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ABSTRACT 

The present study is concerned with the modification of hyper branched 

polyethylene (HBPE) via peroxide initiation and grafting with maleic anhydride. High-

temperature solution modification using xylene as solvent was conducted, and the 

resultant material was characterized in terms of its structural, rheological, and physical 

properties, and compared to its unmodified counterpati. Moreover, the susceptibility of 

hyperbranched polyethylene to degradation! crosslinking is investigated and compared to 

other commercially available polyolefins. Nevertheless, crosslinking of maleic anhydride 

grafted hyperbranched polyethylene is conducted in exploration of potential applications 

for this material. 

Peroxide initiated modification of hyper branched polyethylene was conducted to 

examine its vulnerability to degradation! cross linking relative to other commercially 

available polyolefins. Creep recovelY was used to measure the percentage change in zero 

shear viscosity upon modification while \3C_NMR was used to give the number of 

methyl, methylene, and methane groups. The work elucidated that the dominant reaction 

undergone by hyperbranched polyethylene upon peroxide initiated modification is 

degradation, in a fashion similar to polypropylene, which is due to its high degree of 

branching. 
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Peroxide initiated grafting of hyper branched polyethylene with maleic anhydride 

was conducted and the effects of reaction time, reaction temperature, monomer 

concentration, initiator type, and initiator concentration were systematically examined. 

The structure of the resultant functionalized polymer was confirmed via FTIR and 13C_ 

NMR, and a maximal grafting density of 1.7 % was achieved using 2 wt.% MAH and 2 

wt. % DCP in the preparation process. Alternating dominancy between the grafting 

reaction and other side reactions was noticeable when varying the initiator and the 

monomer concentrations. Moreover, a drop in the water contact angle upon modification 

suggested that the grafted polymer is more compatible with polar substrates. 

Furthermore, rheological characterizations showed that functionalized HBPE exhibits a 

Newtonian behavior, which is characteristic of its unmodified counterpart; however 

showed some slight shear thinning behavior at low temperatures. 

Crosslinking ofHBPE-g-MAH using a diamine was conducted in solution and in 

melt in an effort to find a potential application for the resultant polymer. The structure of 

the resultant polymer was confirmed through FTIR and the effect of reaction time, 

reaction temperature, and diamine concentration on the degree of cross linking was 

investigated. A maximal degree of crosslinking of 70% was achieved, where the structure 

of the polymer was found to have tremendous effect on the concentration of diamine 

necessary to gel the polymer. Nonetheless, the formation ofa soft solid material from two 

liquid reactants suggested that HBPE-g-MAH could be a potential material for reaction 

injection molding applications. 
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Chapter 1: Introduction, Research Background and Objectives 

1.1 Introduction to Polyolefins and Their Production Technologies 

Polyolefm market behaviour has been greatly influenced by its global 

consumption, thus high consumption resulted in a growth rate exceeding five percent per 

year. This in tum led to the formation of an extremely commoditized industry, where all 

investment/ production decisions made were highly impacted by revenues and cost [1]. 

Polyolefins are categorized based on their structure and properties, where the 

main types fall under the umbrella of polyethylene (PE) and polypropylene (PP). 

Polyethylenes include linear low-density polyethylene (LLDPE), low-density 

polyethylene (LDPE), and high-density polyethylene (HDPE). Global polyolefins 

demand exceeded 111 million tons in 2006, however, Figure 1.1 shows that the demand 

is forecasted to rise to 200 million tons by 2020 [2]. 

2006: 111 million tons 2020: 200 million tons 

Figure 1.1: Global polyolefin consumption [2]. 
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1.1.1 Polypropylene 

Polypropylene is one of the most widely used polyolefins, where its world 

consumption has increased from 1.2 million tonnes in 1970 to 25 million tonnes in 1999. 

Nonetheless, forecasters expect a larger undiminished growth for this material [3]. 

Polypropylenes low density, 0.91-0.92 glml [4], makes it cheap on a volume basis 

compared to other po1yolefins, and therefore it is widely used in the packaging, transport, 

appliance, furniture, and textile applications [3]. Its use in such industries is further 

induced by its versatility, especially in manufacturing injected, extruded, and fibrous 

products. 

Dependent on the location of the methyl groups on a polypropylene chain 

produced by coordination polymerization, polypropylene is categorized as atactic, 

isotactic, or syndiotactic (Figure 1.2). Polypropylene is atactic when the methyl groups 

are distributed randomly on either side of the chain, isotactic when all the methyl groups 

are located on one side of the chain, and syndiotactic when the methyl groups alternate 

regularly on both sides of the chain. 
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o CH3 ED H 

isomctic ~ /~ / 
p.~propyl,., c5'@ c{@ 0 

syndiom ctic 
polypropylene 

mactic 
polypropylene 

Figure 1.2: Tacticity in polypropylene [5]. 

Atactic Polypropylene 

Atactic polypropylene is synthesized using cationic polymerization, which gives it 

its waxy character. It represents only 2-3% of the world-wide produced polypropylene, 

and it was the only form ofpolypropylenes available until the development of the 

Ziegler-Natta catalysts. It is commonly used in additives, or in polymer blends [3]. 

Isotactic Polypropylene 

Isotactic polypropylene is commercially available in three forms: homopolymer, 

random copolymer, and block copolymer, respectively. Their physical properties range 

from higher strength and stiffness combined with reduced impact resistance to greater 

toughness accompanied by lower strength. 

3 
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Propylene monomer with no other additives forms the homopolymer, which 

exhibits the highest melting point (165°C) and stiffuess of the three types, and is 

! marketed with a wide range of melt flows. A random copolymer is produced by 

~ incorporating 0.5-3 wt.% ethylene monomer during polymerization, which produces a 

chain with decreased regularity, and enhanced flexibility. This in tum, reduces the 

I 
I 

crystallinity and modulus of the homopolymer, in addition to the melting point (145-150 

0c) [3]. 

Syndiotactic Polypropylene 

Still in its early stages of development, however, compared to isotactic 

polypropylene, it has much better impact properties and clarity albeit its lack of stiffness. 

Its primary application would be in the packaging industry [3]. 

1.1.2 Polyethylene 

Polyethylene dominates the global thermoplastic market, accounting for around 

47 million tonnes in 1999 [3]. The conventional way of categorizing the polyethylene is 

based on the density and linearity ofthe final product, where the three main classes of 

polyethylene are low-density polyethylene (LDPE), linear low-density polyethylene 

(LLDPE), and high-density polyethylene (RDPE), which are displayed in Figure 1.3. 

, 
. ! 

4 
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(a) ~ 

I 

(b) 

(e) 

Figure 1.3: Schematic representation of the different classes of polyethylene. (a) High density 
polyethylene; (b) low density polyethylene; (c) linear low-density polyethylene [6]. 

Low Density Polyethylene 

Low-density polyethylene is a highly branched homopolymer formed of short 

chain branches (SCB) generated by chain backbiting and long chain branches (LCB) 

generated by chain transfer to polymer. The coexistence of SCB and LSB gives low 

density polyethylene its low-density compared to other polyethylene materials, with a 

density in the range 0.910 to 0.935 g/ml. Controlling the molecular weight, molecular 

weight distribution, and crystallinity of the material, tailors it for different types of 

applications [3]. 

5 
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Linear Low Density Polyethylene 

Linear low density polyethylene typically has a density ranging between 0.910 to 

0.925 g/m!. It is essentially a linear polymer containing a controlled amount of short 

~ chain branches (SCB), formed by copolymerization of ethylene and small amount of u-

olefin, such as I-butene, I-hexene, and l-octene [3]. 
I 
I 

I High Density Polyethylene 

High-density polyethylene is an ethylene homopolymer, which is linear in nature 

with no or very low levels of short chain branching, with a density ranging from 0.940 to 

0.965 g/m!. The crystalline nature of high density polyethylene contributes to its high 

density, and therefore it can be used in various extrusion and molding applications [3]. 

1.2 Polyethylenes with Controlled Chain Topology 

1.2.1 Introduction 

Control of polymer chain topology and architecture is an important theme in 

polymer science, where the target is to produce specialty polymers with novel properties 

and applications. In the past two decades, many new concepts and unique synthetic routes 

have been developed to prepare polymers with different chain topologies and 

architectures, such as dendrimers [7], hyperbranched [8], and supramolecular polymers 

[9]. In spite of the advanced properties of the resultant polymers, most of the synthetic 

routes are costly, sophisticated, and involve multi-step synthesis, especially for 

dendrimers; due to the high regularity and uniformity needed within the produced 

polymer. 
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Ryperbranched polymers are typically produced by the one-pot condensation 

reactions ofAxB monomers, which yields branched globular polymers with a multitude 

of end groups, not as uniform as dendrimers in structure, as they contain some linear 

chains besides the extensive amount of branching (Figure 1.4). Unlike linear polymers, 

hyperbranched polymers are less prone to form entanglements which results in decreased 

viscosity [10]. Until recently, hyperbranched polymers were neglected due to their poor 

mechanical properties, however, now they are foreseen to play an important role in 

various applications, such as polymer rheology control agents and multifunctional 

macro monomers, even though only a few have been commercialized at this time [10, 11]. 

Properties of dendrimers and hyperbranched polymers, in addition to some of their 

current and potential applications are outlined in Figure 1.5. 

Dendrimer Hyperbranched 
Po!ymer 

Figure 1.4: Structures of dendrimers and hyperbranched polymers [10]. 
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Although polycondensation has been used to prepare multiple hyperbranched 

polymers, there was no success in preparing hyperbranched polyethylene with different 

chain topologies from inexpensive ethylene monomer until chain-walking catalysts had 

been developed. 

I Basic Properties I I Applications I 
-l High branching degree I : Processing aids I 

H Globular form I 
I Rheology modifiers I 
I Crosslinkers I H Rheology I I 

I 

I UV cure I I UV cure I I Unsaturated polyester I 1 Numerous and 

I Chemical functions 

I I Toughening agents 
I H Hosting ability I I Pigment & filler 

I I dispersing agent 

I Coatings functional & I protective I 
I Drug delivery I 
I Electronics photonics I I 

I Separation Membrane I I 

I Catalysis 
I I 

Figure 1.5: Properties and application of dendrimers and hyperbranched polymers [12]. 
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1.2.2 Hyperbranched Polyethylene Synthesis 

Architectural control over resultant polyethylene topology is achieved by 

coordination polymerization of ethylene with a Pd-a-diimine catalyst (first developed by 

Brookhart et al. [13]), which undergoes a chain walking mechanism (Figure 1.6). 

M = Hi, Pd, etc 

LInear 

Hyperbranched 

Figure 1.6: Schematic for the possibility offormation oflinear and hyperbranched polymers from metal 
based catalysts [14]. 

The chain walking catalyst introduces the branching (Figure 1.7) by controlling 

the position of the next monomer addition as it walks on the polymer chain during 

propagation. Branches are formed as the monomer can add itself to any internal position 

on the polymer backbone rather just the chain ends [14, 15]. 
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Chain walking 

Addition of 
monomers 

McMaster University - Chemical Engineering 

Addition of 
monomers 

High pressure 

Low pressure 

Chain walking 

linear with moderate branching 

Hyperbranched 

Figure 1.7: Schematic of the chain-walking mechanism [15]. 

Polyethylenes with various chain topologies can be produced by changing the 

polymerization conditions which in tum results in controling the rate of monomer 

insertion relative to chain walking. For instance, high ethylene pressure and/or low 

reaction temperatures result in linear polyethylene as the catalyst does not have the 

capability of walking too far after each insertion. Alternatively, hyperbranched or 

dendritic polyethylene is produced at low ethylene pressure and/or high temperatures 

which favor the rate of catalyst walking with respect to the rate of monomer insertion [14, 

15]. 
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1.3 Polymer Modification 

1.3.1 Introduction 

Vast amount of research and effort has been applied to develop materials with 

improved performance and properties on one hand, and to be economically affordable on 

the other hand. Polymerization and copolymerization of new monomers, blending of 

existing polymers, and modification of existing polymers are the routes that could be 

taken to achieve this target, however from an industrial standpoint. The latter routes are 

more efficient and less costly to pursue [16, 17]. 

