber was calculated using Eqn. 2.2.Based
on the melt density measured, the amount of EPR needed to fill the chamber was found

to be about 38 g.

Sample weight (mass) = px Vn x 70%
(for Haake mixer) 100 (Eqn. 2.2)
Where

Jo, = Melt Density (0.79 g/cm’)

Vn = Net chamber volume=69cm”)

70% = Filling percentage
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The filling percentage of 70% refers to the total percentage of the volume of the
chamber

The total weight of the polymer and reagents to fill the chamber was fixed at 43 g and
within this total weight, the amount of EPR was around 38 g.

2.2.2 Functionalisation of EPR with GMA in Absence and Presence of the
Comonomer Divinyl benzene (DVB)
The melt free radical grafting of glycidyl methacrylate (GMA) on ethylene propylene
rubber (EPR) was carried out in an internal mixer (Haake Rheomix). The formulations
were prepared by initially pre-weighing the appropriate amounts of polymer and
modifiers. The mixing chamber was initially preheated and flushed with nitrogen for
more than 15 seconds to eliminate oxygen from the chamber and minimise polymer
oxidation. The mixing (using roller rotor) was carried out for 15 minutes at the required
temperature using rotor speed of 65 rpm with the ram down offering a closed chamber
condition. In the absence of DVB, the polymer was first charged into the chamber and
processed for one minute followed by injection in the melt of a mixture of neat GMA
and peroxide T101 (mixed at different molar ratios) using a syringe. Once the additives
were charged, the ram was immediately lowered to keep a closed system during the
mixing and to minimise the loss of GMA and T101. The torque and temperature were
continuously monitored during the melt processing (see Scheme 2.1). The processed
polymer was removed from the mixer and quenched in dry ice to prevent further

reactions before storage in air tight polyethylene bags.

In the presence of DVB, the polymer was tumble mixed with the DVB before charging
into the chamber. This was then processed with the ram down (to homogenise) for one
minute followed by injection of a mixture of GMA and peroxide using a syringe (see
Scheme 2.2). The injection of reagents into the mixing chamber was done carefully in
order to minimise their losses through evaporation. Prior to injection, the hopper was
removed in order to allow for a better positioning of the syringe for injection of the
reagents followed by a rapid return of the hopper to its original position after the
reagents were injected. This provided better control in terms of pointing the syringe
directly onto the melt and minimising loses. The mixing was allowed to continue for 14

minutes before discharging the product into dry ice to prevent further oxidation. Both
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torque and temperature were continuously monitored throughout the processing

operation.

2.2.3 Physical and Reactive Blending of PET with Functionalised EPR or
Terpolymers

Reactive and physical blending were carried out in a Haake mixer either in the presence
or absence of the functionalised EPR, see Scheme 2.3. PET and EPR were dried at
120°C and at 35°C, respectively in a vacuum oven for 24 hours before use. The pre-
weighed PET and EPR were first tumble mixed with EPR-g-GMA or terpolymer at a
given ratio in a paper cup and then introduced into the preheated mixing chamber after
flushing with nitrogen for half minute, followed by lowering the piston down quickly to
keep a closed mixing system. The mixing temperature, rotor speed and mixing time
were set at 260°C, 65 rpm and 10 minutes. The torque and temperature of the mixing
chamber were recorded using in Polylab software. The molten polymer blends were
then removed and quenched in dry ice to avoid oxidation followed by granulation which
were kept into air-tight sample bags. The granulated blends were pre-dried in normal

oven for 24 hours at 60°C before use.

2.3 Purification of Functionalised EPR
GMA functionalised polymers have to be purified before the grafting degree could be

evaluated in order to eliminate any unreacted monomer, homopolymers and copolymer
which might be formed during the reactive processing step. 3 g of grafted EPR (small
film pieces) was placed in a paper thimble (weight known) and Soxhlet extracted for 24
hour with 120 cm’ xylene under oxygen free nitrogen atmosphere (Scheme 2.4). The
crosslinked polymer was separated out as xylene insoluble (see Scheme 2.4A). The
xylene soluble fraction was precipitated in 7 time excess volume of acetone to give a
soluble fraction containing the unreacted (free) GMA and polyGMA while the insoluble
fraction contained the GMA-grafted-polymer. When the soluble xylene fraction was
precipitated in methanol, the unreacted (free) GMA was soluble while the grafted GMA
and polyGMA precipitated out. In the presence of DVB, the homopolymer of DVB
(polyDVB), the copolymer of DVB with GMA (DVB-co-GMA) and any crosslinked
polymer were separated out as xylene insolubles (stayed in the thimble) Scheme 2.4B).

The soluble fraction was precipitated in acetone or methanol as described above. The
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precipitated polymers obtained from both routes were then dried for 24 hr in a vacuum

oven at 50°C.

2.4 Fractionation of PET//~EEPR Blends by Sequential Solvent
Extraction for Characterisation of Interfacial Reaction

The samples in granule form were dissolved in a mixed solvent of
phenol/chlorobenze/xylene (35/35/30 w/w%) at 140°C for 3 hours in the presence of
nitrogen gas to prevent oxidation. In principle, phenol/cholobenzene is a good solvent
mixture for PET, whereas xylene is a good solvent for EPR [28]. For precipitation of
PET based products, the dissolved PET and PET-co-EPR-g-GMA (in solvents) was
added to hot toluene. The PET fraction (containing PET-co-EPR-g-GMA) was filtered
off and washed with toluene, dried and its IR spectrum recorded. The clear remaining
solutions which contained soluble EPR and any formed EPR-g-GMA-co-PET was then
added to methanol to precipitafe the EPR and EPR-g-GMA-co-PET. The EPR fraction
was then filtered off and subsequently washed with methanol. The polymers obtained
from both fractions were dried in a vacuum oven at 70°C for 24 hours. About 0.2 g of
both dried polymer samples were pressed into thin films by compression moulding (at
270°C). The films were then analysed using FTIR spectroscopy. The steps of sequential
solvent extraction are shown in Scheme 4.2, Chapter 4, p 189. From the IR spectrum,
the amount of PET present in the EPR fraction (and vise versa) was determined using

Eqn 2.3.

Index = Peak Area of a specific absorption
Thickness of the film used (Eqn. 2.3)

2.5 Films and Plaques Preparation

i) Films preparation for FTIR Spectroscopy Analysis

Small amount of processed polymers were used to prepare thin films having thickness
of 0.03-0.05mm for FTIR spectroscopic analysis using a Bradleys Hydraulic Press.
About 0.2 g of a processed polymer was placed in between two PTFE sheets placed
between stainless steel plates assembly. The plates and the polymer were then placed
under the platens of the electrically preheated press at 170°C for 2 minutes without

applying pressure. In the case of PET and its blends, the films were prepared at the
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temperature of 270°C for 7 minutes preheating. A pressure of about 40kg/cm” was then
applied for 1 minute before cooling the assembly (running waters through press platens)
below 70°C under full pressure (40 kg/cm?). Once cooled, the assembly was then taken

out and the thin films were removed and stored for further analysis.

ii) Plaques Preparation for DM A and Tensile Measurment

3 mm thick plaques of PET/EPR blends were prepared by compression moulding for
tensile property measurement, dynamic mechanical thermal analysis (DMA) and
scanning electron microscopy (SEM) analysis. The blends were dried in a normal oven
at 60°C for 24 hours before moulding. About 24 gram polymer blend granules were
placed uniformly in a square spacer with dimensions 15x15x1.4 mm and covered with
two PTFE (polytetrafluoroethylene) sheets and two steel plates. This was placed
between the electrically heated platens of the press; the temperature was set at 270°C,
and held for 6 minutes under minimum load for preheating. A pressure of 40kg/cm® was
then applied for 2 minutes and then the heating was switched off and cold water

circulated through the plates. The plates were taken out of the press once cooled.

2.6  Synthesis of Side Reaction Products

2.6.1 Homopolymerisation of GMA in Chloroform

Homopolymerisation of GMA was carried out using AIBN as an initiator in 120 cm’
chloroform. 8.53 g GMA was mixed with 0.1 molar ratio (AIBN/GMA) of the initiator
AIBN to GMA in a 250 cm’ three-neck round bottom flask. After assembling with
thermometer, condenser and purging with nitrogen gas, it was refluxed for 4 hours at
70°C. After cooling to room temperature, the solution was precipitated into 400 cm’
methanol, filtered and washed thoroughly with methanol. After the filtration, the
polyGMA (in powder form) was dried in vacuum oven at 70°C for 24 hours (see
Scheme 2.5). FTIR spectrum of the polyGMA is shown in Figure 2.7. (Full

characterisations is described in Chapter 3 later)

2.6.2 Homopolymerisation of DVB in Hexane

Homopolymerisation of DVB was carried out using AIBN as an initiator in 120 cm’
hexane. 5.0 g DVB was mixed with 0.3 molar ratio (AIBN/DVB) of the initiator AIBN
to DVB in a 250 cm’ three-neck round bottom flask. After assembling with
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thermometer, condenser and purging with nitrogen gas, the solution was refluxed for 4
hours. The homopolymerisation of polyDVB took place at temperature of 70 °C with
continuous stirring. After cooling down to room temperature, the solution was washed
with chloroform and filtered resulting in polyDVB (in powder form) which was then
dried in a vacuum oven at 70°C for 24 hours (see Scheme 2.6). FTIR spectrum of the

polyDVB is shown in Figure 2.8. (Full characterisation is given in Chapter 3).

2.6.3 Copolymerisation of GMA and DVB in Hexane

Copolymerisation of GMA and DVB at ratio of 6/4 w/w% was carried out on bench
using AIBN as an initiator in 120 cm’ hexane. 5.0 g GMA and 3.3 g DVB were mixed
at 0.2 molar ratio of AIBN/(GMA+DVB) in a 250 ml three-neck round bottom flask.
After assembling with thermometer, condenser and purging with nitrogen gas, the
solution was refluxed for 4 hours at 70°C. After cooling down to room temperature, the
solution was washed thoroughly with chloroform and filtered, giving GMA-co-DVB (in
powder form) which was then dried in vacuum oven for 24 hours (see Scheme 2.7).
FTIR spectrum of the GMA-co-DVB is shown in Figure 2.9. (Full characterisation is
given in Chapter 3).

2.7 Characterisation of Processed Polymers and Blends

2.7.1 Determination of Melt Index

The melt flow index (MFI) is a measure of melt viscosity and is related to the molecular
weight of the polymer. It is defined as the molten polymer extruded under a weight of
2.16 kg through a 2.095 mm diameter die in a given time. MFI of GMA functionalised
EPR samples were measured using a Ray Ran Melt Flow Indexer at a constant extrusion
temperature of 230°C and 2.16 kg load in accordance with ASTM D 1238. A standard
die of 1 mm diameter was used for all samples. After the samples were granulated, 3 g
of each sample was charged into the barrel within one minute. The sample was then
preheated for 4 min before placing the load to drive the molten polymer through the die.
The time interval for the cut off was 1 to 4 minutes depending on the flow rate of each
sample. In this measurement, five samples per each measurement were taken and their

averages calculated as shown in Eqn. 2.4.
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MFI (g/10min) = mx 10
t (min) (Eqn. 2.4)
Where ,

m : the average weight of extrudates (g)

t :time of extrusion (min)=10min

2.7.2 Determination of Insoluble Gel

The insoluble gel is a measure of the insoluble fraction caused by crosslinking of a
modified polymer after being exhaustively extracted with a solvent that dissolves the
virgin polymer. A known weight of finely cut processed polymer sample was placed in
a known weight paper thimble and was Soxhlet extracted using xylene (b.p=138°C) as a
solvent, with the thimble temperature of about 80°C, for 24 hours. Nitrogen was
introduced into the system to avoid oxidation during the extraction. The thimble was
then dried in a vacuum oven at room temperature for 24 hours and was reweighed. The
net weight of the residue was obtained and gel content was calculated as shown in

Eqn.2.5.

Gel content % = W, x 100 (Eqn. 2.5)
W,
Where,
W, is the residue weight of the extracted polymer (insoluble in the thimble)

W, is the original weight of the polymer used before extraction.

2.7.3 Solubility Test

Molau test has been used to qualitatively investigate the compatibility of polymer
blends [192, 193]. In this test, 3g polymer (from reactive and physical blends) was
dissolved in 90 cm® of the mixed solvent of phenol/tetracholoroethene (60/40 w/w%) at
a temperature of 90°C for 4 hours. PET dissolves in this solvent mixture whereas the
EPR phase is insoluble. The samples were dissolved in a tube containing the mixed
solvent and were left at room temperature for a long period. For incompatible blends,
the component separated out and floated on top of the clear solution. However if the

blend was compatibilised, the solution turned milky and a colloidal suspension arose.
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2.8 Determination of GMA Grafting Degree by Titration and
Calibration Against IR.

The grafting parameters were calculated from the mass of purified reaction products
before and after grafting. The grafting degree is defined as the weight percentage of

grafted monomer onto a polymer backbone (Eqn. 2.6).

Grafting Degree (%) =M (V-V;) M.W x 100
(by titration) 1000 x W (Eqn. 2.6)

Example of calculation:
Grafting Degree (%) =0.1(15.2-14.1) x 142.12 x100
1000 x 0.5
=2.8%

Where;

M= molar concentration of KOH (0.1M)

V= Volume of KOH consumed by the blank sample (15.2 cm’)
V= Volume of KOH consumed by the purified sample (14.1 cm’)
W= weight of sample (0.5 g)

M.W=molecular weight of GMA (142.12)

The total amount of grafted GMA and polyGMA was determined from extracted
purified samples (precipitate in methanol) (see Scheme 2.4C) using FTIR spectroscopy
and titration methods. The GMA grafting level was determined from purified samples
precipitated in acetone, see Scheme 2.4D. Thus, the concentration of polyGMA in the
purified samples was calculated by subtraction from the total values of grafted GMA

and polyGMA, (Eqn. 2.7)
PolyGMA (%) = (PolyGMA + Grafted GMA) — Grafted GMA (Eqn. 2.7)
To determine the degree of grafting of GMA by IR spectroscopy, a calibration curve

between IR spectroscopy and titration had to be constructed. For the IR spectroscopy,

the carbonyl absorption at 1729 cm™ was used in the modified and purified polymer
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along with a reference peak at 719 cm™ corresponding to [~(CHz), (n>4) rocking
absorption of EPR]. The carbonyl absorption peak area boundaries were defined from
1786 cm™ to 1662 cm™ for peak maximum at 1729 cm” and the boundaries for the
reference peak were defined from 680-781 cm’', (Figure 2.10). The amount of grafted
GMA was calculated from absorption area ratio of 1729 em™ to 719 cm™ according to
Eqn. 2.8.

]

Index Area Ratio (X) Peak Area of Carbonyl Absorption

Peak Area of Reference Peak

= A 16621786 cm-1
A 680.781cm (Eqn. 2.8)

To work out the grafting level from the value of index area ratio, calibration curve had

to be used (see Eqn. 2.8).

A titration method for determining the GMA grafting degree as reported in the literature
[9, 20, 23, 55] was used in this work. About 1.0 g of a purified GMA functionalised
polymers was completely dissolved in 75 cm® hot toluene (around 110°C). 5.0 ml of
0.3M trichloroacetic acid (TCA) was then added into the dissolved polymer (see
Scheme 2.8). The mixture was stirred continuously for over 90 minute at temperature of
100 -110°C to drive the ring opening reaction of the epoxy group with the acid (see Rn-
2.1). The solution was then precipitated into 100 em’ ethyl acetate with continuous
stirring at ambient temperature. The filtrate containing the residual trichloroacetic acid
after reacting with the epoxy group of GMA was then titrated with 0.1M KOH solution
in methanol until the first permanent pink end point was achieved (pink color must stay
for at least 1 min, see Rn-2.2). 0.3% phenolphthalein in methanol was used as an

indicator.

For a reference (blank), 1.0 g of unmodified processed polymer was also titrated using a
similar procedure. The amount of 0.IM KOH consumed to react with TCA until
permanent pink end point achieved was recorded and the degree of grafted GMA onto

EPR was determined using Eqn. 2.6.
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To confirm that the reaction of the epoxy group with the acid has occurred, the
precipitated polymer was dried in vacuum oven for 24 hours at 70°C. FTIR
spectroscopic characterisation of the samples was carried out and it was shown that the
epoxy absorption peaks at 909 cm’ and 845 cm™ have completely disappeared (see
Figure 2.11). Furthermore, a new absorption peak at 1772 em” was observed due to
tricholoro ester group (see Figure 2.12) and a new absorption peak at 3432 cm’
corresponding to —OH group formed during the ring open reaction was also observed
(see Figure 2.13). This confirms the reaction of epoxy group with tricholoroacetic has

taken place.

A calibration curve (Figure 2.14) was established based on a correlation between the
grafting degree measured by titration (Eqn. 2.6) and the carbonyl absorption area ratio
determined by FTIR from a set of purified EPR-g-GMA samples Eqn. 2.8. From the

calibration curve, the degree of grafting was calculated using Eqn. 2.9

Y=0.2812X (Eqn. 2.9)
X = Y
0.2812 (value of slope of the curve)
Where,
X = Grafted GMA (%)
Y = Peak Area Index from FTIR measurement

(A1662-1786 e/ Asgorsiem ) (Eqn. 2.6)
0.2812 = Value of slope obtained from the calibration curve (Figure 2.14)

2.9 Experimental Error

Experimental error, which is generally caused by analytical systems and individual
operations, is shown as scatter of the values of experimental results. In this work, the
deviation was determined based on statistics derived from replicate measurements of
representative samples. The processing variability was determined based on statistics
derived from replicate processing runs of representative samples using equations below

[194].
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The variability of the grafting yield measurement of purified samples from titration
results caused by the processing step, was determined from three repeats processing of
representative samples to access the batch-to-batch uncertainty and the repeatability of
titration measurements from the same representative sample was also carried out (see
Table 2.6 and Table 2.7). In addition, the variability the grafting yield measurement of
purified samples was also statistically determined from three replicate titration
measurement of representative samples. The standard deviation derivation, o (see Eqn.
2.12) and the percentage (%) relative standard derivation, % RSD, (see Eqn. 2.13), of
the grafting yield are used as quantitative measures of the scatter (reproducibility) of the
data. It shows that the average error is low and therefore the titration measurements
were considered accurate.

X = arithmetic mean =2 _X; (Eqn. 2.10)

— e

N
Where,

X; = numerical result of the i run

o=V (X; - X)? (Eqn. 2.11)
N
Where,
o= Standard derivative

N = 3 (total number of runs)

X = Arithmetic Mean

RSD (%) = relative standard deviation = g+ 100 (Eqn. 2.12)
X
95% CL = 95% confidence limit = o« [t/N'?] (Eqn. 2.13)
Where,
RSD = Relative standard deviation
CL = Confidence limit
t = Factor which varies with the confidence limit and the value of N

[t/ N'] = 8.99 (for 2 measurements)
[t/ N'2]=2.48 (for 3 measurements) [194]
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Table 2.6: Standard deviation in the grafting degree measurement by titration for
samples from triplicate processing of representative sample under the same conditions.
Sample-G19 (conventional), see Table 3.1 (Chapter 3 p.70)

A\ . 2.04

I V=144 2.06 2.07 207 0.03 14 0072
V=144 2.10
V=144 2.03

2 V=144 195 1.99 1.99 0.04 201 0.099
V=143 1.99
V=144 206

3 V=144 198 2.04 204 0.06 2.89 0.147
V=143 2.09

Average 2.033 2033 0.043 2.033 0.106

Volume KOH used for the blank sample=15.2 ml

Table 2.7: Standard deviation in the grafting degree measurement by titration for
samples from triplicate processing of representative sample under the same conditions.
Sample-DG13 (comonomer DVB), see Table 3.1 (Chapter 3 p.71)

1 V=141 3.05 3.05 305 0.04 147 0.111
Vi=14.0 3.09
Vi=14.0 295
2 V=140 3.02 295 2.95 0.02 0.67 0.049
Vi=14.1 297
Vi=14.2 2.97
3 V=141 294 298 2.98 0.04 1.25 0.092
Vi=14.1 2.94
Average 2.993 2.993 0.033 1.113 0.084
Volume KOH used for the blank sample=15.2 ml
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2.10 FTIR Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopic investigation of blends was used to
characterize the reaction of the glycidyl epoxy groups of the grafted GMA in EPR with
the -OH and -COOH groups in PET. FTIR measurements were performed on a Perkin
Elmer Spectrum One over the range of 4000-400 cm” and spectral collection was taken
over 16 scans with resolution of 4 cm™. For solid samples which are not able to form a
film, they were analysed in form of pressed potassium bromide (KBr) discs. The
samples were mixed (0.5 g sample in 0.1 g KBr) with dry KBr (dried in oven at 120°C
to remove moisture) and were then ground to form a homogenous mixture. The mixture
was pressed for 3 minutes to form a thin disc. The FTIR spectra of liquid samples were
recorded as thin films held between two KBr windows. In the case of polymer, films
which were prepared as described in Section 2.5(i), and were clamped onto a metal

plate having a 25x14 mm aperture and the samples were presented to the beam in the

usual position.
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2.11 'Hand ”C NMR Spectroscopy

1D and 2D NMR spectra were obtained on a Bruker AV 300 MHz spectrometer
equipped with a 5 mm normal dual detection probe and operating at 293K. NMR
samples were prepared by dissolving 20mg material in 0.7 cm’ CDCl; solvent
containing 0.05% TMS unless otherwise stated. A solution of a sample in a small glass
vessel was then warmed up gently in an ultrasound water bath and after dissolving, it
was transferred using a glass dropper to a Smm NMR tube leaving any trace of
undissolved polymer in the glass vessel. In case of samples recorded at higher
temperatures, the operational temperature of the NMR instrument was set at the correct
temperatures 30 min before operation, the following temperature were used (57°C)
330K, (80°C) 353K and 135°C (408K). The NMR samples were prepared as mentioned
above in the appropriate solvent but heated in an oil bath at a temperature similar to the
operational temperature of the NMR once. All NMR runs were conducted by Dr K.
Doudin of the PPP Research Unit.

2.11.1 "H NMR Spectroscopy

For 'H, the spectrometer was operated at 300.13 MHz employing a high-resolution dual
("H *C) gradients probe. Spectra were recorded using the zg30 pulse program with Pgo
= 12 ps covering a sweep width of 12 ppm with 64k time domain data points giving an
acquisition time of 9 seconds, with number of scans, (NS) of 128 or 1k. It was Fourier

transformed using 32k data points and referenced to an internal TMS standard at 0.0

2.11.2 C NMR Spectroscopy

PENDANT 13C NMR spectra were obtained on the spectrometer operating at 75 MHz
for carbon. The pendant pulse program was used with waltz16 decoupling during
acquisition, using a delay, d4, of 1.64 ms (145 Hz), and a relaxation delay, d1, of 3
second. The spectra were recorded over a sweep width of 250 ppm with 32k time
domain data points giving an acquisition time of 0.9 seconds, with number of scans, NS
of 12K. Fourier transformed using 32k data points phased for CH3/CH positive and CH,

negative and referenced to an internal TMS standard at 0.0 ppm.
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2.11.3 2D 'H-"C HSQC

2D 'H-"*C HSQC (Heteronuclear Single Quantum Coherence) spectra correlate 'H and
C chemical shifts through one-bond heteronuclear scalar coupling ('Jen). The cross
peaks in the 'H-"C HSQC spectrum show the chemical shift of 'H one axis (horizontal)
correlated °C on the other axis (vertical) that belongs to the H-C atoms directly
bonded to each others. The pulse sequence utilizes several polarization transfer steps
that increase the overall sensitivity of the experiment, the sequence includes inverse
detection i.e. 'H detection rather than "“C detection. The following acquisition
parameters were used for: F2; spectral width (F2 350 Hz ), (588 Hz); time domain
points, 512 (2 K); relaxation delay, 1.5 s ; number of scans, 8 (24) ; and q delay, 1.923
ms, corresponding to a heteronuclear coupling constant of 130 Hz. The BIRD delay was
optimized for each experiment separately and was ca. 0.4 s (1.3 s) ; 90 (128) time
increments were acquired in the indirect dimension (F1 with a 13C spectral window of

60 Hz (2705 Hz).)

The HSQC spectra (64 scans, with the FID time domain F2 having a digital acquisition
of 2048 data points and the time domain F1 having 256 data points) were acquired using
a relaxation delay of 1.5 s with phase-sensitive states—time proportional phase
incrementation (TPPI). Approximately 12 h of spectrometer time was usually necessary
to acquire the data for each sample. The data were processed with a 90° shifted squared
sine multiplication (QSINE) window function in the F1 dimensions (HC) and a
Gaussian function in the F2 dimensions ('H), and a 1 Hz line broadening in both

dimensions.

