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Abstract 

Associating polymers, consisting of relatively small functional groups capable of forming 

reversible physical associations, represent an important class of materials since they can be used 

in stimuli-responsive systems. They have found numerous applications in self-healing systems, 

and they can be used as shape memory polymers and biomaterials. Their complex behavior 

depends on the delicate interplay between the chemistry of functional groups and polymer 

dynamics. Therefore, it is essential to understand the physics of these complicated networks to 

exploit their full potential for important/innovative applications. 

Two classes of associating polymers, namely ion-containing polymers (ionomers), and 

hydrogen bonding polymers, were studied. Using a rotational rheometer and the Sentmanat 

extensional fixture, a full rheological characterization of several commercial ionomers and a series 

of novel amine-containing polynorbornenes and polycyclooctenes was conducted. Emphasis has 

been placed on the distribution of the relaxation times to identify the characteristics times such as 

reptation, Rouse times and the characteristic lifetime of the ionic and hydrogen bonding 

associations. These characteristic relaxation times were related to the structure of these polymers 

using developed scaling theories. 

Complete removal of ions was performed to produce copolymers in order to study the 

relative effects of ionic associations. It was demonstrated that ionic interactions increase the linear 

viscoelastic moduli and the viscosity by up to an order of magnitude and cause significant strain 

hardening effects in uniaxial extension. Similarly, for the novel hydrogen bonding polymers, the 

reversible associations significantly increase the rheological properties and thus delay their 

relaxation, causing chains to strain-harden before failure. Additionally, it was discovered that the 
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amine-containing polymers exhibit outstanding self-healing properties. Optimal, fast self-healing 

response was achieved by varying the molecular weight and structure of these materials. 

Finally, the capillary flow of several commercial ionomers was studied both 

experimentally and numerically. The excess pressure drop due to entry, the effect of pressure on 

viscosity, and the possible slip effects on the capillary data analysis were examined. Rheological 

data were successfully fitted to a viscoelastic model developed by Kaye, Bernstein, Kearsley, and 

Zapas, (known as the K-BKZ model) to perform relevant capillary flow simulations.  
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Lay Summary 

Two classes of associating polymers were studied in this thesis. One group possesses strong 

ionic associations (ionomers) and the second group has hydrogen bonds (polynorbornenes and 

polycyclooctenes). The goal was to study the flow properties (rheology and dynamics) of these 

materials and relate them to their molecular characteristics. Additionally, important applications 

emerged for the polymers used in this work. First, for the ionomers, this study has shown a way to 

process them and investigate their flow behavior numerically by using an integral model. This 

model was capable of capturing both the rheological and flow behavior accurately. Based on this 

work, the model can further be used to simulate the behavior of ionomers in other processing 

operations, such as injection molding and film blowing. In addition, the polycyclooctenes 

developed in this work were found to exhibit a remarkably fast self-healing behavior and equally 

fast recovery of their mechanical properties after fracture/failure. 
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Preface 

Some parts of this thesis are reproduced with permission from the published research 

articles. Chapter 2. Sample preparation and experimental procedures are partially taken from the 

following publications: T. Tomkovic and S.G. Hatzikiriakos, J. Rheol., (2018), 62, 1319; T. 

Tomkovic et al., J. Non-Newtonian Fluid Mech., (2018), 262, 131; T. Tomkovic et al., Phys. 

Fluids, (2019) 31, 1; Provisional patent app. UBC-18-076 ñAmine-functionalized polyolefins and 

methods of preparation and use thereofò. 

Chapter 3. Most of this chapter has been previously published as T. Tomkovic and S.G. 

Hatzikiriakos, J. Rheol., (2018), 62, 1319. Both authors participated and designed the research. I 

did all the experimental work and the analysis of the data in terms of a scaling theory to extract 

the characteristics times of the relaxation with some guidance from professor S.G. Hatzikiriakos. 

Chapter 4. Most of this chapter has been previously published in two research articles. T. 

Tomkovic et al., J. Non-Newtonian Fluid Mech., (2018), 262, 131; T. Tomkovic et al., Phys. 

Fluids, (2019) 31, 1. I performed all experimental work, analysis of the data, and the fitting using 

the K-BKZ model with some guidance from professor S.G. Hatzikiriakos. Professor E. Mitsoulis 

run all numerical simulations. 

Chapter 5. Some parts are used for the papers to be submitted for publication with guidance 

from both professor S.G. Hatzikiriakos and professor L.Schafer. Synthesis of functionalized 

polynorbornenes had been performed by N. Kuanr as well as the molecular characterization of 

these polymers. Some experimental results of functionalized polycyclooctenes have been 

published in the Provisional patent app. UBC-18-076 ñAmine-functionalized polyolefins and 

methods of preparation and use thereofò. D. Gilmour synthesized these polymers and carried out 
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the molecular characterization. For both polymers, I did all thermal and rheological 

characterization as well as the self-healing experiments. 
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Chapter 1: Introduction  

In the early 20th century, when polymer chemistry was born, the majority of scientists 

believed that materials like rubber, silk, and cotton consisted of small molecules grouped into large 

aggregates which formed superstructures that possessed specific properties.1,2 However, 

Staudinger and Carothers were the first supporters of a new theory that coined the term 

macromolecules. They described them as small molecules connected with covalent bonds into 

much larger structures, with much higher molecular weight which was responsible for all material 

properties.3 Both of them were publicly criticized for their ideas which were not believed to be 

possible in nature or laboratories at that time. Ultimately, they managed to convert skeptics and 

prove their theories through ñproof by synthesisò when one of the most important polymeric 

material, nylon, was formed.4 

In the late 80s, an revolutionary idea was born with the introduction of supramolecular 

polymer chemistry when small molecules were connected into long telechelic polymers through 

reversible intermolecular forces.5,6 These forces can actively assemble small molecules into 

networks by forming crosslinked structures with enhanced mechanical and physical properties. 

This class of polymers consists of associating groups that are capable of forming reversible 

interactions and therefore tuning the polymer properties. Associating polymers include two groups 

of polymers. One group are charged polymers such as ionomers and polyelectrolytes, and the 

second group are metal-ligand complexes7ï11 and hydrogen bonding polymers12ï14. 

This thesis examines the rheological properties of two different classes of associating 

polymers in order to determine their relaxation processes and dynamics. The first class is ion-

containing polymers, which are thermoplastic carboxylic ionomers, i.e. sodium salt of ethyleneï

methacrylic acid copolymers. These polymers have various degrees of neutralization and content 
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of carboxylic groups, where significant ionic interactions exist between individual molecules 

which form clusters and multiplets.7 The second class is hydrogen bonded polymers, amine-

containing polynorbornenes and amine-containing polycyclooctenes, where the hydrogen bond 

interactions are present between molecules (intermolecular associations) and elements of the same 

molecule (intramolecular associations).  

 

1.1 Definition, Characteristics, and Application of Associating Polymers 

Conventional polymers widely used in everyday life, such as polyethylenes and 

polypropylenes, contain macromolecules in which the repetition of small structural units are 

mainly connected by covalent bonding. On the other hand, associating polymers consist of pendant 

side- or end-groups on a polymer backbone which can undergo reversible breaking and 

reformation. These reversible bonds are based on various non-covalent, transient interactions such 

as hydrogen bonding14ï19, ionic interactions20ï22 metal-ligand coordinations4,23ï27, ˊ-ˊ 

interactions28,29, host-guest complexes30,31, and mixed interactions32ï34. 

Physical crosslinks are formed through interactions of the associating groups, which are in 

the literature referred to as ñstickersò35, and this terminology is used throughout the thesis. One 

important feature of polymer networks consisting of associating groups is the reversibility of the 

transient bonds compared to networks built of covalent bonds. The presence of associating groups 

can drastically change the viscoelastic characteristics of polymer networks.8,36,37 Another 

significant property of these complex networks is the chain mobility due to the capability of 

dynamic bonds to dissociate and reassociate multiple times. The dynamic nature of these bonds 

might affect the relaxation times, not only of the whole molecules, but also of the chain segments 
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and individual supramolecules11,35,38ï45. These characteristics are crucial for associating networks 

to respond to external stimuli.  

