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Abstract

Associating polymersonsising of relatively smalfunctionalgroupscapable bforming
reversible physical associatigmepresenanimportant class of materiagsncetheycan be used
in stimuli-responsive system3$hey havefound numerous applicationis self-healing systems,
and they can be used ahape memory polymernd biomaterials.Their complexbehavior
depends orthe delicate interplay betweethe chemistry of functional groups and polymer
dynamics.Therefore, it is essential to understahd physics of these complicated netwotks
exploit theirfull potentialfor important/innovative applications

Two classes of associating polymenamelyion-containing polymergionomer$, and
hydrogen bonding polymersyere studied Using arotational rheometer and th&entmanat
extensional fixture, a fulheological characterization of several commercial ionoruedsa series
of novelaminecontainingpolynorbonenes and polycycloocteness conductedEmphasis has
been placed on the distribution of the relaxation times to identify the characteristestioheas
reptation, Rousdimes and the characteristic lifetime of the ionic and hydrogen bonding
associationsThese characteristic relaxation times were reltidtie structure of these polymers
using developed scaling theories.

Complete removal of ianwas performed tproduce copolymers in order gudy the
relativeeffects of ionic associationks was demonstrated th@amnic interactions increase the linear
viscoelastic moduli and the viscosity by up to an order of magnitude and cause sigrtifagant s
hardening effects in uniaxial extensi@imilarly, for thenovel hydrogen bonding polymerghe
reversible associations significantlyncreasethe rheological propertieand thus delay their

relaxation causng chains to strakiharden befordailure. Additionally, it was discovered that the



aminecontaining polymers exhibit outstandiagl-healing propertieOptimal, fast sethealing
response was achievey varying the molecular weight and structure of these materials

Finally, the capillary flow of several commercial ionongerwas 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 analeieexamined. Rheological
dataweresuccessfullyitted to a viscoelastic model developed by K&Bernstein, Kearsley, and

Zapas, (known as the-BKZ model) to perfornrelevantcapillary flow simulations.



Lay Summary

Two classes of associating polymers were studied in this tlesgyrop possesssstrong
ionic associations gnomer$ andthe secondgroup hashydrogen bondspplynorbornenes and
polycyclooctenes The goal was to study the floproperties (rheology and dynamiax)these
materials andelatethemto their molecular charastistics Additionally, important applications
emerged fothe polymersusedin this work. Firstfor the ionomergthis study has shown a way to
process them anivestigatetheir flow behavior numerically by using an integral modeiis
model wascapabé of capturingboth the rheological and flow behavior accurat@gsed on this
work, the model canfurther be used to simulate the behavior of ionomers in other processing
operations such as injection moldingnd film blowing. In addition, he polycycloatenes
developed in this work were found to exhibit a remarkablydalthealingbehavior and equally

fast recovery of their mechanical properties after fraffaihere.



Preface

Some jrts of this thesiare reproduced with permission from the publisheskarch
articles.Chapter 2. Sample preparation and experimental procedures are partially taken from the
following publications:T. Tomkovic and S.G. Hatzikiriakod. Rheol. (2018),62, 1319; T.
Tomkovic et al.,J. NorNewtonian Fluid Mech.(2018),262 131; T. Tomkovic et al.Phys.

Fluids, (2019)31, 1;Provisional patent app. UBC3-0 7 6 i Aumdtiamadized polyolefins and
met hods of preparation and use thereofo

Chapter 3 Most of this chaptehas leen previously published & Tomkovic and S.G.
Hatzikiriakos,J. Rheol, (2018),62, 1319. Both authorgarticipated and designed the research.

did all the experimental work and the analysis of the data in terms of a scaling theory to extract
the charateristics times of the relaxation with some guidance fpoofiessor S.G. Hatzikiriakos.

Chapter 4Most of this chapter has been previously published in two research articles. T.
Tomkovic et al.,J. NorNewtonian Fluid Mech.(2018),262 131; T. Tomkovicet al., Phys.

Fluids, (2019)31, 1. | performed all experimental work, analysis of the dataffamfitting using
the K-BKZ model with some guidance from professor S.G. Hatzikiriakos. Professor E. Mitsoulis
run all numerical simulations.

Chapter 5Someparts are used for the papers to be submitteplublicationwith guidance
from both professor S.G. Hatzikiriakos and professor L.Sch&gmthesis of functionalized
polynorbornenes had been performed by N. Kuanr as well as the molecular charactarfzation
these polymers. Some experimental results of functionalized polycyclooctenes been
published inthe Provisional patent app. UBC8-0 7 6 i Aumdtiamadized polyolefins and

met hods of pr epar R Gimoursyrsthesizedulese pdlymers aadocéred out
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the molecular characterization. For both polymersdid all thermal and rheological

characterization as well #se selfhealing experiments.
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Chapter 1: Introduction

In the early 20 century, when polymer chemistry was botime 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 prépeHiasever,
Staudinger and Carothers were the first supportera neéw theory that coined the term
macromoleculesThey described th@ assmall molecles connected with covalent bond®o
much larger structurewith much higher molecular weight which was responsible for all material
properties’ Both of them were publicly criticized for their ideas which weeat believed to be
possiblein nature or laboratories at that time. Ultimately, they managed to convert skeptics and
prove their theories hr ough #Aproof by synthesisod when on
material,nylon, was formed

In the late &s anrevolutionary idea was born witie introduction ofsupramolecular
polymer chemistry when small molecules weomnected intdong telechelic polymerthrough
reversible intermoledar forces>® Theseforces can actively assemble small molecules into
networks by forming crosslinked structunegh enhanced mechanical and physical properties.
This class of polymers consists of associating groups that are cagfatdeming reversible
interadions and therefore tunirtbe polymer properties. Associating polymers include two groups
of polymers One group areharged polymers such as ionomarsl polyelectrolytes, andhe
second group ametatligand complexe$! and hydrogen bonding polyméfs?.

This thesis examines géhrheological properties of two different classes of associating
polymersin order to determine their relaxation procesaed dynamicsThe frst classis ion-
containing polymerswhich arethermoplastic carboxylic ionomers, i.e. sodium salt of ethylene

methacrylic acid copolymer3hese polymers hawarious degrees of neutralization and content
1



of carboxylic groups, where significant ionic interactions exist between individual molecules
which form clusters and multiplefsThe cond classs hydrogen bonded polymers, amine
containing polynorborneseand aminecontaining polycycloocterse wherethe hydrogen bond
interactionsarepresenbetween molecules (intermolecular associations) and atsroéthe same

molecule (intramolecular associations).

1.1 Definition, Characteristics, and Application of Associating Polymers

Conventional polymers widely used in everyday lifesuch as polyethylenes and
polypropylenes contain macromolecules in which the repetition of small structural units are
mainly connected by covalent bondin the other hand, s@ciating polymers consist péndant
side or endgroups on a polymer backbpe which can undergo reversibé breaking and
reformation Thesereversiblebonds are based on various famvaleni transieninteractions such
as hydrogen bondin§'*°, ionic interaction§?? metatligand coordinatiog?3?7,
interactiong®?°, hostguestcomplexed 3% andmixed interaction® 34,

Physical crosslinkare formed throgh interactions of the associating groupbkich are in
the literature referretb a s i s £ iandkhis termitology is used throughout the thesdme
important feature of ggmer networksconsisting of associating groupstie reversibility ofthe
transient bondsompared tmetworls built of covalent bondsThe presence of associating groups
can drasticallychange the viscoelastic characteristics of polymer netWofk€. Another
significant property of these complex networks is the chain mollity to the capability of
dynamic bonds to dissociate and reassociate multiple .tiflesdynamic niare of these bonds

might affect the relaxation timgsot onlyof the whole moleculedut alsoof the chain segments



and individual supramolecufés®384, These characteristics are crucial &ssociating networks
to respond to external stimuli

Associating polymers are employed in many disciplines witertormation of dynamic
reversible bonds playssignificant role Dynamic rearrangement of complex networks reprasent
the basis othe stimuli-responsive nature of these mateffaf§. They can haveintrinsic selt
healirg abilities®274955 whereformed damage can tmitonomously repaired with or without
external stimuli. They can alsoebused intissue engineeringpplications®®, due to the
similarities in stress relaxation with soft tissues. Another interesting property is their ability to
return totheir original shapehat was changedtar applyingcertainforce 8% %3 Thear value liesin
ther numerous applicationsuch asadhesive¥-% coatings®® biomedical implanfé
controlled drug delivery and release syst€hs andflocculants for treatingvastewater?. To
fully utilize the potential of associating polymersfor 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 ontraction flows)would helpto understantheir processingapabilities.