Chemical modification of already existing polymers is typically carried out by 

chain scission (degradation), cross linking, and grafting. Those mechanisms are looked at 

more closely in Chapter 2; with modification by grafting as the major focus of this thesis. 

1.3.2 Modification by Grafting 

Grafting occurs when a pre-polymer with internal double bonds and/or labile 

protons is processed together with other saturated or unsaturated compounds [18]. The 

compound grafted onto the polymer backbone is responsible for the property 

enhancement [19]. 

Modification of polyolefins by grafting has received considerabie attention in the 

past few decades [20], using an unsaturated functional monomer, most commonly, maleic 

anhydride, glycidyl methacrylate, acrylic acid, and diethyle maleate, accompanied with a 
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peroxide initiator, such as dicumyl peroxide. By far, maleic anhydride functionalized 

polyolefins are the most important class of polymers, which have found a wide array of 

! 
I 

commercial applications [21]; they have been extensively used in the compatibilization of 

immiscible polymer blends as well as the improvement of interfacial adhesion in 

polymeric composites [22]. In spite the impact of such polymers and their commercial 

i 
success, the exact chemical mechanism for the functionalization reaction is still vague 

and unclear. 

Functionalization reactions are typically carried out by free radical initiation in 

melt [23-25], solution [26, 27], and suspension [28]. Other studies used ultrasonic [29], 

thermomechanical [30] initiation, and photografting [31], to initiate melt 

functionalization. Reactions performed in solution yield a relatively homogeneous 

mixture, as the monomer and polymer are usually soluble, and therefore easily mixed. 

However, reactions conducted in melt are more advantageous from an industrial point of 

view, as the modification is very fast and there is no need for solvent recovery [32], 

although they tend to lead to undesirable side reactions, which can damage the 

processability and properties of the resultant product [33]. 

Several studies have shown that the reaction pathways depend on the polyolefin 

molecular structure. In a grafting reaction, where peroxide is used as an initiator, 

crosslinking and chain scission may occur simultaneously, but with varying dominancy, 

depending on the type of material being grafted; possible reaction routes for 

12 
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polypropylene and polyethylene are shown in Figures 1.8 and 1.9, respectively. The 

dominant side reaction for polypropylene is chain scission [34], which occurs because of 

the initially formed radicals undergoing ~-scission, due to the tertiary carbon centers on 

the polymer backbone (Figure 1.10). On the other hand, the dominant side reaction for 

polyethylene is crosslinking [35, 36], which occurs due to radical-radical combination 

(Figure 1.11). In the case of ethylene/ propylene rubber, both crosslinking and chain 

scission can take place, as its properties are a blend of those exhibited by polyethylene 

and polypropylene [37]. Homopolymerization is another undesirable side reaction that 

may occur when maleic anhydride is used as the functionalization monomer, which not 

only decreases the grafting density on the polymer backbone, but also induces coloration 

of the end-product due to the formation of residual poly(maleic anhydride) [24]. 

CH3 

I 
VVV'lpp VVV'lCHz-CVVVVI. + ·O-R 

H 

Figure 1.8: Possible reaction of the grafting ofPP with MAH [38]. 
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VVV\.PE VVV\.CH2-CH2VVV + ·O-R 

Cross1inking 
VVV\. PE VVV\. CH2-9HVVV\. 

H 
VVV\. PE VVV\. CH2-CVVV'V' 

a 

VVV\. PE VVV\. CH2-CVVVV\. 
H 

Figure 1.9: Possible reaction of the grafting of PE with MAH [38]. 

It . ~ 
H 

y 

Figure 1.10: Degradation mechanism of polypropylene [38]. 
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Figure 1.11: Crosslinking mechanism of polyethylene [38]. 

1.3.3 Effect of Process Conditions 

") 
C 

~ Combination 

The success of grafting is usually measured in terms of grafting density, which is 

the fraction of the monomer grafted onto the polymer backbone as opposed to the fraction 

that was unused or lost to undesirable side reactions such as homopolymerization. 

Reaction efficiency, on the other hand, is used to describe the moles of monomer grafted 

versus the moles of generated initiator derived radicals. 

A large number of interdependent variables need to be optimized, in order to 

maximize grafting density and reaction efficiency, decrease the extent of undesirable side 

reactions, and control the nature of the grafted product. Those factors are outlined below 

and summarized in Table l.1 below [38]: 
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I. Mixing Efficiency -local reactant concentration is determined by the mixing 

efficiency, therefore it is crucial to ensure intimate mixing between the 

monomer, initiator, and the polyolefin. 

II. Temperature - polyolefin degradation is often favored by elevated 

temperatures, which also reduce initiator half-life, modify the rate of 

reactions, and influence solubility and rheological parameters. 

III. Pressure - enhanced solubility, and reduced degradation can be achieved 

under high-pressure conditions. 

IV. Monomer - monomer concentration, solubility, volatility, reactivity towards 

initiator and substrate derived radicals, susceptibility to homopolymerization 

need to be considered when choosing a monomer. 

V. Initiator - initiator half-life, concentration, volatility, solubility, partition 

coefficient in polyolefin and monomer, in addition to reactivity and specificity 

of initiator-derived radicals, are the factors to be considered when choosing an 

initiator. 

Table 1.1: Effect of process conditions on side reaction and grafting yields [38]. 

To minimize To maximize 

Condition Crosslinking Chain scission Homopolym. Grafting 

Mixing efficiency Raise Raise Raise Raise 

Temperature Raise Lower Raise 

Pressure Raise Lower Raise Raise 

Monomer concentration Raise Raise Raise 

Radical concentration Lower Lower Lower Raise 
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1.4 Thesis Research Objectives and Outlines 

Following the vast developments in the polyolefin field over the past few decades, 

I and the continuous need for the design and synthesis of new specialty polymers that can 

create a new array of applications, and more doors of research, the overall objectives of 
-I 

this thesis research are to: 

1. Design and synthesize a new hyperbranched polyethylene material by 

chemical modification, specifically via peroxide-induced maleic anhydride 

grafting, 

II. Characterize the newly developed polyolefin material, and compare its 

properties to other major types of poly ole fins, and 

III. Establish a potential application for the newly developed material. 

In Chapter 2, peroxide-initiated modification of hyper branched polyethylene and 

other major types of commercially available polyolefins was conducted to determine the 

standpoint of hyperbranched polyethylene to other polyolefins in terms of degradation! 

crosslinking. 13C_NMR and DEPT-13S NMR were used to quantify the number ofCH, 

CH2, and CH3 groups before and after modification, while creep-recovery rheological 

measurements were used to evaluate the zero shear viscosity of the materials before and 

after their modification. 
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In Chapter 3, functionalization of hyper branched polyethylene with maleic 

anhydride was conducted by peroxide initiation, where the effect of various process 

conditions and parameters on the grafting density and reaction efficiency was 

investigated. Quantification of grafting density was performed through titrations, while 

FTIR and high temperature lR_NMR were used to confirm grafting. Water contact angle 

measurements were used to investigate the effect of grafting on the water contact angle 

and hence the properties of the resultant polymer. 

In Chapter 4, rheological characterization of hyper branched polyethylene, and 

hyperbranched polyethylene grafted with maleic anhydride was conducted for 

comparison reasons. Steady shear, oscillatory, and creep recovery measurements were 

conducted to compare the rheological properties and the viscosities of the grafted 

polymer and the ungrafted counterpart, and to investigate whether the grafted polymer 

maintained the Newtonian behavior exhibited by its parent polymer upon grafting. 

In Chapter 5, crosslinking of hyper branched polyethylene grafted with maleic 

anhydride was conducted by the use of a diamine as a cross linking agent. The effect of 

multiple process parameters on the degree of crosslinking (gelation) was examined, 

where the degree of cross linking was measured by a Soxhlet apparatus, and crosslinking 

was confirmed by FTIR. Nonetheless, examination of whether this process could yield a 

potential material for reaction injection molding was also performed. 
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Chapter 2: Peroxide Modification of Polyolefins 

2.1 Introduction 

2.1.1 Polymer Chemical Modification 

Polymer industry has grown exponentially in the past few decades, where 

polymers started playing a vital role in all aspects of human life. Most of the widely used 

polymers are categorized as commodity polymers. Commodity polymers are large 

volume consumption polymeric materials, which are typically sold for less than $l/kg. 

The properties of such polymers and their process ability limit their use to general-

purpose applications. Such polymers include high-density polyethylene (HDPE), low-

density polyethylene (LDPE), linear low-density polyethylene (LLDPE), polypropylene 

(PP), polystyrene (PS), polyvinyl chloride (PVC), and polyacrylics. Commodity 

polymers can generally be upgraded to specialty polymers via chemical modification, 

where specialty polymers are those polymers, which are strictly needed for special uses 

and specific applications, and they tend to be very expensive (> $1/kg). 

Chemical modification of polymers generally occurs via chain scission or 

degradation, long chain branching, crosslinking, and grafting. The commercial incentive 

for chemical modification is to economically enhance physical and chemical properties of 

polymers and polymer mixtures andlor improve their processability [1]. Thorough 

explanation of chemical modification reactions follows. 
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Chain Scission or Degradation 

Polymer chain scission occurs when chemical bonds (usually C-C bonds) along 

the polymer backbone break. Higher molecular weight chains undergo random chain 

scission preferentially since they have a greater number of bonds, therefore for broad 

molecular weight distributions, the breadth of the molecular weight distribution narrows, 

becoming more random (Flory's most probable distribution), as the mean molecular 

weight decreases. Improved processability due to a reduction in melt viscosity is a result 

of chain scission, which primarily leads to a reduction in molecular weight. 

Long Chain Branching and Crosslinking 

Long chain branches are formed when radical centers on polymer backbones 

undergo bimolecular termination by combination. Continuation of the long chain 

branching process could result in a three dimensional network with different levels of 

crosslinked gel. 

Crosslinking of polymer chains results from repetitive bimolecular coupling of 

polymer chains via bimolecular termination of radical centers on polymer backbones. The 

crosslinked polymer is a mixture of crosslinked gel with infinite molecular weight (in 

theory), and sol, which is made up oflinear and branched chains. 

Grafting 

Grafting occurs when a pre-polymer with internal double bonds and/or 

abstractable protons is processed together with other saturated or unsaturated compounds 
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[2]. The compound grafted onto the polymer backbone is responsible for the property 

enhancement [1]. 

2.1.2 Peroxides for Chemical Modification 

Organic peroxides are a large group of molecules, which contain a relatively 

thermally unstable 0-0 bond. This bond is susceptible to break once heat is applied, 

forming aggressive free radicals. Those free radicals are capable of abstracting hydrogen 

atoms from a polymer backbone forming macroradicals, which can undergo any of the 

previously mentioned reactions: grafting, chain scission, crosslinking, and long chain 

branching. The decomposition mechanism of commonly used peroxide, namely, dicumyl 

peroxide is shown in Figure 2.1. Decomposition of an initiator molecule is a 

monomolecular reaction, so the decomposition rate is solely dependent on reaction 

temperature, while the initiator concentration has no effect on the decomposition rate [3]. 
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( ) F-o-o-r ( ) 
CH3 CH3 

Figure 2.1: Dicumyl peroxide decomposition mechanism. 

The choice of organic peroxides for the modification of poly ole fins is dependent 

on the properties of the peroxide itself, which include processing temperature, cure 

temperature, and crosslinking efficiency. Table 2.1 presents a summary of these 

properties for the two initiators worked with throughout this thesis, namely, dicumyl 

peroxide and dibenzoyl peroxide. 
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Table 2.1: Survey of commercial peroxides [3]. 

Safe processing Typical cure Crosslinking 
temperature (OC) temperature (OC) efficiency E (%)* 

Dicumyl peroxide 120 170 50 
Dibenzoyl peroxide 70 120 27 
* As determined in n-pentadecane 

2.1.3 13C_NMR Characterization 

13C_NMR is used extensively in the characterization of molecules, as many of the 

molecules that exist in nature contain carbon. 13C nucleus has a nuclear spin due to the 

unpaired electron present in its orbit. 13C_NMR is much less sensitive than lR-NMR, 

because 13C nuclei make up approximately 1 % of overall carbon nuclei available in 

nature. With the appropriate conditions, carbon-I3 NMR spectroscopy can be used to 

supplement the information obtained from lR_NMR [4]. 