2.11.4 2D 'H-"C HMBC

2D 'H-"3C HMBC (Heteronuclear Multiple Bond Coherence) spectra correlate 'H
and ">C chemical shifts through multiple-bond heteronuclear scalar coupling ("Jeu, n =2
or 3). The cross peaks in the '"H-"*C HMBC spectrum show the chemical shift of 'H one
axis (horizontal) correlated 3C on the other axis (vertical) that belong to H and C atoms
that are separated by two or three chemical bonds. Just like the HSQC, the HMBC pulse
sequence utilizes 'H to "C polarisation transfer and inverse ('H) detection for optimum

sensitivity. HMBC spectra were optimized for a long range JH-C of 7Hz (d6=0.07s).
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2.11.5 CP/MAS “C NMR Spectroscopy

The solid-state CP/MAS ">C NMR spectroscopy experiments were performed on the
same Bruker Avance-300 spectrometer operating at frequencies of 75 MHz for Be. Al
the experiments were carried out at ambient temperature using a Bruker 4-mm MAS
probe. The samples were packed in 4-mm ZrO rotors and spun at 4.5 or 6 kHz and Bc

CP/MAS data were acquired with 400 scans accumulated/sample.

2.12 Testing
2.12.1 Tensile Test

The tensile properties were measured on a Tinus Olsen Tensile Tester H25KS. The
computer software collected the selected tensile data and carried out a statistical
analysis automatically. Five replicates per sample were required to get an accurate
confidence limit. The test specimens were cut from the Imm thick plaque which was
prepared before by using a dumb-bell shape cutter. The dimension of the cutter and
specimens was 4mm in width and 30mm in length. A pair of grips were used to grip the
ends of the dumb-bell shape specimens. All the tensile tests were carried out at a
crosshead speed of 10mm/min in accordance with ISO 527 to measure the strain at
room temperature. The tensile strength, elongation at break and energy to break were

recorded.

2.12.2 Dynamic Mechanical Properties

Perkin Elmer Pyris Diamond dynamic mechanical analyser (DMA) was used to measure
the dynamic mechanical properties of the PET blends. The dynamic mechanical
properties include storage modulus £, loss modulus £ and the internal friction tan ¢
(tan 6 = E’/E’). DMA is a good technique to study the compatibilisation of blends.
Generally, for an incompatibile blend, the tan ¢ vs temperature curve shows two tan ¢
(or damping peaks) corresponding to the glass transition temperatures of the individual
polymers. For highly miscible blends the curves show only a single peak in between the
transition temperatures of the component polymers, whereas there are two separate
peaks corresponding to the individual polymers in the case of partially compatible
polymer blends, but the position of the peaks normally is shifted to higher or lower
temperatures as a function of composition [1]. DMA analysis of PET blends or the

virgin components was carried out at a fixed frequency of 1 Hz in a bending mode over
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the temperature range of -80°C to 180°C at a 2°C/min temperature rise, using liquid
nitrogen as a cryogenic medium. The dimension of the test specimens which was cut
from compression moulded plaques were 50x10x3mm, see Sec. 2.5(ii). The data were
processed by a dedicated computer and the storage modulus and tan ¢ were plotted

against temperature.

2.12.3 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used to characterise the morphology of
blends including surface roughness, fracture surface, and adhesive failure [195]. In this
study, the samples were characterized from a cross-section of cryogenically fractured
surfaces of the compression-moulded plaques by using a Cambridge Instruments
Stereoscan 90 Scanning Electron Microscope. Strips cut out from Imm compression
moulded plaques were placed in liquid nitrogen for 20 minutes and bended (by
clamping from one end) at 180°C until fracture. For better observation of any adhesion
between the phases, the cryogenically fractured surfaces were etched with boiling
xylene for 5 hours in order to remove the EPR or/and terpolymers. The samples were
washed with acetone and then dried in a normal oven at 50°C. The ends of samples with
fractured surfaces were cut with a sharp blade and attached to a metal stub using a
double sided sticky carbon pad with the fractured surface facing up. The samples were

sputter coated with gold using an Emscope SM300 Coater prior to SEM examination.

49




Chapter 2: Experimental and Analytical Techniques

Scheme 2.1: Methodology for Grafting GMA onto EPR in the Absence of DVB
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Scheme 2.2: Methodology for Grafting GMA onto EPR in the Presence of DVB
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Scheme 2.3. PET/EPR or terpolymer blends
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Scheme 2.4: Purification of GMA grafted EPR in the absence or presence of DVB
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Scheme 2.5: Homopolymerisation of GMA in Chloroform
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Scheme 2.6: Homopolymerisation of DVB in Hexane
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Scheme 2.7: Homopolymerisation of GMA-co-DVB in Hexane
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Scheme 2.8: Flow Chart for Analysis of EPR-g-GMA by Titration
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Figure 2.1. FTIR spectrum of unmodified EPR (Tafmer P-0280) pressed film
(thickness: 40pum)
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Figure 2.2. FTIR spectrum of virgin PET pressed film.
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Figure 2.4. FTIR spectrum of neat DVB using KBr windows.
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Figure 2.11. FTIR spectrum of pressed film of purified EPR-g-GMA before
and after titration. Thickness: 40pm

64




Chapter 2: Experimental and Analytical Techniques

| !

60 90847

0/0140

20

U _____ - u 1376 720 |

1466

3937 3000 2000 1500 1000 586

801\

7

Before
titration

70

After

60 o
titration

- 4
-C=0 from
I'richloroacetate
50 acid

%T

401 {
1729 GMA

30
1836 1800 cm-1 1750 1700 1669

Carbonyl group from \
|
|

Figure 2.12. FTIR spectrum of press film of EPR-g-GMA before and after reaction
with tricholoroacetic acid. Thickness: 40 pm

65




Chapter 2: Experimental and Analytical Techniques

80

60

ﬂ o0

] 50

o/l.."[40

1729 i

1)
20

U u 1376 720
0
1466
3937 3000 2000 1500 1000 586

cm-1

75 1

Before

%T7o 1 / titration
After

titration |

65 l

|

3432 -OH 1
|
3600 3500 em3f00 3300 3200 s i

|

|

Figure 2.13. FTIR spectrum of press film of purified EPR-g-GMA before and after
titration. Thickness: 40 pm

66




Chapter 2: Experimental and Analytical Techniques

y = 0.2812x
Re = 0.981

Area Index A1729/719 cm-1
o
[o-]

0 0.5 1 1.5 2 2.5 3 3.5 4 45 5
Grafted GMA %

Figure 2.14. Calibration curve established from titration against FTIR area ratio
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CHAPTER 3

FUNCTIONALISATION OF ETHYLENE-PROPYLENE
RUBBER WITH GLYCIDYL METHACRYLATE

3.1 Objective and Methodology

Functionalisation of ethylene propylene rubber (EPR), with the monomer glycidyl
methacrylate (GMA, I), has been intensively investigated by many researchers in recent
years [9, 19, 20, 25, 31, 196, 197]. GMA has both a free radical reactivity via its double
bond as well as reactivity via its epoxy group towards many functional groups such as
carboxyl, hydroxyl, anhydride, amide. GMA has therefore been used for functionalising
many hydrocarbon polymers e.g. PE [54, 198], PP [16], EPR [9], EPDM [51, 199] via
melt grafting reactions using reactive processing methods by reaction of the polymers
via the GMA double bond without destroying the epoxy group [200]. However, GMA
was shown [9, 10] to have low reactivity towards macroradicals leading to low grafting
yield in these polymers. Thus higher initiator concentration has been used in order to
increase the grafting yield, but the problem with this approach is that it also results in
higher extent of competing side reactions such as homopolymerisation of the monomer
and degradation of the polymer via crosslinking or chain scission reactions. In order to
increase the grafting yield and avoid or minimise these side reactions, different highly
reactive comonomers such as styrene [29, 201], trimethylolpropane triacrylate (TRIS)
[3, 9], have been used with GMA and other functional monomers during the reactive

processing stage in order to enhance the grafting efficiency.

In this study, divinylbezene (DVB, II) was used as a reactive comonomer to enhance the
extent of grafting of GMA on EPR in the presence of the peroxide initiator Trigonox
101 (T101, 1II). DVB has been conventionally used as a crosslinking agent and
therefore it can be expected to influence the physical properties of the polymer product

such as molecular weight and viscosity [202, 203].
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/O\ HC—™ 2
CH,

H,C=H

Glycidyl Methacrylate, GMA, (I) Divinyl benzene, DVB, (I)

ICH3 THa H3C CHs
H3C l 0—O0 | CHZ—CH2+O—O+CH3
CHg CH3 H3C CH3
Trigonox 101, T101, (III)

The main objective of the work described in this chapter was to investigate the effect of
the reactive bifunctional comonomer divinyl benzene on the efficiency of the free
radical (T101) initiated melt grafting reaction of GMA onto EPR conducted in an
internal (Haake) batch mixer, and to optimise the reaction conditions, with the aim of
increasing the grafting level and minimising the extent of side reactions. The effect of
varying the processing temperature and the chemical composition of the system (viz. the
concentration of GMA, DVB, and peroxide, T101) on the grafting degree and the nature
and extent of the different side reactions was therefore examined and compared with
that of a conventional (no comonomer) GMA-grafted-EPR system processed under the
same conditions. The nature and distribution of the graft on the polymer backbone in

both the GMA and GMA-DVB systems was also examined using NMR spectroscopy.

The melt free radical grafting of GMA onto EPR in the absence and presence of the
comonomer was carried out in a Haake Rheomix 600 at a given processing temperature
for 15 minutes at 65 rpm using closed system as described in Schemes 3.1 and 3.2.
Table 3.1 presents the composition and processing conditions for samples reported in

this section. The functionalised EPR (f~EPR) products were purified and the side
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reaction products were separated using sequential extraction-precipitation method. The
grafting degree was determined by titration and FTIR spectroscopy (see Chapter 2,
Sec. 2.7, p.40), using a calibration curve set up from a plot of the IR absorption area
index (1720 cm™ over 720 cm’, the latter was used as a reference) versus the titration
values (see Chapter 2, Figure 2.14, p.67). The melt index and gel content of the
functionalised polymers were also determined.

Table 3.1A: Composition and processing conditions used in the functionalisation of EPR
with GMA (GMA/T101) system, No comonomer-conventional system)

 Compositions | Processing Conditions |
Code EPR | T101 = TI01 GMA Temp Time Speed MFI g = P-
phr phr  /GMA | phr ¢ (min) (rpm) g10 GMA  GMA
Molar ‘ . min % | %
. ! | mﬁo 1 L 1 < o e e B = = ==
Gl | 100 0017 - | - 190 | 15 | 6 | 2 | - f -
G2 | 100 0.078 - - 190 15 [ 6 [02 ]| - | -
G3 | 100 013 - - 190 15 | 65 | 0 b of i
~ G4 | 100 007800038 [ 10 | 180 | 3 | 65 | 44 J 06 | 0
"G5 | 100 |0.078 [ 00038 [ 10 | 180 [ 5 | 65 | 43 | 06| 0
G6 | 100 [0.078 [ 00038 | 10 | 180 | 10 | 65 | 43 | 09 | O
G7 | 100 | 0.078 | 00038 | 10 | 180 | 15 | 65 [ 43 |06 | 0 |
G8 | 100 | 013 | 00042 15 | 190 | 3 | 65 43 06 | 12 |
G9 100 013 00042 15 | 190 | 5 65 | 36 | 1.4 | 24
Gl0 | 100 013 | 00042 15 | 190 | 10 6 | 37 | 15 2.7
Gl1 100 | 013 | 00042 15 190 | 15 65 | 37 | 14 | 26
Gi2 | 100 | 030 00147 | 10 | 190 | 3 | 65 [28 [13] 0 |
GI3 | 100 | 030 [ 00147 | 10 | 190 | 5 65 | 2.9 18308
Gl4 | 100 | 030 [ 0.0147 | 10 | 190 | 10 55 | 29| (LEFII05 ]
Gl5 100 | 030 | 0.0147 | 10 190 15 | 65 | 29 | 15 ] 04
Gl6 | 100 0078 00038 10 190 15 | 65 | 43 | 07 0
Gl17 | 100 0.3 00064 10 | 190 | 15 68 |37 ] 131 61 |
G19 | 100 080 00392 10 190 15 | 65 095 17 06 |
G20 | 100 | 150  0.0728 | 10 | 190 15 | 602 | 3] 05 %
G21 100 | 08 | 00783 | 5 | 190 | 15 | 65 [ 09 |08 ] 02 |
G23 | 100 | 08 | 00301 | 13 | 190 | 15 | 65 | 1.0 [ 25 | 20 |
G24 | 100 | 0.8 | 0.0261 | 15 190 | 15 | 65112 | 1o | 30}
G25 | 100 | 08 [00261 | 15 | 190 | 3 | 65 1. 1] 28§
G26 | 100 | 08 [ 00261 | 15 | 190 | 5 | 65 | 14 | 1.9 | 3.18 |
G27 | 100 | 08 | 0.0261 15 190 10 | 65 09 20 330
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Table 3.1B: Composition and processing conditions used in the functionalisation of EPR
with GMA in the presence of comonomer, DVB ,(EPR-GMA-T101-DVB)

Code |

EP
DG

| DG2 |
DG3 |
DG4

DGS5

DG7 |
| DG8 |
DGY |

DG10

DG11 |

DGI12
DG13

' DG14 |
| DG15 |

DG16

| DG17 |

| DG19
DG21
DG23

DG24 |

DG25

DG26 |

DG27

' DG28 |
DG29

DG31

| DG32 |

DG33
' DG34
DG35

DG36 |
DG37 |
DG38 |

DG39

DG40 |
DG41
DG42 |

DG43
 DG44

EPR

(phr)

100 |

100 |

100
100
100
100
100
100
100
100
100
100
100

100

100
100

100 |

100
100
100
100
100
100

100
100
100
100
100
100
100
100
100

100

100
100
100
100
100
100
100

Compositions

e —
T101 DVB
phr | +GMA

(MR)
o | o0 |
0.017 | 0.0007 |
0.039 | 0.0015 |
0.078 | 0.0034 |
0.130 | 0.0057 |
0.017 | 0.0007 |
0.078 | 0.0034
0.130 | 0.0057
o | o
0.017 | 0.0007 |
0.078 | 0.0034
0.130 | 0.0102 |
0.130 | 0.0057 |
0.130 | 0.0039
| 0.130 | 0.0057 |
| 0.130 | 0.0057 |
0.130 | 0.0057 |
0.017 | 0.0007 |
0.078 | 0.0034 |
0.130 | 0.0057
0.017 | 0.0006 |
0.078 | 0.0030 |
0.130 | 0.0050 |
0.017 | 0.0006
0.078 | 0.0030
0.130 | 0.0050
0.078 | 0.0030
0.078 | 0.0030 |
0.078 | 0.0030 |
0.008 | 0.0006
0.017 | 0.0006 |
0.078 | 0.0030
0.130 | 0.0050
0.017 | 0.0006 |
0.078 | 0.0030 |
0.130 | 0.0050
0.130 | 0.0043
0.017 | 0.0006 |
0.078 | 0.0026
0.13 | 0.0043

”T'éﬁj&/ﬁiﬂ‘_“ Processing l
} Conditions MFI = g- p- i'
i s b | g10 GMA  GMA |
GMA DVB w/w Temp Time Speed min 70 % H
pllr‘.phr:%i’C!(-in)i(rp-) | |
| { | lw;_,_i | “
0 (0 /0 19 15 6 |49 0 | 0
10 (1191170 15 ] 65 [ 33 [33] o0 |
10 [ 1.1 |91] 170 [ 15 65 | 31 | 26 | 0 |
10 [ 1.1 91| 170 [ 15 | 65 [ 24 [ 30 ]| 0
10 | 1191|170 [ 15 | 65 [ 25 | 36 | 0 |
10 (119118 [ 15 | 65 [ 35 [ 30 [ 0
10 [1.1][91] 18 [ 15 [ 65 | 23 | 238 0
10 | 1.1 91 180 15 | 65 @ 20 35 0
10 [ 1191|190 [ 15 [ 65 [ 41 [ 08 [ 0
10 [ 11|91 190 [ 15 [ 65 [ 37 [ 23 | 0 |
10 [ 1191 ] 19 [ 15 | 65 | 32 [ 2.8 0 |
5 J11J91]190 ] 15[ 65 [ 26 [ 14 ] 0
10 (1191190 | 15 [ 65 [ 23 [ 27 [ 0
15 [11 (91190 [ 15 [ 65 [ 21 | 47 [ 01
10 [ 1191190 [ 3 65 [ 21 [ 25 ] 0 |
10 [ 1191 ] 19 [ 5 65 | 21 [ 27 | 0.04 |
10 [ 1191 [ 19 | 10 | 65 [ 21 [ 27| 0o |
10 1.1 9120 15| 65 | 38| 16 0
10 119120 | 15 65 20 18 0
10 [1.1[91[20 [ 15| 65 [ 1.8 [ 21 [ o0 |
10 [25[82[ 170 | 15 [ 65 [ 23 [ 42 [ 0 [
10 [25 82 170 | 15 | 65 | 1.6 | 41 | 0 |
10 [25 82170 | 15 | 65 [ 11 [ 42 | 0 |
10 [25[82] 180 [ 15 [ 65 [ 25 | 3.7 | o‘
10 [25 [82] 180 | 15 | 65 | 1.8 | 45 | 0
10 25 82 180 15 65 15 38 0 |
10 [25[82] 180 [ 10 [ 65 [ 1.8 [ 38 | 0 |
10 [25[82] 18 | 5 65 | 16 | 39 | 0.1 |
10 | 25 | 82 | 180 3 65 15 [ 37 | 0 |
10 |25 (82] 190 [ 15 | 65 [ 29 [ 19 [ 0 |
10 (2582190 | 15 | 65 | 21 [ 35 | o |
10 258219 [ 15 | 65 [ 1.5 [ 39 | o |
10 |25 82| 190 [ 15 | 65 | 1.0 [ 36 | O |
10 2582200 ] 15 [ 65 [ 30 [ 27 ] o0 |
10 [25[82]200 | 15 | 65 | 19 | 34 | 0 |
10 [ 2582200 [ 15 | 65 | 1.1 | 32 0 |
10 [43[73[ 180 [ 15 [ 65 [ 05 [ 45 [ 0 |
10 {43 [7:3]| 180 | 15 | 65 [ 1.0 [ 32 | 0 |
10 43 73 180 15 65 | 07 | 35 0 |
10 (43 [73] 180 ] 15 [ 65 [ 07 [ 37| o0 |
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Table 3.1B: Composition and processing conditions used in the functionalisation of EPR
(P-0280) with GMA in the presence of comonomer, DVB, (EPR-GMA-T101-DVB).
(continue)

Compositions | GMA/D Vlf;f Processing ‘ |
Code : | | Conditions | MFI| g | p- |
TI01/ | | | | i g10  GMA | GMA
EPR T101 DVB GMA DVB ww Temp Time Speed min % %
(phr) phr +GMA phr por % | °C | (min) (rpm) ,
‘ (MR) . f j ‘ ‘
DG45 | 100 | 0 | - | 10 | 43 [ 73] 190 | 15 65 [ 33 [10] 0 |

0
DG46 | 100 | 0.008 | 0.00027 10 |43 |73 190 15 = 65 | 26 36 0
DG47 | 100 | 0.017 | 00006 10 43 73| 190 | 15 | 65 11 41 | 0

0

DG57 | 100 0 s

| , , - 190 ] 1516 | -1 - | -
| DG58 | 100 | 0.13 = .

- 190 [ 15 [ 6s | - | - - |

DG48 | 100 = 0.078 | 00026 10 | 43 |73 | 190 | 15 | 65 | 07 | 50 | 0 |
DG49 | 100 | 0.130 [ 00043 | 10 |43 [ 73] 190 [ 3 [ 65 [004 ] 02 [ 0 |
DG50 | 100 | 0.130 [ 0.0043 | 10 [ 43 [73 ]| 190 | 4 | 65 |025] 29 | 0

DG51 | 100 | 0.130 | 0.0043 | 10 [ 43 | 73] 190 | 6 | 65 | 038 | 4.0 0

DG52 | 100 | 0.130 | 0.0043 | 10 |43 [ 73] 190 | 15 | 65 [ 05 | 45 | 0 |
DG53 | 100 | 0.130 | 00039 @ 15 | 1.1 |91 190 @ 3 | 65 | 21 | 42 | 038
DG54 | 100 | 0.130 | 00039 15 | 1.1 91 190 5 | 65 21 46 056
DG55 100 = 0.130 | 0.0039 = 15 1.1 91 190 10 65 21 47 030
DG56 100 = 0.130 | 00039 15 | 1.1 91 190 15 | 65 21 46 01

| LI

3.2. Results

3.2.1 Separation of Reaction Products and Characterisation of the
Grafting System

The reaction products of the EPR-g-GMAcony (conventional-without DVB) and EPR-
g-GMApyp (with DVB) systems are expected to contain not only the desired grafted
GMA but also a number of undesired side reaction products including crosslinking and
chain scission of EPR, ungrafted GMA, polyGMA and in the presence of DVB
additional products can also be formed, namely polyDVB and GMA-co-DVB. In order
to identify suitable solvents for extraction and purification of the functionalised
polymers, the solubility of synthesised polyGMA, polyDVB and GMA-co-DVB was
examined in different solvents (see Table 3.2). It was found that GMA and DVB were
soluble in all solvents examined (acetone, methanol, xylene, toluene, chloroform,
tetrahydrofuran (THF), dicholoromethane (DCM)), dichlorobenzene and dimethyl
sulfoxide (DMSO). PolyGMA was insoluble in methanol but soluble in all other
solvents, whereas polyDVB and GMA-co-DVB were insoluble in all the solvents
examined here. The grafted-GMA was found to be soluble in hot xylene and hot

toluene but insoluble in acetone and methanol.
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Table 3.2. Solubility of monomer and comonomers of GMA and DVB, homopolymers
and polymerised product typically found in the EPR grafting system.