1.2 lonomers

An important class of associating polymerghision-containing polymersecause of their
wide range of applicationfn this sectionthegeneral characteristicd ionomersare describedt
includes theidefinition, the different ways of their synthesistheir structure and compositiarf
certain commercially available ionomers, and finally their distinct properties impoitant

processing.



1.2.1 Definition of lonomers

lonomers belong ta special polymer class that is built of hydrocarbosckbone
(polyethylene, polystyrenayith pendantgroups (acrylic, methacrylic, or sulfonic acithat are
partially or fully neutralized with different metal ionalKali, alkaline earth metalsy transition
metalg. Since their discoverythe ionomer definitionhas changed several timefees and
Vaughari® developedhefirst class of tesemateriasandn amed t hem O6i onhlemer s o
pendant ionic group otieolefin-based polymebackboneAs thedevelopmenbf ion-containing
polymers wasascending Tant and Wilke& defined ionomers as thermoplastic copolymers
comprising of a small percentage of ionic grqupgically about15 mol% This ionomer
definition is widely usedtill today. Due to the lack of distinction between ionomers and
polyelectrolytesEisenberg and Rinautfrefined the definition of ionomers. Thdgscribedhem
as materials whose bulk properties are influerfmgdhe interaction between ions within ionic

aggregate$ lonic aggregates are explained in further detail in the following section.

1.2.2 Preparation and Composition of lonomers
Overall, ionomers consist of néanic repeating units that form polymer backbome a

ionic groups that can be placed at various positadosgthe polymer chains. The properties of
ionomers greatly depend on the distribution of ionic groups withinptigmer matrix lonic
groups can be pladet one end (monochelic) or both ends (tkédic) ofthe polymer chairf®7’
They can be distributed withthe polymer backbone in random or systematic faskiomenesy

A common design is itheform of copolymers (block or randomwyhere one polymer consists of
pendant ionigroups’® However, in all these cases ionomiersdto form ionic aggregates despite

the position of ionic groupsThe rheological and mechanical properties of ionomers strongly
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depend on the strugie of the polymer backbone, concentration, type and distribution of ions.
Whereas the architecture of the polymer backbioeglinear, branched, star, graftetb(mblike)

can have significant impact on polymer characteristics, varying the amounts of ionic spasies
well as the type and concentration of iotem altetthe polymer properties talarge extent.

In general,anomers can be synthesized using two differeates:i) functionalization of
previously prepared polymer, and ii) block or random copolymerizationr@abnicmonomer and
asmall amount ofunctionalizedmonomer 88 Commercial ionomers mostly consist of carboxyl
or sulfonic groupgrepared either by copolymerization or ppstymerization functionalization
which is more common for sulfonate ionom&& Theacidgroups can beurther neutralized with
different metal ions when the strong ionic bond is formed between ionic species and metal
cations’®

The ndustrial synthesis route to prepare carboxylated ionomers is through free radical
copolymerization of acrylic or methacrylic acid with olefin type monofatityleng. This method
is mostly used to synthesizethermoplastic and elastomeric ionomefhe nost famous
thermoplastic ionomers are Surfyionomers, producedby DuPont, which consist of two
comonomers ethylene and methacrylic guadtially neutralized with various metal hydroxides.
Additionally, carboxylated rubber@eacopolymer of butadine and acrylic acid, and terpolymers
of styrenebutadieneacrylic acid and butadieracrylonitrile-acrylic acid’® The functionalization
of preformed polymer is widgl used forthe preparation of sulfonated ionomeBuring this
preparationthe onic graups are incorporated onto the polystyrene backbone by electrophilic
substitution of unsaturated aromatic ringsd then neutralized by using metal hydroxities all

thesecasegheionic groups are randomly distributed along the polymer chain.



Thermoplastic ionomers like Sur§rfDuPont), lotek™ (ExxonMobil), Amplify™ (Dow
Chemicals) are very popular commiaidon-containing materials. Despite their higher viscosity
and slower relaxation compared to nonionic counterparts they can ibeprasessed by film
blowing, injection molding, or extruded into pellets. Moreover, their popularity is based on
advantageus characteristics such as transpareteay, and abrasioresistance, low temperature
impact toughnessgensile strengthand resistance to many solverit$*& Therefore, they have
found awide range of applications fimod packaging cosmetics, and medicdévices covers for
golf ballsandski boots membrane formations, automobile parts, coatingd, rmore advanced

systemssuchas sekfhealing materials that are usedtbgmilitary and spacendustry®68’

1.2.3 Morphology of lonomers

In connection withthe great interest in this type of materials, due to their excellent
mechanical and rheological propertiess well astheir wide range of applications, many
researcherfiave exploredthe connection ofionomers properties to morphology in detdil®8°
Despiteyears of researghmany questions abothe ionomer structureemain unanswered his
is because the ionic structudtepend®n not only on the number of ionic groymit also on their
distribution aml topology ofthe polymeiic backbone.

lonic groups promote unigque attractions that give ionoraelistinctive microstructural
character. Itis well known that iezounter iorthrough electrostatic (Coulombic) interactiarsl
dipole-dipole associationsteongly interact, which result in the formation of multiplets. They
present the smallest possible form of ionic aggredhsa are in a most likely spherlbashapel.’
Several factors plag crucial role information of multiplets such as electrostatic interactions

between the ion pairs, the ion content, and the properties of the host plyxeeording to
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Eisenberg et al®the presence of multiplets redsd¢he chain mobility, which affesthe glass
transition temperaturel§) of the polymer in bulk. Thefere, an increase of iocontentwould
reduce the distance between the multiplets, which will eventually overlap, and a large region of
ionomer with restrained mobility will be formed. i§ltontinuougegionis referred to aa cluster
that has the charateristics of the second phase within the polymemd even possessesin
independen®y. This behavior is related to microphase separation, where the aggregates of ionic
groups are dispersed intononpolar polymematrix.2® The poperties of ionomerare greatly
affected bythe presence dhese aggregates that act as reversible crosslinks.

Numerous molecular theoriegere formulatedo describethe morphology of ionomers
and connect it to their mechanical characterisiietailed descriptiorof these theoriesan be
found elsewher*° These models could explain some of the ionomer properties, but they were
not completely consistent with all experimental findisgscethey were developed for specific
systems. Eisenberg, Hird, and Mo8réormulatedthe model named EHM thatvas the most
successful in linking propertiesf ionomerswith their morphology. This model represent
multiplets as discrete regiotisat restrict the mobility of chain segments surrounding tidray
can be observed as physical crosslinks formed within the polymer, which limit the mobility of
chainsconsiderably?'®3 An increase of ionic content leadsth@ growth oftheseregionswhich
eventually overlap antbrm clusters Although this model was the most effective in explaining
almost allproperties of ionomershere are still some thatinnot benterpreted.