Associating polymers are employed in many disciplines where the formation of dynamic 

reversible bonds plays a significant role. Dynamic rearrangement of complex networks represents 

the basis of the stimuli-responsive nature of these materials46ï48. They can have intrinsic self-

healing abilities16,27,49ï55, where formed damage can be autonomously repaired with or without 

external stimuli. They can also be used in tissue engineering applications56ï60, due to the 

similarities in stress relaxation with soft tissues. Another interesting property is their ability to 

return to their original shape that was changed after applying certain force.61ï63 Their value lies in 

their numerous applications such as adhesives64,65, coatings56,66, biomedical implants67,68, 

controlled drug delivery and release systems69ï71, and flocculants for treating waste-water72. To 

fully utilize the potential of associating polymers for important applications, a complete 

understanding of their rheological behavior is needed in both shear and extensional flows. 

Additionally, a thorough study of their flow behavior in simple flows such as capillary rheometry 

(simple contraction flows) would help to understand their processing capabilities.  

 

1.2 Ionomers 

An important class of associating polymers is the ion-containing polymers, because of their 

wide range of applications. In this section, the general characteristics of ionomers are described. It 

includes their definition, the different ways of their synthesis, their structure and composition of 

certain commercially available ionomers, and finally their distinct properties important in 

processing. 
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1.2.1 Definition of Ionomers 

Ionomers belong to a special polymer class that is built of hydrocarbon backbone 

(polyethylene, polystyrene) with pendant groups (acrylic, methacrylic, or sulfonic acid) that are 

partially or fully neutralized with different metal ions (alkali, alkaline earth metals, or transition 

metals). Since their discovery, the ionomer definition has changed several times. Rees and 

Vaughan73 developed the first class of these materials and named them óionomersô to describe the 

pendant ionic group on the olefin-based polymer backbone. As the development of ion-containing 

polymers was ascending, Tant and Wilkes74 defined ionomers as thermoplastic copolymers 

comprising of a small percentage of ionic groups, typically about 15 mol%. This ionomer 

definition is widely used till today. Due to the lack of distinction between ionomers and 

polyelectrolytes, Eisenberg and Rinaudo75 refined the definition of ionomers. They described them 

as materials whose bulk properties are influenced by the interaction between ions within ionic 

aggregates.75 Ionic aggregates are explained in further detail in the following section. 

 

1.2.2 Preparation and Composition of Ionomers 

Overall, ionomers consist of non-ionic repeating units that form polymer backbone and 

ionic groups that can be placed at various positions along the polymer chains. The properties of 

ionomers greatly depend on the distribution of ionic groups within the polymer matrix. Ionic 

groups can be placed at one end (monochelic) or both ends (telechelic) of the polymer chain.76,77 

They can be distributed within the polymer backbone in random or systematic fashion (ionenes).7 

A common design is in the form of copolymers (block or random), where one polymer consists of 

pendant ionic groups.78 However, in all these cases ionomers tend to form ionic aggregates despite 

the position of ionic groups. The rheological and mechanical properties of ionomers strongly 
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depend on the structure of the polymer backbone, concentration, type and distribution of ions.7 

Whereas the architecture of the polymer backbone, i.e., linear, branched, star, grafted (comb-like) 

can have a significant impact on polymer characteristics, varying the amounts of ionic species, as 

well as the type and concentration of ions, can alter the polymer properties to a large extent.  

In general, ionomers can be synthesized using two different routes: i) functionalization of 

previously prepared polymer, and ii) block or random copolymerization of nonionic monomer and 

a small amount of functionalized monomer. 78ï80 Commercial ionomers mostly consist of carboxyl 

or sulfonic groups prepared either by copolymerization or post polymerization functionalization 

which is more common for sulfonate ionomers.81,82 The acid groups can be further neutralized with 

different metal ions when the strong ionic bond is formed between ionic species and metal 

cations.78 

The industrial synthesis route to prepare carboxylated ionomers is through free radical 

copolymerization of acrylic or methacrylic acid with olefin type monomer (ethylene). This method 

is mostly used to synthesize thermoplastic and elastomeric ionomers. The most famous 

thermoplastic ionomers are Surlyn® ionomers, produced by DuPont, which consist of two 

comonomers ethylene and methacrylic acid partially neutralized with various metal hydroxides. 

Additionally, carboxylated rubbers are a copolymer of butadiene and acrylic acid, and terpolymers 

of styrene-butadiene-acrylic acid and butadiene-acrylonitrile-acrylic acid.79 The functionalization 

of pre-formed polymer is widely used for the preparation of sulfonated ionomers. During this 

preparation the ionic groups are incorporated onto the polystyrene backbone by electrophilic 

substitution of unsaturated aromatic rings, and then neutralized by using metal hydroxides.83 In all 

these cases the ionic groups are randomly distributed along the polymer chain. 
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Thermoplastic ionomers like Surlyn® (DuPont), IotekTM (ExxonMobil), AmplifyTM (Dow 

Chemicals) are very popular commercial ion-containing materials. Despite their higher viscosity 

and slower relaxation compared to nonionic counterparts they can be easily processed by film 

blowing, injection molding, or extruded into pellets. Moreover, their popularity is based on 

advantageous characteristics such as transparency, tear and abrasion resistance, low temperature 

impact toughness, tensile strength, and resistance to many solvents.74,84,85 Therefore, they have 

found a wide range of applications in food packaging, cosmetics, and medical devices, covers for 

golf balls and ski boots, membrane formations, automobile parts, coatings, and more advanced 

systems such as self-healing materials that are used by the military and space industry.86,87 

 

1.2.3 Morphology of Ionomers 

In connection with the great interest in this type of materials, due to their excellent 

mechanical and rheological properties, as well as their wide range of applications, many 

researchers have explored the connection of ionomers properties to morphology in detail.7,78,85 

Despite years of research, many questions about the ionomer structure remain unanswered. This 

is because the ionic structure depends on not only on the number of ionic groups, but also on their 

distribution and topology of the polymeric backbone. 

Ionic groups promote unique attractions that give ionomers a distinctive microstructural 

character.  It is well known that ion-counter ion through electrostatic (Coulombic) interactions and 

dipole-dipole associations strongly interact, which result in the formation of multiplets. They 

present the smallest possible form of ionic aggregates that are in a most likely spherically shaped.7 

Several factors play a crucial role in formation of multiplets, such as electrostatic interactions 

between the ion pairs, the ion content, and the properties of the host polymer.88 According to 
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Eisenberg et al.7,88 the presence of multiplets reduces the chain mobility, which affects the glass 

transition temperature (Tg) of the polymer in bulk. Therefore, an increase of ion content would 

reduce the distance between the multiplets, which will eventually overlap, and a large region of 

ionomer with restrained mobility will be formed. This continuous region is referred to as a cluster, 

that has the characteristics of the second phase within the polymer, and even possesses an 

independent Tg. This behavior is related to microphase separation, where the aggregates of ionic 

groups are dispersed into a nonpolar polymer matrix.88 The properties of ionomers are greatly 

affected by the presence of these aggregates that act as reversible crosslinks.  

Numerous molecular theories were formulated to describe the morphology of ionomers 

and connect it to their mechanical characteristics. Detailed description of these theories can be 

found elsewhere.89,90 These models could explain some of the ionomer properties, but they were 

not completely consistent with all experimental findings since they were developed for specific 

systems. Eisenberg, Hird, and Moore88 formulated the model named EHM that was the most 

successful in linking properties of ionomers with their morphology. This model represents 

multiplets as discrete regions that restrict the mobility of chain segments surrounding them. They 

can be observed as physical crosslinks formed within the polymer, which limit the mobility of 

chains considerably.91ï93 An increase of ionic content leads to the growth of these regions which 

eventually overlap and form clusters. Although this model was the most effective in explaining 

almost all properties of ionomers, there are still some that cannot be interpreted. 

The morphology of ionomers was examined by a variety of experimental techniques, such 

as small-angle X-ray scattering and scanning transmission electron microscopy. The latter has 

revealed the structure of ionomers in bulk consisting of roughly spherical aggregates of ionic 
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groups about 2 nm in diameter.94 The authors showed an increase in the density of ionic aggregates 

as the neutralization level increased. 