\ } SOLUBILITY
| FOMRRED: | Acetone | Methanol ‘ Xylene | Toluene l Chloroform DCM THF | Chloro- | DMSO
) [ ‘.*w,ﬁ._"»___._i LE benzene
. Cold | Cold | Hot | Hot | Cold | Hot | Cold | Hot | Hot | Hot | Hot
= —e— “ e — '<; ———— —_—— ‘ —
GMA Y Y¥Y‘Y‘\Y’Y Y}Y]Y - a5
e +—t 11 i
| DVB Y Y Y]YY{‘Y i (0 i B o £
B | _ il o i e
| PolyGMA | Y N w' lrma I a {ix <l o
= ‘ . e L [ ﬂl" - 1”7777%77 —t 5 (r
| PolyDVB N N N | N[ N|N|N|N|N| N N
1 DR I W e s £
| GMA<co- | N N | N | N |N|N|N|N/|N]|N N |
DVB \ | \ ‘ : ? . , ‘
i 3 RN TR (R TG (o= ST PR
EPR-g-GMA | N } N | Y v vl 1St = 1B |

3.2.2 Characterisation of Side Reaction Products of EPR-g-GMA in
the Absence and Presence of the Comonomer DVB

i) Characterisation of PolyGMA
Figure 3.1 shows the FTIR spectra of neat GMA and synthesised polyGMA, see Rn
3.1. The formation of a saturated carbonyl group in polyGMA is evident from the
observed shift from unsaturated carbonyl absorption at 1721cm™ to saturated and broad
carbonyl peak at 1730 cm™ and from the substantial reduction of the acrylic double
bond absorption at 1638 cm”', whereas the epoxy group absorptions at 909 cm™ and 843

cm™ were still clearly present.

CH,
|
+-¢—cn;
0 0 l "
[ A i AIBN, Chloroform C=0
H,C=C—C—0-CH;—CH—CH I
e ’ & 70°C, 4h, N2 (') (Rn-3.1)
s CH,
|
CH_
GMA | o
CH,
Poly-GMA

'H-NMR and ">C NMR chemical shifts for GMA and polyGMA are given in Table 3.3.
The 'H spectra for GMA and polyGMA are given in Figures 3.2 and 3.3. It is clear
from these figures and Tables 3.3a and 3.3b that the chemical shifts and the protons and
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carbons of the epoxy ring are very similar in both GMA and polyGMA confirming that

the epoxy ring is not affected by the polymerisation of GMA, see atoms 5,6 and 7 in

Table 3.3. On the other hand, the acrylate group shows clear shifts in both the 'H and

Be signals from being unsaturated to becoming saturated indicating the loss of the C=C

double bonds due to polymerisation, see Figures 3.4 and 3.5 and Table 3.3b. For better

understanding of the difference between the spectra of GMA and polyGMA, (*H and
BC NMR spectra in CDCl) are compared, see Figure 3.2 and 3.3. First the HMBC
NMR spectrum for GMA (shown in Figure 3.4) is analysed, it shows the following

characteristic:

The carbon C3 is directly bonded to H3, and H1’s are connected to C3 through
long range coupling.

The carbon C7 has H7’s directly bonded to it and H’s 5 and 6 are connected to
C7 through long range coupling.

The carbon C6 has H6 directly bonded to it, and H’s 5 and 7 are connected to
C6 through long range coupling.

The carbon C5 has H5’s directly bonded to C5, and H’s 6 and 7 are connected
to C5 through long range coupling

The carbon C1 has H1,s directly bonded to C1, and H3 is connected to C1
through long range coupling

The carbon C2 has H’s 1 and 3 connected to it through long range coupling
The carbon C4 has H’s 1, 5 and 3 connected to it through long range coupling
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Table 3.3a. '"H-NMR chemical shifts, & (ppm), and signal assignments of GMA and
polyGMA in CDClj;, see Figures 3.2 and 3.3

8, ppm (multiple)
(s=single, m=multiple, b=broad)
3 cH. 3-a-Me 5 cn, J-a-Me
Group Position ’ T &1y
=—cC_H
-l ik
i=° =
0=—0G
o] o |
. =
’ ﬁ, H c7 £ 5 CH;—CH—CH,
6 6 7
CH, unsaturated in GMA H1, H2 6.1(s) 1.8 (rrry), 1.95[mrr]
CH, saturated in polyGMA 5.5(s) 2.00[mrmy], 2.05[rmry]
2.10 [mmry], 1.49 [mmryy]
1.45 [l'ml'm]
0.91 [rm] (br),1.06 [rm,mr] (br)
»CH3 H3 1.9 (s) 1.26 [mm)] (br)
CH, H5 4.4 (m) 4.2 (m)
3.9 (m) 3.9 (m)
CH of epoxy group ;) 3.2 (m) 3.2(b)
CH, of epoxy ring H7 2.8 (m) 2.8 (b)
2.6 (m) 2.6 (b)

Table 3.3 b. °C NMR chemical shifts, & (ppm), and signal assignments of GMA and
polyGMA in CDCIl;, Figure 3.4 and 3.5

5, ppm
Sign: 1° and 3° (+), 2° and 4°(-)
3 ?H33-10.-M€ 3 (l:Ha 3-1(1—Me
Group Position 2 ('i‘=CH2 -[_ZT_CH;}"_
4 C=0
| 0=C4
15 i
o il b 5 CH;~CH—CH,
6 7
TG (_)F
CH.,, saturated Cl1() - 52.1(-) 53.7 (=), 54.0(-)
C,unsaturated | C2() | 13%6() | -
C, saturated C2(-) 45 (-)
" -CH; unsaturated | C3(+) TEIC L T v s
a-CHj_saturated | C3(+) - 20.5[mm] (+), 18.7 [rm,mr] (+),
| SRR 9 (d SE 16.7 [rr] (+)
Cc=0 ‘ “-) 167 (-) 177.2 [rr] (=), 176.3 [mr] (-), 176.5
| [mmr] (-),
E 176 [mm] (-)
CH, C50) | 033() - = 65.7 (-)
CH of epoxy ring C6 (+) 49.5 (+) 48.8 (+)
CH, of epoxy ring f C7 44.7 (-) 44.5 (-)
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Returning now to the 'H and *C NMR of polyGMA, (Figures 3.3 and 3.5), it is clear
that the signal of the 'H and ">C of the CH3 group in polyGMA (position 3) splits up
into a complex peak structure and this is attributed to different stereochemical
configurations in the polymer, see also Figure 3.6. Since the epoxy part of polyGMA
shows similar peaks to that of neat GMA, it is therefore not affected by the grafting or
polymerisation reaction. Therefore its NMR signals will be used here for the purpose of
investigating the microstructure of EPR-g-GMA and in particular to calculate the graft
distribution and the graft composition in the reactively processed polymers. The other
part of the GMA, the methacrylate group, has shown shifts in both of the 'H and “C
peaks from the alkenes to aliphatic regions, indicating the loss of the C=C double
bonds due to polymerisation, see Table 3.3 and Figures 3.3 and 3.5. Figures 3.3 shows
clearly that for polyGMA, the Hs that are located on C1 and C3 (the a-CHj3) (and
similarly in the Bes spectrum, Figures 3.5), these carbons (i.e C1 of CH; and C; of
CHj3 as well as C4 (the C=0) gave several peaks, see also the expanded spectra in this
region (Figure 3.3b and 3.5b). The complex peaks pattern observed here is due to the
chemical complexities and tacticity of polyGMA [204, 205].

The assignment of the "H and >C NMR spectra of polyGMA (which is shown more
clearly in the expansion of the NMR region given in Figure 3.3b and 3.5b) is based on
the structures shown in Figures 3.6 and 3.7 and the 2D NMR spectra (both HSQC and
HMBC of polyGMA) shown in Figures 3.8 and 3.9. Figure 3.6 summarises the
different stereochemical sequences and tacticity of the homopolymer. A four repeat unit
structure is chosen in this figure to represent a head-to-tail polymerisation structure.
Four repeat units were chosen for illustration because of the results obtained based on
the calculated length of the grafted GMA sequence in EPR-g-GMAcony which was

shown, (see later) to consist of four molecules.

Figure 3.6 focuses is on the H’s of the CH; of the second GMA repeat unit e.g. Figure
3.6a (CH, labelled I). The 'H NMR chemical shift of these two H’s is affected by the
environment around them; when the two surrounding similar groups are located
opposite to each other (rasemic, r) as shown in Figure 3.6a, the two 11’s of this CHy , I,
appears at the same chemical shift,  =1.87 ppm, see Figure 3.3b. When similar groups
around the CH, are located at the same side (meso, m), see Figure 3.6d, the two H’s (II
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and 111) have appeared at different chemical shifts, rmr-II at 2.05 ppm and rmr-111  at
1.45 ppm, see Figure 3.3b. Furthermore, the chemical shifts of these 3H’s (I, II and I1I)
seem to be affected by the groups surrounding the CH; groups on both sides; the H’s of
(r) surrounded by (r) from both side (see Figure 3.6a) are different from the H’s of (r)
surrounded by an (r) from one sides and (m) from the other side (see Figure 3.6b
appearing at 1.95ppm in Figure 3.3b). Therefore, based on the NMR results and the
stereochemical configuration presented in Figure 3.6, there are at least five different
peaks observed for the H’s of the 1-CH; of poly-GMA in the "H NMR spectrum. Those
peaks are labelled in Figure 3.3 as rrr, mrr, mrm, rmr and mmr and also there is a

possibility of mmm.

The effect of the stereochemical sequences on the a-CHj is illustrated in Figure 3.7. It
is important to note here that the stereochemical configuration given in Figure 3.7 is
similar to that shown in Figure 3.6, but the focus in Figure 3.7 is on the a-CHj. Here
again the racimic and meso configurations are presented with respect to the CH; as in
Figure 3.6. Hence the a-CHj is labelled as rr when located between r and r configured
methylene groups, see Figure 3.7a, or mr when located between m and 7, see Figure
3.7d or mm being between m and m as in Figure 3.7f. Therefore the a-CH; is affected
by the surrounding two GMA units on both sides. When the a-CHj is positioned
between r and r, it is labelled 77, (as in (Figure 3.7a and in one structure shows in
Figure 3.7b), it becomes more shielded and appears at lower chemical shift of 0.91
ppm, see Figure 3.3B. On the other hand, when the a-CHj is located between m and m,
mm,,. (see Figure 3.7e and f). it will be less shielded and appears at higher chemical
shift, 1.26 ppm, see Figure 3.3D. When one of the esters is on the CHj side and the
other ester group is on the other side m and r, mrj;, see Figure 3.7b, ¢, d and e, it would
appear in the middle of the chemical shifts at 1.06 ppm, see Figure 3.3B. Therefore,
there are at least three types of a-CHj3 in the polymer as presented in Figure 3.7 which
correspond to the formation of the three different chemical shifts observed for the a-
CH3, assigned as 77, mr/rm and mm. The B shows similar results for the a-CH3 where
three peaks assigned for the rr, mr and mm appear at 16.7, 18.7 and 20.5 ppm,
respectively, (Figure 3.5). Similar results are also seen for the 3-C and 4-C where at

least three peaks are observed for each carbon, see Figure 3.9.

77




Chapter 3: Functionalisation ‘bf E‘&y}éhe;ﬁopylene Rubber with GMA

Figure 3.8B presents the 2D 'H-">C HSQC NMR spectrum of poly-GMA which shows
a correlation between the carbon and the hydrogen which are directly bonded to each
carbon. The peaks indicated with the solid lines show the correlations between the
protons and the carbons of 3-CHs. The dashed lines show the correlations between the
protons and the carbons of 1-CH,. The rest of the atoms are indicated by the doted lines.
Figure 3.9A shows the 2D 'H-">C HMBC NMR spectrum of poly-GMA which shows a
correlation between the carbon and the hydrogens that are two or three bonds away from
that carbon. There are too many correlations here; but the most important are the two
regions which have been expanded in Figure 3.9B and C. Figure 3.9B shows that the
protons of 1-rrr and 1-mrr are associated with the carbon of 3-rr (red arrows), It also
shows that the protons of 1-mrr, 1-mrm and 1-rmr are associated with the carbons of 3-
mm (blue arrows), which confirm the structures presented in Figures 3.6 and 3.7. This
confirms that the 3-CHj rr is associated only with rrr and mrr structures as shown in the
structures of Figure 3.6a and b. The 3-CHj; rm is associated with the structures mrr,
mrm and rmr, see Figure 3.6b, ¢ and d. The part of the spectrum shown in Figure 3.9C
focuses on the correlation with C4, C=0. Figure 3.9C shows that the protons of 1-rrr
and the protons of 3-rr are associated with one carbonyl group 4-rr at 177.2 ppm, also
the protons of 1-mrr has a correlation with this carbonyl group, 4-rr. The protons of 1-
mrr and 1-mrm and the protons of 3-mr are associated with a carbonyl group 4-mr at
176.3ppm. The protons of 1-mmr are associated with a carbonyl group, 4-mmr at 176.5
ppm. The protons of 1-mrr are associated with a carbonyl group, 4-mrr at 177.6 ppm.
Furthermore, the protons of the 3-mm show a week correlation with the carbonyl group,

4-mmm at about 175.2 ppm

ii) Characterisation of PolyDVB

The 'H and ">C NMR spectra of DVB are shown in Figures 3.10 and 3.11 respectively,
and the data are also summarised in Tables 3.4a and 3.4b. The results show that there is
about 10% diethyl benzene present with the DVB. The B¢ solid state NMR spectrum,
(Figure 3.12) of polyDVB shows that polymerized DVB, un-reacted DVB and ethyl-
styrene are all persent in the sample (as polyDVB was not soluble in any common

solvent, its solid state spectra was examined instead). The peak at 65 ppm has shifted
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Chapter 3: Functionalisation of Ethylene-Propylene Rubber with GMA

when the spinning frequency was changed from 4500 to 6000Hz (marked “X”)
suggesting that it is an artificial and not a real peak.

Table 3.4a. '"H-NMR chemical shifts, 8 (ppm), and signal assignments of DVB in
CDCl;, see Figure 3.10

[ B 8, ppm (multiplicity)
(s=smgle m=multiplet, b—broad)
s 2
Group Position \/O/ \/©/
ring ring
‘ DVB ’ Diethyl benzene
| CH, unsaturated H1 6.6 (m) . 2.5 (m)
CH2, saturated _ . B
' CHy, unsaturated H2 5.6 (m)
; CH3, saturated « 5.1 (m) ' 1.1 (m) |
CH | rng | 72m) | @ 72(m) |

|

i

r
7

|

Table 3.4b. C-NMR chemical shifts, § (ppm), and signal assignments of DVB in
CDCl;, see Figure 3.11

6 ppm,
Sign: 1°and 3° (+),2°and 4°(-)
1 1

| |

‘ X 2 L 2'
Group Position - !

| |

ring ring
| | DVB Diethyl benzene
CH, unsaturated Cl 135.4 (+) -

| CH,, saturated B - 29 (-)

' CHp, unsaturated ~ C2 114 (-) ' =
CH3, saturated Cc2’ - | 15.8 (+)
Ring | CH 123 to 128 (+) |

C qurt 137

Figure 3.13 shows the FTIR spectra of neat DVB and synthesised polyDVB, see Rn
3.2. In polyDVB, the absorption peak of the vinyl double bond of DVB (at 1629cm™)
had decreased though not completely disappeared (see Figure 3.13C). This suggests
that the polymerisation of polyDVB may not have gone to completion or some free
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DVB may be trapped in the polymerised DVB network. The absorption peaks of the
>C=C< of the aromatic ring of the benzene are however, all present in the polyDVB
spectrum and are shown at 1602 cm™, 1594 cm™, 1510 cm™ and 1486 cm. Similarly,
the characteristic strong C-H out of plane of the aromatic ring absorption at 837 cm’
and 796 cm™ are clearly seen in the polyDVB. The characteristic infrared absorptions of
polyDVB are summarised in Table 3.5.

HC=CH,
——HT’Q—H?—DVB—
H,C=CH CH, THz
" AIBN/Chloroform HCOB——
—_——— | |
70°C, 4 hr, N, ——DVB—C CH, (Rn 3.2)
HC=CH, I H2 |
—in
PolyDVB
H,C=CH
DVB

Table 3.5. IR absorption characteristic of DVB and polyDVB, see Figure 3.13

| Assignmentandregion | Frequency, cm™, and intensity from spectra
expected,cm” | = DVB PolyDVB
" A | Aromatic C-H stretch 3087, 3007 3085, 3007
___|2100-3000 | r _:
| B | Aliphatic C-H stretch - 2988, 2921
| |3000-2840 | 0
" C | Vinyl C=C stretch 1640 1629 1629 (reduced in
e intensity)
D | Aromatic C---C ring stretch 1594, 1575 1602, 1590
1600-1400 1509, 1485 1510, 1486
(often appear in duplicates)
E | -(C-H) out of plane bend of 801, 845 837, 796
| the ring for p-substitute
\ F C=C out of plane ring 709 710
| | bonding AL - I
i G | Para substitute benzene 1704 1703
‘: e ——————— s B——r—, (¥
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iii) Characterisation of GMA-co-DVB

Figure 3.14 shows FTIR spectra of neat DVB, neat GMA and that of the synthesised
copolymer GMA-co-DVB, see Rn 3.3. The IR spectrum of the GMA-co-DVB shows
clearly a shift in the carbonyl group of the GMA from 1721 cm™ (unsaturated >C=0 in
GMA) to 1729 cm™ (broad weak) due to the formation of saturated >C=0 group. The
absorption of >C=C< at 1630 and 1638 cm” in GMA and in DVB, respectively, have
reduced in intensity significantly due to reaction of >C=C< in the copolymerisation
reaction. The presence of the aromatic ring of DVB is shown at 1606 cm™ (aromatic C-
C ring stretch) and at 712, 762, 799, 843 cm™ for the strong out of plane C-H bend
absorption of the ring. This indicates the formation of the copolymer (see Table 3.6).
Comparison of FTIR spectra of polyGMA, polyDVB and comonomer GMA-co-DVB is
shown in Figure 3.15 and Table 3.7. It can be clearly seen that the carbonyl group
absorption and C=C aromatic ring absorption which are present in the polyGMA and
polyDVB are also present in the GMA-co-DVB spectrum at 1728cm™ and 1606cm™,
1510cm™, 712cm™ respectively confirming the formation of the copolymer GMA-co-
DVB.

Table 3.6. IR absorption characteristic of polyGMA, polyDVB and GMA-co-DVB, see
Figure 3.14

Label | Assignment and region } ~ Actual frequency, cm™, and intensity
. expected, cm™ [37] GMA | DVB | GMA-o-DVB
U | Vinyl C=C stretch 1640 | 1638 1630 1629 (low
| , | intensity)
"V | Aromatic C—C ring stretch | : 1602 1606, 1510
| 1600-1400 | 1510-1487
| (often appear in duplicates) | . L N
Y | -(C-H) out of plane bend of [ - 801 799
| the ring for p-substitute | ol I | B o8 Ly -
Z | C=C out of plane ring ' < 707 712
Ibendimg o kN Poilarl
U | Carbonyl group C=0 Sy 1 SR - 1729
| 17201730} b SR Se—
X | Epoxy group 909, 843 | . 909, 843
| -CH-O-CH, |
| 909-845

81




Chapter 3: Functionalisation of Ethylene-Propylene Rubber with GMA

HC=CH,
H
Q —C— o
H,C=CH DvB

AIBN, Chioroform
B il = | (Rn-3.3)
4hr, 70°C, N,

H

0 ——e

/ \ H

H,C=C—C—0—C—C—CH, o
CH . I /\
3 GMA H,Cc—C —C—0—CH;—CH—CH,

CH

" DVB-<o-GMA

Table 3.7. IR absorption characteristic of polyGMA, polyDVB and GMA-co-DVB, see
Figure 3.15

Label Assignment and region Actual frequency, cm™, and intensity
expected, cm™ [37] PolyGMA | PolyDVB | GMA-co-DVB

K Aromatic C-H stretch - 3085, 3007
~12100-3000 _ 4 i
[ L Aliphatic C-H stretch - 2980, 2937 2937
. 13000-2840 |

M Vinyl C=C stretch 1640 1630 1629 1629 (low
N L= & S intensity)

N Aromatic C—C ring stretch - 1606 1606

1600-1400 1510-1447

ST | (often appear in duplicates) |

s -(C-H) out of plane bend of - 795 799

_| the ring for p-substitute e =
Q C=C out of plane ring - 701 712
~ {bonding oo - e
R Carbonyl group C=0 1729 - 1729
1720-1730 %
S Epoxy group 907, 846 - 909, 843
| -CH-O-CH;
B T T
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Figure 3.16B shows the °C solid state NMR spectrum of GMA-co-DVB. The spectrum
of DVB-co-GMA shows that polymerized DVB, un-reacted DVB and ethyl-styrene are
present in the sample. The peaks at 65 ppm shifted when the spinning frequency was
changed from 4500 to 6000Hz suggesting it is an artificial and not a real peak. The
GMA peaks in poly-GMA (see Figure 3.16A) are different from those of GMA in
DVB-co-GMA, mainly the peak of GMA-C1 which appeared in the poly-GMA does
not appear in DVB-co-GMA, see Table 3.8. This indicates that the polymerizations
with respect to the GMA is different in both cases. Also the peaks of DVB in polyDVB
is different from those of DVB-co-GMA, where, in the latter,

e There is less of the un-reacted DVB

e Broad peaks around 26ppm appeared indicating different types of

polymerization form, which produced an aliphatic groups.

Table 3.8. °C solid state NMR chemical shifts, 8 (ppm), and signal assignments of
GMA in polyGMA and in GMA-co-DVB in CDCl; see Figures 3.16A and 3.16B

Y | 8, ppm
| 3(I:H31 | 3?—13 :
Group ‘ Position ‘ '—{'ZT—CHz‘]n—' —2T_OH’—°°'DVB
| ‘ 4C=0 0=C4
| | 0
| ? A T\
; , CH;—CH—CH, 5 CH;~CH—CH,
6 7 6 7
CH,, | Cl | 55 Not seen
c | cz | 45— I With other peaks
CHs, ] C3 16 e | ‘Broad not clear
e T B Y AR [T TN, T
CH, cs | 61 T B
‘CHofepoxyring = C6 49 T 49
CHyofepoxyring ~ C7 45 Bl ST e, 1
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3.2.3 Characterisation of Purified EPR-g-GMA by FTIR and NMR

Films of the purified GMA-grafted polymer were prepared for characterisation by FTIR,
see Schemes 3.1 and 3.2. Figure 3.17 shows a comparison of FTIR spectra of EPR-g-
GMApyp (functionalised EPR) and neat GMA. The shift in the ester carbonyl
absorption from 1721cm™ to 1729 em™ is clearly seen and this is due to the formation
of saturated ester groups whereas the acrylic double bond at 1638 cm™ has completely
disappeared. Furthermore, the absorption peaks of the epoxy group remained unchanged
as shown at 908 cm™ and 847 cm™ confirming the grafting of GMA onto EPR. The
concentration of GMA in the methanol-purified sample is expected to be higher than
that of a sample purified in acetone due to the presence of both grafted GMA and
polyGMA in the former case, see Figure 3.18. When DVB was added to the GMA
grafting system, the spectrum of the purified EPR showed additional absorption peaks at
1602, and 1510 cm™ due to the presence of aromatic >C=C< ring stretch of DVB (see
Figure 3.19A-B). Similarly, the strong out-of-plane aromatic C-H bend absorptions at
761, 802, 843, 909 cm™ are also present and are similar to those seen in GMA-co-DVB
(see Figure 3.19C). In addition, the absorption peak at 1638 cm™ due to vinyl >C=C<
was not observed in the spectrum of EPR-g-GMApyg. This indicates that DVB has
reacted with GMA and GMA-co-DVB is grafted on the EPR backbone.