The norphology of ionomers was examineddyariety of experimental technigyesich
as smallangle X-ray scattering and scanning transmission electron microsddyldter has

revealedthe structure of ionomers in buttonsisting ofroughly spherical aggregates of ionic



groups about Amin diameter* The authorshowedanincrease inhedensity of ionic aggregates

as the neutralization level increased.

1.2.4 Thermal, Physical, and Mechanical Characteristics of lonomers

The daracteristics of ionomers are mainly influencedh®presence ofanic groupghat
form complex and unique microstructar&he impact of ionic content on physical and mechanical
properties of ionomers were extensively studied by many researchers that idsigriédant
effecs of multiplets and cluster® ®” The pwerful effect of ionicgroups is evident in various
properties, such as glass transition and melt temperature, rheological besiifnass, and
tensile strengtf8>% For instancetesting the mechanical properties sulfonated polystyrene
ionomers with dferent content of ionic grougsasshown aremarkable increase in toughness and
tensile strengthcompared to parent polymer without iciSimilarly, cartoxylated polyethylene
ionomers exhibita significant rise in modulus when starting fraime parent copolymer and
increasing thewumberof ions to 80%.7%°7 In comparison to conventional polymeesastomeric
ionomers possess improved toughness, abrasion resistance, adhesion, and &trength.

Due tothecommercial importance of ionomexghich are processed the melt statethe
effect of ionic groups on melt flow behavioragparticulr interestAs previously explainedhe
ionic aggregatesauld form reversible crosslinks that significantly affect the flow of polymer
Consequently, the viscosity and relaxation timeE®nomersise by about an order of magnitude
compared tatheir nonionic courgrpart’® Despite their high viscosity ionomer melts can be
processed using conventional processing equipnidm®.mechanisnthat explainghe flow of
ionomers was first described by Cooflend Har&’° asdGon-hoppindd Theionic interactions are

described byheassociatioslifetime represemg the time necessary fteionic group to find a
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new partnerafter dissociatioi®*? This assoitions lifetime is the average time th#te ionic

group spenslin anaggregate befok6 hopsd t o anot he,themolyeerchai t hi n
that holds the ionic group relaxaiowing ionomer to flow.Consequently,he reptation time or
terminalrelaxation timerequired forthe whole polymer chairo disentangle is higher due tioe

presece oftemporary crosslinks that redsde chain mobility. To completely understatie

flow behaviorof ionomersand theassociateghrocessing capabilitieet is essential to determine

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

dynamics asdiscussed in later sectians

1.3 Amine-Containing Polymers

One of the major benefitof associating polymerss the reversibility of temporary
crosslinks that alloematerial to respond to external stimuli like temperature,grtdplventst?
One of the most popular reversible interactimnassociating polymers is hydrogen bondifgo
distinct groups of hydrogebonded polymersire discussed in this sectipwhich belong to a
class of amineontaining polymersThe maindifference is in thie polymer backbone where in
one case we have polynorbornene and the other polycyclooctene. This ché#mgdackbone
structure significantly alters the material characterisficshort introduction of idrogen bonds
will be presented, followed byan introduction of functionalized polynorbornengs and

polycyclooctens that have two distinct backbone structures

1.3.1 Hydrogen Bondng
As mentioned previouslymolecules that contaigroups capablef forming hydrogen

bonds (dipole-dipoleinteractionsarefrequently usedb synthesize crosslinked polymer networks.
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The dructure and properties of many biological systatepend orthe presence of hydrogen
bonds Broadly speaking hydrogen bonding systems can bédetivinto strong, medium or weak

101

strengthbonds:™ The dfference between strong and medium or weak hydrogen bonds is

significant. Onthe one hand, tsong H-bondsare present insystemdike F-HA A &rF>-HA A A O
wherethe H atom is somewhere between two other atoms (fluorine or oxydengfore, the
distanceis short, and the association energy is high, aboukJ®ol’® Medium and weak

hydrogen bonds are associatth systens with donor andacceptor agn electronegative atom

(D-H A A) A& Avhich the directionalitys partially lost and the association energy is lowanging
from 15 to 26kJ/moli®2 The strength of hydrogerohds greatly depesan the type of solvent. It
is very well known that in polar solvents hydrogen bonds become much weaker. Thehefore,
synthesis of supramolecular polymers is usually dorapiotic ornonpolar solvent&® Overall,
the strength of hydrogen bondgdetermined by the count of individual bonds and if more of them
areinvolved the bindig strengthwill becomegreatert®

Thesenon-covalent interactiogarevery popular irtheformation of polymer blends where
they play the role of a compatibilizer between two immiscible polym&sHydrogen bondsire
easily adjustableanddepending on the system or material property their strength can be altered
by increasing or decreasing thenumber, changing solvent, or its pH, or varying the
temperaturé® 1% Using the functional groups with hydreg bonding tunable and reversible
crosslinked polymer networks can be created that treability to respond to temperaturehe
lifetime of these interactions decreases at higher tempesallmes molecular chains can relax
faster and consequently thiscosity drops which allowtheir easy processability® However, at
lower temperatures polymers wigharge number of hydrogen bondsin have long taxation

times and form transient networks>?Due to their remarkable properties such astsedfiingand
10



adhesionthere are many applications for these materadgpatings,adhesives, or elastomeric

materialst®-110

1.3.2 Functionalized Polynorbornenes

Polynorbornene is very popular materiabecause ofts many applicationsand it is
favorablefor functionalizatios or creation of variougopolymers andlends. Norboradiene
monomers can be functionalized usidigferent reactions, such d3iels-Alder reactiof'! or
hydroaminoalkylation reactidf?. Polymerization of functionalized norbornene can be performed
by various routedike ring opening metathesis polymerization (ROMM)yl-type, and radical or
cationic polymerizatiod!!-11311> ROMP polymerizationis one of the most popular reactdfor
the synthesis of polynorbognesused by both researchers and indudtiig extensivelyemployed
in the preparation of Norsoréx(polynorbornene rubbenvhich has double bonds along the
backbone suitable for vulcanizatiéf:*1611” Polynorbornene rubber has distinct &aseric
propertiesafter crosslinkingandcanbeemployedasasealat. Moreover, it can be usedasound
barriet, in shockproof bumpers, ands a material inibration dampening iengines.**>1¥Duye to
its porous structure and water insolubilippwdered polynorbornene can be used tonotezan
oil spills.*t8

ROMP polymerizations very useful for synthesizing thienctionalized polynorbornenes
that can possessvide range otharacteristics fromlastomerido rigid plastict'¥ 122 Research is
mosty focused on polynorbornene rubBét Although polynorbornene haarigid backbonéts
unique propest, porosity of powdered polymerllows adsorption of nocessing oil or ester
plasticizer which lowes the Tq. After crosslinking the material behaves as elastomeith

excellent mechanical properti€$
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Incorporationof functional groups considerably influence the propertiegheffinal
material For instance, bulky side groups can significaattgr the glass transition temperature
and formthermoplastic or elastomeric matesifl* Some studiesevealedthat functionalized
polynorborneng could be used ashape memory polymers that belong to the class of stimuli
responsive material$® Varying the pendant side groups considerably tune the rheological and
mechanical behavidsy increasing theéensile strength and extensibility for rubberlike samples or
creep and abrasion resistance fogrthoplastic polynorbornené®:126.127 Additionally, many
copolymers were synthesized using ROMP polymerization where various comonomers were used
such as p o | ycaprolactane),poly(ethylené glychl), polyimide, polyethylene,
polycycloocteneto name just a few?® 34 Thus, different copolymerwere formedpamelygraft,
block, diblock, and triblock which can be used as a compatibilizer between polynorbornene and
poly(vinyl chloride) or nitrocellulose, or as substrates for flexible dispf&ys®