 

1.2.4 Thermal, Physical, and Mechanical Characteristics of Ionomers 

The characteristics of ionomers are mainly influenced by the presence of ionic groups that 

form complex and unique microstructures. The impact of ionic content on physical and mechanical 

properties of ionomers were extensively studied by many researchers that identified significant 

effects of multiplets and clusters.95ï97 The powerful effect of ionic groups is evident in various 

properties, such as glass transition and melt temperature, rheological behavior, stiffness, and 

tensile strength.7,85,98 For instance, testing the mechanical properties of sulfonated polystyrene 

ionomers with different content of ionic groups has shown a remarkable increase in toughness and 

tensile strength, compared to parent polymer without ions.96 Similarly, carboxylated polyethylene 

ionomers exhibit a significant rise in modulus when starting from the parent copolymer and 

increasing the number of ions to 80 %.73,97 In comparison to conventional polymers, elastomeric 

ionomers possess improved toughness, abrasion resistance, adhesion, and strength.7,85 

Due to the commercial importance of ionomers, which are processed in the melt state, the 

effect of ionic groups on melt flow behavior is of particular interest. As previously explained, the 

ionic aggregates could form reversible crosslinks that significantly affect the flow of polymer. 

Consequently, the viscosity and relaxation times of ionomers rise by about an order of magnitude 

compared to their nonionic counterpart.78 Despite their high viscosity, ionomer melts can be 

processed using conventional processing equipment. The mechanism that explains the flow of 

ionomers was first described by Cooper99 and Hara100 as óion-hoppingô. The ionic interactions are 

described by the associations lifetime representing the time necessary for the ionic group to find a 
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new partner after dissociation.35,42 This associations lifetime is the average time that the ionic 

group spends in an aggregate before it óhopsô to another one. Within that time, the polymer chain 

that holds the ionic group relaxes allowing ionomer to flow. Consequently, the reptation time or 

terminal relaxation time required for the whole polymer chain to disentangle is higher due to the 

presence of temporary crosslinks that reduces the chain mobility. To completely understand the 

flow behavior of ionomers, and the associated processing capabilities, it is essential to determine 

these characteristic relaxation times. Existing molecular theories can be applied to analyze ionomer 

dynamics, as discussed in later sections.  

 

1.3 Amine-Containing Polymers 

One of the major benefits of associating polymers is the reversibility of temporary 

crosslinks that allows material to respond to external stimuli like temperature, pH, or solvents.12 

One of the most popular reversible interactions in associating polymers is hydrogen bonding. Two 

distinct groups of hydrogen-bonded polymers are discussed in this section, which belongs to a 

class of amine-containing polymers. The main difference is in their polymer backbone where in 

one case we have polynorbornene and the other polycyclooctene. This change in the backbone 

structure significantly alters the material characteristics. A short introduction of hydrogen bonds 

will be presented, followed by an introduction of functionalized polynorbornenes and 

polycyclooctenes that have two distinct backbone structures.  

 

1.3.1 Hydrogen Bonding 

As mentioned previously, molecules that contain groups capable of forming hydrogen 

bonds (dipole-dipole interactions) are frequently used to synthesize crosslinked polymer networks. 
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The structure and properties of many biological systems depend on the presence of hydrogen 

bonds. Broadly speaking hydrogen bonding systems can be divided into strong, medium or weak 

strength bonds.101 The difference between strong and medium or weak hydrogen bonds is 

significant. On the one hand, strong H-bonds are present in systems like F-HĀĀĀF
-
, or O-HĀĀĀO

-
 

where the H atom is somewhere between two other atoms (fluorine or oxygen), therefore, the 

distance is short, and the association energy is high, about 40 kJ/mol.15 Medium and weak 

hydrogen bonds are associated with systems with donor and acceptor as an electronegative atom 

(D-HĀĀĀA
-
) in which the directionality is partially lost, and the association energy is lower, ranging 

from 15 to 20 kJ/mol.102 The strength of hydrogen bonds greatly depends on the type of solvent. It 

is very well known that in polar solvents hydrogen bonds become much weaker. Therefore, the 

synthesis of supramolecular polymers is usually done in aprotic or nonpolar solvents.103 Overall, 

the strength of hydrogen bonds is determined by the count of individual bonds and if more of them 

are involved the binding strength will become greater.104  

These non-covalent interactions are very popular in the formation of polymer blends where 

they play the role of a compatibilizer between two immiscible polymers.105 Hydrogen bonds are 

easily adjustable, and depending on the system or material property their strength can be altered 

by increasing or decreasing their number, changing solvent, or its pH, or varying the 

temperature.105ï108 Using the functional groups with hydrogen bonding, tunable and reversible 

crosslinked polymer networks can be created that have the ability to respond to temperature. The 

lifetime of these interactions decreases at higher temperatures. Thus molecular chains can relax 

faster and consequently the viscosity drops which allows their easy processability.109 However, at 

lower temperatures polymers with a large number of hydrogen bonds, can have long relaxation 

times and form transient networks.16,52 Due to their remarkable properties such as self-healing and 
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adhesion, there are many applications for these materials, as coatings, adhesives, or elastomeric 

materials.16,110 

 

1.3.2 Functionalized Polynorbornenes 

Polynorbornene is a very popular material because of its many applications, and it is 

favorable for functionalizations or creation of various copolymers and blends. Norbornadiene 

monomers can be functionalized using different reactions, such as Diels-Alder reaction111 or 

hydroaminoalkylation reaction112. Polymerization of functionalized norbornene can be performed 

by various routes, like ring opening metathesis polymerization (ROMP), vinyl-type, and radical or 

cationic polymerization.111,113ï115 ROMP polymerization is one of the most popular reactions for 

the synthesis of polynorbornenes used by both researchers and industry. It is extensively employed 

in the preparation of Norsorex® (polynorbornene rubber) which has double bonds along the 

backbone suitable for vulcanization.113,116,117 Polynorbornene rubber has distinct elastomeric 

properties after crosslinking and can be employed as a sealant. Moreover, it can be used as a sound 

barrier, in shock-proof bumpers, and as a material in vibration dampening in engines.113,118 Due to 

its porous structure and water insolubility, powdered polynorbornene can be used to clean ocean 

oil spills.118 

ROMP polymerization is very useful for synthesizing the functionalized polynorbornenes 

that can possess a wide range of characteristics from elastomeric to rigid plastic.119ï123 Research is 

mostly focused on polynorbornene rubber.116 Although polynorbornene has a rigid backbone its 

unique property, porosity of powdered polymer, allows adsorption of processing oil or ester 

plasticizer which lowers the Tg. After crosslinking, the material behaves as elastomer with 

excellent mechanical properties.116 
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Incorporation of functional groups considerably influence the properties of the final 

material. For instance, bulky side groups can significantly alter the glass transition temperature 

and form thermoplastic or elastomeric materials.124 Some studies revealed that functionalized 

polynorbornenes could be used as shape memory polymers that belong to the class of stimuli-

responsive materials.125 Varying the pendant side groups considerably tune the rheological and 

mechanical behavior by increasing the tensile strength and extensibility for rubberlike samples or 

creep and abrasion resistance for thermoplastic polynorbornenes.112,126,127 Additionally, many 

copolymers were synthesized using ROMP polymerization where various comonomers were used 

such as polystyrene, poly(Ů-caprolactone), poly(ethylene glycol), polyimide, polyethylene, 

polycyclooctene, to name just a few.128ï134 Thus, different copolymers were formed, namely graft, 

block, diblock, and triblock which can be used as a compatibilizer between polynorbornene and 

poly(vinyl chloride) or nitrocellulose, or as substrates for flexible displays.130,135 

Considering that polynorbornene has amorphous but highly rigid structure its properties 

can be improved by making blends with polymers which have distinct but complementary 

characteristics. The essential feature of any blend is miscibility since phase separation influences 

its physical properties. Therefore, incorporating molecules that can interact with blend components 

allows better miscibility of polymers. One of the powerful tools is having components with 

pendant side or end groups that contain available hydrogen bonds. Some of reported 

polynorbornene based blends are with poly(styrene-co-hydroxystyrene), poly(vinyl chloride), and 

ethylene-propylene terpolymer.136ï138 Functionalized polynorbornenes that have attractive 

interactions facilitate the formation of miscible blends with different polymers. Additionally, it is 

known that the presence of double bonds in the polymer backbone causes oxidation and one way 

to avoid that is by hydrogenation of polynorbornene backbone. Hydrogenated functionalized 
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polynorbornenes were blended with polycarbonate and poly(2-vinylpyridine).123 Overall these 

blends show enhanced mechanical properties and potential to form materials that vary from 

rubberlike polymers to thermoplastics with distinct thermal properties. 