The 'H and *C NMR spectra of EPR (E:P=8:2) are shown in Figures 3.20 and 3.21.
Further expansion of the 'H spectrum of the EPR, see Figure 3.20B shows the presence
of minor peaks at 1.9, 2.2, 4.0, 4.6 and 4.9 ppm. In the EPR polymer, there are only
aliphatic groups with minor differences in their chemical shifts. In the 'H NMR
spectrum there are three peaks, labelled 1, 2 and 3. Peak 1 being the minor peak
corresponding to the CH (no.1) at the branched carbon which appears at 1.05ppm, the
second peak, 2, (the main peaks) for the -CH; (no.2) backbone of the polymer appearing
at 1.2ppm and the third peak, 3, at 0.8ppm, for the -CHj3 (no.3). The Bc NMR peaks
were assigned for the propylene peaks 1, 3 and 4 and for the ethylene peaks 2 mainly
and peak 5 for the carbons away from the branched site, see EPR structure in Figure

3.21.

The 'H-NMR spectrum of a purified EPR-g-GMAcony (sample G24 containing
1.9 wt% GMA, see Table 3.1A) is shown in Figure 3.22, as in the poly-GMA, the
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epoxide region is not affected by the grafting while the methylacrylate group has been
converted completely to a polymerised methylpropanoate group. The "H NMR peaks of
the methyl group a-CHj of the GMA in the EPR-g-GMAconv (should appear at about
1ppm) are in the same region as the EPR peaks, thus the analysis will be based on 1-
CH,- of the GMA, where its peaks appeared resolved in the 2.0 ppm region (EPR does
not show signals in this region). As was assigned for the poly-GMA in Figure 3.3,
similarly in the case of EPR-g-GMAconv, there are three peaks for the —CHp- in the
2.0 ppm region, those peaks are assigned for sequences rrr, mrr and mrm as shown in

Figure 3.22 and illustrated later in Figure 3.38.

Integration of '1{ NMR was used to estimate the nature and the distribution of GMA
grafts in samples of EPR-g-GMAconv (sample G24). The calculation is based on the
fact that the EPR used in this work has 8 ethylene —(CH,-CH,)s- groups and 2 propylene
groups —(CH(CHs)-CHy), in each repeat unit. Since all the polymer H’s are located in
chemical shift region between 0.7 to 1.5 ppm, they were summed up (total of 44 H’s in
one repeat unit) and their integration was counted for all 44 H’s. The GMA has two
parts, the epoxide has 5H’s (H’s no. 4,5,6) and the part bonded to the polymer has SH’s
(no. 1 and 3).

3.2.4 Grafting GMA onto EPR in the absence of DVB

3.24.1 Effect of Imitiator (T101) and Initial GMA Concentration on the
Grafting Reaction

The effect of the peroxide concentration on the torque behaviour of conventional EPR-
g-GMAcony is shown in Figure 3.23. It is clear that higher peroxide concentration
results in higher torque maximum and final torque values and requires longer time to
reach the torque maximum. This is almost certainly due to an intense reaction at the
initial stages of processing between the EPR-macroradicals and GMA together with the
formation of polyGMA. This is supported by the observed decrease in MFI values and
increase in xylene-insoluble gel content at higher peroxide concentrations. At peroxide
concentration of 1.50 phr (0.07 MR) the MFI became immeasurable and up to 8 %
xylene insoluble crosslinked polymer was formed. The EPR used in this study had a
ratio of PE:PP of 8:2 thus, it can be expected that PE crosslinking reactions will

dominate during processing [206] and the contribution of chain scission (PP undergoes
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mainly chain scission) becomes less important. The extent of grafted GMA was also
shown to increase with increasing peroxide concentration but this is concomitant with

an increase in the concentration of polyGMA (Figure 3.23E).

The effect of the initial GMA concentration on the grafting reaction in the conventional
system was also examined using a fixed T101 concentration of 0.8 phr and processing
temperature of 190°C. Figure 3.24 shows that the final torque is slightly lower at higher
initial GMA concentration. This is paralleled by a slight increase in the MFI (lower
viscosity) and decrease in the gel content (when increasing the GMA concentration
from 5 % to 15 %, see Figure 3.24B). At the same time, increasing the initial GMA
concentration to 15% resulted in the grafting degree to increase from 0.6 % to 1.9 %
but with a significant increase in the extent of polyGMA formation which became the

predominant reaction product at 15% initial GMA concentration, see Figure 3.24C.

The kinetics of the conventional melt grafting reaction system was examined by
sampling out at time intervals during processing. Two samples processed at 190 °C and
which contained 15 % GMA and different amounts of initiator (0.8 and 0.13 phr) were
examined by analysing the extent of the graft and homopolymerisation reactions at
different times. Figure 3.25 and 3.25B show that the grafting reaction was complete in
the first 3 minutes when 0.8 phr T-101 was used and at ~ 5min at the lower T101
concentration of 0.13 phr. It is shown that in presence of initial GMA concentration of
15%, polyGMA was formed at faster rate and its amount was higher, compared to the
level of grafted GMA at both peroxide concentrations, see Figure 3.25A and 3.25B.
This indicates that under these conditions the GMA homopolymerisation reaction
dominated from the start of the melt reaction. As may be expected, at a lower peroxide
concentration of 0.13 phr, the initial rates of both the grafting and the polymerisation
reactions were slower and the overall concentrations of g-GMA and polyGMA formed
were also lower, see Figure 3.25C and 3.25D. The use of lower peroxide and initial
GMA concentrations [T101]=0.3 phr and [GMA]i=10 % in the conventional grafting
process gave rise to a faster grafting reaction compared to the formation of polyGMA
examined at two peroxide concentrations of 0.3 and 0.078 phr and in the former case the

amount of polyGMA decreased with processing time, see Figure 3.25E and 3.25F.
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These results confirm the fact that peroxide concentration influences strongly the

formation of polyGMA.

3.2.5 Grafting GMA onto EPR in the presence of DVB
3.2.5.1 Effect of T101 and Initial GMA Concentration on the Grafting System

In the GMA/DVB grafting system, the concentration of T101 that was required to
achieve grafting was much lower than that used in the conventional grafting system (in
absence of DVB) and was therefore varied between 0.017 to 0.13 phr (using GMA
concentration of 10 phr). Figure 3.26A shows the torque behaviour during the melt
grafting process in the presence of DVB (at GMA:DVB=8:2 w/w) . It is clear that a
higher peroxide concentration gives rise to an increase in the torque peak and the final
torque suggesting an increased extent of the reactions which occurs at a faster rate, i.e
shorter time to peak maximum, see Figure 3.26B and 3.26C. The suggestion that higher
peroxide concentrations in the DVB system give rise to higher extent of crosslinking is
supported by the observed decay in MFI values (see Figure 3.26D) but no measurable

amount of xylene-insoluble gel was formed under these conditions, see F igure 3.26E.

It was reported [9, 21, 207] that the presence of reactive comonomers such as
trimethylolpropane triacrylate (TRIS) or styrene in grafting systems would significantly
improve the grafting degree and reduce the extent of monomer homopolymerisation.
Similar observations were seen in this work when DVB was introduced in the GMA
grafting system. Figure 3.26D shows clearly that the GMA grafting level in the
presence of DVB increases significantly compared to that in the conventional system
and this high level of grafting was achieved at only a fraction of the peroxide
concentration used in the conventional system with the consequence of undermining the
GMA homopolymerisation reaction so that no measurable polyGMA was detectable

when DVB was present at all peroxide concentrations examined, see later.

It is important to mention here, that the presence of other possible products from side
reactions such as polyDVB and GMA-co-DVB could not be quantified here because
these products which were separated out during purification were insoluble during the

hot xylene-extraction and remained together with the insoluble gel, see Scheme 3.2.
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However, based on the fact that the total amount of insolubles was unmeasureble
(Figure 3.26E) and based on literature findings with other multifunctional comonomers
such as TRIS [9], the amount of these products may not be expected to be significant.
Increasing the DVB concentration at a constant T101 concentration of 0.13 phr in the
EPR-g-GMApys system resulted in an increase in the torque maximum and the final
torque, (Figure 3.27) indicating reaction of DVB with the polymer and with itself
resulting in branching and crosslinking reactions (increased polymer viscosity) which
became more dominant at higher DVB concentration. In fact, without peroxide or
GMA, the presence of DVB alone can cause crosslinking in EPR backbone giving rise
to increased torque values compared to EPR alone, (see Figure 27A, EPR+DVB curve).
This is supported by the observed reductions in MFI values (reflecting increase in
molecular weight) and increase in gel content (Figure 3.27B). Further, the increase in
the torque peak values was paralled by an increase in the time required to reach the
torque maximum at the higher DVB concentrations, see Figure 3.27C. It can also be
seen that the amount of DVB grafted onto EPR increased at higher initial DVB
concentrations as reflected in the higher IR absorbance area index of the >C=C< of the
benzene ring of DVB measured in purified samples where any unreacted DVB would

have been removed, see Figure 3.27E and 3.27F.

Figure 3.28 shows the effect of DVB concentration on the extent of GMA grafting and
polyGMA formation. These results illustrate the significant improvement in the GMA
grafting level with increasing DVB concentration and when compared to the
conventional system. It is important to note that at all DVB concentrations used (with
T101=0.13 phr) no measurable amount of polyGMA was detected (see Figure 3.28 B).
The high reactivity of DVB is clearly illustrated from the fact that even in the absence
of any peroxide initiator, some GMA grafting has still taken place, (up to 1%), see
Figure 3.28B whereas in the conventional system no GMA grafting takes place in the
absence of peroxide. These results contradict literature findings [57] involving the use
of other comonomers such as vinyl 4-fertbutylbenzoate (VBB), styrene and 1-dodecene
(DD) were used in grafting of maleic anhydride (MA) onto poly(ethylene-co-methyl
acrylate) (EMA) where no measurable grafted MA onto EMA was found.
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The effect of GMA concentration on the GMA grafting level in the presence of DVB
was also examined. The concentration of GMA was varied from 5 phr to 15 phr and
used at a constant T101 concentration of 0.13 phr and the GMA/DVB ratio was fixed at
9/1 wiw. Figure 3.29 shows clearly that the torque values were not much affected by
varying the GMA concentration which suggests that the amount of GMA in the grafting
systems has a negligible influence on the melt viscosity. However increasing the initial
GMA concentration gave rise to a decrease in the MFI values of the EPR-g-GMApys
system but with no detectable gel formation (see Figure 3.29C). The level of GMA
grafting, on the other hand, increased with increasing the initial amount of GMA up to
5% and more importantly, this occurred with no polyGMA formation, Figure 3.29D,
illustrating again the effectiveness of DVB in enhancing the melt grafting efficiency at

the expense of the homopolymerisation reaction.

The kinetics of the GMA grafting in the presence of DVB at various initial GMA
concentrations is presented in Figure 3.30. The grafting rate increased rapidly to a
maximum leve] after 2 minutes at both GMA concentrations of 10 and 15 phr but with
the reaction rate being much faster at initial GMA concentration of 15 phr (Figure
3.30C). No polyGMA was formed during the reaction when 10% initial GMA
concentration, but with [GMA]i =15%, a small concentration (~0.1%) of polyGMA was
formed in the earlier stages of the reactions and this occurred rapidly in the first 5

minutes but decreased gradually with further processing (Figure 3.30D).

3.2.5.2 Effect of Processing Temperature on Grafting

The effect of the processing temperature on the GMA/DVB melt grafting system was
also investigated at a fixed GMA concentration of 10 phr, and a GMA:DVB ratio of 9:1.
Figure 3.31 shows clearly that the overall high grafting degree in the DVB systems
decreases with increasing processing temperature at all peroxide concentrations
examined, but in all cases, no polyGMA was measurable. The processing temperature
has a great influence on the overall free radical grafting process as both the kinetic and
thermodynamic aspects of all the elementary reactions involved are temperature
dependent. The torque behaviour shows a slower onset of reaction at lower processing
temperatures (e.g. at 170°C) thus a shorter time to torque maximum was observed at

higher temperatures.
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33 Discussion
331 Melt Grafting of GMA in Absence of a Comonomer

Grafting reactions of GMA on polymers in presence of a free radical initiator
(conventional system) are always accompanied by a number of competing undesirable
side reactions such as homopolymersiation of the monomer and formation of
crosslinking or chain scission as a result of radical-induced degradations reactions in the
polymer backbone [9, 29, 51, 206], see Rn 3.4 as an example in EPR. The relative
contribution of each of these competing reactions depends on the chemical composition

and the reaction (processing) conditions of the grafting system.

CH
cH s I
CH—CF CH{C% H3C-Cl)
+ T-101 “]dm T e c=0 (Rn-3.4)
'——> C:O 1 | 7
+ GMA | + 0 + 0 + _
0 | [
| CH, CH,
CH, {2 |
(‘ZH (IZH\ C|:H\
EPR < 0 -0
l /O CH CH,
CH, 2 _
EPR-g-GMA Poly-GMA Free GMA Crosslinked  Chain Scission

The work reported here shows that increasing the initiator concentration in the
conventional GMA/peroxide (T101)-EPR grating system would increase the level of
GMA grafting but at the same time the system gives rise to a substantial increase in the
extent of polymer degradation by branching and crosslinking (EPR used here has
ethylene:propylene ratio of 8:2) as evidenced from the observed major increase in the
gel concentration found and the torque values of the melt reaction along with a dramatic
reduction in the MFI values reflecting an increase in polymer viscosity and molecular
weight, see Figures 3.23B and 3.23C. Moreover the observed increase in the grafting
level is also paralleled by an increase in the level of GMA-homopolymerisation, see
Figure 3.23E. The importance of the homopolymerisation reaction becomes even more
evident when higher initial GMA concentrations are used, e.g. going from 10% to 15%,
where it becomes evident that the GMA-homopolymerisation becomes the dominant
reaction in the grafting system (higher concentration of polyGMA compared to that of
g-GMA), see Figure 3.24C.
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It is clear therefore that the strategy for increasing the GMA-grafting level in the
conventional system, by increasing concentration of either the peroxide or the initial
GMA content, is not a successful one as this approach also results in favouring the
competition from unwanted side reactions and in particular it would increase the
importance of radical-initiated GMA-homopolymerisation (propagation) at the expense
of graft-initiation reaction, see Rm 3.5.

RO + GMA RO—GMA" *GMA_  ro{-amAa}—
Initiated Homopolymer Homopolymer
radical initiation propogation PolyGMA

H -
RO" + /\/C2\)\—-—> /\/QH)\ +_G_M_A> /\/(?Q\ ;H_> /\/C|\)\

EPR EPR Grafting GMA H -transfer GMA
i i Initiation reactions
microradical EPRg-OMA ey

Indeed, examination of the kinetic of these reactions, e.g.[GMA]i =15% and processing
temperature=190°C, show clearly that the rate of GMA homopolymersation (examined
at two different T101 concentrations of 0.13 and 0.8 phr) is faster than the rate of the
graft-reaction giving rise to the formation of a higher (compared to g-GMA) amounts of
polyGMA that are formed throughout the melt reaction, see Figure 3.25A-D. The
importance of the polymer degradation (via crosslinking) reactions at higher peroxide
concentrations is further evident when examining the behaviour of EPR processed with
different concentrations of peroxide (in absence of GMA). Figure 3.32 shows clearly
that in the absence of GMA and at higher T101 concentrations, the higher torque values
are paralleled by a drastic reduction in the MFI confirming an increase in molecular
weight due to branching and crosslinking of the polymer. Of course the presence of
GMA in the EPR-T101 system does reduce the extent of reduction in MFI as seen
clearly in Figure 3.32B and 3.33B, but it still gives rise to a considerable reduction in
MFI at higher peroxide concentrations confirming the favourable competition from
polymer degradation reactions. Literature studies [9, 208] have shown that degradation

of PE in the melt is dominated by crosslinking whereas in PP chain scission reactions
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predominate due to stability of the tertiary PP radical, thus predominance of
crosslinking reactions in the case of EPR used in this study, see Rn 3.6.

7 - ?Hs (|:H3
—(CHZ—CH;};'(—CH,‘,—CH)‘,“ + ' R—O0 —— %CH;—(&HHCHZ—CH}}“

EPR EPR macroradical

r
|
|
‘ (Rn-3.6)

g T
L U s o e
«{CHE—CHHCHZ—CH% + —(CHZ—CH;};H:H;(}%n —

? EPR macroradicals { CH;-C }n

Crosslinked EPR

It is important to point-out that the overall degree of GMA-grafting in the conventional
system remained low (max~1.9%) under all conditions examined, and this clearly
reflects the low reactivity of GMA towards the EPR macroradicals. The low reactivity
of GMA in grafting reactions on other polymers has also been described in the literature
and has been attributed [17, 209, 210] to the relatively low electron density of the
acrylate double bond (which is the polymer reactive moiety) due to the electron
withdrawing capability of the adjacent carbonyl group and the presence of the bulky

substituent on the double bond, hence its low free radical reactivity.

3.3.2 Melt Grafting of GMA in EPR in Presence of the Comonomer
DVB and Comparison with Grafting in Its Absence

The low grafting efficiency of GMA onto EPR in the conventional grafting system and
the probléms associated with attempts to increasing the grafting level by increasing the
peroxide concentration, a reaction which also gives rise to severe extent of polymer
degradation and formation of high level of GMA homopolymer, was clearly illustrated
in the above discussion (Sec. 3.3.1).

The use of highly reactive comonomers to enhance the grafting efficiency of less

reactive monomers on polymer melts has been described in the literature for the case of,
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for example, TRIS [3, 9] and styrene [32, 57, 89, 211] comonomers. However, for a
comonomer to be useful in improving the grafting efficiency of other monomers, it must
be:

1. more reactive than the monomer towards the macroradicals

2. highly efficient towards copolymerisation with the monomer.

But for these same reasons, such comonomers can be expected to complicate the
grafting system by increasing the number of side reactions due to additional
comonomer-initiated homo- and co- polymerisation and crosslinking reactions. In spite
of this, one of most important-advantages of this approach is that due to the high
reactivity of the comonomer, the amount of peroxide needed to initiate the grafting
reaction is expected to be low, hence resulting in less polymer degradation and other

side reactions [9].

Indeed, the need for only a small fraction of the total amount of peroxide in the presence
of a reactive comonomer, compared to the amount required in a conventional grafting
system, is confirmed in this work when the highly reactive comonomer DVB is used in
the GMA-grafting system on EPR. Figure 3.28A shows that in a 10% GMA grafting
system, replacing only 1 % of the total GMA by DVB (i.e. GMA:DVB=9:1 w/w )
results in an increase in the extent of grafting by over 4 times and this is achieved at a
much lower peroxide concentration compared to the conventional (in absence of DVB)
system (e.g [T101]=0.02 phr against 0.8 phr, respectively). The extent of GMA-grafting
can be further increased up to 5 % by increasing the proportion of DVB in the
GMA:DVB system, see Figure 3.28A, this clearly contrasts with the low extent of
GMA grafting in the conventional system which even at the highest concentration of

peroxide used of 0.13 phr gave rise to less than 1 % grafting.

A second major advantage in using the comonomer DVB is the fact that no (or very
low) GMA homopolymer is formed in the grafting system, see Figures 3.34B and
3.29D. These results confirm the high reactivity of DVB towards both the polymer
macroradical and GMA thus undermining the chance for the GMA radicals to propagate
and produce polyGMA, and in turn increasing the extent of g-GMA formation. The
higher reactivity of DVB towards EPR macroradical, compared to that of

GMA/macroradical, is further illustrated from the observation that even in the complete
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absence of a peroxide, i.e in a shear-initiated reaction, GMA-grafting can still be
achieved (up to 1 %), see Figure 3.28B, whereas no grafting was obtained in
conventional system processed in the absence of peroxide. Also the DVB-containing
system shows a distinctive torque behaviour during melt reactive processing where a
clear torque peak occurs at the early part of the reactions with its height increasing with
an increase in the DVB concentration in the system, see Figure 3.27A, and takes place
at shorter times in presence of higher peroxide concentrations, see Figures 3.26A and
3.26C. These results suggest therefore, that the highly reactive DVB can be expected to
first become grafted onto the polymer chains, followed by its reaction with GMA, see
Rn 3.7, thus giving rise to high grafting of DVB-GMA on the polymer backbone
without any polyGMA formation.

CH, CIIH:,, CH, (|3H3 190 9C CH, CH, CH,
H,L—C—0—0—C—CH;—CH;—C—0—0—C—CH, —  2H,C—C—0- + Os—C—CH;CH;~C—0e (Rn-3.7a)
| | ’ | | g I [
CH, CH, CH, CH, Chy CH, CH,
Primary free radical
o]
3 I / N\ T01,190°C I /\
CH=C—C—0—CH;—CH—CH, ———— CH;~CH-C—0~—CH;—CH—CH, (Rn-3.7b)
15 min |
CH CH,
EPR GMA EPR
EPR-g-GMA
HC=CH, PR
/©/ DVB H G =CH,
H,C=CH T101, 190°C
+ —l
0 15 min (Rn-3.7c)
\
H,=C—C—0—CH;~CH—CH, H,C—CH,
EPR I
CH, GMA CH, O

/
CH;—CH—C—0—CH;—CH—CH,

EPR-g-GMA,,,,

This is supported by results obtained from the kinetics of the EPR-g-GMApvs grafting
system, where the extent of grafting and homopolymerisation reactions were determined

(in purified samples) at time intervals during the melt reaction. Figure 3.30 shows
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clearly that in GMA:DVB system of 9/1 w/w, the rate of GMA grafting is very fast
(reaction is complete in the first 2-3 minutes) and the amount grafted is high with
almost complete disappearance of the homopolymer (no measurable amount throughout
the reaction time when 10% initial GMA concentration is used and with less than 0.1%
formed at the end of reaction in the presence of 15% [GMAJi). This contrasts with the
corresponding conventional system (in absence of DVB), which gives a much higher
extent of GMA-homopolymer formation (e.g at 15 phr initial GMA concentration, 3%
polyGMA was found) and a consequent lower rate and amount of graft-GMA yield, see
Figure 3.36.

It was mentioned earlier that processing of EPR with peroxide, e.g.T101, resulted in
crosslinking of the polymer, as illustrated from the observed increase in torque values as
well as the drastic reduction in the MFI values (see Figures 3.32A and B, EPR-T101
curve). Compared to EPR processed with only peroxide or peroxide DVB, the addition
of GMA or GMA-DVB during melt processing (in EPR-T101) results in drastic
reduction in the torque values, Figure 3.33A, along with an increase in MFI values, see
Figure 3.33B, reflecting a decrease in the extent of the polymer crosslinking. This
occurs through a preferential competition with peroxide-initiated polymer degradation
(mainly crosslinking) reactions by the DVB in the comonomer system and by GMA in
the conventional system as these would utilise the generated macroradicals for grafting
reactions instead. In addition, in the conventional system, GMA-homopolyerisation
occurs also. However, the extent of decrease in MFI values in presence of DVB (with
GMA) compared to conventional system is higher (i.e. GMA-DVB has lower MFI
value). This suggests that in the presence of the reactive DVB, in addition to the
grafting reactions some DVB-assisted branching and crosslinking reactions would also
take place in the polymer, Rn 3.8, resulting in the observed reduction in MFI of the
polymer compared to that observed in the conventional grafting system, see Figure
3.33B. The addition of only DVB (in EPR-peroxide) would obviously result in
tremendous increase in the melt viscosity of the polymer resulting from crosslinking
reaction between EPR macroradicals and the reactive DVB radicals, see Figure 3.33A.
This explains the fact that, with the addition of GMA the extent of crosslinking can be
reduced because the ERP-DVB radicals formed will also react rapidly with GMA,

hence reducing the amount of DVB radicals available for recombination reaction
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(crosslinking) and homopolimerisation. Furthermore, the torque behaviour shown in
Figure 3.33A suggests that the reaction of EPR-DVB with GMA occurs much faster
than the reaction of DVB with EPR and DVB with DVB as seen from the shorter time
torque maximum in the EPR-DVB-GMA sample.