Consdering that polynorbornene has amorphous but highly rigid structure its properties
can be improved by making blends witmlymers which have distindbut complementary
characteristicsThe essential feature of any blend is miscibility since phase s@pairatuences
its physicapropertiesThereforejncorporating moleculethat can interact with blend components
allows better miscibility of polymersOne of the powerful tools iBaving components with
pendant side or end grougkat contain available lydrogen bonds Some of reported
polynorbornene based blends are vpitty(styreneco-hydroxystyreng poly(vinyl chloride), and
ethylenepropylene terpolymer®8138 Functionalized polynorbornenethat have attractive
interactiondacilitate the formation of miscible blends with different polymers. Additionally, it is
known thatthe presence of double bonds in the polymer backbone causes oxaladiame way

to avoid that is by hydrogenation of polynorbornert@ackbone Hydrogenated functionalized
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polynorbornenes were blended with polycarbonate and pelg@pyridine)1?® Overall these
blends show enhanced mechanical properties and potential to form mdteatalary from

rubberlike polymesto thermoplastics with distinct thermal properties.

1.3.3 Functionalized Polycyclooctene

Polynorbornene was the fisbmmerciaimetathesis polymer placed on the mankel976
(Norsore®) and notlong after in 1980,polycyclooctenaunder the trade name Vestenafheas
made'*° It is apolyolefinic materiathat containdydrocarbon backbone which chavealinear
and cyclic structure. In contrast to norbornene thathigh strain energythe polymerization of
cyclooctenerequires a more active catalystand thus the development of functionalized
polycycloocteness much moreomplex*4° Thereforethere are limited reports @dinctionalized
polycyclooctenesn the literature™® 142 As the importance of ROMP polymerizatioras growing
many active catalysts were discoveradd nowadays many researchers are focusinghen
synthesis of functionalized polycyclooctsié®146 Various pendant side groups can be
incorporatednto polycyclooctene backborsich as silylgroups poly(ethylene glycol) chains,
fluorescent metatomplexedo produce many differembaterials for sealings, adhesives, coatings,
andvarious applications ibiotechnology!43145146

Besides the introduction of functional groupgsother important use of polycyclooctene is
the formation of various copolymers that can be utilized in a wide range of applicEtidrs.
According to the literature, several polymers were used to prepare copolymers with
polycycloodene, such as polystyrene to form ABA type triblock copolyrigrarious norbornene
and cyclooctene derivativd and poly(ethylene glycol) graft copolym&. The physical

propertes can be changed by altering the glass transition tempegatdrene way to achieve that
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is by theaddition of comonomer with rigid structure. Hino et &’ synthesized copolymspof
polycyclooctene and functionalized polynorbornatheshaveawide range offg between60 and
130 °C. Additionally, the polycyclooctenebackbonecan be easilyhwydrogenated which can be
useful for synthesizing functionalized polyethylefs-5115#156

Polycyclooctenas a semicrystalline polymer with negative glass transition temperature
and low melting pointthuscrosslinking is necessary to enhance the mechanical propeéfties.
Chemical crosslinking is the most commprocess thatmproves the stability of polymer at
increased temperatur&$:***Due to unusual behavior of this polymehich isathermoplastic
material that behaves as a rgstalline elastomeat temperatures higher thre melting point,
it can be used itherubber industry, such as manufacturingdires,in therecycling of rubber, and
as a component of rubberized asphalt for sound piis0f%° Additional application of
polycyclooctene and its derivatives is a shape memory polymer that has been a podaimsub
the literature nowaday&>1°"161163 These stimulresponsive materials hatee ability to return
from temporary to thepredefinedshapevhen exposed texterral stimuli, such as heat, magnetic

and electrical fields, lighndmoisture!®4 168

1.4 Rheological Properties of Associating Polymers

Before presentinga literature review of the rheologicsiudiesof associating polymers,
certain principles of rheology useful in understandingotteavior of these complex structuese
described in the ftowing section.In addition, the various rheological techniques used to study

the associating polymesediscussedand characteristics exampla®presented.
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1.4.1 Rheology

Rheology is defined athe 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 rheologic@dehavior These properties whicire known as material functions
include shear viscosity, viscoelastic moduli, relaxation moglah several othef§® 1’ Another
aspect of rheology is the developmentegtiations that relate deformation (strain) and rate of
deformation (shearate to forces (stress), which are known as constitutive equations or
rheological equatias of staté’? Such constitutie 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 optinaizdtioh
they carbe 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 exteasmn)s response is
recorded and used telate 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 rhecanepeesented.

1.4.1.1 Rheometers

A rheometer is the apparatus for measuring rheological propditiese are two different
types, namely stratnontrolled and stressontrolled rheometers. In the first qrtae rotatioral
speeds fixed, and the torque is measuredile in the seconthereversei.e, the rotatiorl speed

is measured, and torque is fixed. More details are discussed in the book by Matuskbe
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following subsections the main rheometers and fixtures which have been used in thisrgtudy

described

1.4.1.1.1 Rotational Rheomeer

Parallel plate and congnd plate geometries are the most extensively used rheological
fixtures to produce simple shdkw. Theparallel plategeometryhas two parallel concentric disks
with specific diameter and distance (gap) between thiitle theconeandplate geometry consist
of a cone of certain anglgypically 4-7°) and a disk The disk or cone can rotate with respect to
the other plateshown in Figure 1,lwherethe angular rotation is imposednd the torque is
measuredor thereverse, degending orthetype of the rheometerhe alvantage from the usef
cone and plate is thdtcan be used to measure the first normal stress differanddtproduces
homogenous deformation. On the contrahg flow field in the parallel plate geometry is not

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

i

LJ | U
Figure 1.1 Schematic ilustration of parallel plate and coneand 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 floW¥ "t Edge fracture hasa destructive effect on rheological
measurements because it significantly affetie torque (in straircontrolled rheometer) or
rotatioral speed (in stressontrolled rheometer)2 Apart from this strong secondary flows are
building inside the sample which expandhe edge fracture and additionally affedhe
measurements? However this problem haseen resolveavith the use of theonepartitioned
platethatconsists of &tandardcone at the bottorandthe upper geometry that has small standard
plate integratel into a stationary coaxialing and directlyconnected to the torque transducer

(Figure 1.2)

Torque
Transducer

Figure 1.2 Schematic ofthe cone and patrtitioned plate (CPP)eometry

The benefit of this setup is that the flow is generatetheyotation of the lower cone and
the torque is measured by the upper plate sample is placed between plates and must cover the
outer ring to obtain valid measuremenibus the weltknown effect of edge fracturewill not

affect the measuremenisimediately and thehigher strainsor shear ratescan be imposed
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compared to standard cone and plate geomé&tihis type of geometry has been evaluated by

many researcherg 1’8

1.4.1.1.2 Sentmanat Extensional Rheometer

The Sentmanagxtensionalrheometer (SER) is a suitable and etisyse fixture that can
be used together with a rotational rheometegaoerate uniaxial extensional dat&!® This
rheometerfixture consists of two druméFigure 1.3)where the main drum rotates by the host
rheometer shaft and the slave drum courtdtates due to the existence of intermeshing gears that
connects the two drums. The sample could be edtbeeistrip or cylindrical shapdamped firmly
in the center by means of two clipgghile drums rotatéhe sample undergoes a uniform uniaxial
stretching (extensionyhich is used to measure the viscosity and stress relaxation of thermoplastic

polymers and elastomet§:180

Master r = @_ Slave

Drum Drum

Clips Sample

Intemmeshing
Gears

L

Figure 1.3 Schematic of the Sentmanagxtensionalrheometer (SER
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1.4.1.1.3 Capillary Rheometer