Conducting quantitative analysis on 13C-NMR can be very challenging due to two 

well recognized problems. Firstly, the long relaxation times for different types of carbon 

nuclei results in the need for long pulse delays to ensure that all nuclei are relaxed and in 

their equilibrium state before the application of any repetitive pulse. Secondly, more 

intense signals are generated for carbon nuclei that tend to be highly protonated, and this 

is known as the unequal Nuclear Overhauser Enhancement (NOE). Thus, both problems 

can be circumvented by applying a long pulse delay, and by adjusting other instrumental 

parameters; however this is unfavorable as it increases spectrum recording time. 

26 



M.A.Sc. Thesis - M. Haj-Abed McMaster University - Chemical Engineering 

I 
I 

To shorten the relaxation time and hence the spectrum recording time, and at the 

same time suppress the NOE effects, well-chosen paramagnetic agents that assist in 

I 
nuclei relaxation are typically added. The most common agents used are acetylacetonates 

chromium (III) and iron (III) [5]. 

I 

2.1.4 DEPT 135 Characterization 

Distortionless Enhancement by Polarization Transfer (DEPT) is a polarization 

transfer technique, which is run alongside a 13C-NMR to distinguish between methyl 

(CH3), methylene (CH2), and methane (CH) signals. 

The pulse angle (8) allows for the differentiation between those signals, and 

creates three different sets of experiments which are typically conducted: DEPT-45, 

DEPT-90, and DEPT-135, respectively. The angle is set to 45° in the sequence DEPT-45, 

which yields spectra with positive CH, CH2 and CH3 signals; to 90° in DEPT-90, which 

yields spectra with only CH signals; and to 135° in DEPT-135, which yields spectra with 

positive CH and CH3 signals and negative CH2 signals [6]. Figure 2.2 is an illustration of 

correlating DEPT spectra to a l3C spectrum. 
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8=135 i.I 
CH up, CH2 down, CH3 up 

i i .1 

II 
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Only singly protonated caruons 
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I ii .1 II 
All protonated c81bons shows t 

8=45 (no quate~& no deuterate 
solvent - 0::13 absent!) 

Normal C-13 ~ 1i .1 II 

Figure 2.2: Illustration of correlating DEPT spectra to a l3C spectrum [7]. 

2.1.5 Determination of Zero Shear Viscosity from Creep-Recovery Experiments 

Materials which are defmed as elastic, viscous, or viscolelastic exhibit different 

responses in a creep-recovery experiment (Figure 2.3); where a sudden stress is applied to 

the samples and the resultant strain is measured. Viscoelastic materials undergo a 

superposition of both the elastic and viscous responses [8]. 

Strain 

t=O 

Elastic 

/ material 

----------~ 

TIme 

~ Viscous 

material 

Figure 2.3: Illustration of creep-recovery results characteristic of elastic and viscous materials, respectively 
[8]. 
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Creep recovery measurements facilitate the separation of the total deformation to 

its elastic and viscous components, and can also give information about the zero shear 

~ 
viscosity of a material. 

i ., Zero shear rate viscosity ('110) is defined as the lower end limit of viscosity 

measured with respect to shear rate [9]. It is an important rheological parameters used in 

the polymer industry, and its value is typically determined at the end of the creep phase. 

When conducting a creep-recovery test, the aim should be to produce a creep 

curve with a constant slope at the end of the creep curve, where the zero shear viscosity is 

obtained from this curve interval as shown in Figure 2.4. First, slope of the strain-time 

curve is calculated (l1y/l1t). Second, zero shear viscosity is calculated from stress applied 

divided by the slope of the strain-time curve (Figure 2.4) [10]. 
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Strain 
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Stress 110 = > 
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Recovery 
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J:t;;o> Recovcrilbte Stram 
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Figure 2.4: Strain vs. time curve obtained from creep-recovery experiment is shown. The slope ofthe 
creep curve is used in conjunction with the stress applied to calculate the respective shear rate viscosity 
[11 ]. 

2.1.6 Objective and Scope 

The target of this chapter is to examine the behavior of hyperbranched 

polyethylene relative to other commercially available polyolefins in terms of whether it 

will undergo degradation or crosslinking upon peroxide-initiated modification. 

Different grades of commercially available polyolefins and hyperbranched 

polyethylene were modified by peroxide initiation. 13C-NMR and rheology techniques 

were used to investigate the effect of modification on their respective structures. 13C_ 

NMR was used to find the CR, CR2, and CR3 content in the polymer before and after 

modification, while creep-recovery was used to evaluate the percentage change in 

viscosity of the modified material relative to the starting material. 
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2.2 Experimental 

2.2.1 Materials 

~ 
Hyperbranched polyethylene (HBPE) with a molecular weight of 100,000 g/mol 

was kindly supplied by Dr. Zhibin Ye's Group - University of Laurentian, Ontario, 

, I 
--1 Canada. Moreover, high density polyethylene (HDPE-F00952), low density polyethylene 

(LDPE-HP0322N), and linear low density polyethylene (LLDPE-118) were supplied by 

Sabic, Saudi Arabia, while polypropylene (PP) was supplied by British Petroleum. 

Furthermore, dicumyl peroxide (DCP) - 98 % purity, was purchased from Aldrich. 

Finally, xylenes solvent was purchased from Fisher Scientific. 

2.2.2 Peroxide Modification ofPolyolefm 

Prior to addition of initiator, 2 g of a polyolefin, namely, PP, LDPE, LLDPE, 

HDPE, and HBPE, was added to a 200 mL xylene solution at 130°C, and was allowed to 

homogenize for 1 hr. After 1 hr, 10 wt.% DCP was added to the solution, and reaction 

was left for 5 hrs running at 130°C under a nitrogen blanket. Upon completion of the 

reaction, modified polymer was precipitated using 5-fold volume of acetone. Finally, 

modified polymer was filtered and dried under vacuum at 115°C over night. 

2.2.3 13C_NMR and DEPT _135 Sample Preparation 

To a NMR tube, polyolefin (0.1 g) and 1,1,2,2-tetrachloroethane-d4 were added 

and heated at 120°C for 1 hr, to achieve homogenization. Subsequently, 80 mg of 

Cr(acac)3 was added to the NMR tube, and the mixture was further heated for 30 minutes. 
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Finally, the NMR tube was inserted into the NMR machine for analysis. 13C-NMR and 

DEPT _135 experiments were conducted at 120°C using a 30° pulse angle of 6 )lS, an 

I 
1 

acquisition time of 1 s, a preparation delay time of2 s, and 12,000 scans. For the 13C_ 

NMR experiment, inverse gated decoupling was used to eliminate NOE effects. All 

measurements were repeated twice to confirm reproducibility. 

I 
i 

2.2.4 Disk Preparation 

Using a thermal press, thick disks ofpolyolefms for rheological characterization 

were prepared with the following dimensions: 25 mm diameter, and 1 mm thickness. 

Disks were compression molded for 3 mins at a temperature, which is 20 to 30°C greater 

than the melting temperature of the used polyolefin. 

2.2.5 Rheological Characterization 

Rheological characterizations were conducted on a Stresstech RR rheometer; in a 

25 mm parallel plate mode with a gap of 1.0 mm. Measurements were taken at 10°C 

intervals at temperatures, which are 10 to 20°C above the melting point of the tested 

polyolefin. The temperature of the rheometer was maintained within ±0.2 °c. Polymer 

samples were subject to creep recovery. In the creep recovery experiments, samples were 

subject to a stress at time zero, and the compliance was monitored at constant stress for 

100 s, then the stress was removed, and the relaxation behavior was recorded. All 

measurements were conducted on the same loaded sample [12], and repeated twice to 

confirm reproducibility. 
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2.3 Results and Discussion 

2.3.1 13C_NMR Characterization of As Received and Modified Polyolefms 

13C-NMR and DEPT_l35 NMR were used in situ to quantify the number ofCH, 

CH2, and CH3 groups for as received hyperbranched polyethylene, other commercially 

available polyolefins, and their peroxide-initiated counterparts. The results are tabulated 

in Table 2.2. PP, HDPE, LDPE, LLDPE, and HBPE were used in this study. 

Table 2.2: Number of CH, CH2, CH3, and vinylidene groups for unmodified and modified polyolefins. 
Results obtained by integrating the peaks in the I3C-NMR spectra. Spectra obtained using a 30° pulse angle 
of 6 ).lS, an acquisition time of 1 s, a preparation delay time of 2s, and 12,000 scans. Spectra recorded at 120 
°C using 1,1 ,2,2-tetrachloroethane-d4 as a solvent, and Cr(acac)3 as a relaxation agent. 

Material CH CH2 CH3 Vinylidene 
PP 341 311 309 38 
Modified PP 336 308 299 56 

Material CH CH2 CH3 Vinylidene 
HOPE 0 947 0 53 
Modified HOPE 0 947 0 53 

Material CH CH2 CH3 Vinylidene 
LOPE 8 971 10 11 
Modified LOPE 0 989 11 0 

Material CH CH2 CH3 Vinylidene 
LLOPE 16 969 15 0 
Modified LLOPE 15 968 17 0 

M.,,+ori.,,1 l'U l'U_ CH3 Vinylidana ' •• U,"",.IUI '" , "'.12 

HBPE 84 823 87 6 
Modified HBPE 70 827 98 5 
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DEPT_135 with a 135° decoupler pulse was used to distinguish the CH, CH2, and 

CH3 peaks. This pulse sequence produces a carbon spectrum where methyl (CH3) and 

methyne (CH) carbons are up, while methene (CH2) carbons are down. 

A I3C_NMR spectrum free of coupled carbons and NOE (Nuclear Overhouser 

Effect) was achieved by using the Inverse gated decoupling method [13]. A relaxation 

agent Cr(acac)3 was also added to expedite the relaxation of the different carbon nuclei 

and hence shorten the spectra recording time. 

Analysis of the results obtained for the different types of poly ole fins (Table 2.2) is 

as follows: 

Polypropylene 

Polypropylene typically undergoes degradation through ~-scission (Figure 2.5), 

which results in the formation of vinylidene groups, along with the consumption of CH 

groups. 

H H:! H 
VV'V'.c-c -C-CH:!vvv 

I I 
H 

---.... -C-CH:!.J\J\I .. 

I 
CI-\ Ci-I:I CI-\ 

Figure 2.5: Chain scission in PP [14]. 
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The decrease in the number of CH and CH3 groups, in addition to the significant 

increase in the vinylidene content, suggests that PP underwent a degradation reaction. 

Degradation is the most common reported reaction for peroxide-initiated modification of 

PP. PP has a high degree of branching, and degradation primarily occurs due to the 

methyne carbon, which is susceptible to undergo ~-scission. 

i 

I High Density Polyethylene 

HDPE generally undergoes crosslinking by bimolecular recombination of 

backbone radicals (Figure 2.6) [15], which generally involves consumption of protons 

due to the formation of radicals on the polymer backbone, accompanied by a decline in 

the number ofCH2 groups, and the formation ofCH groups. HDPE used in this study was 

synthesized using a Z-N catalyst system forming a polymer majorly composed of very 

long chains with very low solubility in the solvent used. Only the tiny fraction of short 

chains was soluble in the solvent, which led to the detection of the vinylidene end groups 

of those short chains and no CH3 groups. No evidence of crosslinking or degradation was 

detected for these soluble fractions from 13C-NMR showing only a linear chain. Any 

changes in the molecular composition of the polymer upon crosslinking were not 

detectable. The CH2 and vinylidene contents of the as-received form and the modified 

form remained constant, while no CH and CH3 groups were observed. 

, 
j 
i 
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H 
VVV\.C-C-CVVVl. 

H2 I H2 
H2 H2 

VVV\.C -c-c uvv 
H 

Figure 2.6: Bimolecular recombination of backbone radicals in HDPE [15]. 