\ EO. e [p—DVB:|
n n
DVB-GMA
polyGMA lyDVB
+ T101+DVB —— = B Rn-3.8
+GMA (Rn-3.8)
EPR EPR-g-GMA,, F—feet—] 2
-g
n m
GMA-co-DVB
Target Products ERe-coB
Side Reaction Products

Analysis of the xylene-insoluble fractions of the EPR-g-GMApyp (GMA/DVB ratio of
7/3 w/w) sample at time intervals during processing has shown that at the point of
torque maximum (after 3 min processing) the sample contained 32 % insoluble gel,
whereas at the end of the reaction (15 min) the gel content has decreased substantially to
1.0 %, see Figure 3.37B. The IR absorption spectrum of the insoluble fraction at 3 min
processing showed a clear and large benzene absorption corresponding to DVB, see
Figure 3.37D. The very high amount of gel (32 %) present at the early stages of the
reaction and particularly at the point of torque maximum (at 3 min) and the presence of
IR absorption peak characteristic of DVB supports the suggestion of a higher extent of
DVB-assisted crosslinking reactions in the earlier stages of the melt grafting process
due to the high reactivity of DVB towards EPR macroradicals. From these results, it can
be concluded that the high reactivity of the formed DVB-EPR radicals results in DVB-
assisted crosslinking EPR or/and the formation of EPR-g-DVB (see Rn-3.9) giving rise
to the observed increase in the melt viscosity (the torque peak) and extensive reduction

in MFI almost down to zero at 3 min (see Figure 3.37C) supported by the very high

96




Chapter 3: Functionalisation of Ethylene-Propylene Rubber with GMA

extent of insoluble gel measured at this point of maximum torque of the melt

processing.

EPR+DVB Processing time

- T101+GMA at 1 min

s - e e -
| DV vB" |
' |
! |
: DV EPR-g-DVB radical | at 3 min
|
1
I EPR EPR |
: EPR |
| EPR-DVB ! (Rn-3.9)
: crosslinking |
|
o o ol g e el o i o e R
Chain GMA*® ’
scission after 3 min
by shear force
[ e S R T ST g
| EPR ,
| |
[
DVvB
} 2' GMA ] [ e |
- DVB ean ]’ |
: VB EPR :
l . |
| |
| ERR” EPR EPR-g-(DVB-GMA) |
| |
| |

The extensive initial reaction between DVB and EPR dominated by the high reactivity
of DVB inhibits initial involvement of the GMA in the reaction at the early stages of the
melt reaction due to the difficulty of diffusion in the highly viscous polymer medium.
However, as the reaction progresses (e.g. 4-15 minutes), the torque started to decrease
and this was concomitant with a sharp increase in the measured GMA-grafting level and
the appearance of an increasing amount of DVB (determined through IR absorption
peak of its benzene ring in the soluble fractions) the overall amount of DVB determined
in these soluble fractions with increasing processing time is still smaller than that

measured at the point of maximum DVB-assisted crosslinking (at 3 min), see Figure
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3.37D2 due to reduction in the extentioffcrOSslinkiﬁg which is syj 78

reduction in the amount of gel present at 15 min processed (droppe | froz

to 1% at 15 min), see Figure 3.37B. This mdleates clearly that oncekfhe reactlon f ‘
DVB with the macroradicals takes place, followed oy P
polymer backbone further grafting of GMA starts to take place through the intermediary
of DVB (which acts a linking agent, Rn-3.9) and this is supported by the observed

ferentlal cham smssmn in the

increase in MFI values with reaction time suggesting a lowering of the molecular
weight compared to the point at which the torque was at a maximum value (at 3
minutes). The final MFI value in this system, which contained high concentration of
DVB (GMA/DVB=7/3 w/w), remained to be quite low (less than 1 g/10min compared
to the value of virgin EPR) which is most likely due to the occurrence of DVB-assisted
branching and crosslinking reactions in the polymer under these conditions. It is ’
important to point out here that in spite of the observed change in MFI, the presence of
DVB gave rise to a much higher GMA grafting yield and to a very low GMA

homopolymer formation under all conditions examined, see Figure 3.34A and 3.34B.

The extent of GMA grafting in the presence ofD ythepocesng

he tirnefto!‘toﬁqueo \
_ evel of GMA graﬁmgfgf -

was observed at all peroxide concentrations exammed see Flgure 3 31. Iti IS known‘

temperature. Increasing the melt temperafﬁré/'fes

maximum and the final torque, and a 31g1nﬁcant reduc,

[10, 29] that the rate of peroxide decomposition is dependent on the tempe ture tht
the half life decreases at high temperatures, see Eqn 3.4 [212].

kd= A.e a/RT st : “ Eqn 33 .

t1= (In 2)/k, Eqn34

tip=time at which half of the peroxide decomposes (a measur of rate of decomposmon)
AE= activation energy 155.49 kJ/mole [212] 7 - .
ko= prefactor in Arrhenius equation for the perokide?fl':(ll: f(il,;68xl 06 sy [21:2’]" -
R= Arrhenius Constant (8.3142 J/mole K) [212] ' |
T=temperature
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Table 3.9 shows the calculated ti for the vperox-ldef ,
(from Eqn 3.1 and 3.2) and“F;i\gixre' 3.31D shows that the decréasé

er bemg formed over the'
‘ QOOOC, the half life of
T101 is so short that there may not be enough freeradlcalsgenerated to promote

higher processing temperatures, but wnh no GMA h

whole temperature range examined. At hlgh:er'temp‘ atures

grafting resulting in a lower g-GMA yield.

Table 3.9. Half life (t;2) of peroxide Trigonox 101
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3.3.3 Mechanism of GMA-Grafting on EPR in the Pre enc
Comonomer DVB

It is clear from the above discussion that compared to the conventional EPRQGMA
grafting system, the presence of the comonomer DVB glvesrlseto a substantial increase
in the extent of GMA grafting with no polyGMA formétiéﬁ; The enhanced grafting
efficiency of GMA in presence of DVB can be amibﬂtg;jéitéi/a{y;nﬁmber of reasons.
Firstly, due to the high reactivity of DVB towards the;EEIéjté@?ifoiadical compared to
that of GMA and this is clearly illustrated from the much tlijigh@r;tférque peak ob,s,cfved
in the presence of DVB compared with its absence, see Figure 3.27A and 3.33A. This
also suggests that DVB must graft first onto the EPR backbone then cop.olymeri’ses’ with .
GMA resulting in EPR-g-(DVB-co-GMA). The DVB may also contribute to increaé,ir;g

the solubility of GMA in the polymer, thus increases its grafting yield. Simil_é__r '
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The mechanism of the melt free radical grafting of GMA on EPR in the convéntiénaf

and the DVB systems is shown in Scheme 3.3. The thermal d‘ecomposition of the =

peroxide initiator gives rise to alkoxyl radicals (see Scheme 3.3, Rn 3.1) w1th further .

decomposition through f chain scission of the akoxyl radical to form methyl radlcals .

(see Scheme 3.3, Rn 3.2). These radicals are very reactive towards H-abstraction giving

EPR macroradicals (see Scheme 3.3, Rn. 3.3). The grafting reaction in the conventional
system takes place through the reaction of GMA with EPR ﬁxardfadical to form GMA
grafted EPR, see Scheme 3.3, Rn. 3.11. Since the EPR used in thlS study consists of
high PE to PP ratio of 8:2, the polymer degradation through crosslmkmg becomes

important, see Scheme 3.3, Rn. 3.17. In the case of DVB system, the grafting reaction

is initiated by the addition of DVB on the EPR macroradical giving rise to a propagating
EPR-DVB macroradical, (see Scheme 3.3, Rn. 3.12 and 3.14. Copolymerisatioh of the
EPR-DVB macroradicals with GMA results in the EPR-g-(DVB-co-GMA).
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Scheme 3.3. Mechanism of grafting reactions
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In the conventional grafting system, two main side reactions alwaysaccompan the

grafting reaction. The side reactions may produce polyGMA through rcaétibnlgbé_ een

GMA radicals with another GMA radical, Scheme 3.3, Rn. 3.16 and crosslinked EPR, .

Scheme 3.3, Rn. 3.7. However, the amount of side reaction products formed depends
on the concentration of GMA and peroxide used in the grafting process. In the GMA-
DVB grafting system, the side reaction is quite complicated where it involves reaction
of comonomer and monomer and also commoner with EPR. The commoner DVB is
highly reactive toward EPR macroradical and GMA radical. In the presence of peroxide
initiator, the DVB radical is formed through H abstraction, Scheme 3.3, Rn. 3.5. The
formation of EPR-DVB radical is formed through reaction of DVB radical and EPR
macroradical, Scheme 3.3, Rn. 3.12. The formation of polyDVB takes place through
the reaction among DVB radicals, Scheme 3.3, Rn. 3.8. Since DVB is very reactive
towards GMA, the DVB radical can easily react with GMA radical by trapping it. This
causes the GMA radicals to be less available for coupling reactions to form polyGMA
resulting in a decrease in the formation of polyGMA when DVB is present (in the

GMA-DVB system).

3.3.4 Characterisation of the Synthesised Homo and co-Polymers

Synthesised polyGMA, polyDVB and the copolymer GMA-co-DVB were characterised
by IR and 'H and C NMR spectroscopy. The GMA-homopolymer (polyGMA) which
was synthesised by free radical polymerisation showed a broad IR ester carbonyl
absorption peak at 1730 cm™ which was shifted to higher frequency compared to the '
corresponding conjugated carbonyl absorption in the monomer GMA, (at 1721 cm’)
confirming the formation of saturated ester carbonyl group, see Figure 3.1B.
Furthermore, the IR spectrum of polyGMA shows that the double bond absorption of
GMA at 1638 cm™ has almost completely disappeared, see Figure 3.1B and, whereas
the epoxide ring absorptions at 843 and 909 cm”, (see Figure 3.1C) remain completely
intact confirming that the polymerisation occurs through the double bond and that the
epoxide ring does not get involved in the polymerisation process, this is in agreement

with literature findings [9, 51].

It is clear from the 'H and *C NMR spectra of polyGMA when compared to the NMR
results of GMA, (see Figures 3.3 and 3.5 versus Figure 3.2 and 3.4) that the epoxide
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ring remains intact during the polymerisation. Also the unsaturated methylene. pmt;an“ .

of the double bond of GMA (H1 and H2) which appear at 5.5 ppm and 61ppm e
shifted upfield to the saturated protons region in polyGMA indicating the loss of the_
>C=C<, but they have shown a more complex pattern, see Figure 3.3. Similarly, the
protons of the a-CH; side group in polyGMA (H3, see Figure 3.3) and the
corresponding carbon of the a-CHj; (see Figure 3.5, C3) gave complex spectral pattern
which is due to different stereochemical sequences in the polymer  chains. The
resonance signals of the protons of the a-CHj group (H3) of polyGMA are shown (see
Figure 3.3) to split-up into three clear broad peaks (due to high molecular weight) at
1.22, 1.06 and 0.97 ppm. Similarly, the methylene protons (H1) signals, which
originated from the double bond of GMA, are shown also to split up to three peaks
appearing at 2.0, 1.95 and 1.87 ppm confirming that the methylene group is also
sensitive to the stereochemical configuration in the sequence of triads. The different
peaks for H1 and o-CHj; hydrogens indicate different type of GMA polymerization
which will shed light on the characterisations of the microstructure of GMA grafting on
EPR.

3.3.4.1 Integration of '"H-NMR for Poly-GMA to Determine the Nature and
Distribution of the GMA Grafts
"H-NMR integration was employed to calculate and confirm the following:
e To calculate and confirm the stereochemical sequence based on 1-CH; and o-
CHj3 in the polymer.
e To calculate the graft composition, i.e. the length of the GMA sequence in EPR-
g-GMA conv-
e To work out the graft distribution i.e. the frequency of grafting of the GMA
sequences on the EPR polymer chain.
e To work out the stereochemical configuration of the grafted GMA sequence in

the EPR-g-GMAconv polymer.

3.3.4.2 Stereochemical Sequence Calculation Based on of 1-CH; and «-CHj; in
PolyGMA

For further confirmation of the results presented in the previous sections, calculation

based on integration of the "H-NMR spectra for each of the 1-CH, and 3-CHj; groups
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having individual stereochemical sequences is preformed here. To find out the extent of |
different sequences in the polyGMA polymer based on the 1-CH,, the mtegratlon of
each sequence is divided by their total integration for 2 units (which is the number of
protons in this methylene group) and multiplied by 100 to convert the value to a

percentage:

For the CH, of the rrr sequence (see Figure 3.6a) at 1.87 ppm (Figure 3.3) it is
integrated for 0.84 units which is (0.84*100/2) = 42% of the polymers sequences.

e The mrr peak at 1.95 ppm (Figure 3.3) is integrated for 0.47 units which is
(0.47%100/2) = 24%.

e The mrm peak (Figure 3.6¢) at 2.00 ppm (Figure 3.3) is integrated for 0.24
units which is (0.24*100/2) = 12%.

e The mmr peak (Figure 3.6e) at 1.49 ppm (Figure 3.3) is an integration of one
of the CH, H’s 11, to calculate the percentage (there is no need here to multiply
by 2), hence the integration is 0.13 unit and the formula used is (0.13 *100) =
13%.

e The rmr peak (Figure 3.6d) at 1.45 ppm (Figure 3.3) is an integration of one of
the CH, H’s IIl, therefore the calculation is done as for rmr, hence the

integration is 0.09 unit and the formula used is (0.09 *100/) = 9%.

The results show therefore that the rrr sequence is the dominant structure, see Table
3.10. To calculate the extent of different sequences in the poly-GMA based on the
polymer a-CHj3 (no 3) group, the integration of each sequence is divided by their total
integration which is 3 units (the number of protons in this CHj group) and multiplied by
100 to convert to percentages:
e For the CHj of the 1T sequence (see Figure 3.6a and b) at 0.91 ppm in Figure
3.3, it is integrated for 1.85 units which is (1.85%100/3) = 62% of the polymers
sequences.
e The mr peak at 1.06 ppm in Figure 3.3 is integrated for 1.05 units which is
(1.05%100/3) = 35%.
e The mm peak at 1.26 ppm in Figure 3.3 is integrated for the rest of the

percentages which is 3%.
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mrr 24 mr 35
mrm 12 mm 3
mmr 13
rmr 9

In the poly-GMA, presented in Figure 3.7, the rr of the a-CHj corresponds to Figure
3.7A and B, which is composed of all of the rrr configurations (Figure 3.7A) and half
of the mrr configurations (Figure 3.7A). This suggests that the percentage of rr which
is 62% should be equal to the percentage of rrr which is 42% and half of the mrr which

is Vo* 24% which is 54%. The rest of the sequences are calculated as follow

I = rrr + Yo mrr
rm/mr = Vo mrr + mrm -+ rmr  + Yo mmr
mm = Yo mmr + mmm

Table 3.11. Stereochemical Sequence Calculation Based on of 1-CH; and a-CHj; in
PolyGMA

cHs . e ,

rr rrr + V2 mrr

62% 42 +12 =54%

rm/mr Yo mrr + mrm +rmr + %2 mmr

35% 12 +12 +13 +4 = 41%
mm Y mmr

3% 4%

The similarity in the sequence calculation based on 1-CH2 and a-CH3 further confirms
the accuracy of the proposed stereochemical configurations of the synthesised poly-
GMA.
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3.3.5 Characterisation of the Microstructure of the GMA Grafted in |

J-EPRconv o
A purified EPR-g-GMAcony sample was chosen for NMR investigation of its
microstructure (sample G24). The sample contained 1.9 wt% g-GMA with all the free
and polyGMA being removed during the purification step. The microstructure of the f-
EPRcony sample was compared with that of polyGMA and calculation of the different

steriochamical sequences was done as described earlier for polyGMA.

The "H-NMR of the purified EPR-g-GMAcony sample measured in CDCl; at room
temperature (Figure 3.22) shows that the signals of the three protons of the (a-CHz)
which should appear at about 1 ppm is overlapped by the EPR signals in this region,
thus, all calculations of the stereochemical sequences were based on the protons of the
methylene group (CH,, labelled number 1 in the structure show in Figure 3.22) with
signals that appear resolved in the 2 ppm region (EPR signals do not overlap in this
region). Similar to the characterisation made earlier for the same CH, in polyGMA the
signals of this CH, in EPR-g-GMAcony polymer show three peaks assigned for the
stereochamical sequences rrr, mrr and mrm (see Figure 3.22 and Figure 3.38). A
comparison of the ~CH, signals in the '"H-NMR spectra of polyGMA (Figure 3.3) and
EPR-g-GMAcony (Figure 3.22) shows that the grafted polymer have less sequence

isomers with only rrr, mrr/rrm and mrm structure appearing in its 'H-NMR spectrum.

Table 3.12 compares the calculated percents of each of the stereochemical structures
that appear in the EPR-g-GMAcony with those in the homopolymerised polyGMA. It is
clear that in the case of the grafted polymer, while rrr sequence shows the same amount
(42%) that of the rrr sequence in polyGMA (see calculation in Table 3.12), the amount
of the mrr/rrm sequences are higher at 56 % of the total compared to only 24 % in
polyGMA (see also Figure 3.22). The remaining stereochemical sequences which are

less apparent in the polymer spectrum counts for only 2 % of the total.
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Table 3.12. Calculated % of different stereochemical sequences of poly-GMA and

EPR—g-GMACONv

_ Sequences

r 42 42
mrr/rrm 24 56
Others 34 2

BasedonFig3zz | og.G
" | EPRgGM

rrr

mrr/rrm

the 'H peak of CH, group which appears at 1.9 ppm
is integrated for 0.85 units, thus:

085 x100=42%
2

the 'H peaks are integrated for 1.12 units, thus:

112 v 100=56%
2

In order to investigate the graft composition (i.e. the number of the GMA units in a

typical graft in the EPR-g-GMAcony), a further examination of Figure 3.22 shows the

appearance of a new peak at 2.2 ppm which has been assigned to the H on a carbon at
the end of the GMA branch (labelled H2) and this has been integrated for 0.29 units,
thus 29 % of the GMA molecules in the graft have this end of chain proton (this is

because the unit of integration accounts for one proton only hence it is directly

converted to percentage) and the remaining 71 % constitute the chain itself, sce Scheme

34.

OR O

Y} H Y End of the
H O‘/ chain proton
C
\ °A
Y V—-J
1% 29%

Scheme 3.4 Graft Composition in EPR-g-GMAcony
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A simple mathematical calculation (see Eqn 3.5) shows therefore that the length of the
grafted GMA sequence is either a 3 or 4 GMA molecules long, the percentages of the
three and four sequences is about the same i.e 48% of three GMA molecules in the

chain and 52% of four GMA molecules in a chain, see Scheme 3.5.

(GMA) 3Jord

Scheme 3.5 Length of the grafted GMA sequence in EPR-g-GMAconv

This was calculated as follows: Eqn: 3.5

For a chain of 3 molecules it is represented as X and for a chain made of 4
molecules it is represented as Y, then
X +Y =100 from the total percentage of different types
13X+%Y=29 from the end of the chain
Y =429 -1/3X)
Y=116-4/3X
Then X + (116-4/3X) =100 = X =48 and Y =52

To examine the graft distribution, i.e. the requency of grafting of the GMA sequence in
the EPR-g-GMAconv, the 'H NMR spectrum in Figure 3.22 was used to calculate the
ratio of the number of GMA grafts in a given number of carbons on the main EPR
polymer chain. Each of the grafted GMA functions, the epoxide side and the acrylate
side has 5 protons with the 'H-NMR peaks of the epoxide side (protons 5, 6 and 7)
being completely resolved at 4.3, 3.8, 3.2, 2.8 and 2.6 ppm, see Figure 3.22. Each peak
was integrated for one proton and the integration for each was about one unit.
Therefore, the average of their integral is accounted for as the integral of each proton in
the GMA-g-EPRcony system and is used to calculate the ratio of the GMA graft

sequence to the EPR polymer chain as shown in the example calculation below:
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Example 1, see NMR spectrum in Figure 3.22:
Integral per proton = the average GMA integral for the epoxide end =

Sum of proton integral of epoxide side of GMA
Number of protons in this side of GMA

Eqn-3.6

1.01+1.03+1.0+098+1.07

= s = 1.02 area unit / proton in GMA molecule

In the EPR (ethylene: propylene, 8:2) polymer a one E:P sequence of 8:2 contains 44
protons (-[CH,-CH,Js- and —[CH,-CH(CH3),-, = 4x8 + 6x2 = 44 protons). The 'H-
NMR peaks for the EPR have chemical shifts in the region 1.7 to 0.5 ppm with an
integration of 418 units, see Figure 3.22. The proton signal for the o~CHj of the GMA
overlaps with the main NMR signals of EPR therefore it had to be subtracted, hence the
following formula was applied to calculate the number of 8:2-EPR sequences for every

1 GMA molecule (i.e the frequency of grafting in the polymer chain).

Number of EPR units/ GMA = Egn-3.7

[Integral of the EPR peaks at (1.7 to 0.5ppm)] — [integral of three H’s of a—CHj of GMA]

[No of EPR protons] X [integral per proton value]

Example 1: [ 418 ] - [3X1.02 ] [ 415 ]
[ 44 ] X [ 102 ] [ 45 ]

= 9.2 (EPR units of 8:2 per 1 GMA molecule)

The 8:2 EPR unit has a straight chain of 20 carbon atoms; therefore the results in
example 1 show that there is 1 GMA grafted molecule per 20 x 9.2 = 184 carbon atom
of the chain, (or there is 5 to 6 GMA grafted molecules for a straight chain of 1000

carbon atoms).

The results therefore show that the grafted GMA is a sequence of three or four
molecules, (based on the 0.29 ppm proton at end of chain of the GMA units used in the
calculation shown earlier), and the frequency of the grafting is one in every 635 carbons

of the polymer chain (184/0.29 = 635), which means there is a graft composed of four
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GMA molecules followed by another graft of three GMA molecules after 635 carbons
on the EPR straight chain as illustrated in Scheme 3.6. '

. E E E E P
n m*
H-ly  Chain 635 carbon long, n=63 or HTH
OR
Y—t-on,
—CH, e)
9) H-H
H-H O
e O H,C—
3
OR OR HtH OR
H1—H -
CH
O 3
O
CH,
OR
H 4 GMA sequence 3 GMA sequence in
OR in the graft the graft
CH,
O y

Scheme 3.6. The structure of the grafted GMA on the EPR-g-
GMAcony (sample G24 in Table 3.1a) (GMA=15%, T101=0.8 phr,
temp=190°C, g-GMA=1.9 %, polyGMA=3%, the sample was
purified to remove polyGMA before NMR analysis.

In summary in EPR-g-GMAconv each graft has 3 or 4 GMA molecules (i.e 1 GMA in a
polymer chain of ~184 carbons) with similar percentages of the 3 or 4 sequences. The
distribution or frequency of the GMA grafts is one graft in every 635 carbons in the
straight EPR chain (not counting the CHj groups in the propylene unit of the polymer
structure which corresponds only to 1 GMA-graft per 32 EPR units of 8:2 (E:P).