 

1.3.3 Functionalized Polycyclooctenes 

Polynorbornene was the first commercial metathesis polymer placed on the market in 1976 

(Norsorex®) and not long after, in 1980, polycyclooctene under the trade name Vestenamer® was 

made.139 It is a polyolefinic material that contains hydrocarbon backbone which can have a linear 

and cyclic structure. In contrast to norbornene that has high strain energy, the polymerization of 

cyclooctene requires a more active catalyst, and thus the development of functionalized 

polycyclooctenes is much more complex.140 Therefore, there are limited reports of functionalized 

polycyclooctenes in the literature.140ï142 As the importance of ROMP polymerization was growing 

many active catalysts were discovered, and nowadays many researchers are focusing on the 

synthesis of functionalized polycyclooctenes.143ï146 Various pendant side groups can be 

incorporated into polycyclooctene backbone such as silyl groups, poly(ethylene glycol) chains, 

fluorescent metal complexes to produce many different materials for sealings, adhesives, coatings, 

and various applications in biotechnology.143,145,146 

Besides the introduction of functional groups, another important use of polycyclooctene is 

the formation of various copolymers that can be utilized in a wide range of applications.147ï150 

According to the literature, several polymers were used to prepare copolymers with 

polycyclooctene, such as polystyrene to form ABA type triblock copolymer151, various norbornene 

and cyclooctene derivatives152, and poly(ethylene glycol) graft copolymer153. The physical 

properties can be changed by altering the glass transition temperature, and one way to achieve that 
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is by the addition of comonomer with a rigid structure. Hino et al.147 synthesized copolymers of 

polycyclooctene and functionalized polynorbornenes that have a wide range of Tg between -60 and 

130 °C. Additionally, the polycyclooctene backbone can be easily hydrogenated which can be 

useful for synthesizing functionalized polyethylenes.146,151,154ï156  

Polycyclooctene is a semi-crystalline polymer with negative glass transition temperature 

and low melting point, thus crosslinking is necessary to enhance the mechanical properties.157 

Chemical crosslinking is the most common process that improves the stability of polymer at 

increased temperatures.158,159 Due to unusual behavior of this polymer, which is a thermoplastic 

material that behaves as a non-crystalline elastomer at temperatures higher than the melting point, 

it can be used in the rubber industry, such as in manufacturing tires, in the recycling of rubber, and 

as a component of rubberized asphalt for sound adsorption.160 Additional application of 

polycyclooctene and its derivatives is a shape memory polymer that has been a popular subject in 

the literature nowadays.125,157,161ï163 These stimuli-responsive materials have the ability to return 

from temporary to their predefined shape when exposed to external stimuli, such as heat, magnetic 

and electrical fields, light, and moisture.164ï168 

 

1.4 Rheological Properties of Associating Polymers 

Before presenting a literature review of the rheological studies of associating polymers, 

certain principles of rheology useful in understanding the behavior of these complex structures are 

described in the following section. In addition, the various rheological techniques used to study 

the associating polymers are discussed, and characteristics examples are presented. 
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1.4.1 Rheology 

Rheology is defined as the science of flow and deformation of matter. Associating 

polymers are viscoelastic materials that exhibit both viscous and elastic responses depending on 

the type of deformation. Due to this complex nature, more than one rheological property is needed 

to describe their rheological behavior. These properties which are known as material functions 

include shear viscosity, viscoelastic moduli, relaxation modulus, and several others.169ï171 Another 

aspect of rheology is the development of equations that relate deformation (strain) and rate of 

deformation (shear rate) to forces (stress), which are known as constitutive equations or 

rheological equations of state.172 Such constitutive equations play a multiple role in rheology (i) 

they are used to model the rheological data of polymers (ii) the physical parameters in these models 

can be related to polymer structure and therefore can be used for property optimization and (iii) 

they can be used in flow simulations for process optimization.  

To this end appropriate rheological experiments are performed in which simple flow 

histories are imposed to the material (such as simple shear or extension), and its response is 

recorded and used to relate the physical parameters of the model to polymer structure and 

molecular characteristics. In this section, some of the rheometers used in this work, their principles 

of operation and rheological results obtained from the use of these rheometers are presented. 

 

1.4.1.1 Rheometers 

A rheometer is the apparatus for measuring rheological properties. There are two different 

types, namely strain-controlled and stress-controlled rheometers. In the first one, the rotational 

speed is fixed, and the torque is measured, while in the second the reverse, i.e., the rotational speed 

is measured, and torque is fixed. More details are discussed in the book by Macosko.171 In the 
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following subsections the main rheometers and fixtures which have been used in this study are 

described. 

 

1.4.1.1.1 Rotational Rheometer 

Parallel plate and cone and plate geometries are the most extensively used rheological 

fixtures to produce simple shear flow. The parallel plate geometry has two parallel concentric disks 

with specific diameter and distance (gap) between them while the cone and plate geometry consists 

of a cone of certain angle (typically 4-7°) and a disk. The disk or cone can rotate with respect to 

the other plate, shown in Figure 1.1, where the angular rotation is imposed, and the torque is 

measured, or the reverse, depending on the type of the rheometer. The advantages from the use of 

cone and plate is that it can be used to measure the first normal stress difference, and it produces 

homogenous deformation. On the contrary, the flow field in the parallel plate geometry is not 

homogenous and the applied shear rate increases linearly from the center to the edge of the plate.171 

 

 

Figure 1.1 Schematic illustration of parallel plate and cone and plate fixtures used to generate shear flow 

 

Whereas the benefit of these geometries is that only a small amount of material is needed 

for testing, it is not able to reach high shear rates and strains due to edge fracture of the sample and 
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presence of secondary flows.169ï171 Edge fracture has a destructive effect on rheological 

measurements because it significantly affects the torque (in strain-controlled rheometer) or 

rotational speed (in stress-controlled rheometer).173 Apart from this, strong secondary flows are 

building inside the sample which expands the edge fracture and additionally affects the 

measurements.173 However, this problem has been resolved with the use of the cone-partitioned-

plate that consists of a standard cone at the bottom and the upper geometry that has small standard 

plate integrated into a stationary coaxial ring and directly connected to the torque transducer 

(Figure 1.2). 

 

 

Figure 1.2 Schematic of the cone and partitioned plate (CPP) geometry 

 

The benefit of this setup is that the flow is generated by the rotation of the lower cone and 

the torque is measured by the upper plate. The sample is placed between plates and must cover the 

outer ring to obtain valid measurements. Thus, the well-known effect of edge fracture will not 

affect the measurements immediately, and the higher strains or shear rates can be imposed 
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compared to standard cone and plate geometry.173 This type of geometry has been evaluated by 

many researchers.173ï178 

 

1.4.1.1.2 Sentmanat Extensional Rheometer 

The Sentmanat extensional rheometer (SER) is a suitable and easy-to-use fixture that can 

be used together with a rotational rheometer to generate uniaxial extensional data.179ï181 This 

rheometer fixture consists of two drums (Figure 1.3) where the main drum rotates by the host 

rheometer shaft and the slave drum counter-rotates due to the existence of intermeshing gears that 

connects the two drums. The sample could be either as a strip or cylindrical shape clamped firmly 

in the center by means of two clips. While drums rotate the sample undergoes a uniform uniaxial 

stretching (extension) which is used to measure the viscosity and stress relaxation of thermoplastic 

polymers and elastomers.179,180 

 

 

Figure 1.3 Schematic of the Sentmanat extensional rheometer (SER) 
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1.4.1.1.3 Capillary Rheometer 

Capillary is one of the most industrially used instruments for measuring the viscosity of 

polymer melts. It is a pressure driven rheometer; thus, the flow is nonhomogeneous, and it can be 

used to measure viscosity in steady shear flow only. As shown in Figure 1.4, it consists of a heated 

reservoir (barrel) that contains the polymer melt and a piston which drives the material through 

the capillary die, located at the bottom of the barrel. Each capillary die is characterized with the 

length, L, diameter, D, and entrance (contraction) angle, 2Ŭ. 