Low Density Polyethylene 

Upon hydrogen abstraction from the LDPE backbone, the following alkyl radicals 

are formed (Figure 2.7), which are mainly secondary and tertiary carbon radicals, 

including allylic carbon radicals. This stage involves the consumption of protons, and 

hence CH and CH2 groups. 

H2C--

H2 I H2 
--c-c-c-

H2 H H2 
--c-c-c- H 

--C-C=CH2 
• H 

Figure 2.7: Radicals formed upon hydrogen abstraction from LDPE backbone [16]. 

When the above radicals undergo recombination with each other, structures in 

Figure 2.8 are formed, which involve the formation of CH groups. 
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H2 H H2 
--c-c-c-

I 
--~-~=CH2 

H2C--

H2 I H2 
--c-c-c-

H2 I H2 
etc. 

--c-c-c-

I 
H2C--

Figure 2.8: Structures formed due to the recombination of radicals in LDPE [16]. 

Nonetheless, addition of radicals in Figure 2.7 to vinyl groups results in the 

formation of the following structures (Figure 2.9). This stage involves formation ofCR2 

groups, and consumption ofvinylidene groups. 

H2 H H2 H2 H H2 
--c-c-c- + --c-c-c-

I H H2 
H2C-C-C-

H2C-- H2C--

H2 I H2 
--c-c-c- + 

H2 I H2 
--c-c-c-

I H H2 
H2C-C-C-

Figure 2.9: Radical addition to vinyl groups in LDPE [16]. 

The significant decrease in the vinylidene content and the increase in the number 

of CR2 groups upon modification conclude that LDPE mainly underwent crosslinking, 

which suggests that most of the crosslinking occurred due to radical addition to the vinyl 

groups in LDPE, rather than radical-radical combination. The number of CR3 branches 
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remained constant, while the number of CH groups decreased upon modification, which 

demonstrates that some degradation also took place. 

I 

~ 
Linear Low Density Polyethylene 

For LLDPE, there was hardly any change in the number ofCH, CH2, CH3, and 

vinylidene groups. This suggested that there was no reaction among the soluble fraction 

detected by NMR. 

Degradation is expected to occur in LLDPE following the same mechanism as 

that for PP (Figure 2.5), and crosslinking follows the same route followed by LDPE 

(Figures 2.8 and 2.9). 

Hyperbranched Polyethylene 

A decrease in the number of CH groups, as well as an increase in the number of 

CH3 groups upon modification, suggests a degradation reaction. HBPE was susceptible to 

both crosslinking and degradation as it contains a high degree of branching but also some 

linear chains; however, degradation seems to be the dominant reaction. 

The number ofvinylidene groups hardly changed after modification, although an 

increase is vinylidene content is typical of degradation reaction; the change in the number 

ofvinylidene groups may have been undetectable due to the low content ofvinylidene 

groups compared to the other groups within the polymer molecules. Degradation in 

HBPE follows the same route as that for PP shown in Figure 2.5, while crosslinking 
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I 
I 

I 

follows the same mechanism as that for LDPE displayed in Figures 2.8 and 2.9, 

respectively. 

I 

I 2.3.2 Correlation Between Polymer Modification and Zero Shear Viscosity 

" 

Zero shear viscosity (Tjo) was calculated from creep-recovery curves as discussed 

i in section 2.1.5. Creep recovery experiments for the polyolefms used in this study were 
i 

-I 
conducted at different ranges of temperatures, because the polyolefins used have different 

melting temperatures. To eliminate the effect of temperature on this study, the percentage 

change in zero shear viscosity between the as received and modified polyolefin was 

calculated at each tested temperature. The percentage changes in Tjo for each polyolefin, 

which were almost identical, were averaged, and results are shown in the bar chart in 

Figure 2.10. A positive percentage change in Tjo indicates an increase in the Tjo of the 

modified polyolefin, which was generally thought to be due to crosslinking. On the other 

hand, a negative percentage change in Tjo indicated a decrease in the Tjo of the modified 

product, and hence degradation of the parent polymer. 

j 
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Figure 2.10: Percentage change in zero shear viscosity for various polyolefin grades before and after 
modification. Rheological characterization was conducted 10-20 °C above the melting temperature of each 
polyolefin, and experiments were conducted at 10°C intervals. Negative changes in viscosity identify 
degradation as opposed to crosslinking, which is characterized by positive changes. 

From Figure 2.10, it is noticeable that PP, LLDPE, and HBPE underwent 

degradation, while LDPE and HDPE underwent crosslink:ing. The high degree of 

branching in PP creates more methyne carbons on the polymer backbone, which are 

vulnerable to undergo degradation by ~-scission; this agrees with 13C-NMR results. Since 

LLDPE and HBPE contain linear chains as well as a certain degree of branching, it is 

noticeable that degradation was the dominant reaction, which resulted in a decrease in 

both their zero shear rate viscosities. On the contrary, LDPE, although has both linear 

chains and some branching, the dominant reaction it underwent upon modification is 

crosslin,"1cing, which resulted in an increase in its zero shear viscosity. A significant 

increase in zero shear viscosity is evident for HDPE, which is linear in nature. 
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From the rheological study, it is found that HBPE undergoes degradation as 

opposed to crosslinking, as it contains branch centers, which are susceptible to p-scission. 

Some crosslinking also exists due to the linear chains found in HBPE; however, this is 

not the dominant reaction, as suggested by the decrease in zero shear viscosity upon 

modification. This concludes that HBPE behaves more like PP in the spectrum of 

polyolefins, rather than HDPE, which undergoes crosslinking. 

2.4 Conclusion 

This work elucidated that degradation by p-scission is the dominant reaction for 

peroxide-initiated HBPE modification. Conclusion was made based on results from two 

characterization techniques, namely, I3C_ NMR and creep-recovery. I3C_NMR showed 

that the material before modification has a large content of CH and CH3 groups relative 

to other polyolefins, suggesting that it has a high degree of branching, and therefore 

susceptible to degradation. Comparison of the number of these groups before and after 

modification shows that modification was accompanied by a decrease in the number of 

CH groups, which confirms degradation of the polymer. This hypothesis was further 

confirmed from zero shear viscosity results obtained from creep-recovery experiments, 

where a decrease in zero shear viscosity was noticed upon modification, which is a 

resultant effect of degradation. 

Hyperbranched polyethylene was found to behave similar to polypropylene, 

where they both undergo degradation, as opposed to high-density polyethylene, which 
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undergoes crosslinking. Herein, the behavior of hyper branched polyethylene in terms of 

other commercially available p01yolefins was revealed. 

~ 2.5 
"I 
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Chapter 3: Maleic Anhydride Grafting of Hyperbranched Polyethylene 

3.1 Introduction 

Grafting occurs when a pre-polymer (e.g. HBPE) with internal double bonds or 

abstractable protons is processed together with other saturated or unsaturated compounds 

(e.g. MAR). The compound grafted onto the polymer backbone is responsible for the 

property enhancement. Different methods have been proposed in the literature for MAR 

modification of polyolefms including: solution, melt, and solid-phase. Solution based 

reactions have the advantage of having the polymer and monomer usually soluble 

forming a homogeneous medium. On the contrary, grafting in melt is much faster, 

volume effective, and free of solvent recovery, which renders melt grafting more 

industrially appealing [1]. 

Success of grafting is commonly measured in terms of grafting density, and 

reaction efficiency. Grafting density is the fraction of the monomer that is grafted onto 

the polymer backbone as opposed to the fraction unused or lost to undesirable side 

reactions, and is typically quantified through titrations. Reaction efficiency, on the other 

hand, is the moles of monomer grafted with respect to the moles of initiator-generated 

radicals [2]. 

Grafting is typicaliy the desired reaction from peroxide-initiated functionalization; 

however, other side reactions have been reported besides grafting. Such reactions include 

chain scission, crosslinking, and homopolymerization. For example, polyethylenes are 
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susceptible to branching or crosslinking caused by radical recombination, which results in 

the formation of gels or partially insoluble products. On the other hand, polypropylene is 

~ 
prone to degradation by ~-scission of the formed radical [2]. Ryperbranched polyethylene 

has an extensive amount of branching, but has few linear chains, which makes it inclined 

"' 
to both side reactions. 

I 

-I 
While there are many papers published on the reaction of maleic anhydride with 

polyethylene, polypropylene, and ethylene-propylene copolymer, no known work has 

examined the peroxide-initiated MAR functionalization ofHBPE. The target of this 

chapter is to functionalize HBPE with MAR and investigate the effect of temperature, 

initiator type, initiator concentration, and monomer concentration on the grafting density 

and reaction efficiency. 

3.2 Experimental 

3.2.1 Materials 

Ryperbranched polyethylene (RBPE) with a molecular weight of 100,000 g/mol 

was kindly supplied by Dr. Zhibin Ye's Group - University of Laurentian, Ontario, 

Canada. It was synthesized using a Pd-diiamine catalyst system at 35°C, and ethylene 

pressure of I atm, according to the literature procedure [3]. Maleic anhydride (MAR) -

99% purity, dicumyl peroxide (DCP) - 98% purity, benzoyl peroxide (BPO) - 97% purity, 

" . 
potassium hydroxide, phenolphthalein indicator, and thymol blue indicator were 
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purchased from Aldrich. Xylene and hydrochloric acid (0.01 N) solution were supplied 

by Fisher Scientific. 

3.2.2 HBPE-g-MAH Synthesis 

Hyperbranched polyethylene (0.1 g) was dissolved in a 10 mL xylene solution in 

a round bottom flask at 130°C for 20 minutes under a nitrogen blanket. MAH and DCP, 

in their solid form, were added to the solution after 20 minutes and the grafting reaction 

was allowed to proceed for 1 hour under a nitrogen blanket. Upon completion of the 

reaction, the hot solution was filtered using cheesecloth to remove the xylene-insoluble 

polymer. The filtrate was subsequently added to a 10-fold volume of acetone to 

precipitate the xylene-soluble polymer. As soon as the xylene-soluble polymer settled, 

the solvent was decanted, and the precipitated polymer was allowed to dry over night at 

room temperature. Subsequently, the polymer was dried in a vacuum oven at 110°C for 

12 hours to remove the residual solvent and any unreacted MAH. 

3.2.3 Titration of Anhydride Content 

The anhydride content was found by dissolving a fixed amount ofHBPE-g-MAH 

in refluxing water saturated xylene for 1 hour. The hot solution was titrated immediately 

with a standard (~0.05 M ethanolic KOH using thymol blue (1 wt.%) in DMF as an 

indicator). The acid number and MAH content are calculated as follows [4]: 

'd b ( KO'LT/) mLKOH x NKOHx 56.1 aCl num er mg TI g = 
gpolymer 

46 



I 
I 

I 

-I 

M.A.Sc. Thesis - M. Haj-Abed 

MAH(%) = acidnumberx98 
2x561 

McMaster University - Chemical Engineering 

Where mLKOH is the volume in mL of potassium hydroxide needed to reach the 

titration endpoint, NKOH is the molarity in mg/mL of potassium hydroxide solution used, 

gpolymer is the amount in g ofHBPE-g-MAH dissolved in each aliquot of solution used 

in titration, and MAH(%) is the percentage grafting density. Molecular weights of 

potassium hydroxide and maleic anhydride are 56.1 g/mol and 98 g/mol respectively. A 

blank experiment and three repeats were performed for every variation in concentration. 

3.2.4 FTIR Characterization 

FTIR spectra were recorded using Bio-Rad FTS-40 FTIR machine by applying a 

small amount of viscous HBPE-g-MAH onto a sodium chloride disk. Spectra are 

recorded in the range of 1700 to 1900 cm-1 with a 4 cm-1 resolution and 24 scans. 

3.2.5 lH_NMR Characterization 

Samples were prepared by dissolving HBPE-g-MAH (5 wt.%) in 1 mL of 

deuterated o-dichlorobenzene at 120°C for 1 hr to homogenize. Spectra (2400 scans) 

were recorded on a Bruker AV 300 MHz spectrometer at a temperature of 120°C. 

3.2.6 Water Contact Angle Measurements 

Polyester films were cleaned by sonication in acetone for 30 minutes. 