Capilary is one of the most industrially used instruments for measuring the viscosity of
polymer meltslt is a pressure driven rheometdrus,the flow is nonhomogeneous, and it can be
used to measure viscosity in steady shear fioly. As shown in Figre 14, it consists of a heated
reservoir (barrel) that contains the polymer melt and a piston which drives the material through
the capillarydie, located at the bottom of the barrfeach capillary die is characterized with the

length,L, diameterD, andentrancgcontractionjangle,2 U

1: Barrel

2: Insulation

3: Piston

4: Polymer melt
5: Die

Figure 1.4 Schematicrepresentationof a capillary rheometer

The load cell measures the foreeeded 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 stre§s and the apparent shear rate, from the following equationsvhee
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Q, BndL ae,volumetric flow rate, applied pressure, capillary diameter and capillary length,

respectively

320

gA_ng (11)
DDP

s =P 1.2

AT L (1.2)

The calculatedapparent shear ratand apparent shear streswe subject to two
correctionst®®171First, he total pressurthatdrives the polymer flow should be corrected for the
extra pressure needed by the melt to flow from the reservoir into the capillaffidieorrection
is known as the end pressure or Bagley corredfith! It can be calculated by plotting the
pressure versus die lengiirdiameter ratiosL/D, at fixed apparent shear rate valaesl then
extrapolating the straight lines to zdu® (see Figre 1.5). The true shear stress ag ttapillary

wall, G, can be calculated frofig. 1.316%171

_DP - By (13)

20



60 —r———7 77 7T
- T =140°C
L v =1705s"

40

AP (MPa)

20

APcnd [
0 L L l L L L L l L L L L I L L L L l L L L L l L L L L l L L 'l L

5 10 15 20 25 30 35
L/D

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

The ®cond correctiots the secalled Rabinowitsch correction that corrects the apparent
shear rate to the true wall shear yate, shown by theEq. 1.4 wheren is theviscosity shear
thinning exponent defined as Q& £,°Qj Qa ¢ "Ql"!

g _3n+1l.
Y 4n

(1.4)

Having the wall shear stress for several values of the wall shear rate, the viscosity materia

function can be calculated usikg. 1.5.

h(§=Sw (L5)
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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 experinamesults 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 Vlilseaelastic
regime which is calledsmall amplitude oscillatory shear(SAOS) or within the nonliear,thatis
referred to adarge amplitude oscillatory shear (LAOS). Frequency sweepan be used to
determinethe dynamic response dssociating polymersvhere the upper plate is sdb an
oscillatory motionat a constant straiover a wide range of frguencies,while the stress is
recorded®®1"1The oscillatory strain is defined IBg. 1.6 wherex is thestrain amplitudeandy
is theoscillationfrequency.The neasured stress is shifted by a phsisiét (loss angle)d, with

respect to strairgg. 1.7).
g= gin( ty (1.6)
s = gsin( tw+) (L.7)
Shear stress consisif two components, iphasel and outof-phasel Gthéat are used to
obtainthe storage defining the elastic nature of polym@ndtheloss @efining the viscous nature
of polyme)) moduli,G @GndG 0 respectively, which are defined as the ratio of stcesnponents

and strain. Thehearstrain ratds given as:
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The atio of theshear stress (iphase and owudf-phase) and shear rate giwbe dynamic and
imaginary viscosityd @ndd orespectivelywhich can then be combined result thecomplex

viscosity,| ‘4| (seeEq. 1.9)

‘h‘—«/}? +'h -G;GZ (1.9)

Frequency sweep can be perfornoee@r awide range of temperatures dependinglom
material thermal characteristithe dtained data can be further superimposed on the reference
curve by shifting it along the frequency axis using the horizontal shi€irfag, in order to obtain
themaster curveThis procedure is callgtietime-temperature superposition principté $) that
is beneficial to identify the rheological response of matexiata widerange of frequencies which
cannot be determined withsingle experimentCommonly, polymers that obelgetTS by using
only horizontal shift factor aneferredtoa®t her mor heol ogi cal hegdansi mp |l e
additional vertical shiftor, arecalledot her mor heol ogi cal | y casesthep| e x 6
associating polymers belongadgroup of thermorheologically complex polymé?482183Figure

1.6 shows typicamaster curvesf G 0G oand| “¢ifor an ionomer studied in this work.
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Figure 1.6 Typical master curve of dynamic moduli and complex viscosityionomer exampleat 140 °C)

The continuous lines in Figure 1.6 repredaefit of the Maxwell model given by thiEq.
1.10, wheregherelaxation spectmm, { G;, i}, eepresenttheminimumnumber of pairs afelaxation
strengthand relaxation time, respectivetyeeded to accurately describe the experimental data

essentially the relaxation modulus given by Eqt%67*

G(1)=4 G gexp( 7, (1.10)

Nl . (W‘/) (1.11)
G(w)= ?l—l 1+i(W/I)2
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The Maxwell model and the relaxatispectraare usefuto indicate thedistribution d the
characteristic relaxation times pblymers andare also used in constitutive equatidas flow

simulations as essential ingredients of nonlinear constitutive rheological models.

1.4.1.2.2 Stress Relaxation

In this experimenthe relaxation shear stress (@utus) is recordedfter imposingsudden
step strain®f certain sizeThese data are plotted first @$axationmodulus,G(t), versust in a
log-log plot. As an examplekigure 1.7 (left) shows such a set of data for an ionomer at°C0
for several imposedtepstrains. 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 whigmitref linear viscoelasticitys

crossedThese data are superposed in Figuvdgright) to determine the damping function

10° prer——— . T T T T
g T=140"C ] R) 10 T=140C 3
5 ] ~ ]
3 10 3 g 10 .
ST < E
2 10F 3 S 10
= E E 2 E E
3 f s “ ]
E I .§ o\
£ 10° 3 3 ‘g 10° R 3
§ E O y=0.05 %%A
t = F O y=01 4
= L J S o'k v ov-os J
10 = 10 E < y=10 L{Eb
3 F o y=50 ]
& [ O y=100
0 10“ | MR | s aaaul PR |
10 10" 10° 10' 10
Time, t (s)

Time, t (s)

Figure 1.7 Relaxation moduli after imposition of various sudden step shear stins (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 thshift factors h (,u3edto superposedhe stress
relaxation @tafor several step strain of various magnitu@ibesevalues can be plottedersus
strains, 9, in orderto fit various models that are used in formulating nonlinear constitutive
rheological model$®® 1 An example of the damping function obtained from the superposition of

stress relaxation datar ionomer isplotted inFigure1.8.
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Figure 1.8 The damping function obtained fromstressrelaxation experiments(ionomer exampleat 140 °C)

1.4.1.2.3 SteadyShear

In this experiment, a constant shear rate is applied to the mataddhe stedy state shear
stress (response) is recorded. Repeating this experiment for several shear rates anthplotting
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 thigpe of experimentrétio of shear stresandshear rate).
Typical results for this experiment are plotiadrigure 1.9 for an ionomer in terms of the shear
stress growth coefficient which is defined as , [, where, denotes the transient shear
stress and the imposed shear rate. The steathte values from each curve are clearly seen and

they can be used to determine the viscosity as discussed above.
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Figure 1.9 The shear stress growth coefficienat various values of constant shear rate§ionomer exampleat
140 °C)

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

The abovealescribed rheological testsclude only shear componenéd they are insufficient to
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characterize the rheological behavior of a material complefdtgrefore, uniaxial testing is
usually performed to complete the rheological testing of a polymer melt.