 

 

Figure 1.4 Schematic representation of a capillary rheometer 

 

The load cell measures the force needed to move the piston with the applied velocity. The 

force is used to calculate the pressure which together with the velocity is employed in obtaining 

the apparent shear stress, ůA, and the apparent shear rate, , from the following equations, where 
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Q, ȹP, D, and L are volumetric flow rate, applied pressure, capillary diameter and capillary length, 

respectively. 
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The calculated apparent shear rate and apparent shear stress are subject to two 

corrections.169,171 First, the total pressure that drives the polymer flow should be corrected for the 

extra pressure needed by the melt to flow from the reservoir into the capillary die. This correction 

is known as the end pressure or Bagley correction.169,171 It can be calculated by plotting the 

pressure versus die length-to-diameter ratios, L/D, at fixed apparent shear rate values and then 

extrapolating the straight lines to zero L/D (see Figure 1.5). The true shear stress at the capillary 

wall, ůw, can be calculated from Eq. 1.3.169,171  

 
( )4 /

end
w

P P

L D
s

D -D
=   (1.3) 



21 

 

 

Figure 1.5 Typical Bagley correction for capillary data (ionomer example at 140 °C) 

 

The second correction is the so-called Rabinowitsch correction that corrects the apparent 

shear rate to the true wall shear rate, , shown by the Eq. 1.4, where n is the viscosity shear 

thinning exponent defined as ὲ ὨὰέὫ„ ὨὰέὫϳ .171 
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Having the wall shear stress for several values of the wall shear rate, the viscosity material 

function can be calculated using Eq. 1.5. 
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1.4.1.2 Rheological Experiments 

Theoretical background with examples of several rheological experiments, namely small 

amplitude oscillatory shear, stress relaxation, steady shear, and uniaxial extension, is presented in 

this section. As examples typical experimental results of one of ionomer are chosen. 

 

1.4.1.2.1 Small Amplitude Oscillatory Shear 

In this type of experiment, the strain (stress) could be either within the linear viscoelastic 

regime, which is called small amplitude oscillatory shear (SAOS) or within the nonlinear, that is 

referred to as large amplitude oscillatory shear (LAOS).  Frequency sweep can be used to 

determine the dynamic response of associating polymers where the upper plate is set to an 

oscillatory motion at a constant strain over a wide range of frequencies, while the stress is 

recorded.169,171 The oscillatory strain is defined by Eq. 1.6, where ɔ0 is the strain amplitude, and ɤ 

is the oscillation frequency. The measured stress is shifted by a phase shift (loss angle), ŭ, with 

respect to strain (Eq. 1.7). 

 ( )0 sin tg g w=   (1.6) 

 ( )0 sin ts s w d= +   (1.7) 

Shear stress consists of two components, in-phase ůô and out-of-phase ůôô that are used to 

obtain the storage (defining the elastic nature of polymer) and the loss (defining the viscous nature 

of polymer) moduli, Gô and Gò, respectively, which are defined as the ratio of stress components 

and strain. The shear strain rate is given as: 

 ( )0 cos
d

t
dt

g
g g w= =   (1.8) 
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The ratio of the shear stress (in-phase and out-of-phase) and shear rate gives the dynamic and 

imaginary viscosity, ɖô and ɖò, respectively which can then be combined to result the complex 

viscosity, |ɖ* |, (see Eq. 1.9). 

 
'2 ''2
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h h h

w

+
= + =   (1.9) 

Frequency sweep can be performed over a wide range of temperatures depending on the 

material thermal characteristic. The obtained data can be further superimposed on the reference 

curve by shifting it along the frequency axis using the horizontal shift factor, aT, in order to obtain 

the master curve. This procedure is called the time-temperature superposition principle (tTS) that 

is beneficial to identify the rheological response of material over a wide range of frequencies which 

cannot be determined with a single experiment. Commonly, polymers that obey the tTS by using 

only horizontal shift factor are referred to as óthermorheologically simpleô and those that need an 

additional vertical shift, bT, are called óthermorheologically complexô materials. In most cases, the 

associating polymers belong to a group of thermorheologically complex polymers.10,182,183 Figure 

1.6 shows typical master curves of Gô, Gò and |ɖ* | for an ionomer studied in this work. 
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Figure 1.6 Typical master curve of dynamic moduli and complex viscosity (ionomer example at 140 °C) 

 

The continuous lines in Figure 1.6 represent the fit of the Maxwell model given by the Eq. 

1.10, where the relaxation spectrum, { Gi, ɚi}, represents the minimum number of pairs of relaxation 

strength and relaxation time, respectively needed to accurately describe the experimental data-

essentially the relaxation modulus given by Eq. 10.169,171 
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The functions for Gô and Gôô are given below. 
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The Maxwell model and the relaxation spectra are useful to indicate the distribution of the 

characteristic relaxation times of polymers and are also used in constitutive equations for flow 

simulations as essential ingredients of nonlinear constitutive rheological models. 

 

1.4.1.2.2 Stress Relaxation 

In this experiment, the relaxation shear stress (modulus) is recorded after imposing sudden 

step strains of certain size. These data are plotted first as relaxation modulus, G(t), versus t in a 

log-log plot. As an example, Figure 1.7 (left) shows such a set of data for an ionomer at 140 °C 

for several imposed step strains. For small strains usually much less than 1, the curves coincide 

indicating that the response is independent of the strain (linear viscoelasticity). However, the 

dependence on strain becomes evident for larger strains when the limit of linear viscoelasticity is 

crossed. These data are superposed in Figure 1.7 (right) to determine the damping function.  

 

Figure 1.7 Relaxation moduli after imposition of various sudden step shear strains (left) and vertically shifted 

relaxation moduli on the linear relaxation modulus to determine the damping function (right) (ionomer 

example at 140 °C) 
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The damping function represents the shift factors, h(ɔ), used to superpose the stress 

relaxation data for several step strain of various magnitude. These values can be plotted versus 

strains, ɔ, in order to fit various models that are used in formulating nonlinear constitutive 

rheological models.169ï171 An example of the damping function obtained from the superposition of 

stress relaxation data for ionomer is plotted in Figure 1.8. 

 

 

Figure 1.8 The damping function obtained from stress relaxation experiments (ionomer example at 140 °C) 

 

1.4.1.2.3 Steady Shear 

In this experiment, a constant shear rate is applied to the material, and the steady state shear 

stress (response) is recorded. Repeating this experiment for several shear rates and plotting the 

shear stress as a function of shear rate, defines the flow curve of the polymer. Viscosity is the main 
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material function determined from this type of experiment (ratio of shear stress and shear rate). 

Typical results for this experiment are plotted in Figure 1.9 for an ionomer in terms of the shear 

stress growth coefficient which is defined as  – „ ϳ , where „ denotes the transient shear 

stress and  the imposed shear rate. The steady-state values from each curve are clearly seen and 

they can be used to determine the viscosity as discussed above. 

 

Figure 1.9 The shear stress growth coefficient at various values of constant shear rates (ionomer example at 

140 °C) 

 

1.4.1.2.4 Uniaxial Extension 

In polymer processing, polymer melts experience both shear and elongation deformations. 

The above described rheological tests include only shear components, and they are insufficient to 
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characterize the rheological behavior of a material completely. Therefore, uniaxial testing is 

usually performed to complete the rheological testing of a polymer melt. 

In a steady uniaxial elongation experiment, a sample of initial length, L0, is stretched at a 

constant Hencky strain rate, ‐ Ὠ‐Ὠὸϳ , where Ů is the Hencky strain defined by the following 

equation. 