Homogenous polymer solutions ofHBPE and HBPE-g-MAH in xylene (5 wt. %) were 
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j 
1 

prepared by dissolving the polymer in xylene for 30 minutes at 80 DC. The polymer was 

casted onto cleaned polyester films by pipetting a drop or two of the polymer solution 

~ 
onto the films and allowing the solvent to evaporate forming a thin film. 

I 
! The wetability of the surface was measured at room temperature using a Rame-

i 

-I 
Rart NRL goniometer (Mountain Lakes, NJ), where a droplet of pure water was applied 

to the surface and the contact angle was measured. 

3.3 Results and Discussion 

3.3.1 FTIR Characterization of Grafted Polymer 

Figure 3.1 shows the FTIR spectrum ofHBPE-g-MAR, prepared using 2 wt.% 

DCP and 2 wt. % MAR at 130 DC for 1 hr under a nitrogen blanket. 

Two absorption bands are observed at 1784-1792 cm- l and around 1850 cm- l that 

account for grafted maleic anhydride. A weak asymmetric stretching carbonyl absorption 

band and a stronger symmetric stretching carbonyl absorption band usually lay in the 

vicinities 1850 cm- l and 1780 cm- l respectively. De Roover et al. proposed that the two 

overlapping absorption bands at 1784 cm- l and 1792 cm- l are due to poly(maleic) 

anhydride and succinic anhydride end groups, respectively [5]. 
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Figure 3.1: Infrared spectrum of HBPE-g-MAH in the range 1700 to 1900 cnf' prepared using 2 wt. % 
MAH, 2 wt.% DCP, and a reaction time of 1 hr at 130°C. 24 scans were acquired with a resolution of 4 
cnfl. 

3.3.2 IH-NMR Characterization of Grafted Polymer 

Figures 3.2 and 3.3 show the IH-NMR spectra of peroxide initiated HBPE-g-

MAR, prepared using 2 wt. % DCP and 2 wt. % MAR at 130°C for 1 hr under a nitrogen 

blanket. Besides the expected CH3, CH2, and CH peaks found at 0.89 ppm, 1.33 ppm, and 

1.66 ppm respectively, other weak signals characteristic of the anhydride ring are 

apparent between 3 and 5 ppm. 
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Figure 3.2: lH-NMR ofHBPE-g-MAH prepared using 2 wt.% DCP and 2 wt.% MAH at 130°C for 1 hr. 
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Figure 3.3: lH-NMR ofHBPE-g-MAH prepared using 2 wt.% DCP and 2 wt.% MAH at 130°C for 1 hr. 
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The peaks at 3.73 ppm, 3.91 ppm, and 4.05 ppm could be assigned to the methyne 

proton and two methylene protons of the succinic anhydride ring grafted on the polymer 

side chain, as shown in Figure 3.4. The following graft structure is formed as a result of 

the reaction of the side chain radicals formed by peroxide initiation with maleic 

anhydride as shown in Figure 3.5. 

Figure 3.4: Structure formula representing the methyne and two methylene protons of the succinic 
anhydride ring grafted on the polymer backbone [6]. 

Figure 3.5: Reaction route for the formation of the graft structure displayed in Figure 3.4 [7]. 

The small peaks at 3.25 ppm and 3.73 ppm could be assigned to the two 

methylene protons of the succinic anhydride ring grafted on the polymer side chain as 
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shown in Figure 3.6. This graft structure is formed as a result of the tertiary carbon 

radicals produced by peroxide initiation reacting with maleic anhydride forming the side 

chain grafted product (Figure 3.6), through ~-scission [7]; reaction route is displayed in 

Figure 3.7. 

Figure 3.6: Structure fonnula representing the two methylene protons of the succinic anhydride ring 
grafted on the polymer backbone [6]. 

o 0 

yY 
~+ 

A-:A o 0 

Figure 3.7: Reaction route for the fonnation of the graft structure displayed in Figure 3.6 [6]. 

.~ 

The weaker peaks around 5.20 ppm correspond to the two hydrogens at the chain 

end of the succinyl terminated HBPE, which is shown in Figure 3.8. 
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Figure 3.8: Structure fonnula showing the two hydrogens at the chains end ofthe succinyl terminated 
HBPE [7]. 

The sharp peak at 4.485 ppm could be assigned to the vinyl protons that originally 

existed in HBPE [6]. 

3.3.3 Effect of Initiator Type on Grafting Density 

Dialkydic peroxides are typically used for grafting reactions because of their 

stability and half-lives. If a radical has a short half-life, very high local concentration of 

radicals is produced in a short time, which increases the probability of secondary 

reactions. Moreover, incomplete decomposition may result from a long initiator half-life 

leading to a reduced grafting efficiency and residual peroxide remaining in the solution 

upon the completion of the reaction [8]. Nonetheless, different initiators tend to favor 

different side reactions, and this depends on the type of initiator and on the structure of 

the polymer. For instance, DCP tends to have a higher crosslinking efficiency compared 

to BPO; 50% and 27%, respectively [9]. 

In this section, the effect of the type of initiator on grafting density and reaction 

efficiency was investigated. Two different initiators were examined, namely, dicumyl 
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peroxide, and dibenzoyl peroxide. Initiator (2 wt.%) was added in both cases and the 

reaction was allowed to proceed for 1 hr under a nitrogen blanket. BPO has a much 

shorter half-life at 130°C and therefore the amount of initiator used after 1 hr was 

accounted for when calculating the grafting density and reaction efficiency. Typical half-

lives ofDCP and BPO at 130°C are 104 and 1.2 mins, respectively. Although complete 

consumption ofBPO occurs in 1 hr, DCP still gave a two-fold increase in grafting density 

and significantly higher reaction efficiency. This occurred because the higher reactivity 

ofBPO diminishes its capacity to be dispersed within the solution of available MAR 

molecules before being consumed, and therefore a lower grafting density. Results of the 

effect of type of initiator on grafting density and reaction efficiency are summarized in 

Table 3.1. The grafting density and reaction efficiency results are the averages of three 

different trials while their respective errors represent one standard deviation. 

Table 3.1: Effect of type of initiator on grafting density and reaction efficiency. Dicumyl peroxide (DCP) 
and dibenzoyl peroxide (BPO) were used as initiators. Reaction conducted at 130°C using 2 wt. % MAH, 2 
wt. % initiator, xylene solvent, and allowed to proceed for 1 hr under a nitrogen blanket. 

Initiator wt.% wt.% Grafting Error- GD Reaction Error 
Type initiator MAH Density (%) (%) Efficiency (RE) 
DCP 2 2 1.66 ± 0.09 4.12 ± 0.22 
BPO 2 2 0.76 ± 0.16 0.47 ± 0.10 

3.3.4 Effect of Reaction Temperature on Grafting Density 

Figure 3.9 shows the effect of varying solution temperature on the grafting 

density of MAR onto HBPE. The grafting density results are the averages of three 

different trials while the error bars represent a one standard deviation. 
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The boiling point ofxylenes restricted the experiments to below 139°C. 

Experiments were conducted at five different temperatures: 110, 115, 120, 125, and 130 

°C, respectively. An increase in grafting density was observed at higher reaction 

temperatures. This effect is attributed to escalated initiator thermal decomposition rates at 

higher temperatures, which results in increased radical concentrations in solution. The 

formed radicals abstract hydrogen from the HBPE backbone, which increases the 

probability of MAR appendage and hence results in higher grafting densities. 

f 

t o -,--.-.... --, .. -----,------.-------.--..... -----...,.----------., -. 
105 110 115 120 125 130 135 

Temperature (0C) 

Figure 3.9: Effect of reaction temperature on grafting density. The reaction was conducted using 2 wt.% 
DCP, 2 wt.% MAH, and xylene solvent for 1 hr under a nitrogen blanket. Temperatures in the range 110-
130°C were examined. 

3.3.5 Effect of Initiator Concentration on Grafting Density 

Figure 3.10 shows the effect of varying initiator concentration on grafting density 

and reaction efficiency. The grafting density and reaction efficiency results are the 

averages of three different trials while their respective error bars represent a one standard 
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deviation. Dicumyl peroxide was used as an initiator since it gave improved grafting 

densities and reaction efficiencies compared to benzoyl peroxide. The highest grafting 

density (1.7 %) was observed at a loading of2 wt.% DCP. At a concentration of3 wt.% 

DCP, grafting density dropped to 0.8 %. The optimum grafting density observed between 

2 wt. % and 3 wt. % DCP loading results from a balance between the grafting reaction and 

other side reactions. Increasing the concentration of initiator increases the radical 

concentration, which results in more active sites at the HBPE backbone, favoring MAR 

attachment. However, very high initiator concentrations will lead to excessive amounts of 

radical termination as opposed to MAH grafting. In summary, crosslinking and grafting 

are enhanced as the initiator concentration is increased up to the point where termination 

of primary radicals causes lower reaction efficiencies, which agrees with the literature 

[10]. 
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Figure 3.10: Effect of initiator concentration on grafting density and reaction efficiency. Reaction was 
conducted using dicumyl peroxide as an initiator, varying its concentration from 0 - 4 wt.%. Reaction was 
allowed to proceed for 1 hr, at 130°C, under a nitrogen blanket using 2 wt. % MAH and xylene solvent. 
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3.3.6 Effect of Monomer Concentration on Grafting Density 

Figure 3.11 shows the effect of varying monomer concentration on the grafting 

I 
density, while maintaining a constant initiator concentration. The grafting density results 

are the averages of three different trials while the error bars represent a one standard 

deviation. As the amount of MAH added was increased, an increase in the grafting 
; 

I 

I 
density was noticed, reaching a maximum at a monomer loading of 2 wt. %, followed by a 

plateau combined with a slight decrease in grafting density. The MAH in solution can 

either undergo homopolymerization, producing poly(maleic anhydride), or a thermal 

decomposition of the initiator molecules forming radicals that attack both the MAH 

monomer and HBPE. The macroradicals formed from initiator attacking HBPE 

backbone can undergo chain scission, or crosslinking leading to a decrease or increase in 

molecular weight [11]. 

The diffusion of the monomer molecules to the free radical sites controls the 

extent of grafting [12], therefore at low monomer concentrations, the amount ofMAH in 

solution was insufficient to scavenge all radical sites produced on HBPE backbone. 

Moreover, the probability of homo polymerization is small. At higher MAH loading, 

increased appendage to HBPE backbone was expected, which is reflected by an increase 

in grafting density. At very high MAH concentrations, homopolymerization ofMAH 

predominated over grafting; this leads to a decrease in the grafting density as seen in 

Figure 3.11. 
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Figure 3.11: Effect of maleic anhydride concentration on grafting density. Maleic anhydride concentration 
was varied in the range 0 - 4 wt. %. Reaction was conducted at 130°C for 1 hr under a nitrogen blanket, 
using 2 wt.% DCP, and xylene solvent. 

3.3.7 Water Contact Angle Results 

Table 3.2 shows that as HBPE is modified with MAH, the water contact angle 

decreases. Thin films ofHBPE and HBPE-g-MAH were casted onto polyester films and 

the water contact angle was measured; the water contact angle results are the average of 

three different trials while the error associated represents a one standard deviation. 

Unmodified HBPE exhibited a high water contact angle of 1160 as expected for this 

hydrophobic material. A drop in water contact angle was noted for the grafted HBPE. 

The water contact angle for HBPE, synthesized using 2 wt. % DCP, and 3 wt. % MAR 

with a grafting density of 1.27 % was 91 0
, and the water contact angle for the one 

synthesized using 2 wt.% DCP, and 2 wt.% MAH, with a grafting density of 1.66 % was 
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A small amount of MAR grafting (1 %) onto RBPE backbone resulted in a 

significant drop in water contact angle. This was attributed to the polar character 

introduced to RBPE, through the appendage of MAR. Increase in grafting density 

resulted in further, but not as significant, decrease in water contact angle. Appendage of 

MAR onto HBPE backbone improved the compatibility of this polymer with polar 

substrates. 

Table 3.2: Water contact angle results for HBPE, (2 wt.% DCP, 3 wt.% MAH) HBPE, and (2 wt.% DCP, 2 
wt.% MAH) HBPE. Samples were prepared by casting a thin film onto a polyester film, applying a water 
droplet and measuring the water contact angle. 