In a steady uniaxial elongati@xperiment, a sample of initial lengtly, is stretched at a
constant Hencky strainteg - Q1 'Q pwhereUis the Hencky strain defined hilze following

equation.
L(t)
e(t)=In 1.12
(t) | (1.12

Moreover,considering he Bol t zmannés superposit,iton pri
can be shown that in the case of transient elongation viscosity, at short times the following
relationship is valid which is known #seTr out o8 r ul e

he (t) =3 At) (113

Figurel.10plotsthetensilestress growth coefficient; fversus timdor an ionomer aan

example The solid line represestthe 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 timor associating polymersat several

Hencky strain rates

1.4.2 Review ofRheologicalStudiesof Associating Polymers

For this study, two groups of associating polymers were used, namely ionomers and
hydrogen bonding polymers. Thus, in this sectibe rheological propertiesf only these two
groups of associating polymeasereviewed. 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 structursach agelechelic that have ionic groups at both ends
of chains, block copolymers where one comonomer consists of ionic groups and random ionomers
with ionic groups randomlglistributed along the polymer chaiff$?-100.18487 Since the ionomers

used in this study are random copolymers primary these types of ionamaeiscussed
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1.4.2.1 Review ofRheological Studies of lonomers

Many researchetsaveexploredtherheological properties of ionomers with different types
of ions, level of neutralization, and concentration of comonomers that contain ionic groups. Two
interesing classesf comonomers that contribute the formation of ionomers are carboxylate
and sulfonate types of aciddumerous comonomehsave beemsed to prepare copolymerstive
literature, such as ethylene, styrene, butadi@neisobutylenefo name a few

As previously mentioned, the focus isthe melt rheological properties of iezontaining
polymers. There are many studiestba effect of different cationand ion contentn flow, for
exampleNa', Li*, C&*, and Md" in the case of ethyleracrylic/mehacrylic acid ionomer¥188
1901n early stage of studye authors concluded thifetype of cation did not affethe viscosity
much, whereas the neutralization level laaghoresignificant influenceThese conclusions were
later proved wrong bperforming dynamic and steady shear experim&ft§:Considering that
theyconductedcapillary experiments they could not tds¢se polymers abw shear rates wher
the effect of divalent ions Bvident compared to monovalent.

Additionally, changing the counterion significant changes in the ionomer behlaagor
been reportedalthoughthey cannot be easily explained. By introducing sulfonate acid into
polyethylene or polystyrenthe rheological pperties were greatly chang&d® %5 \Whereas the
carboxylated ionomers can be partially neutralized with various metal ions, the sulfonated
ionomers araot thermally stable unless they are completely neutralized. Biudanging the
numberof sulfonate groupghe ion contentould bechangedin order to compare the ionomers
with different counteriongt is necessary to synthesize polymers with identical molecular weight
and molecular weight distribution whighgeneal is adifficult task. Therefore, there are not many

studies that show the influence of different ionic groupthemheological propertie®21%
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Industrially important slfonated ethylen@ropylenediene terpolymers (SEPDMhat is
synthetic rubbewere investigatedAs for the carboxylated ionomenhe viscosity of SEPDM
ionomers was increasing when tbentent of sulfonate groups wascreased® The authors
experienced problems with accurate measurements of viscosities when common alkali and alkaline
earth metalsvere incorporatedand only Zn and P&ontaining ionomers were found to hdower
viscositiest®>1930ther systems showed considerable dependence of viscosities on the counterion
concentration, level of neutralization, and cation t3/gd? 20!

Vanhoorne and Register pemfioed significantwork on carboxylated thermoplastic
ionomers athelow shear rate to examine their behavior in the terminal Z8Wecomprehensive
study of dynamic and steady shear experiments that accurately identified values of zero shear
viscosities was conductethey explainedhe applicability of theime-temperature superposition
as the consequence of two characteristic relaxation mechafismBopping and terminal
relaxatior) being independent of each othandbr they are experiencing the same temperature
dependencé&? Furthermorethey confirmed previous findings that the viscosstignificantly
increasing withan increase of thievel of neutralization. Comparedttweir parent copolymers the
ionomers also showed elevated activation energy, that implied requiseofdrigher energy to
flow which isadirect consequence tfepresere ofionic association&??

First and foremostfree radcal 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 procg%%figAt the same time
neutalization of copolymer introduceieformation of ionic multiplets and clusters, which affect
the relaxation processes of ionomers and their thermophysical propdastsf the carboxylated

ionomers are partially neutralized that means sontbexfarloxylic acid groups are capalbé
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forming hydrogen bonds. Moreover, they alldine exchange of Hwith the metal cation that
permit diffusion of polymer chains withouhe necessity of ionic groups to interchange between
aggregate&??2% Another important effect of free carboxylic groups is their ability to plasticize
the ionic aggregate822%3297 |t has been shown that ionomers are very sensitive to the presence

of moisture and proper drying is essential to obtain accurate reessnts’%®

1.4.2.2 Review of Rheological Studies dflydrogen Bonding Polymers

Associating polymers hava very complex structure and rich dynamasd thus vast
application opportunitiesThe linear rheology is a great tool i understand their complex
dynamics andi) verify existingtheoriesin the literature Associating polymers are capalif
forming strong networks without having entanglements and these tempatargctions are
descibed asanadditional frictioral source that affects the relaxationtb&whole molecule and
drives it to the longer timeé$:*® The introduction of entanglements makes it much more
complicated since novbesides the reversible associaticpological constraintposed by the
entanglementplay a significant role intheir total relaxation that inow influenced by two major
time scalesTherefore, associating polymers belong to the claiseoforheologally complex
materialst®2209219Associationsin general havethe tendency to aggregate that can cause phase
separation and additionalfffect the relaxation processég?1?The architecture of associating
polymer networks important becae it considerably influens¢he rheological behavior of these
materials.

Considering hydrogen bonding polymetwo 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 directioal interactions in telechelic polymers thepdto groupand create clusteesd

as result thermoplastic elastomers are forf@ét> However, some telechelic polymers have end
groups that form only dimersvithout aggegatesand physical crosslinkingndcan create long
sequences of moleculé®:?'’ The rheological properties of both systems are considerably
enhanced compared to one withthepresere ofhydrogen bonding interactionEhe formation

of aggregatesignificantly increase the modulus even for low molecular weight polyraeds
influence the activation energy of floi#?

The second class inclusl@olymers where functional groups can be grafted on the
backbone ard randomly, or systematically distributed along the chaifegious systems have
been synthesized and their rheological properties investigated. The rheological properties of these
systems greatly depend on the strength of hydrogen bond interactiongiamditiioer density of
pendant groupsLewis et alt* synthesized a series of poly(butyl acrylate) copolymers and
elastomers with various pendant groups that are capdtflerming hydrogen bonding. They
observed significant increasnd extensiom rubbery plateawhen functional groups that form
strong hydrogen bonds were usetiich led tothe formation of soft solids. Othecontrary, weak
hydrogen bonding moieties created copolymers that showedigmificant change irtheir
rheological behavior due to their fast relaxation comptodhe relaxation othewhole polymer
chain. Seiffet'® demonstrated the major influencetbésoc al | ed oOi nterchain s
rheology of associating networks at low frequency, which is the regime of full polymer relaxation
and flow. Cate et af'® synthesized ureidopyrimidinone (UPy) based polymers that contain
hydrogen bonded associationhosestrength strongly depends tre number of functionalities.
Although their reference material behaved as Newtonian, fagdrporation of functional groups

increased the viscosity and createslersible viscoelastinetworks. Nair et &2° presented the

33



potential to alternate the mechanical propertiggobfnorbornenes by introducing various pendant
groups. They indicatethat the transition from highly viscous liquids to highly elastic solids
greatly depend on the hydrogen bonding featihich can induce reversible crosslinking with the
polymer backbonePerry et al'? synthesizedseveralaminecontaining polynorborness and
clearly showed the effects of hydrogen bonding on their rheologroglertiesby comparing it
directly with neat polynorbornene.