3.3.6 Characterisation of Purified EPR-g-GMAypyg by NMR

A purified sample of EPR-g-GMApyp (sample DG14 in Table 3.1b) containing
4.7 wt% g-GMA (GMA/DVB= 9/1) was chosen for the purpose of characterisation of
its microstructure because of its high level of grafted GMA. It is worth noting here that
the DVB-containing /-EPRpyp samples were generally more highly branched than the
F-EPRcony as reflected from their MFI values.
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The 'H NMR spectrum of the EPR-g-GMApyg was recorded at different temperatures
in four different solvents: deuterated chlorform-dl - (CDCls), = deuterated
dichlorobenzene-d4 (C¢D4Cly), deuterated dimethyl sulfoxide-d6 (DMSO-d6) and
deuterated tetrachloroethane (C;D,Cly). Higher temperatures solvents were chosen in
order to increase the solubility of polymer. It was found that "H-NMR spectrum of EPR-
g-GMApyg in CDCl; at room temperature (Figure 3.39) was more complicated than
that of the EPR-g-GMAcony (see Figure 3.22) due to the presence of DVB. However
the main epoxide peaks (H 5, 6 and 7) of the GMA in the EPR-g-GMApys sample
appeared (Figuare 3.39) at chemical shifts similar to the corresponding ones in EPR-g-
GMAconv (Figure 3.22). However, the peaks for the grafted DVB (aromatic peaks) are
not expected to be seen in this spectrum, as its CH and CH, proton signals would appear
at 1.8 and 1.3 ppm [213], which is a region overlapped by the major EPR peaks.
Moreover, the aromatic peaks of substituted polystyrene appear above 7 ppm a region
also masked by peaks of the CDCl; solvent. Similar findings were reported in the case
of polystyrene which contain similar aromatic protons [213-217]. A different NMR
solvent was therefore used to resolve the peaks of the aromatic ring of the grafted DVB.
'H-NMR spectrum of EPR-g-GMApyp sample was recorded therefore in deuterated
dimethyl sulfoxide (DMSO-d6) which shows a broad peaks around 7.2 ppm which
confirm the fact that in CDCl; the DVB aromatic peaks are overlapped by the

chlorinated solvent, see Figure 3.40.

However, the solubility of the polymer in dimethyl sulfoxide was very low and
therefore deuterated tetrachloroethane (C,D,Cly) was chosen as a possible NMR solvent
in which the polymer may be more soluble at higher temperatures. The '"H-.NMR
spectrum of EPR-g-GMApys in C;D,Cls at 135°C revealed the aromatic proton peaks of
DVB in the 7 ppm region but they appeared to be much broader than when the run was
carried out at ambient temperature of ~22°C, see Figures 3.41 and 3.42. An even more
important finding in this high temperature run (Figure 3.42) is that the epoxide group
peaks for H5 and H6 became less resolved (closer to each other). This latter
complication in the NMR spectra of the DVB-containing polymer would make it
difficult to investigate the microstructure of the EPR-g-GMApys.
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To overcome this complexity therefore, the three unresolved peaks of the epoxide [2 x
(H5) + 1 x H6] were integrated as one unit and used to account for the GMA in the
polymer structure, while the methyl (CHs) group i.e the propylene units in the EPR
structure, was used to account for the EPR part of the grafted polymer. Since each on
these units account for 3 H’s, then dividing the integral of the methyl (CHs) group by
the integral of the three epoxide peaks would give directly the number of the propylene
units in the polymer per GMA molecule. In order to confirm the accuracy of this
method, it was used to re-calculate the number of polymer carbons in a straight chain
(not counting the CH; group in the propylene unit of EPR) available for every one
GMA molecule in the conventional EPR-g-GMAcony polymer sample (G24) which
gave a much better resolved NMR spectra, (see Sec. 3.3.5). In sample G24, the integral
of CH; was 57 units, dividing this by 3 (the integral of the 3 epoxide H’s) gives 19 this
means that there is 1 GMA molecule for every 19 propylene units of the EPR. The EPR
has an 8:2 E:P units, thus there is one propylene molecule for every 10 carbons in the
straight chain of the polymer, which means that there is 1 GMA molecule for every 190
(19x10) carbons in the EPR straight chain. This result is remarkably similar to the result
calculated earlier by Eqns 3.6 and 3.7 for the same polymer which gave a 1 GMA
molecule for every 184 carbon in the straight chain. This calculation method was
therefore used for EPR-g-GMApyg to calculate the ratio of GMA molecules to EPR
carbons (samples DG14).

Based on the above calculation, the integration of the GMA (epoxide 1H peaks) to the
EPR of the DVB-containing DG14 sample when run in CDCl; at ambient temperature,
Figure 3.39, it showed a very low percentage of the GMA molecules compared to the
EPR polymer (1 GMA molecule for every 400 propylene molecule or 1 GMA molecule
for 4000 carbons in straight chain of EPR), see Table 3.13. This very low frequency of
appearance of GMA molecules in the polymer chain is almost certainly a direct
consequence of the low solubility of this polymer in CDCls. at ambient temperature
(NMR spectra was recorded for the solvent-soluble part of the sample only). Increasing
the temperature to 57°C in the same solvent (Figure 3.43). gave rise to an increased
frequency of GMA appearance resulting in 1 GMA molecule for every 191 propylene
molecules, or I GMA molecule for 1910 carbons in a straight chain of EPR, see Table
3.13, which is due to a higher solubility of the polymer at higher temperature, but it was
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clear that the polymer was still far from being completely soluble under these
conditions. Dissolving the polymer in a higher temperature solvent such as deuterated
dicholorobenzene C¢D4Cl, and running the spectra at 57°C (Figure 3.44) and at 135°C
(Figure 3.45) gave 1 GMA molecule in 700 and in 390 carbons of the EPR straight
chain, respectively (Table 3.13). It is clear from these results that the polymer becomes
more soluble at higher temperatures, thus one can see higher frequency of the GMA
appearance in the polymer. However, it was clear again that the polymer was not
completely soluble even at 135°C in these solvents. Another problem with the NMR
spectra recorded in these solvents is the fact that the DVB aromatic protons could not be
seen since it was overlapped by solvent peaks, hence the ‘real” DVB-GMA structure of
the grafts could not be investigated in these solvents.

As a last attempt for finding out the DVB-GMA graft structure in the EPR-g-GMApvs
polymer, one final solvent, deuterated tetrachloroethane, was tried since the aromatic
proton region at 7.00 ppm is clear in this solvent, the polymer spectra were then
recorded both at ambient temperature and at 135°C (Figure 3.41 and 3.42). Calculation
of the number of GMA and DVB molecules in EPR has shown that at 135°C there is 1
GMA molecule for every 480 carbons in the polymer straight chain which is less than
the number in the solvent d-dicholorobenzene where the NMR spectrum was recorded
at the same temperature (this gave 1 GMA molecule for every 390 carbons of EPR).
This suggest that the polymer is less soluble in tetrachloroethane than in
dicholorobenzene. However, the former solvent was the only one out of all those
examined here in which signals of both the DVB and GMA can be detected and thus it
would give an idea of the microstructure of the (EPR-g-GMApys) polymer in the

presence of the comonomer DVB.

In the solvent C3D»Cls, the aromatic H’s peaks for DVB (appearing at around 7.2 ppm)
were used to account for the frequency of appearance of DVB in the EPR-g-GMApvg
sample. The results show a very low percentage of DVB to the GMA, with the results
from the room temperature run giving 1 DVB for every 10 GMA molecules and that
recorded at 135 °C giving 1 DVB for every 14 GMA molecules in a run of 10,000
carbons of the straight polymer chain, Table 3.13. However, these calculation results
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must be treated with caution as the polymer was still not fully soluble in this solvent

even at 135 °C.

Table 3.13. The frequency of GMA molecule appearance in EPR staright carbon chain
in purified EPR-g-GMApyg sample DG14 calculated from its "H-NMR spectra in
different deuterated solvents recorded at different temperatures

Gk
|
EPR-g-GMAcony | G24 | Fig.322 | CDCL RT 190 3
EPR-5-GMApws | DG14 | Fig. 339 | CDCh RT 4000 25
EPR-5-GMApvs | DG14 | Fig.343 | CDCl; 57 1910 5
EPR-g-GMApvs | DG14 | Fig 344 | CeD,Cls 57 700 1
EPR-5-GMApws | DG14 | Fig. 345 | CsDiCl, 135 390 26
~ |in 10,000
EPR.z-GMApvs | DGI4 | Fig. 341 | C,D:Cl, RT 710 | 1414, or
10:1
EPR--GMApvs | DGI4 | Fig 342 | C,D:Cl, 135 480 | 20:15, or
14:1

Based on the above discussion, it is possible to suggest that the microstructure of this
FEPRpyp would possibly contain long rather than short graft lengths composed of 1
DVB molecule and 14 GMA molecules. However, due to the complexity of the 'H-
NMR spectra of this polymer and the solubility problems associated with the use of the
solvents mentioned above (for the purpose of NMR), the above suggestion has to be
treated with caution and certainly further work would be required to confirm this or

otherwise.

One interesting observation however, has to be made here, and that is the results from
this work on the use of /~EPR based on EPR-g-GMApyg containing high concentration
of GMA (e.g 3.5 wt%) in polymer blends of PET/EPR-g-GMApvg have shown a
deterioration of the blends mechanical properties (e.g.elongation at break) giving rise to
poor morphology when compared to similar f~-EPRpyg containing lower levels of GMA,

see Chapter 4, Sec. 4.2.3, Figure 4.16. Although the specific EPR-g-EPRpyg polymer
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sample (containing 4.7 wt % g-GMA) used for the NMR analysis above itself was
unfortunately not used in the polymer blending work, the argument that a similar sample '
containing high g-GMA content (3.5 wt%) gave inferior characteristics could be used to
substantiate the above suggestion that these high g-GMA functionalised polymers in the
presence of DVB could have long graft lengths. Copolymers containing long graft

lengths are known not to offer good overall properties.
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Scheme 3.2: Methodology for Grafting GMA onto EPR in the presence of DVB
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Figure 3.1. FTIR spectra of synthesised polyGMA (red) in KBr disc
and neat GMA (blue) between KBr windows.
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Figure 3.2: '"H NMR Spectra of GMA in CDCl; at room temperature.
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Figure 3.13. FTIR spectra of neat DVB (black) and polyDVB (red) in KBr
discs and between KBr windows respectively.
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Figure 3.14. FTIR spectra of neat GMA (green), neat DVB in KBr windows (blue)
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Figure 3.16A. °C NMR spectra of polyGMA in solid state. The peaks labelled with the
Blue X are artificial peaks which shifted with the frequency of the spinning changed
from 4500Hz to 600Hz, which mean they are not real peaks. The solid state BC NMR
spectrum of poly-GMA showed similar signals to those of the poly-GMA in solution,
the main peaks are indicated with the red doted lines,
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Figure 3.21: °C NMR spectra of EPR (ethylene:propylene 8:2) in CDCl; at
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Figure 3.22: "H NMR GMA-g-EPRcony (purified) in CDCl; (sample G24), Table
3.1A, GMA=15%, T101=0.8 phr, temp=190°C, g-GMA=1.9 %, polyGMA=3 %, all
polyGMA was removed by purification.
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Figure 3.23. Effect of peroxide concentrations on torque behaviour, MFI and gel
content in EPR-g-GMAcony. (GMA=10 phr and 190°C). Samples G16, 17, 18, 19, 20,
Table 3.1A.
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Figure 3.24. Effect of GMA concentration on torque characteristic, MFI value, gel
content and GMA grafting level in conventional EPR-g-GMAcony system. (T101=0.8
phr and 190°C). Samples G21, 22, 24, Table 3.1A.
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Figure 3.25. Effect of processing time on GMA grafting and polyGMA level in conventional EPR-g-
GMA cony system. (GMA=15 phr A-D, and 190°C). Samples G8, 9, 10, 11, 25, 26, 27, 28, in A-D, samples
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Figure 3.26. Torque behaviour at various peroxide concentrations in EPR-g-GMApvp
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3.1B
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Figure 3.27. Torque behaviour at various DVB concentrations in EPR-g-GMApyg system. (T101=0.13 phr,
GMA=10 phr and 190°C). Samples G17 (CONV) Table 3.1A and, DG18, D35-37 (D),DG42-44,, DG37,
DGS52, Table 3.1B. E-all purified samples at end of reaction, F-quantified of E.

142




Chapter 3: Functionalisation of Ethylene-Propylene Rubber with GMA

g-GMA (%)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
(T101 phr)

i 5 -3
B | T101=0.13 phr

N
L

g-GMA or p-GMA (wt %)

T101=0 phr

< g-GMApyg
1 A M

T101=0 13 phr

polyGMAve

O% 2 - ]

Conv 971 8/2 773

GMA/DVB
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Figure 3.29. Effect of [GMA]i concentrations in EPR-g-GMApvg system on
processing characteristic and the extent of grafting and homopolymerisation. T101=
0.13 phr, GMA/DVB=9/1, 190°C). Samples DG12, 13, 14, Table 3.1B.
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Figure 3.30. Effect of processing time on grafting degree of EPR-g-GMApvp samples.
Reagents were added 1 minute after EPR was processed (T101= 0.13 phr, GMA=10 and
15 phr, GMA/DVB= 9/1, 190°C). Samples DG15, 16, 17, 18, 53, 54, 55, 56, Table

3.1B
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Figure 3.32. Comparison of the effect of peroxide concentration on torque behaviour
and MFI values of polymer in the absence or presence of GMA. Temp=190°C. EPR-g-
GMA cony containing 10 phr GMA. Samples G1-3, 16-19, Table 3.1A.
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Figure 3.33. Comparison the effect of T-101 concentration on MFI values, gel content,
grafting level and polyGMA in grafting systems with DVB and without DVB.
GMA/DVB=9/1, GMA=10 phr, temp=190°C. (T-101=0.13 phr in A) Samples G15-19,
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Figure 3.34. Comparison of grafting degree, torque and MFI values as a function of
peroxide concentration at various comonomer concentrations and without comonomer.
GMA=10 phr, 190°C. For the torque curves of this graph see Figure 3.27A.
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Figure 3.35. Effect of initial GMA concentrations on GMA grafting level in EPR-g-
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Figure 3.37. Analysis of EPR-g-GMApvs processed and purified samples, taken out at
different processing times. GMA=10 phr, T101=0.13 phr, GMA/DVB=7/3 w/w, 190°C.
Samples DG49, 50, 51, 52, Table 3.1B. Sampling was taken at the times shown in
dotted lines in A.
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Figure 3.38.Schematic representing of stereochemical configuration of GMA
grafted on EPR (EPR-g-GMAconv) (sample G24 in Table 3.1a), GMA=15
phr, T101=0.8 phr, temp=190°C, g-GMA=1.9 wt%, polyGMA=3 wt%, all
polyGMA was removed by purification.
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Figure 3.39: '"H NMR of purified EPR-GMAypys (sample DG14 in Table 3.1b) in CDCl; at
room temperature. T101=0.13 phr, GMA= 15 phr, GMA/DVB= 9/1, 190°C, g-GMA=4.7

wt%, polyGMA=0.1%, MFI=2.1 g/10min, all polyGMA was removed by purification.
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Figure 3.40: '"H-NMR of purified EPR-GMApys (sample DG14 in Table 3.1b) in DMSO-d6 at
room temperature. T101=0.13 phr, GMA= 15 phr, GMA/DVB= 9/1, 190 °C, g-GMA=4.7 wt%,

polyGMA=0.1%, MFI=2.1 g/10min, all polyGMA was removed by purification.
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Figure 3.41: 'H NMR EPR-g-DVB, (sample DG14 in Table 3.1b) in C,D,Cl, at room
temperature. (T101= 0.13 phr, GMA= 15 phr, GMA/DVB= 9/1, 190°C), g-GMA=4.7

wt%, polyGMA=0.1%, MFI=2.1 g/10min
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Figure 3.42: 'H NMR EPR-g-DVB, (sample DG14 in Table 3.1b) in C,D,Cly at
135°C. (T101= 0.13 phr, GMA= 15 phr, GMA/DVB= 9/1, 190°C), g-GMA=4.7 wt'%,

polyGMA=0.1%, MFI=2.1 g/10min
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Figure 3.43: 'H NMR EPR-g-DVB, (sample DG14 in Table 3.1b) in CDCl; at 57°C. ((T101=0.13 phr,
GMA= 15 phr, GMA/DVB= 9/1, 190°C), g-GMA=4.7 wt%, polyGMA=0.1%, MFI=2.1 g/10min

SOL

EPR

Cross
linking

Figure 3.44: '"H NMR of EPR-g-GMApyg, (sample DG14 in Table 3.1b) in C,D,Cl, at 57°C. (T101=
0.13 phr, GMA= 15 phr, GMA/DVB= 9/1, 190°C), g-GMA=4.7 wt%, polyGMA=0.1%, MFI=2.1
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Figure 3.45: 'H NMR in EPR-g-DVB, (sample DGI14 in Table 3.1b) in
dichlorobenzene, C¢DsCl, at 135°C. (T101= 0.13 phr, GMA= 15 phr, GMA/DVB=9/1,
190°C), g-GMA=4.7 wt%, polyGMA=0.1%, MFI=2.1 g/10min
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CHAPTER 4

REACTIVE COMPATIBILISATION OF PET/EPR
BLENDS

4.1 Objective and Methodology

Research on blending of two or more polymers has received considerable attention in
recent years [15, 28, 47, 51, 85, 192, 218, 219]. PET is an engineering semicrystalline
plastic that has excellent properties such as high stiffness, strength and dimensional
stability, as well as good chemical and electrical resistant but it also has poor impact
properties which can limit some of its possible applications [13, 90]. Blending PET with
other polymers especially polyolefins and elastomers has been an attractive route and
cost effective way for production of new polymers with the desired mechanical and
chemical properties. However, blends of polymers such as PET/polyolefins are, as
would be expected, incompatible and require compatibilisation if useful properties are
to be obtained. This can be achieved by, first functionalising the polyolefins or olefin
elastomer polymers, for example through in-situ reactions with polar molecules before
subsequently compatibilising the blends through interfacial reactions between the
reactive functionalities of the two polymers during the blending process [28, 51]. The
in-situ compatibilisers act to reduce the interfacial tension between the dispersed phase
and the continuous matrix resulting in fine phase morphology. PET is capable of both
chemical reactions with polar polymers and of specific polar interactions, like H-
bonding [72, 220]. This occurs typically via the reaction of its terminal groups
(carboxylic and hydroxyl (-COOH, -OH) ) which are capable for reacting with a number
of functional groups (e.g anhydride, epoxy, oxazoline, isocyanate) that may be attached

onto the second polymer leading to graft copolymer formation during melt blending.

The main objective of the work described in this chapter was to gain a better
understanding of the effect of the comonomer DVB used in the melt grafting of GMA
on EPR on the extent of compatibilisation of PET//-EPR blends, compared to EPR-g-

GMA prepared in a conventional system (without a comonomer).
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The compatibilisation was achieved by reactive blending of PET with EPR-g-GMA convy
(conventional) or EPR-g-GMApvg samples (both functionalised EPR samples were
produced in work described in Chapter 3). The composition of the J-EPR used in the
blend work is summerised in Table 4.1. The blending were carried out in a Haake batch
mixer at temperature of 260 °C, see Scheme 4.1. The rotor speed and mixing time were
fixed at 65 rpm and 10 minutes, respectively. The characteristics of the PET blends
were investigated in terms of the processing torque behaviour, tensile properties,
morphology (SEM after xylene etching of the rubber phase), dynamic mechanical
properties and the extent of the interfacial reactions. The composition of the blend
samples is presented in Table 4.2. The effect of structural differences in the grafted
GMA (amount of g-GMA, amount of polyGMA present, the MFI of the modified
rubber and the different structures of the graft, i.e. the conventional versus DVB-
containing GMA grafts) on the compatibilisation of PET/EPR blends was also

investigated.

Table 4.1. Functionalised EPR used in the blends

m

G17 10 0.3 | - | 00038 | 190/65/15 | 13 | 01 | 37

0
Without | GI5 10 0 | 03 ~ | 00147 | 190/65/15 | 15 | 04 | 29
DVB G19 10 0 | 08 - 100392 | 190/6515 | 17 | 0.6 | 09
(CONV) G20 10 0 1.5 - 0.0728 | 190/65/15 1.5 0.5 0
G23 13 0 | 08 = [70.0301 | 190/65/15 | 2.5 | 2.0 1.0
G24 15 0 | 08 -~ 70.0261 | 190/65/15 | 1.9 | 3.0 1.0
DGI 10 | 1.1 00171 91 | 0.0007 | 170/65/15 | 3.3 0 33
DG2 10 | 1.1 0039 91 | 00015 | 170/6515 | 2.6 0 3.1
DG4 10 | 1.1 ] 013 | 91 | 00057 | 170/65/15 | 32 0 25
DGS 10 | 1.1 | 013 | 91 | 0.0057 | 180/65/15 | 3.5 0 2.0
. DGI0O | 10 | 1.1 [0017] 91 | 00007 | 190/6515 | 2.3 0 37
With DGI3 | 10 | 1.1 | 013 | 91 | 00057 | 190/65/15 | 2.7 0 18
DVB DGI9 | 10 | 1.1 |0017] 91 | 0.0007 | 200065/15 | 1.6 0 338
DG23 | 10 | 1.1 | 0.13 | 91 | 0.0057 | 20065/15 | 2.1 0 18
DG28 | 10 | 2.5 | 0.078 | &2 | 00030 | 180/65/15 | 44 0 18
DG34 | 10 | 2.5 | 0003 | 82 | 0.0057 | 190/65/15 | 1.0 0 29
DG38 | 10 | 2.5 | 0017 82 | 0.0006 | 200/65/15 | 2.7 0 29
DG42 | 10 | 43 | 0017 | 773 | 0.0006 | 180/65/15 | 3.2 0 0.7
DG43 | 10 | 43 |0.017| 73 | 0.0006 | 180/65/15 | 3.5 0 07
DG45 | 10 | 43 | 0 7/35 | 0.0030 | 190/65/15 | 1.0 0 1.0
DG48 | 10 | 43 |0.017| 773 | 0.0006 | 190/65/15 | 4.9 0 0.7
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Table 4.2. PET/EPR blends composition

PET PET

El EPR EPR 100 -

P91 EPR PET/EPR 90/10 260/65/10 Physical

P82 EPR PET/EPR 80/20 260/65/10

P73 EPR PET/EPR 70/30 260/65/10

P64 EPR PET/EPR 60/40 260/65/10 = - Virgin EPR

BG1 G17 PET/G17 70/30 260/65/10 13 0.1 3.7 GMA+T101

BG2 G15 PET/G15 70/30 260/65/10 1.5 0.4 29 GMA+T10]

BG3 (9:1) | G19 PET/G19 90/10 260/65/10 1.7 0.6 0.9 GMA+T101

BG3(8:2) | G19 PET/G19 80/20 260/65/10 1.7 0.6 09 GMA+T101 Conv.