 ()
()

0
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L t
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e =   (1.12) 

Moreover, considering the Boltzmannôs superposition principle of linear viscoelasticity, it 

can be shown that in the case of transient elongation viscosity, at short times the following 

relationship is valid which is known as the Troutonôs rule.169ï171 

 () 3 ( )E t th h+ +=   (1.13) 

Figure 1.10 plots the tensile stress growth coefficient, –ȟ versus time for an ionomer as an 

example. The solid line represents the linear viscoelastic envelop determined by fitting the 

dynamic moduli data using the multimode Maxwell model.  
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Figure 1.10 A typical tensile stress growth coefficient as a function of time for associating polymers at several 

Hencky strain rates 

 

1.4.2 Review of Rheological Studies of Associating Polymers 

For this study, two groups of associating polymers were used, namely ionomers and 

hydrogen bonding polymers. Thus, in this section, the rheological properties of only these two 

groups of associating polymers are reviewed. Moreover, there are numerous types of ionomers, 

but the focus will be placed on ionomer melts, more specifically sulfonated and carboxylated 

ionomers. They can have different structures, such as telechelic that have ionic groups at both ends 

of chains, block copolymers where one comonomer consists of ionic groups and random ionomers 

with ionic groups randomly distributed along the polymer chains.77,90,100,184ï187 Since the ionomers 

used in this study are random copolymers primary these types of ionomers are discussed. 
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1.4.2.1 Review of Rheological Studies of Ionomers 

Many researchers have explored the rheological properties of ionomers with different types 

of ions, level of neutralization, and concentration of comonomers that contain ionic groups. Two 

interesting classes of comonomers that contribute to the formation of ionomers are carboxylate 

and sulfonate types of acids. Numerous comonomers have been used to prepare copolymers in the 

literature, such as ethylene, styrene, butadiene, and isobutylene, to name a few. 

As previously mentioned, the focus is on the melt rheological properties of ion-containing 

polymers. There are many studies on the effect of different cations and ion content on flow, for 

example, Na+, Li+, Ca2+, and Mg2+ in the case of ethylene-acrylic/methacrylic acid ionomers.94,188ï

190 In early stage of study the authors concluded that the type of cation did not affect the viscosity 

much, whereas the neutralization level had a more significant influence. These conclusions were 

later proved wrong by performing dynamic and steady shear experiments.189,191 Considering that 

they conducted capillary experiments they could not test these polymers at low shear rates where 

the effect of divalent ions is evident compared to monovalent. 

Additionally, changing the counterion significant changes in the ionomer behavior has 

been reported, although they cannot be easily explained. By introducing sulfonate acid into 

polyethylene or polystyrene, the rheological properties were greatly changed.90,192ï195 Whereas the 

carboxylated ionomers can be partially neutralized with various metal ions, the sulfonated 

ionomers are not thermally stable unless they are completely neutralized. Thus, by changing the 

number of sulfonate groups, the ion content could be changed. In order to compare the ionomers 

with different counterions, it is necessary to synthesize polymers with identical molecular weight 

and molecular weight distribution which in general is a difficult task. Therefore, there are not many 

studies that show the influence of different ionic groups on the rheological properties.192,196 
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Industrially important sulfonated ethylene-propylene-diene terpolymers (SEPDM) that is 

synthetic rubber were investigated. As for the carboxylated ionomers, the viscosity of SEPDM 

ionomers was increasing when the content of sulfonate groups was increased.192 The authors 

experienced problems with accurate measurements of viscosities when common alkali and alkaline 

earth metals were incorporated, and only Zn and Pb containing ionomers were found to have lower 

viscosities.192,193 Other systems showed considerable dependence of viscosities on the counterion 

concentration, level of neutralization, and cation type.92,197ï201 

Vanhoorne and Register performed significant work on carboxylated thermoplastic 

ionomers at the low shear rate to examine their behavior in the terminal zone.202 A comprehensive 

study of dynamic and steady shear experiments that accurately identified values of zero shear 

viscosities was conducted. They explained the applicability of the time-temperature superposition 

as the consequence of two characteristic relaxation mechanisms (ion-hopping and terminal 

relaxation) being independent of each other, and/or they are experiencing the same temperature 

dependence.202 Furthermore, they confirmed previous findings that the viscosity is significantly 

increasing with an increase of the level of neutralization. Compared to their parent copolymers the 

ionomers also showed elevated activation energy, that implied requirements of higher energy to 

flow which is a direct consequence of the presence of ionic associations.202 

First and foremost, free radical copolymerization of ethylene and ionic comonomer, 

methacrylic acid, generate copolymer with broad molecular weight distribution and long chain 

branching that has a significant impact on their rheology and processing.202ï205 At the same time, 

neutralization of copolymer introduces the formation of ionic multiplets and clusters, which affect 

the relaxation processes of ionomers and their thermophysical properties. Most of the carboxylated 

ionomers are partially neutralized that means some of the carboxylic acid groups are capable of 
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forming hydrogen bonds. Moreover, they allow the exchange of H+ with the metal cation that 

permits diffusion of polymer chains without the necessity of ionic groups to interchange between 

aggregates.202,205 Another important effect of free carboxylic groups is their ability to plasticize 

the ionic aggregates.202,205ï207 It has been shown that ionomers are very sensitive to the presence 

of moisture and proper drying is essential to obtain accurate measurements.208 

 

1.4.2.2 Review of Rheological Studies of Hydrogen Bonding Polymers 

Associating polymers have a very complex structure and rich dynamics and thus vast 

application opportunities. The linear rheology is a great tool to i) understand their complex 

dynamics and ii) verify existing theories in the literature. Associating polymers are capable of 

forming strong networks without having entanglements and these temporary interactions are 

described as an additional frictional source that affects the relaxation of the whole molecule and 

drives it to the longer times.11,35 The introduction of entanglements makes it much more 

complicated since now, besides the reversible associations, topological constraints posed by the 

entanglements play a significant role in their total relaxation that is now influenced by two major 

time scales. Therefore, associating polymers belong to the class of thermorheologically complex 

materials.182,209,210 Associations, in general, have the tendency to aggregate that can cause phase 

separation and additionally affect the relaxation processes.11,211,212 The architecture of associating 

polymer network is important because it considerably influences the rheological behavior of these 

materials. 

Considering hydrogen bonding polymers, two different cases were reported. One when 

hydrogen bonding groups are located at both ends of polymer chains (telechelic polymers) and the 

other when these associations are distributed along the polymer backbone. Since hydrogen bonds 
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are highly directional interactions in telechelic polymers they tend to group and create clusters and 

as result thermoplastic elastomers are formed.213ï215 However, some telechelic polymers have end 

groups that form only dimers, without aggregates and physical crosslinking, and can create long 

sequences of molecules.216,217 The rheological properties of both systems are considerably 

enhanced compared to one without the presence of hydrogen bonding interactions. The formation 

of aggregates significantly increase the modulus even for low molecular weight polymers and 

influence the activation energy of flow.215 

The second class includes polymers where functional groups can be grafted on the 

backbone, and randomly, or systematically distributed along the chains. Various systems have 

been synthesized and their rheological properties investigated. The rheological properties of these 

systems greatly depend on the strength of hydrogen bond interactions and their number density of 

pendant groups. Lewis et al.14 synthesized a series of poly(butyl acrylate) copolymers and 

elastomers with various pendant groups that are capable of forming hydrogen bonding. They 

observed significant increase and extension in rubbery plateau when functional groups that form 

strong hydrogen bonds were used, which led to the formation of soft solids. On the contrary, weak 

hydrogen bonding moieties created copolymers that showed no significant change in their 

rheological behavior due to their fast relaxation compared to the relaxation of the whole polymer 

chain. Seiffert218 demonstrated the major influence of the so-called óinterchain stickingô on the 

rheology of associating networks at low frequency, which is the regime of full polymer relaxation 

and flow. Cate et al.219 synthesized ureidopyrimidinone (UPy) based polymers that contain 

hydrogen bonded associations whose strength strongly depends on the number of functionalities. 

Although their reference material behaved as Newtonian fluid, incorporation of functional groups 

increased the viscosity and created reversible viscoelastic networks. Nair et al.220 presented the 
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potential to alternate the mechanical properties of polynorbornenes by introducing various pendant 

groups. They indicated that the transition from highly viscous liquids to highly elastic solids 

greatly depend on the hydrogen bonding motifs which can induce reversible crosslinking with the 

polymer backbone. Perry et al.112 synthesized several amine-containing polynorbornenes and 

clearly showed the effects of hydrogen bonding on their rheological properties by comparing it 

directly with neat polynorbornene. 