Studying nonlinear rheological behavior is important to understand the conditions under
which material failure is happéng. Associated polymer networks that exhibit sdiké behavior
can be classified either as a brittle or ductile determined by viscous dissi3a&oiT.he nalinear
behavior of systems comprising hydrogen bonding groups is not well undesstalchallenges
in preparing wehldefined sample®n a larger scalén orderto allow consistent rheological
analysis. Whereas some available data in the literatureydrogen bonding polymersave
reported ontheir nonlinear behavior in shear, the extensional rheolagynot beenwidely
explored.Several researchers suggested that these polymers exhibit strain hardening behavior and
havethe ability to resist large dermations2°%224227 |t was demonstrated that transient networks
with alarge number of associatis mostly reveal brittle behaviorthelinear viscoelastic regime
butthe presence of weak interactions display strain hardening belfatioro important factors
determine the mechanism of sample breakagethe strength of junctions and their dynamics.
Simultaneously associating groups have to holdosfy 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 mapid growth of synthetic polymer materials required investigation of their dynamics
that will answer importarquestions on how big these giant molecules are and how do they move.
Pioneers of this fundamental research were Eld®yockmayer and Zimfff??° Edward$®,
Kuhr?®, Graessled?? and Rous&® The initial theories that described polymer chain dynamics
were developed by RouSé and Zimnt?°. Whereas they showed hotlve polymer chain is
behaving in dilute solutions, these theories were the foundation of chain dynamics in concentrated
polymer solutions. As the conateation of polymer solution is increasing the polymer chaitast
to overlap and form entanglements. Therefore, the motion of the chain is restricted by the presence
of the neighboring chains. If we observe the motion of only one ctierpath whichttis chain
will follow is c&*®ed the Oprimitive pathoé
Edward$®® and de Genné¥ simplified the complex topological problems of polymer
networks by suggesting the tulile regions around macromolecules and the primitive path can
be seen as a center line of the tube. Based on the tube, thequglymer chain is placed in a tube
withtheradiua,t hat | i mits any motion perpendicul ar t
The motion of the macromolecule in the twb@s coined byle Genneés*asé6 r ept at i onod due
snakelike wriggling. Doi and Edward$>237240 developed the tube concept and explained the
stress relaxation process through three stages. Starting with the relaxétiesegiment between
entanglements, contraction of the contour length, andhfimgswith chain diffusion out of the
tube&*L. Their major contribution ithe development of constitutive equations for calculating the

stress afterthe impostion of deformation within the linear and nonlinear viscoelastic

regim9235'238'239'24.1
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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 cha@mgth However,the tube model failed in
capturing the experimental resultstioé entirerelaxation. Therefore, to address the shortcomings
it was necessary to improve the model by incorporating additional relaxation mechanisms, such as
contour length fluctuatioR¥? >**and constraint relea®® 248 Modified models were verified with
experimental results of linear monodisperse polymers. Nevertheless, more complex architectures,
such as polydisperse polymers, binamgrils, liquid crystal polymerandassociating 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
strudure and dynamics. To describe the stress relaxation in these syistentimsic molecular
theories were formulated. One was developed by Cates and G&ff{dand another one by
Leibler, Rubinstein, Colby, and Semefdt?*143250Using 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 Seffiéhov
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 effectvefsibe
associations on polymer dynamics. Which of these two will be used depends on the level of
entanglements in the polymer network.

Cates and Candtr*® focused on associating polymers with end groups and tubular
micellar systems thatre 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 theptdtien time
the relaxation process will slow down, and it will take more timéfep ol y mer chain to
out of the tube. On the other hand, Leibler, Rubinstein, Semenov, and Colby were investigating
system with many pendant side groups tihatsaparated by the same number of carbons along the
polymer chaif®#%*! 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 atadied,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 thfferelaxation
process. Sincthedynamics of associating polymer network is controlled only by intermolecular
interactions, the transition from intramolecular to intermolecular associations will have
significant impact on stress relaxatiéfP® The adlitional influence ofhehigh number of stickers
is prolonged associations lifetime becauséhefreducedoossibility of one sticker to find a new
partner and the chance to reassociate with same one is much highet®® Consequently,
multiple reassociations of a sticker with the same partner lead to increased associations
lifetime*-2°2. Numerous experiments were performed to verify this theory both qualitatively and
quantitatively®37:251.252 Whereas ther@re some shortcomings mogtidue to reduced sticker
mobility and uneven spacing between them, this theory was successful in explanipgamics
of someassociating polymer networkh.is well known that the elastic moduls is the crucial
propertyof associating polymer networks and strongly influence dpplicationsDespite many
existing theoriespredictingthe elasticmodulus cannot be accurately accomplished. Tthes,

models have to be modified for specifiansient network>32%4
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1.6 Research Objectives and’hesis Organization
In this section the main objectivepsesented first separated into two parts followed with

the organization of this thesis.

1.6.1 ThesisAims

The mainfocusof thiswork is to investigate the influence of ionic and hydrogen bonding
groups on the rheological and mechanical properties of ionomeds functionalized
polynorbornengand polycycloocterse In particularlythis thesis comprises of two parts.

1. A comprehensivethermal and rheological investigation of thermoplastic carboxylic
ionomerswas performed. Ispecific,sodium salt of poly (ethylereo-methacrylic acid) and their
corresponding copolymersvere studiedto understand the influence of metal ions on their
thermorheological properties. Various ionomars usedvith different methacrylic acid content
and a similar level of neutralization A comparative studybetween the ionomers and their
corresponding copolymers was achieved reynovng ions to reveal the effects of ionic
interactions.The heoriesdescribedin section 1.5were used to determinehé characteristic
relaxation timegRousdime, reptation, and associatidifetime) whoseinterplay ha asignificant
effecton therelaxation of ionomers. The comprehensive sejenferateaheological data would
be extremely useful for testing rheological constitutive models for associatiylpgra These
carboxylated thermoplastic ionomers were chdeerseveral reasons. They are commercially
available, welknown, and commonly studied systems that can be melt processed. Therefore, they
are suitable for all experiments in mstate such asapillary measurementbat can be used to
understand the effects of ionic interactioms ther flow behavior The a@pillary flow was

employedto identify the relative effects of ionic and hydrogen bonding associations on the entry
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pressure, vortex sizeand strength in the contraction floun the simulationsan integral
viscoelastic modelwas used®?°® for which parametersvere determinedfrom the generated
rheological data

2. A complete thermal and rheological characterization mdvel functionalized
polynorbornenes and polycyclooctenes capatileforming reversible hydrogen bondwas
performed.These polymers were synthesizgdour collaborators in the chemistry department at
the University of British ColumbiaMonomersthat contain aryl amindunctional groupswere
synthesizedisinga novel catalyst andubsequentlypolymerizec?®’ As in the case of ionomers,
both the linear and nonlinear rheological propemiesestudiedand explainedbased orexisting
molecular theoriegor associating polymersThe various characteristic times underlining the
relaxation behavior of individual chaingere found to becentral in this studyAdditionally,
investigation of potential selfealing properties of the functionalized polycycl@ms was
performed The main targetvasto identify the optimum structure and molecular characteristics

thatexhibitthe bedfastestself-healing behavior.