BG3 (7:3) | G19 PET/G19 70/30 260/65/10 1.7 0.6 0.9 GMA+T101 (Without

BG3 (6:4) | G19 PET/G19 60/40 260/65/10 1.7 0.6 0.9 GMA+T101 DVB)

BG4 G20 PET/G20 70/30 260/65/10 1.5 0.5 0 GMA+T101

BGS G23 PET/G23 70/30 260/65/10 2.5 2.0 12 GMA+TI01

BG6-UP G24P PET/G24P 70/30 260/65/10 1.9 0 1 GMA+T101

BG7-P G24UP | PET/G24UP 70/30 260/65/10 19 3 1 GMA+T101

BDI DG19 PET/DG19 70/30 260/65/10 1.6 0 3.8 GMA+ DVB+T101]

BD2 DGl PET/DG1 70/30 260/65/10 33 0 33 GMA+ DVB+T101

BD3 DG8 PET/DG8 70/30 260/65/10 3.5 0 2.0 GMA+ DVB+T101

BD4 DG4 PET/DG4 70/30 260/65/10 32 0 2.5 GMA+ DVB+T101

BDS DGI3 PET/DG13 70/30 260/65/10 2.7 0 1.8 GMA+ DVB+T101

BD6 DG23 PET/DG23 70/30 260/65/10 2.1 0 1.8 GMA+ DVB+TI101

BD7 DG45 PET/DG45 70/30 260/65/10 1.0 0 1.0 GMA+ DVB+T101

BDS DG48 PET/DG48 70/30 260/65/10 49 0 0.7 GMA+ DVB+T101

BDY DG42 PET/DG42 70/30 260/65/10 32 0 0.7 GMA+ DVB+T101 With

BDI10 DG34 PET/DG34 70/30 260/65/10 1.9 0 29 GMA+ DVB+T101 DVB

BDI11 DG28 PET/DG28 70/30 260/65/10 44 0 18 GMA+ DVB+T101

BDI12 DG38 PET/DG38 70/30 260/65/10 27 0 29 GMA+ DVB+T101

BD13(9:1) | DGIO PET/DG10 90/10 260/65/10 23 0 3.7 GMA+ DVB+T101

BD13(8:2) | DG10 PET/DG10 80/20 260/65/10 23 0 3.7 GMA+ DVB+T101

BDI13(7:3) | DG10 PET/DG10 70/30 260/65/10 23 0 3.7 GMA+ DVB+T101

BDI3(6:4) | DG10 PET/DG10 60/40 260/65/10 23 0 3.7 GMA+ DVB+T101

BDI4 DG43 PET/DG43 70/30 260/65/10 35 +25 0.7 GMA+ DVB+T101

BDIS-UP | DG43UP | PET/DG43UP 70730 260/65/10 35 0 0.7 GMA+ DVB+TI01

BD16-P DG43P | PET/DG43P 70/30 260/65/10 3.5 0 0.7 GMA+ DVB+TI01

BD17 DG2 PET/DG2 70/30 260/65/10 2.6 0 3.1 GMA+ DVB+T101
L2 : LA T WA SO L. =

4.2 RESULTS

4.2.1 Physical Blends of PET/EPR

The torque characteristics reflect the viscosity changes during the reactive blending
process. In PET/EPR physical blends, the rubber composition influences the torque-
time curves behaviour. The virgin PET has the lowest viscosity (as reflected from its
torque characterisation) compared to that of EPR and the physical blends, see Figure
4.1. Addition of increasing amounts of rubber results in an increased final torque values,
Figure 4.1B. Since no interfacial reaction is expected in PET/EPR physical blends, the
increase in torque of these blends must be due to the higher viscosity of the EPR phase.
The tensile strength and elongation at break values of the physical blends were found to

decrease with increasing the rubber content, see Figure 4.2 and Table 4.3.
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Table 4.3. Elongation at break of physical blends (see Figure 4.2)

POl 90/10 393£32 50,

P82 80/20 368<27 65 = 1.1
P73 70730 22517 47£04
P64 60740 2515 44209

The morphological characteristics obtained from scanning electron microscopy (SEM)
of these physical blends reflect their incompatibility, see Figure 4.3, showing typical
morphology of immiscible blends characterised by very large, coarse and irregular
domains. It is also clear that the particles size of the dispersed EPR phase increases with
increasing amounts of EPR in the blends and the shape of the holes (the holes are where
the rubber phase was etched with xylene before the SEM analysis) is round and clean
indicating that the particles are easily pulled out, because of poor adhesion between the

two phases.

The dynamic mechanical properties of the physical blends including those of the virgin
PET and EPR were also determined. The storage modulus (£’), and tan 0 were
measured from -80°C to 180°C. The glass transition temperature (7g) of the blends was
determined from the tan & peak. Figure 4.4 shows the tan J-temperature and storage
modulus (E’)- temperature curves of these blends. The two tan ¢ peaks shown in the
thermograph of the physical blend (70/30 w/w %) correspond to the glass transition
temperatures of EPR and PET. It can be seen clearly (Figure 4.4, Table 4.4) that the
peak corresponding to the virgin EPR is broader and higher compared to the peak of the
EPR phase in the PET/EPR blend, see Figure 4.4C. The tan 6 of EPR phase in the
blends has shifted to lower temperature with respect to that of the virgin EPR. For the

pure PET, the glass transition temperature was measured at 92.8°C.
The effect of the blend composition on tan & is shown in Figure 4.5 and Table 4.5. Itis

clear that the size and height of the rubber phase peak changes proportionately to the

rubber content in the blends. As the rubber content increases, the tan 0 of the rubber
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phase shifts to higher temperature closer to that of the virgin EPR. Similarly, the tan ¢
of the PET phase decreases with increased PET content (i.e shifts closerto that of virgin
PET) but overall the blend composition has lower effect on the tan é of the PET phase,
compared to that of the rubber phase. Only one peak was observed in the PET/EPR
50/50 w/w % blend which corresponded to the EPR phase; the glass transition of the
PET phase could not be measured [28]. The storage modulus of the PET/EPR blends
was also strongly influenced by the rubber composition. Its value at 25°C decreased
steadily (closer to that of virgin EPR) with increasing the rubber content. The storage
modulus of the blends dropped drastically above the glass transition of EPR between
-40°C to -20°C, see Figure 4.6 and Table 4.4. The high modulus of PET, (see Figure
4.4D) in this region confirms that PET is a tough material and this is also reported in the
literature [28].

Table 4.4. Effect of blend composition of physical PET/EPR blends on dynamic
mechanical properties, (see also Figures 4.5 and 4.6)

Physical Blends * |~

“EPR Phase.

. (PEDEPR) |-

i Code | PET/EPR
Virgin - 235 - 92.8
polymer
P9l 90/10 -45.3 - 95 - 2.40x10°
P82 80/20 436 - 94.2 . 2.00x10°
P73 70/30 424 - 938 - 120 x10°
P64 60/40 -40.6 - 92.1 - 9.50 x10"

4.2.2 PET/EPR-g-GMA cony (Without comonomer)

4.2.2.1 Effect of Grafting level on Torque Characteristics

To improve the blends compatibility, in-situ reactive blending of PET and the GMA-
functionalised EPR (f~EPRconv), (conventional, i.e. no comonomer) was carried out,
The effect of the grafting level on the torque characteristics of the compatibilised
PET/EPR-g-GMAconv blends was investigated. Figure 4.7A presents the torque-time
curves of PET//~EPRcony 70/30 w/w% blends in which the f~EPRconv contained
various GMA grafting levels. The torque-time curves of all PET/EPR-g-GMAconv

blends regardless of the grafting level increased initially sharply and after a couple of
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minutes decreased and then levelled off due to melting of the polymers. The final torque
of the blends is seen to be strongly influenced by the MFI values of the functionalised
rubber phase (~-EPR), see Figure 4.7B. The increase in the final torque of the blends
with increasing amount of g-GMAcony is paralleled by a decrease in MFI values of
EPR-g-GMAony indicating that the samples have higher molecular weight giving rise
to an in increase in the viscosity of the blends. The torque of virgin EPR is seen to be
much higher than that of virgin PET. At low MFI values of functionalised EPR (e.g. 0.9
g/10min), the final torque of the blends increased dramatically to well above the final

torque value of the virgin EPR.

4.2.2.2 Mechanical Properties of Reactive PET/EPR-g-GMA conv Blends

The stress-strain curves of virgin PET and virgin EPR are shown in Figures 4.8A and
4.8B respectively. It was found that the modulus and tensile strength of virgin PET was
very high, up to 100 MPa, and the elongation at break was measured at 80 %,
characteristics of a semicrystalline polymer [90]. The high modulus measured in the
virgin PET sample indicates that the polymer has high strength and stiffness. In
contrast, EPR shows very high elongation at break but low overall strength illustrating
typical properties of an elastomeric material. Figure 4.8C compares the tensile strength
curves of reactive PET/EPR-g-GMAcony with that of the corresponding physical
PET/EPR blend at 70/30 w/w %, shows clearly that the elongation at break values of the

reactive blends are much higher than that of the corresponding physical blend.

A series of EPR-g-GMAcony samples which contained various grafting levels were
blended with PET at a ratio of 70/30 w/w %. Figure 4.9 and Table 4.5 show clearly that
elongation at break of these blends increased with increasing the GMA grafting level
with a maximum value achieved at a grafting level of 1.5 wt %. Further increase in
grafting value to 1.7 wt %, results in no further increase in elongation at break. A
significant decrease in elongation at break was observed however, at a grafting level of
1.9 wt % and this is shown to be paralleled by a sharp increase in the amount of poly-
GMA (3 wt %) present in the /~EPR phase of the blend, see Figure 4.9 (a polyGMA
concentration below 1 wt%, no substantial effect was observed on the tensile properties

of the blends).
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Table 4.5. Elongation at break of PET/EPR-g-GMA conv 70/30 w/w% blends at various
GMA content (see Figure 4.9)

P73 o 3 22+ 17 47+ 04

(Physical blend)
BGl1 1.3 0.1 303+£3.2 7.5 £0.4
BG2 1.5 0.4 36.8+2.7 6.5 +£1.1

BG3(7:3) 1.7 0.6 222+ 1.7 47+£04
BG4 1.9 3 12515 44 £09

i) Morphology Observation

Examination of the SEM micrographs of these PET//-EPRcony blend samples revealed
that the GMA grafting level has a major influence on their morphology, see Figure
4.10. Compared to the physical blends, the morphology of all compatibilised PET/f-
EPR blends became more stable and the size of the dispersed rubber particles was much
finer, with the blend containing a grafting level of 1.5 wt% showing the smallest particle
size suggesting that this grafting level in this series of blends gives rise to the best
compatibilising effect. This is supported by the improvement observed in mechanical
properties (e.g. elongation at break), see Figure 4.9. At higher GMA grafting level (1.9
wt%), the morphology became unstable and inhomogeneous with the dispersed rubber

particles becoming much larger and coarser (large holes), see Figure 4.10E.

ii) Dynamic Mechanical Analysis (DMA)

To get better understanding of the effect of grafting level on PET/EPR-g-GMA cony
70/30 w/w % samples, blends containing different GMA grafting levels were prepared
for dynamic mechanical properties analysis. The tan & and storage modulus as a
function of temperature for both PET and EPR phases in these blends are shown in
Figure 4.11A-D (see also Table 4.6). Two peaks corresponding to the glass transition
temperatures (7g) of PET and EPR phases were observed with the position of tan ¢
corresponding to the 7g of PET phase or f~EPRconv phase having shifted to a certain
extent. The 7g of PET phase in the physical blend was recorded at 93.8°C. All the Tgs
of PET in PET/EPR-g-GMAconv blends shifted towards the temperature of the EPR
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phase with the Tg of the sample containing grafting level of 1.5 wt% showing the
largest shift at about 7°C compared to the 7g of PET in the physical blend.

The storage modulus (E’) curves of the PET/EPR-g-GMAconv are shown in Figure
4.11E and 4.11F. The samples of PET/EPR-g-GMAconv containing 1.3 wt% and 1.5
wt% grafted GMA gave the lowest E’ values measured at temperature of 25°C.
Whereas an increase in grafting level to 1.7 wt% resulted in an increase in modulus
approaching the value of the physical blend. The lower value of E’ for the sample
PET/EPR-g-GMAcony containing lower grafting level (e.g 1.5 wt%) is most likely to
be due to the elastomeric effect of the rubber component which changes the blend
properties to becoming more rubbery. For the sample containing higher grafting level of
1.7 wt%, the higher E’ values, which is similar to that of the physical blend, may be due
to the effect of the rubber component on the blend properties due to low compatibility
between the two components. The higher elongation at break obtained for PET/EPR-g-
GMAconv containing 1.5 wt % (sample BG2 in Table 4.1) support the suggestion that
this sample of PET/EPR-g-GMAconv has more rubbery influence on its properties

compared to the other samples chosen in this series, see Figure 4.9.

Table 4.6. Effect of MFI values on dynamic mechanical properties of PET/EPR-g-
GMAcony 70/30 w/w % blends, (see also Figure 4.11); shifts are relative to values of
physical blend

Blend ratio : ~ PET/EPR-g:GMA

oNY:
PET/EPR (or MFI of g-GMA EPTPhase | PETph
PETEPR-g-GMA) | . tubber | (%) |—prer———t—
\ , ShigiOmin ] Tg(C) £ B

Physical P73 4.9 0 432 - 93.8 - 171
blend

BGI 3.8 1.3 -43.9 0.7- 88.6 5.2 146
Reactive [ BG2 2.9 15 -43.1 0.1+ 84.5 9.3 146
blends

BG3(7:3) 0.9 1.7 453 2.1- 87.5 6.3 169

4.2.2.3 Effect of polyGMA on PET/EPR-g-GMAcony Blends

Formation of polyGMA always accompanies the melt grafting process giving rise to a
decrease in the grafting level, see Chapter 3, Sec. 3.2.4, p.85. It is important to
investigate the effect of polyGMA on the blend characteristics. A sample of f~EPRconv
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containing 3 wt% polyGMA (sample G24 in Table 4.1) was used for blending with
PET. To get a better understanding of the effect of polyGMA on the blend properties,
part of the same ~-EPR sample was purified with excess acetone in order to eliminate all
the formed polyGMA. Both unpurified samples (~EPRconv-yp) and purified sample
(~EPRconv.p) were then blended with PET at 70/30 w/w % ratio. The torque curve for
the blend containing the unpurified ~EPR (PET/f~EPRconv.up) Was higher than that of
the purified (PET/AEPRconv.r) sample, see Figure 4.12A. Al-Malaika eral [28]
showed that the presence of polyGMA in reactive PET blends could cause branching
and increase in the viscosity of the PET blend, and this may also be responsible for the
observed increase in the torque of the sample PET/f~EPRconv.up sample which

contained 3.0 wt% polyGMA.

4.2.2.4 Effect of PET/EPR-g-GMAcony Blend Composition on
Torque Characteristics, Mechanical Properties and
Morphology

The torque values PET/EPR-g-GMAconv blends at 80/20 and 70/30 w/w % were found
to be higher than that of the pure EPR, but a further increase in the /~EPRconv content
up to 40 w% (in 60/40 w/w % blends) gave a decrease in torque values below those of
the molten virgin EPR, see Figure 4.13A. Examination of the mechanical properties
shows that the tensile strength and elongation at break of all PET//~EPRconv
(compatibilised) blends are higher than those of the corresponding physical blends
having the same sample composition, see Figures 4.13B, 4.13C and Table 4.7. It is
also clear that the effect of the rubber content is to decrease the tensile strength and
increase elongation at break with the highest value obtained for blend composition of
70/30 w/w % (a further increase in the rubber phase content up to 40% results in a

lowering of the elongation at break).
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Table 4.7. Tensile and elongation at break of PET/EPR-g-GMA conv blends at various
blend ratios (see Figure 4.13)

BG3 (9:1) 90/10 5+0.

BG3 (8:2) 80/20 13.6+09
BG3 (7:3) 70/30 15.4+0.3
BG3(6:4) 60/40 13.0£1.6

t ‘yeild’ — measured at maximum tensile strength as some sample did not show a true yield point.

The effect of the conventional PET/EPR-g-GMAcony blend composition on their
morphology was investigated by examining the dispersion behaviour of the rubber
phase in the PET matrix. The morphology seen from the SEM of these reactive
(conventional) blends, Figure 4.14 shows that increasing the rubber content in the
composition gives rise to an increase the EPR particles size with the 90/10 w/w % blend
giving the smallest particle size but this is still much finer than in the case of the

physical blends. Similar observations were reported in other blends [221].

The effect of blend compositions on dynamic mechanical properties is shown in Figure
4.15 and Table 4.8. At below the Tg of EPR (below -60°C), the modulus of all samples
was high indicating stiffness of blends containing lower rubber phase. The storage
modulus dropped drastically in the glass transition region between -50°C to -20°C. The
rubbery state was maintained from -20°C to 80°C. The effect of blend composition on
storage modulus at 25°C was determined and at blends ratio of 90/10 w/w %, it was 253
MPa. This value dropped to 117 MPa as the composition of EPR increased to 60/40
w/w %. The drop in E’ occurred when the amount of rubber component increased due

to softening of the EPR phase in the blends.
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Table 4.8. Effect of blend compositions on dynamic mechanical properties of
PET/EPR-g-GMAconv blends. The shift is with respect to values of the corresponding
physical blends

[ Blend

“BG3OD | %0 10 453 95 461 | 08 | 917 | -33 253
BG3 (8:2) 80 20 436 942 438 | -02 90.4 3.8 202
BG3(7:3) 70 30 424 93.8 -453 29 86.1 1.7 134
BG3 (6:4) 60 40 -40.6 92.1 -42.6 2.0 82.6 9.5 117

4.2.3 PET/EPR-g-GMApyg Blends (with comonomer)

i) Grafting level
The effect of the grafting level on torque behaviour of PET/EPR-g-GMApvg (70/30
w/w %) blends using samples containing different extent of GMA grafting, (grafted in
presence of DVB e.g. 2.1 wt%, 2.7 wt%, 3.5 wt%) and having similar MFT values was
examined. Figure 4.16 shows that the torque values of these blends increased with
increasing the grafting level to a final torque value above that of EPR at the highest

GMA grafting level, see Figure 4.16B.

In phase separated systems, the mechanical properties especially elongation at break are
very sensitive to interface adhesion or partial miscibility at the interface of blend
components [222]. The very strong adhesion necessary from efficient stress transfer is
usually achieved by chemical coupling of the second phase with the polymer matrix
[223]. The influence of the grafting level on the mechanical properties of PET/EPR-g-
GMApys particularly the elongation at break is shown in Figures 4.16 C and 4.16D and
Table 4.9 where a grafting level of 2.1 wt% gave rise to the highest elongation at break
but a further increase in the grafting level resulted in a decrease in the elongation at
break. This suggests that grafting levels above a certain extent may not be efficient in
compatibilising the PET blends with EPR-g-GMApys. Similar influence of the grafting
level on the tensile properties of PET/EPDM-g-GMA blends was reported [51] where a
moderate grafting level resulted in the best tensile properties. The observed increase in

the elongation at break at grafting level of 2.1 wt% was associated with a very fine
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dispersed rubber particles and stable morphology, see Figure 4.17B, but with a further
increase in extent of GMA grafting is clearly shown not to result in any further
reduction in the size of the EPR particles any further, see Figure 4.17D. As shown in
Figure 4.18 the grafting level 2.1 to 2.6 wt % seem to be very effective in enhancing the
elongation at break for PET/EPR-g-GMApys blends which is much higher than that of

the maximum values achieved in the conventional system.

Table 4.9. Tensile and elongation at break of PET/EPR-g-GMApysg blends 70/30 w/w%
at various blend ratios (see Figure 4.16)

P73 - - 474+ 0.4
(Physical blend)

BD6 2.1 0 213+£1.6

BD5 2.7 0 173+ 1.4

BD3 3.5 0 17414

The dynamic mechanical properties of these blends are shown in Figure 4.19 and Table
4.10. The tan § values of PET phase and EPR phases were measured in the temperature
range of —80°C to 180°C. At a grafting level of 2.1 wt%, the tan ¢ value of the PET
phase has shown a significant shift to a lower temperature moving towards that of the
EPR phase, and similarly, the 7g of the EPR phase in this blend has shifted towards the
PET phase. A further increase in the grafting level to 3.5 wt% resulted in a smaller

difference in the tan J values compared to values of the physical blend.

Table 4.10. Effect of grafting level on dynamic mechanical properties of PET/f-EPRpvs
blends. The shift is with respect to values of the corresponding physical blend, (see also
Figure 4.19).

e e
(¢/10min) | | _ ,
Physical | BP73 } 0 432 - 938 R T
blend
BD6 I8 21 27 05 | 896 a2 114
Reactive  ["BD5 I8 27 a4 09 915 23 144
blends
BD3 20 35 240 08 913 25 138

169




Chapter 4: Reactive Compatibili&ation of PET/EPR Blends

This blend having grafting level of 2.1 wt% also showed the lowest E* value indicating
that the sample was more rubbery. This is in agreement with the observation that this
sample also gave the highest elongation at break, see Figure 4.16C. It was shown
earlier, (see Chapter 3, Sec 3.2.5, p.87) that the functionalised (~EPRpyg) rubber
contains very low or no polyGMA. However, other undesired side reaction products
such as polyDVB, copolymer DVB-co-GMA or crosslinked polymer gel could be
formed in the rubber sample. To determine the effect of these products on the blend
properties, an EPR-g-GMApyg rubber sample which was functionalised with
GMA/DVB at a ratio of 7/3 w/w % and had a grafting level of 3.5 wt% was blended
with PET (PET/EPR-g-GMApyg 70/30 w/w %). Half of the /~EPR sample was purified
by Soxhlet extraction to remove the undesired side reaction products (polyGMA,
polyDVB, DVB-co-GMA and gel content) and this purified GMA-grafted rubber
sample was then blended with PET (PET/EPR-g-GMApyg.p). Close examination of the
torque-time curves shown in Figure 4.20A reveals that at the early stages of mixing, the
torque of the blend containing purified rubber is slightly lower than that of the
corresponding blend sample containing unpurified rubber, but reached the same value at
the end of the blending process. However, when a 2.5 wt% of a synthesised polyGMA
was added during the reactive blending to the PET/EPR-g-GMApyg.up blend, the torque
was found to be much higher. Furthermore, the purified blend sample containing added
synthesised polyGMA showed a substantial decrease in its elongation and tensile
strength compared to the corresponding samples (both purified and unpurified) without
polyGMA, see Figure 4.20B and 4.20C. These results suggest that the presence of
polyGMA affect the polymer blends compatibility, resulting in the observed poor
mechanical properties (similar observation was reported in other blend systems) [96].
This is further supported by examining the morphology of the sample containing added
polyGMA, see Figure 4.21C, which shows a much larger particles size and
inhomogeneous morphology compared to the corresponding blends containing no

polyGMA.

i) Blend ratio
To study the effect of blend composition on the torque behaviour, PET was reactively
blended with EPR-g-GMApysg (rubber sample DG10, Table 4.1). Increasing the rubber

content in the blends gave rise to a gradual increase in the torque above the value of the
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pure PET and those of the corresponding physical blends, see Figure 4.22A and 4.22B.
Similar trends were observed in mechanical properties of PET/EPR-g-GMApyg blends,
whereby the tensile strength decreased with decreasing the amount of PET in the blends,
see Figure 4.22C and is almost certainly associated with the crystallinity of PET.
Similar effect of crystallinity on tensile properties in blend of PP/EPR [224] and
PET/PE-g-GMA [86] were reported. Similarly, the elongation at break of these blends
increased with increasing EPR content with a composition of 70/30 giving the highest
value, Figure 4.22D, Table 4.11. Similar behaviour was observed in binary blends of
PP/EPR-g-MA containing more than 60 % EPR where the mechanical properties of the
blends decreased significantly [224].

Table 4.11: Tensile strength and elongation at break of DVB containing blend at
various blend ratios, see Figure 4.22.