Grafting wt.% wt. % Water Contact Error in Water 
Density (%) MAH DCP Angle Contact Angle 

0 0 0 116 ±3 
1.27 3 2 91 ±2 
1.66 2 2 87 ±2 

3.4 Conclusion 

Peroxide-initiated maleation of hyper branched polyethylene elucidated that 

reaction temperature, initiator type, initiator concentration, and monomer concentrations 

have a great impact on grafting density and reaction efficiency. 

Grafting ofMAH on to RBPE backbone was successful as confirmed by FTIR 

and 13C-NMR, and a maximal grafting density of 1.7 % was observed for RBPE-g-MAR 

prepared using 2 wt. % MAR and 2 wt. % DCP. 
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Comparing two different initiators, DCP and BPO respectively, DCP gave a 

significantly higher grafting density. Monomer concentration had a complex effect on 

grafting density, where the grafting density increased to a maximal value at 2 wt.% MAH 

concentration, after which it slightly decreased and leveled off. The observed effect is 

attributed to the competition between the grafting reaction, and other side reactions, 

where their dominancy changed depending on the concentration of MAH in the reaction 

medium. Grafting density increased with increased initiator concentration up to a critical 

concentration, followed by a noticeable drop due to radical-radical combination. 

Temperature increased the rate of initiator thermal decomposition, which subsequently 

resulted in higher grafting density. 

Water contact angle measurements showed that functionalization of HBPE with 

MAH introduced a polar nature to the polymer, which was characterized by a 

significantly lower contact angle compared to unmodified HBPE. This makes HBPE-g-

MAH compatible with polar substrates. 
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Chapter 4: Rheological Characterization of HBPE and HBPE-g-MAH 

4.1 Introduction 

4.1.1 Rheology 

Rheology comes from the Greek work rheos meaning to flow, and it is the study 

of deformation and flow of matter subjected to a stress, which may be a shear stress or an 

extensional stress. The interest in rheology escalated with industrialization, as the flow, 

product quality, and production efficiency need to be controlled, which resulted in the 

wide use of rheological studies in various industries including food, paint, cosmetics, 

ceramic, pharmaceutical, and biotechnology. Materials rheological properties affect every 

phase of their production starting with process design, processing, quality control, and 

product development to product structure, and consumer acceptance (1). Additionally, 

rheology plays a vital role in the correlation string from the catalytic polymerization and 

chain structure to the processing behavior and end-use properties. Figure 4.1 shows the 

mutual effects of rheological parameters on molecular structure and processing behavior 

(2). 
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Figure 4.1: Schematic illustrating the link between rheological parameters and the molecular structure and 
processing behavior of a material (2). 

4.1.2 Theoretical Concepts in Rheology 

Table 4.1 summarizes the telIDs, which are most frequently used when dealing 

with rheological properties and measurements: 

Table 4.1: Definition of the most commonly used rheological terms. 

Property Definition Symbol Unit 
Stress Force per unit area cr Pa 
Shear Relative deformation y Dimensionless 
Shear rate Change of shear strain per unit time y S-1 

Viscosity Material resistance to flow TJ Pa.s 

A material, depending on its flow behavior, generally belongs to one of the 

following categories: viscous, elastic, plastic, and viscoelastic. Viscosity is a measure of 

the resistance to flow, where a larger resistance corresponds to higher viscosity. A 
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viscous material flows when a force is applied, and this flow ceases once the force is 

removed, where a dashpot is typically used to represent a purely viscous response. Elastic 

materials, on the other hand, do not flow, but show solid-like properties. They are 

typically described as a spring, which follows Hooke's law of elasticity. According to 

Hooke's law, as a larger force is applied, a larger spring deformation results, and the 

spring restores its original shape once the applied force is removed. Plastic materials 

show flow properties in the same way as viscous samples, however flow occurs initially 

after a threshold shear stress is exceeded (i.e. yield stress), and the flow will cease as 

soon as the force applied is lower than the yield stress. Viscoelastic materials exhibit both 

elastic and viscous properties, and the response generally depends on the time scale of the 

experiment (t), as opposed to the time scale of the sample, namely, the relaxation time (1") 

(3). 

The rheological behavior of a material is usually presented in two types of 

diagrams. One is the flow curve that shows the shear stress as a function of the shear rate, 

and the other is the viscosity curve, which shows the viscosity as a function of the shear 

rate (4). 

4.1.3 Characterization of Liquids 

Liquids are generally categorized according to their shear rate dependency, which 

creates two categories of fluids, namely, Newtonian and Non-Newtonian (1). 
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Newtonian Liquids 

A material is Newtonian when the viscosity is constant and independent of shear 

rate, and the viscosity does not change with shearing time. This implies that as soon as 

the applied stress is zero, the shear rate is zero. The flow and viscosity curves for a 

Newtonian material are shown in Figure 4.2. 

e': ~ 
~ t"e 
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$::" 

y,l/s y,lIs 

Figure 4.2: Typical flow and viscosity curves of a Newtonian material (4). 

Non-Newtonian Liquids 

Non-Newtonian liquids are materials which exhibit a shear rate and/ or time 

dependency, and hence a non-constant viscosity. Therefore, these materials are generally 

divided into time-independent and time-dependent liquids. The materials which are used 

in this study are all time independent and therefore only time independent materials are 

discussed in this section. 

65 



M.A.Sc. Thesis - M. Raj-Abed McMaster University - Chemical Engineering 

Time Independent Materials: 

a) Shear Thinning 

This is a class of materials, which when subject to an increasing shear rate, the 

viscosity decreases, accompanied by a less than proportional increase in stress as 

shown in Figure 4.3. 

1 
i 

'11 

~-----------------y y 

Figure 4.3: Typical viscosity and flow curves of a shear thinning material (3). 

Shear thinning is mainly a characteristic of materials that contain some form of 

particles or chain coils, such as dispersions, emulsions, polymer melts and solutions. 

When shearing starts, the samples resistance to flow is reduced by the alignment of the 

asymmetric particles in the direction of the flow in the case of suspensions, or large 

molecules being disentangled and stretched, which is the case in polymer melts. 

Moreover, spherical molecules are deformed and aligned along the streamlines, which is 

the case for emulsions. Shearing also results in the physical separation of the particles, 

66 



M.A.Sc. Thesis - M. Haj-Abed McMaster University - Chemical Engineering 

and hence a reduction in the particle-particle interaction, or in the destruction of the 

sample microstructure. All the aforementioned factors result in a reduction in viscosity 

with shear rate, i.e. shear thinning (1). 

b) Shear Thickening 

Shear thickening liquids are those where the viscosity increases with shear rate, 

accompanied with a more than proportion increase in stress as shown in Figure 4.4. 

a '11 

y y 

Figure 4.4: Typical viscosity and flow curves of a shear thickening material (3). 

Highly concentrated suspensions are classified as shear thickening because at 

higher shear rates, the number of contact between particles increases, which increases the 

resistance to flow and hence:'the viscosity. 
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c) Yield Point 

Those materials have to overcome a threshold stress known as the critical stress 

before they can exhibit any type of rheological behavior. 

4.1.4 Rheological Behavior ofHBPE 

Hyperbranched polyethylene produced by a chain-walking mechanism at low 

ethylene pressure « 1 atm), relatively high temperature (25-35 0c), a: Pd-diimine catalyst, 

was found to have many special features and properties, which have a great impact on its 

rheology. It was found that it exhibited dilute solution properties, a characteristic typical 

of dendrimers, and from neutron scattering (5) and AFM (5,6,7,8,9, 10) studies, it was 

also found to have a globular branched structure, similar to that of dendrimers but not as 

well defmed and uniform, since it has a polydisperse molecular weight and branching-

length distribution. 

The aforementioned characteristics resulted in a viscous oil product, which 

exhibited a Newtonian behavior at various temperatures, and over a wide shear rate 

range. Ye et al. (11) reported this behavior for HBPE produced using a Pd-diimine 

catalyst at 35°C, with an ethylene pressure of 0.2 and 1 atm, respectively (Figure 4.5). 
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Figure 4.5: Steady shear viscosity as a function of shear rate for HBPE prepared at 35°C, and 0.2 atm, 
using a Pd-diimine catalyst, measured at various temperatures (11). 

4.1.5 Scope and Objective 

The scope of this chapter is to measure the rheological behavior of hyper branched 

polyethylene grafted with maleic anhydride CHBPE-g-MAR), and that of its parent 

polymer CHBPE), using steady-shear, creep recovery, and dynamic oscillation tests. 

The purpose of this study is to investigate whether the Newtonian behavior 

exhibited by pure RBPE and described in Section 4.1.6 is maintained upon grafting, or 

whether maleic anhydride grafting of the polymer would create a new set of rheological 

properties. 
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4.2 Experimental 

4.2.1 Materials 

HBPE with a molecular weight of 100,000 g/mol was kindly supplied by Dr. 

Zhibin Ye's Group - University of Laurentian, Ontario, Canada. It was synthesized using 

I 
a Pd-diiamine catalyst system at 35°C, and ethylene pressure of 1 atm, according to the 

j 

I literature procedure (12). HBPE-g-MAH was prepared using 2 wt.% MAH and 2 wt.% 

DCP for 1 hr at 130°C, under a nitrogen blanket (following the experimental procedure 

provided in Chapter 3). 

4.2.2 Rheological Characterization 

Rheological characterizations were conducted on a Stresstech HR rheometer in a 

25 mm parallel plate mode with a gap of 1.0 mm. Experiments were performed at 10°C 

intervals, in the range of25 to 65°C, while maintaining the temperature within ±0.2 Dc. 

Polymer samples were subject to steady shear, creep recovery, and small-amplitude 

dynamic oscillation in the controlled stress-mode, where three orders of magnitude of 

shear rates were covered. In the creep recovery experiments, samples were subject to a 

stress at time zero, and the compliance was monitored at constant stress for 100 s. The 

stress was subsequently removed, and the relaxation behavior was recorded. A frequency 

range of 0.001 - 90 Hz was covered in the small amplitude dynamic oscillation mode. 

Strain sweeps were performed before frequency sweeps to establish the linear 

viscoelastic region, and all three measurements were conducted on the same loaded 

sample. 
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Sources of error in rheological experiments could be present due to the lack of 

grip or gaps between the sample and the plate, temperature non-uniformities, and 

deformation of the sample during the course of the experiment. 

4.3 Results and Discussion 

4.3.1 Flow Curves for HBPE and HBPE-g-MAH 

In order to compare the rheological behavior exhibited by HBPE-g-MAH to its parent 

polymer (HBPE), the steady shear viscosity as a function of shear rate was measured and 

the results are presented in Figure 4.6. HBPE displayed a Newtonian flow behavior over 

three orders of magnitude of shear rates, typical of hyper branched polymers, where the 

viscosity was independent of the shear rate at all tested temperatures. The same 

observation was reported by Ye et al. (11, 12). 
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Figure 4.6: Steady shear viscosity as a function of shear rate for HBPE, measured at various temperatures 
in the range 25- 65°C. 