Studying nonlinear rheological behavior is important to understand the conditions under 

which material failure is happening. Associated polymer networks that exhibit solid-like behavior 

can be classified either as a brittle or ductile determined by viscous dissipation.221ï223 The nonlinear 

behavior of systems comprising hydrogen bonding groups is not well understood due to challenges 

in preparing well-defined samples on a larger scale in order to allow consistent rheological 

analysis. Whereas some available data in the literature on hydrogen bonding polymers have 

reported on their nonlinear behavior in shear, the extensional rheology has not been widely 

explored. Several researchers suggested that these polymers exhibit strain hardening behavior and 

have the ability to resist large deformations.209,224ï227 It was demonstrated that transient networks 

with a large number of associations mostly reveal brittle behavior in the linear viscoelastic regime, 

but the presence of weak interactions display strain hardening behavior.224 Two important factors 

determine the mechanism of sample breakage, i.e., the strength of junctions and their dynamics. 

Simultaneously, associating groups have to hold strong enough and to allow dissociation and 

association of present bonds to prevent brittle fracture. 
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1.5 Dynamics of Associating Polymer Network  

The rapid growth of synthetic polymer materials required investigation of their dynamics 

that will answer important questions on how big these giant molecules are and how do they move. 

Pioneers of this fundamental research were Flory1, Stockmayer and Zimm228,229, Edwards230, 

Kuhn231, Graessley232, and Rouse233. The initial theories that described polymer chain dynamics 

were developed by Rouse233 and Zimm229. Whereas they showed how the polymer chain is 

behaving in dilute solutions, these theories were the foundation of chain dynamics in concentrated 

polymer solutions. As the concentration of polymer solution is increasing the polymer chains, start 

to overlap and form entanglements. Therefore, the motion of the chain is restricted by the presence 

of the neighboring chains. If we observe the motion of only one chain, the path which this chain 

will follow is called the óprimitive pathô234,235.  

Edwards236 and de Gennes234 simplified the complex topological problems of polymer 

networks by suggesting the tube-like regions around macromolecules and the primitive path can 

be seen as a center line of the tube. Based on the tube theory, the polymer chain is placed in a tube 

with the radius a, that limits any motion perpendicular to the tubeôs axis above the defined radius. 

The motion of the macromolecule in the tube was coined by de Gennes234 as óreptationô due to the 

snake-like wriggling. Doi and Edwards235,237ï240 developed the tube concept and explained the 

stress relaxation process through three stages. Starting with the relaxation of the segment between 

entanglements, contraction of the contour length, and finishing with chain diffusion out of the 

tube241. Their major contribution is the development of constitutive equations for calculating the 

stress after the imposition of deformation within the linear and nonlinear viscoelastic 

regime235,238,239,241. 
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Tube theory with predominant reptation relaxation mechanism could successfully explain 

the origin of shear thinning and plateau region and give an approximate scaling of the longest 

relaxation time (reptation time) with polymer chain length. However, the tube model failed in 

capturing the experimental results of the entire relaxation. Therefore, to address the shortcomings 

it was necessary to improve the model by incorporating additional relaxation mechanisms, such as 

contour length fluctuations242ï245 and constraint release246ï248. Modified models were verified with 

experimental results of linear monodisperse polymers. Nevertheless, more complex architectures, 

such as polydisperse polymers, binary blends, liquid crystal polymers, and associating polymers, 

require the formation of new, improved theories that can capture these specific rheological 

properties. 

Considering associating polymers, a key issue is to understand the relation between their 

structure and dynamics. To describe the stress relaxation in these systems, two basic molecular 

theories were formulated. One was developed by Cates and Candau38,249 and another one by 

Leibler, Rubinstein, Colby, and Semenov35,40,41,43,250. Using the previously described theories for 

the dynamics of linear polymers both models are developed by incorporating characteristic 

parameters that can describe the effect of stickers. Leibler, Rubinstein, Colby, and Semenov35,40,41 

modified the existing Rouse and reptation theories for polymers without stickers and formulated 

the so-called sticky Rouse and sticky reptation models by including the effect of reversible 

associations on polymer dynamics. Which of these two will be used depends on the level of 

entanglements in the polymer network. 

Cates and Candau38,249 focused on associating polymers with end groups and tubular 

micellar systems that are acting as living polymers, undergoing reversible sticker dissociation and 

association. The proposed theory showed the impact of stickers on stress relaxation due to their 
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breakage and recombination. When the lifetime of associations is shorter than the reptation time, 

the relaxation process will slow down, and it will take more time for the polymer chain to óreptateô 

out of the tube. On the other hand, Leibler, Rubinstein, Semenov, and Colby were investigating 

system with many pendant side groups that are separated by the same number of carbons along the 

polymer chain35,40,41. Based on their theory the relaxation process strongly depends on the polymer 

concentration, molecular weight, and sticker density. 

Since in this thesis only polymer melts are studied, the dynamics of this type of networks 

will be reviewed. In the case of highly concentrated polymer solutions or polymer melts more 

intramolecular associations between pendant groups are formed which affect the relaxation 

process. Since the dynamics of associating polymer network is controlled only by intermolecular 

interactions, the transition from intramolecular to intermolecular associations will have a 

significant impact on stress relaxation41,250. The additional influence of the high number of stickers 

is prolonged associations lifetime because of the reduced possibility of one sticker to find a new 

partner and the chance to reassociate with the same one is much higher41,250. Consequently, 

multiple reassociations of a sticker with the same partner lead to increased associations 

lifetime41,250. Numerous experiments were performed to verify this theory both qualitatively and 

quantitatively13,37,251,252. Whereas there are some shortcomings mostly due to reduced sticker 

mobility and uneven spacing between them, this theory was successful in explaining the dynamics 

of some associating polymer networks. It is well known that the elastic modulus is the crucial 

property of associating polymer networks and strongly influence their applications. Despite many 

existing theories, predicting the elastic modulus cannot be accurately accomplished. Thus, the 

models have to be modified for specific transient network.253,254 
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1.6 Research Objectives and Thesis Organization 

In this section the main objective is presented first separated into two parts followed with 

the organization of this thesis. 

 

1.6.1 Thesis Aims 

The main focus of this work is to investigate the influence of ionic and hydrogen bonding 

groups on the rheological and mechanical properties of ionomers and functionalized 

polynorbornenes and polycyclooctenes. In particularly this thesis comprises of two parts. 

1. A comprehensive thermal and rheological investigation of thermoplastic carboxylic 

ionomers was performed. In specific, sodium salt of poly (ethylene-co-methacrylic acid) and their 

corresponding copolymers, were studied to understand the influence of metal ions on their 

thermorheological properties. Various ionomers are used with different methacrylic acid content 

and a similar level of neutralization. A comparative study between the ionomers and their 

corresponding copolymers was achieved by removing ions to reveal the effects of ionic 

interactions. The theories described in section 1.5 were used to determine the characteristic 

relaxation times (Rouse time, reptation, and associations lifetime) whose interplay has a significant 

effect on the relaxation of ionomers. The comprehensive set of generated rheological data would 

be extremely useful for testing rheological constitutive models for associating polymers. These 

carboxylated thermoplastic ionomers were chosen for several reasons. They are commercially 

available, well-known, and commonly studied systems that can be melt processed. Therefore, they 

are suitable for all experiments in melt state, such as capillary measurements that can be used to 

understand the effects of ionic interactions on their flow behavior. The capillary flow was 

employed to identify the relative effects of ionic and hydrogen bonding associations on the entry 
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pressure, vortex size, and strength in the contraction flow. In the simulations, an integral 

viscoelastic model was used255,256 for which parameters were determined from the generated 

rheological data. 

2. A complete thermal and rheological characterization of novel functionalized 

polynorbornenes and polycyclooctenes capable of forming reversible hydrogen bonds was 

performed. These polymers were synthesized by our collaborators in the chemistry department at 

the University of British Columbia. Monomers that contain aryl amine functional groups were 

synthesized using a novel catalyst and subsequently polymerized.257 As in the case of ionomers, 

both the linear and nonlinear rheological properties were studied and explained based on existing 

molecular theories for associating polymers. The various characteristic times underlining the 

relaxation behavior of individual chains were found to be central in this study. Additionally, 

investigation of potential self-healing properties of the functionalized polycyclooctene was 

performed. The main target was to identify the optimum structure and molecular characteristics 

that exhibit the best/fastest self-healing behavior. 