BD13 (9:1) 90/10 13.2+1.5
BDI13 (8:2) 80/20 212+£1.2
BD13 (7:3) 70/30 22.7+0.3
BD13 (6:4) 60/40 215+ 1.6

The morphology of the different blend ratios of PET/EPR-g-GMApyg is shown in
Figure 4.23. The size of the dispersed phase rubber particles is shown to increase with
increasing the rubber content in the blends but in all cases the particle size in the
reactive PET/EPR-g-GMApyg blends, which is strongly influenced by the blend

composition, are much smaller than in the corresponding physical blends.

The effect of the blend composition on the dynamic mechanical properties was also
examined, see Table 4.12 and Figure 4.24. Two peaks appeared at temperature between
~50°C to —20°C and 70°C to 100°C corresponding to EPR phase and PET phase
respectively. At a blend composition of PET/EPR-g-GMA 90/10 w/w %, the tan ¢ of
PET was 92.9°C and the tan § shifted to lower temperature of 87.7°C when the EPR
content increased to 60/40 w/w %. The increase of EPR content in the composition of

the blends was paralleled by an increase in peaks heights. Investigation of £’ as a
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function of blend composition shows that at temperature of 25°C, there is a decrease in

E’ values with increasing the rubber content.

Table 4.12. Effect of blend composition on dynamic mechanical properties of
PET/EPR-g-GMApys blends. The shift is with respect to values of the corresponding
physical blend, (see also Figure 4.24)

g
Ratio [ -
PET/

1 FEPR. b8

BDI13 (9:1)

BDI13 (8:2) 80 20 -43.6 942 -44.2 -0.6 922 -2.0 177

BDI13 (7:3) 70 30 -42.4 93.8 -43..0 -0.6 87.6 -6.2 120

BD13 (6:4) 60 40 -40.6 92.1 -41.2 -0.6 86.8 -5.3 106

iii) DVB Concentration
The effect of DVB concentration used for functionalisation of EPR on tensile properties
of PET//~EPRpyg blends was determined. As discussed in Chapter 3, the presence of
the comonomer gives rise to a significant improvement in the GMA grafting level.
Moreover, the grafting degree was shown to increase with increasing the DVB
concentration and a GMA/DVB ratio of 7/3 w/w % gave the highest grafting level, (see
Chapter 3, Sec 3.2.5, p87). In order to examine the effect of the DVB concentration on
the tensile properties, binary blends PET/EPR-g-GMApygs (70/30 w/w%) having the
best tensile properties in each series of samples containing different DVB concentration
are compared. Figure 4.25 shows that PET//~EPRpyg blend with GMA/DVB ratio of
9/1 w/w % gave the highest elongation at break but the elongation decreased slightly
with further increase in the DVB concentration. Furthermore, PET/EPR-g-GMApvg
blends prepared in the presence of DVB displayed higher elongation at break compared

to a corresponding conventional blend.

4.2.4  Solubility Test (Molau Test)

It was suggested [28, 44, 75] that the Molau solubility test could be used to qualitatively
test for the graft formation due to an im-situ copolymerisation reaction between

functional groups of the polymer components in the blends that occur during the
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reactive blending process. A mixture of phenol and tetracholoroethane was prepared in
a 60:40 weight ratio in which the virgin PET was completely soluble and the EPR was
not. Three samples of virgin PET, non-reactive (physical) PET/EPR at 80/20, 70/30
w/w% and reactive blends of PET/EPR-g-GMApyg at 80/20, 70/30 w/w% were
prepared for the solubility test. In each case, 0.5g fine granular sample was added to the

solvent mixture for 4 hours at temperature of 90°C with continuous stirring.

Table 4.13 summarises the observation made during the solubility test. It was observed
that PET had completely dissolved in the solvent mixture. For the non reactive physical
blends, a slightly milky solution formed with white flakes that floated on top of the
solution. This demonstrated that the PET phase, which formed as the continuous phase
in this case, had dissolved in the mixture of solvents whereas the EPR formed white
flakes floating on top of the solvent mixture suggesting that the EPR remained as an
insoluble separate phase. For the reactive blends of PET/EPR-g-GMApyg, a white
milky colloidal suspension was observed which had completely dissolved with no
floating flakes confirming the formation of a reactive copolymer at the interphase.
Unfortunately, the effect of blend composition on the degree of solubility during the test

could not be determined accurately due to the absence of a quantitative turbidity test.

Table 4.13. Solubility test according to Molau test in a mixture of solvents
(phenol/tetrachloroethene) 60/40 w/w%. Samples P73, BD2, ( g-GMA=3.3 wt%, MFI=
3.3 g/10min) in Table 4.2.

Sample soluble in the solvents

Virgin polymier an

Physical blend | Non-reactive (physical) blends of | Sample partially soluble. Flake floating on the

PET/EPR 80/20 w/w% top of the solvent mixture
Non-reactive blends of PET/EPR | Sample partially soluble. Flakes floating on
70/30 w/w% the top of the solvent mixture

Reactive blends | Reactive blends of | White milky and colloidal suspension formed.

(GMA+DVB) PET/EPR-g-GMApyg 70/30 w/w% No flakes were observed

Reactive blends of PET/EPR-g- | White milky and colloidal suspension formed.
GMA g 80/20 w/w % No flakes were observed

173




Chapter 4 Reactive Compatibilisation of PET/EPR Blends

4.3 Discussion

4.3.1 Effect of Grafting Level on Blend Properties

Blending PET with EPR and functionalised EPR (-EPR) was carried out.
Functionalised EPR samples were first prepared both in the presence of a highly
reactive comonomer (DVB) and in the absence of the commoner as described in
Chapter 3. The effects of the amount of grafted GMA, DVB concentration and the
microstructure on properties of EPR-g-GMApyg blends were compared with those of
the corresponding EPR-g-GMAcony (in the absence of DVB) blend properties.
Processing behaviour was characterised by examining the torque values as it is related
to the viscosity of the blends [89]. Higher melt viscosity of the reactive PET/EPR-g-
GMApvs 70/30 w/w % blends compared to the corresponding physical blend was
demonstrated by an increase in their torque values, see Figures 4.16A and 4.16B. By
increasing the GMA grafting level in EPR-g-GMApyg from 2.1 to 3.5 wt%, a steady
increase in final torque values of the reactive blends was observed approaching and
exceeding that of the virgin EPR, see Figure 4.26A. Similar observation was also made
for the final torque values of PET/EPR-g-GMAcony 70/30 w/w% blend which also
increased steadily with increasing the grafting levels, see Figure 4.26A. This may be
either due to an increase in the extent of interfacial reaction or/and due to branching via
a reaction between the PET end groups and the higher concentration of the epoxy
moiety present in EPR-g-GMApyg containing highest amount of grafted GMA. Similar
observation was reported in the literature where higher GMA content (of 8 wt %) in
PBT/ABS-g-GMA gave highest torque values compared to those with lower GMA

content in the same blend composition [89, 97, 225].

It has been shown (Chapter 3. Sec. 3.2.4, p.85. and Figure 4.26B) that grafting GMA
onto EPR in the conventional system required higher concentration of peroxide (to
achieve high grafting level), compared to the comonomer system. This will inevitably
give rise to some branching and crosslinking of the rubber which is associated with the
higher torque observed in the absence of DVB, see Figure 4.26B. As a result, the MFI
values of EPR-g-GMAcony reduced drastically with increasing level of GMA grafting
compared to the value of virgin EPR, see Figure 4.26C. In contrast, only small peroxide
concentration was required in the comonomer system, hence the MFI values of EPR-g-

GMApvg remained almost unchanged with increasing grafted GMA level. However, the
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overall low MFI values in the comonomer system may be due to some DVB-assisted
branching of the rubber due to the bifuntionality of DVB. The differences in the
ultimate blend properties, tensile properties and morphology, would therefore be due to
differences in the microstructure of the EPR-g-GMAcony and EPR-g-GMApyg. The
results suggest that conventional blends have lower extent of interfacial reaction
supported by both the observed morphology which shows larger dispersed rubber
particles (compared to that of comonomer system), see Figures 4.27A-C, and the
observed lower elongation at break, see Figures 4.27D. Therefore, this suggests that the
significant increase in torque observed in the PET/EPR-g-GMAcony containing 1.7
wt% GMA grafting degree (see Figure 4.26A) is most likely to be due to high viscosity
of the rubber phase as shown in its lower MFI value rather than to a high interfacial
reaction whereas the high torque values at higher grafted GMA (e.g. at 2.1 wt%) in the
DVB system, (see Figure 4.26A) must be due, at least in part, to increased extent of

interfacial reaction.

Examination of the SEM results demonstrates that the shape and domain size of the
rubber phase is controlled by the GMA grafting level, see Figure 4.28. Different phase
morphology can be observed showing that the domain size became larger with an
uneven distribution at levels higher than 2.1 wt % GMA grafting level in the EPR-g-
GMApvs blends. At grafting level of 2.1 wt % in the DVB-containing blend, the SEM
showed a very fine and uniform distribution of the dispersed rubber particles when
compared to higher grafting levels (e.g. at 2.7 and 3.5 wt %), see Figures 4.28A-C.
Unfavourable morphology obtained in EPR-g-GMApys blends having higher grafting
levels is most likely due to branching and cross-linking resulting from reactions of the
higher extent of epoxy rings of the GMA (present at higher grafted GMA level) with
both the hydroxyl and the carboxyl end groups of PET [226]. The occurrence of the
branching in these blends is supported by the higher torque values observed for example
for the blend containing 3.5 wt% grafted GMA compared to that having lower grafting
levels, see Figure 4.26A.

Changes in the mechanical properties were consistent with morphology observations for

these samples. Figure 4.18A shows that maximum elongation at break is observed for

the EPR-g-GMApys blend having GMA grafting level of 2.1 wt%, while at higher

175



Chapter 4: Reactive Compatibilisation of PET/EPR Blends

grafting levels (e.g 2.7 wt %), the elongation at break decreased. These results suggest
that the significant improvement observed in the phase morphology, which suggest
good interfacial adhesion, is responsible for the higher elongation at break for blends
containing lower grafting levels of 2.1 wt % and this seems to be the critical optimum

concentration of grafted GMA in the DVB-containing blends [226].

To obtain a better understanding of the effect of GMA on the interfacial reaction in the
reactive blends, the PET and EPR phases were separated from both reactive blends
(conventional containing 1.7 wt % g-GMA, and DVB system containing different
concentrations of g-GMA) and physical (70/30 w/w%) blend by a sequential solvent
extraction method capable of separating the individual phases of the blends [28], see
Chapter 2, Sec. 2.4, p. 36 and Scheme 4.2.

Figure 4.29 which shows IR spectral region for the separated EPR fractions from
reactive and physical blends (see Figures 4.29iiB and C), see also separated PET
fraction, Figure 29iiA) provides clear evidence of the formation of interfacial reaction
in the reactive blends, shown by the presence of PET absorptions in the separated EPR
fraction (e.g. at 872 and 1263 cm™) due to formation of EPR-g-PET copolymer at the
interphase compared to the complete absence of such PET absorptions in the separated
EPR fraction of the physical blend due to the absence of any interfacial reaction in this
blend. This figure (Figures 4.29iiD and E) further shows that the extent of the
interfacial reaction (quantified from measurement of normalised IR absorptions, see
Chapter 2, Eqn 2.3. in Sec. 2.4, p.36, is higher in the DVB blends containing the
optimum g-GMA concentration of 2.1 wt % compared to the conventional blend
containing its optimum g-GMA concentration of 1.7 wt%. This confirms that the DVB-
containing blend is compatibilised to a higher extent compared to the ‘best’
conventional blend system (with 1.7 wt% g-GMA) and this is further supported by the
higher elongation at break and better morphology, i.e. for DVB-containing blend with
2.1 wt % g-GMA (see also Figure 4.25). However, higher GMA grafting levels in the
DVB-containing blends, which showed lower elongation at break (see Figure 4.18) and
worse morphology (see Figures 4.17 and 4.25), have also given lower extent of

interfacial reaction (shown from the normalised IR), see Figure 4.29iiD and E and 4.30,
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confirming that higher extent of GMA-grafting has an adverse effect on

compatibilisation.

The reason for this, is most likely to be due to a higher extent of branching or
crosslinking reaction that would take place in the presence of higher concentration of
grafted GMA present in the blend samples e.g. with 3.5 wt% g-GMA, (see Figure 4.16)
due to reactions of the GMA moieties with PET end groups resulting in more difficult
dispersion of the rubber phase in the PET matrix as supported by the coarser
morphology of, for example PET/f-PERpyg blend containing 3.5 wt % g-GMA, see
Figure 4.25. Similar findings were also shown for polyester/LLDPE blends explained
as a saturation of the interfacial area with the LLDPE-g-GMA copolymer formed
through reaction of the GMA and PET end groups [54] and also by Al-Malaika er. al for
PET/EPR functionalised in presence of the comonomer TRIS [51].

Another explanation for the observed lower improvement in mechanical properties and
compatibility where high g-GMA concentrations (higher than the optimum level) are
present in the blends is that the large concentrations of the reactive sites may not
distribute well across the entire polymer chains, thus become constrained in certain
places and therefore are unable to reduce the domain size [227]. It can be concluded
from the above discussion that high a content of g-GMA is not necessary for achieving
better compatibilisation of blends. Similar results were observed in PET/f-EPRconv
blends where higher grafting levels gave also lower compatibilising extent leading to
lower elongation at break (see Figure 4.18) and larger domain sizes and unstable
morphology when compared to similar blends with lower grafting GMA, see Figure
4.10. The finer morphology and higher elongation at break obtained for PET/EPR-g-
GMApvg containing optimum amount of grafted GMA compared to the conventional
systems is almost certainly due to the absence of polyGMA and to a different
microstructure of the /~EPR in which higher grafting of GMA takes place at much lower

peroxide concentration. see Figures 4.18B and 4.26B.
The shifts observed in the Tg of PET (from DMA measurement) in compatibilised

blends (compared to the physical blend) are due to interaction between the two phases

with stronger interface giving rise to reduced Tg values of the matrix in the blends

177



Chapter 4: Reactive C ’iﬁphjtftfbi"li'sationv-ofPE T/EPR Blends

[228]. The tan J of PET and EPR phase in a PET/EPR-g-GMA vz (70/30 w/w %) blend
having 2.1 wt% grafted GMA exhibited broad peaks compared to those of the
corresponding physical, see Figures 4.31B and 4.31C. The PET/EPR-g-GMAcony
(70/30 w/w %) blend showed a larger shift in its matrix (see Table 4.6) and this may be
explained by the absence of a bulky structure (the benzene ring in the case of DVB),
thus a lower energy is needed for segmental motion of the molecule in the blend
compared to corresponding PET/EPR-g-GMApyg blend. A lower storage modulus of
PET/EPR-g-GMApyg blend at all temperatures examined (Figure 4.31D) was observed
compared to PET/EPR-g-GMAcony blend suggesting more elastomeric behaviour from
the highly compatibilised PET/EPR-g-GMApyg blend. This result is consistent with the
higher elongation at break observed for this blend compared to that of the blend
produced in the absence DVB, see Figure 4.32E.

The compatibility of PET/EPR blends was supported by the “Molau solubility test”.
Table 4.13, where a blend sample of PET/EPR-g-GMApyg produced a milky
(emulsion) solution when it was dissolved in the mixture of ‘Molau solvent’ at high
temperature. By contrast, a clear solution was observed for the corresponding PET/EPR
physical blend. Since there is no interfacial reaction between the components in the
physical blend, the EPR dissolved easily in the solvents while the PET separated out
and floated on the top. Similar solubility observation in compatibilised blends of other
polymers were reported [75, 92, 152, 192, 229, 230] where emulsion solutions were

formed resulting in turbid solution indicating the compatibility of the blends.

4.3.2 Effect of polyGMA in f~EPR on the Blend Properties

As reported in Chapter 3, the functionalisation of GMA onto EPR in the absence of
comonomer was low due to low reactivity of GMA towards macroradicals and
competition from homopolymerisation of GMA. Thus, high peroxide and high initial
GMA concentrations were necessary to achieve enhanced extent of grafting in the
conventional system. In this system, the amount of peroxide used ranged from 0.13 to
1.5 phr with the maximum grafting level achieved at 1.9 wt% only for an initial GMA
concentration of 10% (peroxide=1.5 phr) but this was paralleled by a significant

decrease in the MFI values of the /-EPR due to crosslinking reactions, see Chapter 3.
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An increase in the initial GMA concentration to 15 %, (peroxide =0.8 phr) resulted in a
slight increase in the grafting level from 1.7 to 1.9 wt% but this resulted in substantial
increase in the formation of polyGMA content up to 3.0 wt%. By contrast, very small
peroxide concentration was needed (i.e 0.078 to 0.13 phr), and no measurable polyGMA
was found, when similar initial GMA concentrations were used in the GMA-DVB

containing system.

Lambla et. al. [231] have shown in PBT/PP-g-GMA blends that an increase in the initial
GMA concentration increased the extent of polyGMA and free GMA (unreacted GMA
in the GMA functionalised PP) and resulted in lowering of the elongation at break and
impact strength of the blends. Poor compatibility between PBT and PP-g-GMA was
attributed to reaction of the epoxy groups from free the GMA with -COOH end groups
of PBT and was suggested that the unreated GMA reacted faster with PBT than its
reaction with grafted GMA due to its greater mobility, thus decreased the possibility of
grafted GMA reaction with PBT. In this work, higher level of polyGMA formed in PET
with EPR-g-GMAconv blends has also shown adverse effect on the compatibility of the
blends where the dispersed rubber particle sizes became larger than in similar blends
having much lower polyGMA content or when compared to the DVB-containing blends
which have no polyGMA, see Figure 4.28. Closer examination of the effect of
polyGMA on blend properties revealed that the presence of high polyGMA in the
rubber phase gave severe deterioration to the blend properties. For example, the
presence of 3.0 wt% polyGMA in a PET/EPR-g-GMAcony blend (containing
[GMA]=15%) showed a damaging effect to its mechanical properties (e.g. lower
elongation at break) and morphology (coarse particle size) compared to a similar blend
where the polyGMA was removed by purifying the f~-EPR before blending with PET,
see Figure 4.33A. Furthermore, a higher torque was observed in the PET/EPR-g-
GMA onv blend containing polyGMA (Figures 4.12A-B) compared to that where the
polyGMA was removed suggesting that polyGMA can cause crosslinking in PET
blends. The lower elongation at break obtained from the PET/EPR-g-GMAconv blend
containing polyGMA is supported by the observed poor morphological characteristics
(Figure 4.33C) where the rubber phase in the unpurified blend sample (containing 3.0
wt% polyGMA) is seen to have much larger and coarser particle size suggesting a poor

interfacial adhesion between the PET and rubber phase. On the other hand, the phase
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morphology of the same sample but purified to remove completely the 'polyGMA gave
smaller particle size (of the dispersed EPR phase) and much finer morphology with
more uniform distribution of the EPR phase in the PET matrix, see Figure 4.33D. This
adverse effect of polyGMA can also be seen if synthesised polyGMA is added to PET/f-
EPRpyg (which originally contains no polyGMA, see Figures 4.33E-G), and this is
almost certainly due to a reaction between the added polyGMA with carboxylic acid
end groups of PET which reduce the possibility of the epoxy groups in the grafted GMA
to react with the PET end groups, consequently decreasing the desired interfacial
reaction between the PET phase and the rubber phase. The effect of polyGMA on the
blends of PET with EPR-GMA1ys (in the presence of comonomer TRIS) was also
shown by Al-Malaika et. al [28] to reduce the compatibilising effect of EPR-GMA rgris

reflected in poor blend’s morphology.

The above discussion is supported by the fact that the PET/EPR-g-GMApyg blends
which contained no polyGMA showed no significant difference before and after
purification in terms of blends’ morphology (Figures 4.33E and F) and mechanical
properties (e.g. elongation at break) (Figure 4.33B). In fact, the blends of the PET/EPR-
g-GMApys (unpurified) exhibited higher elongation at break compared to that of the
purified PET/EPR-g-GMAcony blend where all the polyGMA was removed, see
Figures 4.33A-B. SEM micrographs of PET/EPR-g-GMApyg blend where a 2.5 wt% of
synthesised polyGMA was added has shown a significant difference compared to
purified or unpurified corresponding blends, where poor morphology with large and
coarse particle sizes are clearly seen (see Figures 4.33E-G) confirming that the added
polyGMA reduces significantly the compatibilisation efficiency and this is consistent
with the observed large decrease in elongation to break for this sample, see Figure

4.33B.

4.3.3 Effect of DVB Concentration on the Blend Properties.

The effect on blend properties of EPR-g-GMApyp containing various comonomer
concentrations was examined and then compared with the corresponding EPR-g-
GMAcony. As was shown in Chapter 3, Sec 3.2.5, p.87, the presence of high DVB

content increased the grafting level significantly. However the presence of high DVB
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concentration also reduced the MFI values of the functionalised EPR due to high
crosslinking and branching. The changes in the microstructure of the rubber sample may
influence the blend properties [S1]. EPR-g-GMApyg containing various: GMA/DVB
ratios but similar grafting levels and MFI values were chosen to be blended with PET.
The presence of high GMA/DVB ratio (7/3 w/w) and higher grafting level in EPR-g-
GMApyg seems to be unfavourable for improving the elongation at break for the
PET/EPR-g-GMApyg blends as shown in a GMA/DVB ratio of 7/3 w/w, see Figure
4.25E. Further, the SEM results (Figures 4.25) demonstrated that a blend with higher
DVB content exhibited a rough morphology with larger dispersed particles, (see Figure
4.25D) compared to one with lower DVB concentration (GMA/DVB=9/1w/w %), (see
Figure 4.25C) but it is important to point out here that the morphologies in these DVB
blends are still better than in the case of conventional blends, see Figure 4.25B.
Although the amount of unreacted GMA and copolymer GMA-co-DVB present in the
functionalised rubber samples processed in the presence of DVB could not be
quantified, it is expected that the decrease in elongation at break for the blend samples
having higher DVB content and higher grafting level would possibly be due to
competition from free GMA-co-DVB copolymer and possibly some polyDVB which
would reduce the possibility of reaction of grafted GMA with the end groups of PET.
DVB has been widely used [232] as a crosslinking agent for example in PP branching
process, thus the presence of higher DVB concentration in the grafting system has led to
an increase in melt viscosity of EPR-g-GMApyg possibly due to crosslinking and
branching of EPR-g-GMApyp compared to f~EPRpyg having lower DVB concentration,
see Figure 4.34C. Champagne et. al. [98] has suggested that residues of polyGMA,
unreacted GMA or copolymer of styrene-GMA which are present in GMA-grafted PP
systems are also reactive and might compete with grafted GMA in PP for PET end-
groups. Deactivation of PET end groups by these species would decrease the
availability for PP-g-GMA for PP/PET compatibilisation. Another possibility that could
affect the comptibilisation and the reduced elongation at break in blends containing
higher DVB content may be due to steric hindrance of the bulky benzene groups in the
DVB unit whereby the epoxy groups of the GMA units may not be able to easily access
the carboxyl groups the PET as freely as those without or with lower level of DVB.
Similar effect of microstructure of PP-g-GMA-styrene in PP blends with NBR on

impact strength was also reported [16] where the presence of styrene reduced the impact
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strength of the blends. The decrease in impact strength was suggested to be caused by
steric hindrance of the bulky benzene groups in the styrene unit. At the same grafted
GMA level, it is clear that blends containing DVB, even at higher DVB content, gave
higher elongation at break compared to conventional blends, see Figure 4.34A,

supported by better morphology seen in Figure 4.33.

The higher amount of peroxide needed for the conventional system to achie