HBPE-g-MAH, exhibited the same behavior displayed earlier for HBPE, where 

the viscosity was independent of shear rate (Figure 4.7). However, data points obtained 
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below a shear rate of 10Hz have been omitted due to the very low signal-to-noise ratio, 

as the material became more viscous upon grafting. Nevertheless, grafting with maleic 

anhydride resulted in an overall increase in viscosity at all tested temperatures, and also 

restricted the Newtonian flow behavior to a narrower window of shear rates, where it is 

apparent that some shear thinning occurs at high shear rates, for the lower measured 

temperatures; 25°C to 45 °c, respectively. Although degradation by chain-scission is the 

dominant reaction for HBPE-g-MAH, and the material was found to be shear thinning, 

the overall viscosity of the grafted material increased instead of decreasing. However, 

this increase in viscosity is explainable in this case because the material has undergone 

solution fractionation during the grafting process, where the shorter chains were soluble 

in acetone, the solvent used in extraction, and therefore they left behind the longer chains, 

which in tum resulted in an overall increase in the viscosity of the grafted material. 
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Figure 4.7: Steady shear viscosity:;as a function of shear rate for HBPE-g-MAH, measured at various 
temperatures in the range 25- 65 DC, 
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4.3.2 Oscillation Measurement Results for HBPE and HBPE-g-MAH 

The complex viscosity curves obtained from dynamic oscillation measurements 

I 

~ 
conducted at various temperatures for HBPE and HBPE-g-MAH are shown in Figures 

4.8 and 4.9, respectively. 

j 
i 

I Results obtained agree with findings from steady shear rate measurements for the 

same samples, and show a Newtonian flow behavior where complex viscosity is 

independent of frequency for HBPE, perhaps a small amount of shear thinning is 

observed for HBPE-g-MAH at the lower end of temperatures measured. Newtonian 

behavior observed in both steady shear and oscillatory measurements occurs due to the 

lack of chain entanglements between the polymer chains, where those chains can move 

past each other with ease and no restrictions. This is a result of dense packing of polymer 

molecules due to the hyperbranched chain topology and surface congestion, which 

prevented any chain entanglements (13). The shear thinning observed for HBPE-g-MAH 

at low temperature suggests that the extent of chain entanglements increases upon 

modification with maleic anhydride. 
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Figure 4.8: Complex viscosity as a function of frequency for HBPE, measured at various temperatures in 
the range 25- 65°C. 
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Figure 4.9: Complex viscosity as a function of frequency for HBPE-g-MAH, measured at various 
temperatures in the range 25- 65°C. 
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4.3.3 Creep-recovery Results for HBPE and HBPE-g-MAH 

Creep recovery measurements were used to investigate whether HBPE and 

HBPE-g-MAH behave as viscoelastic materials or show a pure viscous response, and 

whether modification by grafting has an effect on the compliance. The creep recovery 

curves are presented in Figures 4.10 and 4.11 for HBPE and HBPE-g-MAH, respectively. 

All creep recovery curves display a behavior characteristic of viscous materials, 

where the strain increased constantly while the stress is applied, and remained constant 

once the stress was ceased, which illustrates an irreversible deformation. No elastic 

recovery has been observed for any of the curves tested at various temperatures, which 

elucidates that both HBPE and HBPE-g-MAH are purely viscous in nature, and 

modification by peroxide initiated grafting did not have any effect on the molecular 

structure of the material. 
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Figure 4.10: Compliance curve for HBPE obtained from creep-recovery experiment, measured at various 
temperatures in the range 25- 65°C. 
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Figure 4.11: Compliance curve for HBPE-g-MAH obtained from creep-recovery experiment, measured at 
various temperatures in the range 25- 65°C. 

4.4 Conclusion 

This work identified the rheological attributes, which are characteristic ofHBPE 

and HBPE-g-MAH. It was found that peroxide initiated modification ofHBPE with 

maleic anhydride had a minute effect on the rheological properties of the parent polymer. 

HBPE-g-MAH maintained the same Newtonian behavior as HBPE upon grafting, which 

is typical of hyper branched polymers, however, an increase in viscosity was noticed upon 

modification and slight shear thinning behavior was experienced at high shear rates for 

samples tested at low temperatures (25 - 45°C). 

This concludes that maleic anhydride grafting of RBPE, has no effect on the 

microstructure of the polymer, where the entanglements free environment due to the 
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globular and compact structure of the polymer was maintained, and resulted in a purely 

viscous material with Newtonian flow properties. 
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Chapter 5: Crosslin king of HBPE-g-MAH 

5.1 Introduction 

5.1.1 Polymer Crosslinking 

Crosslinking is the process of joining two or more chains by a direct link with 

covalent bond. The result of crosslinking is to restrict the movement of the polymer 

chains relative to each other, so that when heat and other forms of energy are applied, the 

network structure of the material prevents it from deforming, and material characteristics 

exhibited at room temperature are maintained at higher temperatures (1). Crosslinking 

can also be used to modify or enhance the polymer properties, to make it suitable for 

specific applications. 

Polymer crosslinking can be achieved through multiple routes, including radiation 

treatment, such as ionization energy, electron beam processing, x-ray processing, and 

gamma processing, in which the radiation interacts with the polymer chain forming active 

sites necessary for the crosslinks to form. Another route is through chemical 

crosslinking, where chemicals such as peroxides are added to the polymer, or the 

chemical chain is chemically modified using, for example, silanes or maleic anhydride. 

After the desired product has been formed, an additional processing step, initiates a 

chemical reaction forming the active sites, and subsequently, the crosslinks; the most 

common processing step is exposure to heat (2). 
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Chemical crosslinking is used in this chapter to crosslink hyperbranched 

polyethylene pre-grafted with maleic anhydride, to investigate whether the crosslinked 

material would be suitable for reaction injection molding (RIM) applications. 

1 

5.1.2 RIM History 

I Reaction injection molding (RIM) technology for polyurethanes was developed 

by Bayer AG in the late 1960's. This technology, on the other hand, has been 

significantly improved since it was first developed to fit a wider range of end-use 

products and applications. 

RIM is a plastics-forming process, which is not constrained to a resin with 

narrowly defined properties. Polyurethane RIM technology uses polyurethane to 

manufacture molded parts with different properties and applications. It can produce 

molds ranging from being very flexible to extremely rigid. 

Most monomers forming other thermoplastics come in a pellet form, however 

polyurethane is composed of two different liquid monomer precursors: an isocyanate and 

a polyol. The properties of the final mold are dependent on how the isocyanate and polyol 

systems are formulated (3). 
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5.1.3 RIM Operation 

Reaction injection molding is a chemical reaction by which two liquids are 

reacted together upon mixing to form a solid product. The two liquid components (polyol 

and isocyanate) are kept in two separate, agitator-equipped, and temperature-controlled 

-1 
vessels. Both components are fed in a precise manner, and at high pressure, through 

I 

-I 
supply lines to a mixhead device. 

" 

Liquid reactants enter the mixhead at pressures ranging from 1500 to 3000 psi, 

where they are mixed intensively by high-velocity impingement. Mixed reactants flow 

from the mixhead to the mold at approximately atmospheric pressure, where they 

undergo an exothermic chemical reaction resulting in the polyurethane polymer. For an 

elastomeric part of an average mold size, the mold can be filled in less than a second, and 

it is ready for demolding in 30 to 60 seconds; however, the cycle and shot times are 

dependent on the size of the mold and the formulation of the reactants (3). A schematic 

representation for a polyurethane RIM system is shown in Figure 5.1. 
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Figure 5.1: Reaction injection molding process schematic (4). 

5.1.4 Advantages of RIM 

The unique advantages of RIM technology include: 

MeleriOS 
r[slon and 

R\lciteulatlnfi 
Punlll 

1. Utilizing very low viscosity liquids ranging from 500 to 1500 centipoise, 

2. Handling low processing temperature, 

3. Handling low mold temperatures, and 

4. Handling low internal mold pressures. 

The low viscosity, low temperature, and low pressure provide some very distinct 

benefits for the RIM process compared to other plastic processing technologies (5). 
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5.1.5 Work Objective 

The objective of this work is to examine whether HBPE-g-MAH could be used as 

a potential material for RIM applications. Solution amination is conducted to investigate 

the effect of temperature, reaction time, and diamine concentration on the degree of 

crosslinking of the resultant product. Melt amination is conducted to imitate industrial 

~ reaction injection molding conditions. 

I 

5.2 Experimental 

5.2.1 Materials 

HBPE-g-MAH was prepared using 2 wt.% MAH and 2 wt.% DCP for 1 hr at 130 

°c under a nitrogen blanket (following the experimental procedure provided in Chapter 

3). 1,8-Diaminooctane was purchased from Aldrich, while xylene solution was supplied 

by Fisher Scientific. 

5.2.2 Solution Amination ofHBPE-g-MAH 

HBPE-g-MAH (0.1 g) was dissolved in a 10 mL xylene solution at 130°C for 15 

mins, under a nitrogen blanket, to achieve homogenization. Required amount of 1,8-

diaminooctane was subsequently added to the mixture and amination reaction was 

allowed to proceed for 1 hr. Upon completion of the reaction, polymer was precipitated 

using 5-fold volume of acetone, which was further decanted as soon as the polymer 

settles. Finally, aminated HBPE-g-MAH was dried in a vacuum oven at 115°C over 

night before measuring its gel content. 
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5.2.3 Melt Amination ofHBPE-g-MAH 

HBPE-g-MAH (0.5 g) and finely grinded 1,8-diaminooctane (4 mol 1,8-

diaminooctanel mol HBPE-g-MAH) were added in a layer form to a Petri-dish. The 

mixture was sonicated in a water-bath at room temperature for I hr to achieve intimate 

mixing. The Petri-dish was subsequently placed in a beaker, which in tum is submerged 

in an oil bath at 180 Dc. The melt amination ofHBPE-g-MAH was then allowed to 

proceed for 1 hr. 

5.2.4 Gel Content Measurement 

A weighed amount of aminated HBPE-g-MAH is added to a pre-weighed thimble, 

which is then inserted to a Soxhlet apparatus running under reflux for 24 hrs, where 

xylene is used as a solvent. After 24 hours, the thimble containing the gelled polymer is 

dried under vacuum at 60 DC for 12 hrs. Subsequently, the dried thimble is weighed and 

the gel content is calculated based on the amount of gelled polymer in the thimble with 

respect to the initial amount of polymer added to the thimble (6). 

5.2.5 FTIR Characterization 

FTIR spectra were recorded using Bio-Rad FTS-40 FTIR machine by applying a 

small amount of aminated HBPE-g-MAH onto a sodium chloride disk. Spectra were 

recorded in the range of 1650 to 1850 cm-1 with a 4 cm-1 resolution and 64 scans. 
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5.3 Results and Discussion 

5.3.1 FTIR Characterization of Crosslinked Polymer 

The FTIR spectrum of aminated HBPE-g-MAH prepared using 4 moll ,8-

diaminooctanel mol HBPE-g-MAH at 130 DC for 1 hr is shown in Figure 5.2. The 

absorption band around 1780 cm-! is characteristic of grafted maleic anhydride onto 

HBPE backbone (7). The new sharp peak introduced at 1700 cm-! was due to the 

formation of the imide group upon conducting the amination reaction (8). 
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Figure 5.2: Infrared spectrum of diamine crosslinked HBPE-g-MAH between 1650 and 1850 em-I 
crosslinked using 4 mol diaminel mol HBPE-g-MAH, reaction time of 1 hr at 130°C. 64 scans were 
acquired with a resolution of 4 em-I. 

5.3.2 Effect of Reaction Temperature on Degree of Cross linking 

Figure 5.3 displays the effect of reaction temperature on the amination reaction of 

HBPE-g-MAH. Five different temperatures were investigated: 110, 115, 120, 125, and 

130 DC, respectively. Reaction was allowed to proceed for 1 hrusing 4 mol 1,8-
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diaminooctanel mol HBPE-g-MAH. It is noticeable that increasing the reaction 

temperature from 110 DC to 120 DC resulted in increasing the gel content of the 

crosslinked product from 52 % to 62 %. However, further increase in reaction 

temperature to 130 DC gave a gel content of 63%, which was consistent with that obtained 

at 120 DC. This shows that the degree of crosslinking was independent of reaction 

temperature beyond 120 DC. 
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Figure 5.3: Effect of reaction temperature on the degree of crosslinking ofHBPE-g-MAH. The reaction 
was conducted by adding 4 mol diaminel mol HBPE-g-MAH, using xylene as a solvent under a nitrogen 
blanket. Reaction time was I hr and temperature was varied in the range 110 - 130 DC. 