 

1.6.2 Thesis Overview  

Chapter 1 presents a literature review of the properties of the studied polymers (ionomers 

and hydrogen bonding polymers). Moreover, rheological methods and testing, as well as 

instruments used for such material characterization, are presented. Typical experimental results 

obtained from these methods are also provided as examples. In Chapter 2, the polymers and 

experimental methods for their characterization are discussed in detail. Specifically, the various 

analytical techniques used to investigate the thermal properties and molecular characteristics of 

the studied polymers are presented, together with their structures and routes of synthesis. Chapter 
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3 presents the complete rheological characterization of several commercial ionomers and their 

corresponding parent copolymers. Emphasis is placed on the distribution of the relaxation times 

to identify the characteristic times such as reptation, Rouse, and associations lifetime. Existing 

scaling laws are used to calculate the order of magnitude of the associations lifetime and the 

association energy that are important parameters to gain a better understanding of their rheological 

behavior. Chapter 4 describes the capillary flow study of several commercial ionomer melts both 

experimentally and numerically. The excess pressure drop, due to entry, the effects of pressure on 

viscosity, and the possible slip effects on the capillary data analysis are examined. The 

experimental rheological data is fitted to a viscoelastic (K-BKZ) model to perform the flow 

simulations. The rheological study of the novel functionalized polymers, that are capable of 

forming hydrogen bonds of various strengths, is demonstrated in Chapter 5. Two types of amine-

functionalized polymers with considerably different backbone structures, namely polynorbornene 

and polycyclooctene are examined. Their rheological behavior is compared to reference materials 

that have no hydrogen bonding interactions. Moreover, the self-healing capabilities of some of 

these polymers are examined and quantified in terms of tensile testing. Finally, the overall 

conclusions, contributions, and recommendations for future work are presented in Chapter 6.  
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Chapter 2: Materials and Experimental Methodology 

In this Chapter two distinct groups of materials, namely ethylene methacrylic acid 

ionomers, functionalized polynorbornene, and functionalized polycyclooctene, along with their 

route of synthesis are presented. Since these materials have distinct structural properties details of 

their thermal and rheological investigations are explained for each of them.  

Some parts of the following sections are reproduced with permission from the following 

publications: T. Tomkovic and S.G. Hatzikiriakos, J. Rheol., (2018), 62, 1319; T. Tomkovic et al., 

J. Non-Newtonian Fluid Mech., (2018), 262, 131; T. Tomkovic et al., Phys. Fluids, (2019) 31, 

033102; Provisional patent app. UBC-18-076 ñAmine-functionalized polyolefins and methods of 

preparation and use thereofò. 

 

2.1 Materials 

As mentioned in the previous chapter, two different classes of associating polymers are 

used in this work, (i) polymers that contain ionic interactions, namely ionomers and (ii) polymers 

with hydrogen links, which can have either flexible or stiff backbones. Structural formulas of ion-

containing polymers, namely sodium salt of ethylene-methacrylic acid and corresponding 

copolymer are presented in Figure 2.2. Hydrogen bonding polymers with a rigid backbone are 

functionalized polynorbornenes (see the structure in Figure 2.4) and those with a flexible backbone 

are functionalized polycyclooctenes (see the structure in Figure 2.6). 
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2.1.1 Ethylene-Methacrylic Acid Ionomers 

Copolymers of ethylene and methacrylic acid (E-MAA)  were synthesized by DuPont via 

high-pressure free-radical copolymerization that results in the random distribution of methacrylic 

acid (MAA) groups along the polymer chain (see Figure 2.1). 

 

 

Figure 2.1 Synthesis route of ethylene methacrylic acid copolymer followed by neutralization with sodium 

hydroxide 

 

This type of polymerization produces copolymers comprising of low-density polyethylene, 

that has long-chain branching, and a small amount of methacrylic acid. The molecular weight and 

molecular weight distribution can be measured by using high-temperature gel permeation 

chromatography (GPC). The approximate values of weight-average molecular weight, 

polydispersity index, and the degree of long-chain branching were performed by DuPont and 

results reported by Vanhoorne and Register.202 It was reported that these polymers have high 

polydispersity and long-chain branching. The same resin was used in this work; thus, the reported 

results were adopted. The partial neutralization of copolymers with sodium hydroxide results in 
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the formation of ionomers where more than half of protons on the carboxylic group were 

exchanged with sodium. There are two different ways to prepare the ionomers, melt neutralization 

and neutralization in solution. Ionomers used for this study were prepared by DuPont using the 

melt neutralization process in a twin-screw extruder with sodium hydroxide (see Figure 2.1). 

 

 

Figure 2.2 Structur al formulas of a) ethylene methacrylic acid copolymer and b) ethylene methacrylic acid 

ionomer 

 

To examine the influence of ions, present in partially neutralized E-MAA ionomers, 

sodium was removed, and ionomers were converted into corresponding copolymers. The method 

used to prepare this set of copolymers was as follows. Typically, 2 g of finely ground ionomer 

sample was refluxed in 100 ml tetrahydrofuran (THF), and 10 ml diluted hydrochloric acid (HCl, 

1M) at the temperature of 60 °C for 24 hours. The acid solution was then precipitated with a 

mixture of cold methanol and deionized water (1:1), filtered and washed at least 4 to 6 times with 

a mixed solvent of methanol and water before drying for about 24 hours. Fourier transform infrared 

spectroscopy (FTIR) was used to determine if the complete removal of ions was performed. 

Ionomers used in this work contain various amounts of methacrylic acid (MAA), which 

were determined by titration of carboxylic groups using the well-known analytical method.258 The 

obtained copolymer of ethylene and methacrylic acid (0.02 g) was refluxed in 30 ml of a mixed 

toluene-isobutyl alcohol (75 ml:25 ml) solvent under nitrogen flow at the temperature of 70 °C. 
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Once the polymer completely dissolved, titration of the acid groups was conducted with a 0.0225M 

sodium methoxide solution using phenolphthalein as an indicator. Due to the buildup of methanol 

vapor, a gap in the flask must be left. A blank titration is necessary. 

Sample preparation. The presence of moisture has a significant impact on the mechanical 

properties of the ionomers and their corresponding copolymers.208 Therefore, proper drying of the 

samples is essential. A series of annealing processes were performed to determine the optimal 

drying conditions, and it was found that seven days of vacuum drying at 75 °C was necessary to 

have consistent results (see Figure 3.1 in the section 3.3.2). After drying, the pellets were molded 

into films by using poly(tetrafluoroethylene) (PTFE) sheets at the temperature of 130 °C and 

applied pressure of about 10 MPa. The prepared samples are stored in a desiccator over anhydrous 

CaSO4 at room temperature before testing. 

 

2.1.2 Functionalized Polynorbornenes 

Functionalized polynorbornenes were synthesized in the chemistry department at UBC by 

Nirmalendu Kuanr and Mitchell Perry (members of the Prof. Schaferôs group) (see Figure 2.3 for 

synthesis reaction). Starting from norbornadiene by utilizing new catalytic protocol for monomer 

synthesis novel molecules bearing the pendant side aryl amine groups were prepared.112 For this 

purpose, hydroaminoalkylation reaction was employed with novel mono-pyridonate tantalum 

amido catalyst, which was developed by Prof. Schaferôs group. 
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Figure 2.3 Synthesis reaction of functionalized polynorbornenes. The first step is hydroaminoalkylation 

reaction and the second ring opening metathesis polymerization, where R can be various groups 

 

Subsequently, the ring opening metathesis polymerization (ROMP) of prepared monomers 

was performed and, as a result, polymers with controlled incorporation of a variety of hydrogen-

bonding amine groups designed. Various possible side groups can be incorporated, and several 

structures of polymers used in this work are presented in Figure 2.4. Each of these pendant side 

groups along the polymer chain retains the ability to form reversible hydrogen bonds.  Commonly 

used techniques for characterization of polymer structure, such as FTIR, GPC, and nuclear 

magnetic resonance spectroscopy (NMR) were carried out by Nirmalendu Kuanr. 

Sample preparation. All synthesized amine-functionalized polynorbornenes were first 

dissolved in THF or dichloromethane (DCM) at room temperature following the solution casting 

into molds of various sizes made of PTFE. After evaporation of the solvent, films were formed 

and dried in a vacuum oven over 24 hours at the temperature of 40 °C. After drying, the samples 

were stored in a desiccator at room temperature. 
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Figure 2.4 Various structures of functionalized polynorbornenes 