5.3.3 Effect of Reaction Time on Degree of Crosslinking 

The effect of reaction time on the degree of crosslinking has been investigated, 

and the results are presented in Figure 5.4. Reaction time was varied from 1 to 4 hrs at 

130 DC, using 4 moll ,8-diaminooctanel mol HBPE-g-MAH. Increasing reaction time 

from I to 4 hrs did not have a significant effect on the degree of crosslinking of aminated 
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HBPE-g-MAH. Running the reaction for 4 hrs resulted in a 67.1 % gelled polymer as 

opposed to 62.7 % achieved upon running the reaction for 1 hr. This proves that the effect 

of reaction time on solution amination ofHBPE-g-MAH is minute beyond 1 hr, and 

therefore running the reaction for 1 hr is sufficient to achieve approximately the same 

level of cross linking as rulllling it for 4 hrs. This agrees with the findings ofLu et al. that 

the reaction of an aliphatic primary amine and a cyclic anhydride is very fast (8). From an 

industrial standpoint, although 4 hrs of reaction time gives a slightly higher degree of 

crosslinking, however the costs associated with conducting the reaction for 4 hrs as 

opposed to 1 hr, outweigh the advantage acquired from a slight increase in gel content. 
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Figure 5.4: Effect of reaction time on the degree of crosslinking for HBPE-g-MAH. Reaction was 
conducted by adding 4 mol diaminel mol HBPE-g-MAH, using xylene as a solvent under a nitrogen 
blanket. Reaction temperature was 130 DC and reaction time was varied from 1 - 4 hrs. 
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5.3.4 Effect ofDiamine Content on Degree of Cross linking 

The amount of 1,8-diaminooctane was varied to examine its effect on the degree 

of crosslinking. Experiments were conducted at 130 DC for 1 hr under a nitrogen blanket, 

using 0 to 8 moll,8-diaminooctanel mol HBPE-g-MAR. Gel content increased as the 

concentration of 1,8-diaminooctane was increased until it reached a maximal of 62.7 % at 

4 mol1.8-diaminooctanel mol HBPE-g-MAH, where after this peak it started to decrease. 

In amination, there is a competition between two reactions depending on the 

concentration of diamine added; as can be shown in a structural schematic for the 

reaction (Figure 5.5). Initially, when the concentration of diamine is less than or equal to 

4 mol1.8-diaminooctanel mol HBPE-g-MAH, RBPE-g-MAH chains will get linked to 

both converted functional groups of the diamine - reaction (b), as opposed to having free 

amine functionality attached to each HBPE-g-MAH molecule - reaction (a). Crosslinking 

results from the coupling of both diamine functional groups to two MAR groups on 

different RBPE chains, which leads to an increase in viscosity. Beyond 4 mol 1.8-

diaminooctanel mol HBPE-g-MAR, reaction (a) is dominant, where at least one free 

amine group is attached to each HBPE-g-MAH molecule, resulting in a decrease in the 

gel content. 
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Figure 5.5: Reaction of diamine with hyperbranched polyethylene. 

Lu et al. (8) reported the amination results for PP-g-MAR using 

hexamethylenediamine, which is a slightly shorter diamine than the one used in this 

study. They found that 0.5 mol hexamethyldiaminel mol PP-g-MAR is the critical 

diamine concentration, where coupling of both functional groups occurs below this 

concentration - reaction (b), and attachment of free amines occurs above this 

concentration - reaction (a) (8). Comparing these results to those reported for HBPE-g-

MAR (Figure 5.6) reveals a very important feature retaining to the effect of the structural 
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properties of these polymers on the critical concentration of diamine, and the point at 

which reactions (a) and (b) switch dominancy. 
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Figure 5.6: Effect of diamine concentration on the degree of crosslinking ofHBPE-g-MAH. Reaction was 
conducted at 130°C for I hr using xylene as a solvent under a nitrogen blanket. Diamine concentration was 
varied in the range 0 - 8 mol diaminel mol HBPE-g-MAH. 

The degree of branching of polymers controls the feasibility and extent of 

crosslinking. Statistically speaking, one diamine molecule should be sufficient to 

crosslink two polymer chains, however the structure of the polymer can render achieving 

this statistical ratio infeasible. Hyperbranched polyethylene is extremely branched, and 

globular in nature, which hinders the diffusion of diamine molecules, and makes it 

tougher to couple two different chains, due to limited accessibility of maleic anhydride 

moieties residing inside globular structure. Therefore, a high concentration of diamine is 

necessary to gel the polymer as can be seen in Figure 5.7 (a). Polypropylene, on the other 

hand, although branched (with CH3 groups), still exhibits a linear structure, which makes 
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the diffusion of diamine molecules between the chains more facile and hence it is much 

easier to couple two different chains. Hence, a much lower concentration of diamine in 

solution is sufficient to cause crosslinking, and the statistical ratio mentioned earlier can 

be achieved as shown in Figure 5. 7 (b). 

(a) (b) 

II 

___ Crosslink 

• ~·lAH graft 
II Diamine 

Figure 5.7: Illustration for the amination reaction of (a) HBPE and (b) PP. 

5.3.5 Application to Reaction Injection Molding 

Melt amination ofHBPE-g-MAH was conducted to examine the feasibility of 

using this type of material in reaction injection molding applications. Figure 5.8 is a 

schematic of the process, where both HBPE-g-M,A~~ (i11) and 1,8-diaminoocatine (B) are 

mixed by sonication, and then heated to form a mold. 
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The amination reaction was conducted in melt at ISO DC for 1 hr to imitate 

reaction injection molding conditions. The resultant crosslinked polymer is shown in 

Figures 5.S and 5.10, where snapshots were taken upon the completion of the reaction. 

Hyperbranched polyethylene is a viscous oil, and 1 ,S-diaminooctane has a melting point 

of 50-52 DC; both materials are in liquid form at the temperature at which the reaction is 

conducted. Melt amination was successful as both materials formed a soft solid material 

of aminated HBPE-g-MAH, with a degree of crosslinking of 70 %, which renders HBPE-

g-MAH suitable for reaction injection molding applications upon crosslinking with an 

amine. The only drawback is the change in color accompanied by amination, where the 

polymer changes from colorless to a deep yellow color. This problem can be overcome 

by adding coloring reagents depending on the final use or application. 

Impingement 
Mixing 

Figure 5.8: Process schematic for reaction injection molding (9). 
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Figure 5.9: Diamine crosslinked HBPE-g-MAH, prepared by using 4 mol diaminel mol HBPE-g-MAH. 
Mixture was sonicated to achieve good mixing before conducting melt reaction at 180°C for 1 hr. 

Figure 5.10: Melt prepared diamine crosslinked HBPE-g-MAH, after finding the degree of gelation using a 
Soxhlet apparatus; 70% of the resultant polymer was gelled. 
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5.4 Conclusion 

Solution amination ofHBPE-g-MAH using 1,8-diaminooctane elucidated that the 

I 
i 

degree of crosslinking is independent of temperature beyond 120 DC and of reaction time. 

A reaction time of 1 hr is sufficient to achieve complete reaction between HBPE-g-MAH 

and diamine. 

A critical concentration of 4 moll,8-diaminooctanel mol HBPE-g-MAH gave the 

highest degree of crosslinking. Higher diamine concentrations resulted in decreased 

degree of crosslinking because of free amine attachment to the HBPE-g-MAH becoming 

the dominant reaction, as opposed to coupling between two chains, forming crosslinks. 

The structure of the polymer was found to have tremendous effect on the 

concentration of diamine necessary to gel the polymer. The hyperbranched and globular 

nature ofHBPE-g-MAH restricted accessibility of maleic anhydride moieties and 

diamine diffusion, and hence a higher concentration of diamine was needed to crosslink: 

the polymer compared to that needed to crosslink PP-g-MAH in the work ofLu et al (8). 

Melt amination ofHBPE-g-MAH was successful, where a soft solid polymer was 

formed from two liquid reactants at 180 DC. This suggests that HBPE-g-MAH proved to 

be a potentiai material for reaction injection molding applications. 
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Chapter 6: Significant Research Contributions and Recommendations for Future 
Developments 

6.1 Significant Research Contributions of Thesis Work 

The following research work falls under the umbrella of polyolefin modification, 

in specific; this thesis concentrates on the peroxide initiated grafting of hyperbranched 

polyethylene with a monomer, namely, maleic anhydride, to improve compatibility and 

adhesion to polar substrates. In addition, to gain fundamental understanding through 

characterization and correlation of the reactions which take place. A number of 

significant conclusions and contributions to the polyolefm research field have been made 

in this thesis work; these contributions are respectively summarized as follows. 

In Chapter 2, the reactions undergone by hyperbranched polyethylene modified 

by peroxide initiation are presented, by correlation to the zero shear viscosity data 

obtained from rheological characterization and to the number of CH, CH2, and CH3 

groups obtained from high-temperature 13C-NMR experiments. Comparison to other 

commercially available polyolefins in terms of reactions such as crosslinking and 

degradation undergone upon modification are also presented. Studies have shown that 

hyperbranched polyethylene undergoes both crosslinking and degradation; however, it 

was found that degradation is the dominant reaction. 

In Chapter 3, a novel material was prepared by grafting hyperbranched 

polyethylene with maleic anhydride; grafting was confirmed using FTIR and high 

temperature lH-NMR. The effect of process conditions and parameters, such as reaction 
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temperature, initiator concentration, monomer concentration, initiator type, and reaction 

time, on the grafting reaction was investigated, where a maximal grafting density of 

1.7% was achieved using 2 wt. % DCP and 2 wt. % MAH, while running the reaction at 

130°C for 1 hr. Moreover, upon polymer grafting, a significant decrease in the water 

contact angle was attained in comparison to hyperbranched polyethylene, which is 

hydrophobic. 

In Chapter 4, the rheological properties of hyper branched polyethylene grafted 

with maleic anhydride were presented and compared to those of the parent polymer 

(hyperbranched polyethylene). Studies elucidated that hyperbranched polyethylene 

grafted with maleic anhydride exhibited a Newtonian behavior and showed a pure 

viscous response between 25 and 65°C, analogous to hyperbranched polyethylene. 

However, an overall increase in viscosity, and a slight shear thinning behavior was 

noticed in the high shear rate region at low temperatures. It was concluded that grafting 

with maleic anhydride had no effect on the globular microstructure of the polymer. 

In Chapter 5, crosslinking of hyper branched polyethylene grafted with maleic 

anhydride was achieved using a diamine, and confirmed using FTIR. The effect of 

various process parameters such as reaction temperature, diamine concentration, and 

reaction time on the degree of crosslinking was examined; a maximal degree of 

crosslinking of 62.7% was achieved using 4 mol diaminel mol HBPE-g-MAH. It was 

concluded that the structure of the polymer has immense effect on the concentration of 
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diamine required to gel the polymer. Nonetheless, melt amination of hyper branched 

polyethylene grafted with maleic anhydride was successful; a solid gelled polymer was 

formed from viscous oil. This renders it as a type of potential material for reaction 

injection molding applications. 

6.2 Recommendations for Future Research 

6.2.1 Melt Grafting of Hyperbranched Polyethylene 

Although solution grafting of maleic anhydride onto hyperbranched polyethylene 

was successful in this thesis, however, melt grafting through reaction extrusion is more 

industrially appealing as it is a continuous process with short reaction time and low 

infrastructure cost, which involves no use of solvent, and therefore simple product 

isolation. Investigation of melt grafting was not feasible in this work, due to the limited 

amount of hyper branched polyethylene supplied, however, as a future development, melt 

grafting of hyper branched polyethylene should be investigated. Success of melt grafting, 

will be of significant academic importance and industrial interest. 

6.2.2 Mechanical Testing and Characterization of Crosslinked HBPE-g-MAH 

This thesis work presented the successful crosslinking ofHBPE-g-MAH, where a 

solid product was formed from very viscous oil. Larger scale preparation of this 

crosslinked product should b~ done in future work, enough for rheological and 

mechanical testing to be conducted, in order to have a better fundamental understanding 

of the microstructure of the gelled polymer, and to open the door for further 
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improvements to its properties through the addition of coagents and additives during the 

preparation process. 

6.2.3 Reaction Injection Molding of crosslinked HBPE-g-MAH 

Applicability of reaction injection molding technique in the preparation of 

diamine crosslinked HBPE-g-MAH should be investigated; this development can only be 

achieved through collaboration with an industrial partner. A great technological 

advancement will take place if this type of material can be prepared by reaction injection 

molding, which in tum will create a new area of industrial research that will further lead 

to the development of unique and specialized products and applications. 
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