1.6.2 Thesis Overview

Chapterl presers a literature review of the properties of the studied polymiersofmers
and hydrogen bonding polymers). Moreover, rheological methods and teatngell as
instruments used for such material characterizatign presentedTypical experimental results
obtained from these methodse also provided as examplels Chapter 2, the polymersand
experimentamethodsfor their characterizatioare discussed idetail Specifically,the various
analytical techniques used itovestigatethe thermal properties and molecular characteristics of

thestudied polymers are presetiteogether withtheir structures and routes of synthesibapter
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3 presents the complete rheological characterization of several commercial ionomers and their
corresponding parent copolymeEmphasidgs placed on the distribution of the relaxation times

to identify the characterigtiimes such as reptation, Rous@d associatios lifetime. Existing

scaling lawsare used to calculate the order of magnitude of dkeociation lifetime and the
association energy that are important parameters to gain a better understanding of their rheological
behavior. Chaptet describs the capillary flow study of several commercial ionomer mbtith
experimentally and numericallfhe excess pressure drdpe to entry, the effegbf pressure on
viscosity, and the possible slip effects on the capillary data analysis are examined. The
experimental rheological daia fitted to a viscoelastidK-BKZ) model to perform the flow
simulations.The rheological study of thaovel functionalized polymerghat are capablef

forming hydrogen bonds of various strengitts demonstrated i@hapte 5. Two types of amine
functionalized polymers with considerably different backbone structures, namely polynorbornene
and polycyclooctenareexamined. Their rheological behavior is compared to reference materials
that have no hydrogen bonding interactioMoreover, lie selfhealing capabilities of some of
these polymersare examined and quantified in terms of tensile testifgally, the overall

conclwsions contributions and recommendatiorisr future work are presented in Chapter 6.
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Chapter 2: Materials and Experimental Methodology

In this Chapter two distinct groups of materjalsamely ethylene methacrylic acid
ionomers, functionalized polynorbornene, and functionalized polycycloociéreg with their
route of synthesiarepresentedSince these materials have distinct structural propetétsls of
their thermal and rheologicaivestigaibnsareexplainedfor each of them

Some parts of the following sections are reproduced with permission from the following
publications T. Tomkovic and S.G. Hatzikiriakqd. Rheol, (2018),62, 1319; T. Tomkoviet al.,

J. NonnNewtonian Fluid Mech.(2018),262 131; T. Tomkovic et alPhys. Fluids (2019)31,
033102, Provisional patent app. UBC3-0 7 6 i Aumctiomadized polyolefins and metti® of

preparation .and use thereofo

2.1 Materials

As mentioned in the previowhapter, two different classes of associating polymers are
used in this work, (i) polymers that contain ionic interactions, namely ionomers and (ii) polymers
with hydrogerlinks, which can have either flexible or stiff backbong@suctural formulas of ion
containing polymers, namelyodium salt of ethylenenethacrylic aa and corresponding
copolymer are presented in Figure 2.2. Hydrogen bonding polymersawiiid backbme are
functionalized polynorbornenes (dbestructurein Figure 2.4) anthosewith aflexible backbone

are functionalized polycyclooctenes (ske structure ifrigure 2.6).
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2.1.1 Ethylene-Methacrylic Acid lonomers
Copolymers of ethylene and methacrylicdad-MAA) weresynthesized by DuPont via
high-pressure fregadical copolymerizatiothat results irtherandom distribution of methacrylic

acid (MAA) groupsalong the polymer chaifsee Figure 2.1)

CH 0
Z72 + H,C —_—>
H,C 2

~85 wt % ,OH
15wt % 0 OH

M

0 O Na

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

This type of polymerization produces copolys@smprising of lowdensity polyethylene,
that has longhain branching, anaismall amount of metcrylic acid. The molecular weight and
molecular weight distribution can be measuteg using high-temperature gel permeation
chromatography (GPC) The approximate values of weigwerage molecular weight,
polydispersity index, and the degree of lasigan branching were performed by DuPont and
results reported by Vanhoorne and Regi€tett was reported that these polymers héngh
polydispersity and longhain branchingThe same resin was used in tisrk; thus,thereported

results were adopted@he partial neutralization of copolymers with sodium hydroxide resnlt
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the formation of ionomers where more than half of protonstloa carboxylic group were
exchanged with sodium. There are two different ways to prepare the ionomers, melt neutralization
ard neutralization in solution. lonomers used for this study were prepared by DuPonthesing

melt neutralization process in a twerew extruder with sodium hydroxi¢eee Figure 2.1)

a) CH; b) CH;
CHZ—CHZL{ CH, ¢ ] CHZ—CHZL{ CH, ¢ }

C..Jm C
\ \
/ \0 +Na_0/ \

m

HO (0

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

ionomer

To examine the influence abns, present inpartially neutralizedE-MAA ionomers
sodium was removeand ionomers were converted into corresponding copolyrmbaesmethod
used to prepare this set of copolymers was as follows. Typicad)yofZinely ground ionomer
sample wasefluxed in100 ml tetrahydrofuran (THF)and 10ml diluted hydrochloric acid (HCI
1M) at the temperature of 61 for 24 hours.The acid solution was then precipitated wdth
mixture of cold methanol and deionized water (1:1), filtered and washed at least 4 to 6 times with
amixed solvent of methanol and water before drying for about 2&hBaurier transform infrared
spectroscopyFTIR) was used to determine if the complete removal of ions was performed.

lonomers used in this work contain various amounts of methacrylic acid (MAA), which
were determined by titration of carboxylic groupsigshe weltknown analytical methotP® The
obtained copolymer of ethylene and mestrylic acid(0.02g) was refluxed in 30nl of a mixed

tolueneisobutyl alcohol (75ml:25 ml) solvent under nitrogen flow at the temperature ofC0
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Once the polymer completely dissolved, titration of the acid groups was conducte® W23V
sodiummethoxide solution using phenolphthaleiraasndicator. Due tdahebuildup 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
propertes of the ionomers and their corresponding copolyitéiherefore proper drying of the
samples is essentiak series ofannealing processes were performed to determine the optimal
drying conditionsand it was found thatevendaysof vacuum drying at ¥ °C was necessary to
have consistent resultsge Figure3.1 in the section 3.3)2After drying, the pellets were molded
into films by using poly(tetrafluoroethylene) (PTFE) sheets at the temperature ¢fC180d
applied pressure of about MPa. The prepared samples are stored in a desiccator over anhydrous

CaSQ at room temperature before testing.

2.1.2 Functionalized Polynorbornenes

Functionalized polynorbornenes were synthesiagtle chemistry department at URG
Nirmalendu KuanandMitchell Perry(membes of the Prof. Schafeé group)(see Figure 2.3 for
synthesis reactionptarting fromnorbornaéene by utilizing new catalytic protocol for monomer
synthesis novel molecules bearing the pendant side aryl amine groups were prégamethis
purpose, hydroaminoalkylation reaction was employed with nowaiopyridonate tantalum

amido catalystwhich was develggdby Pr of . Schaferdéds group.
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Figure 2.3 Synthesis reaction of functionaked polynorbornenes.The first step is hydroaminoalkylation

reaction and the second ring opening metathesis polymerizatipwhere R can be various group

Subsequentlythering opening metathesis polymerization (ROMP) of prepared monomers
was performedrad, as a result, polymers with controlled incorporation of a variety of hydrogen
bonding amine groups designé&darious possible side groups can be incorporated, and several
structures of polymers used in this work are presented in Figure&H4. of thes pendant side
groupsalong the polymer chairetairs the ability to form reversible hydrogen bondSsommonly
used techniques forharacterization of polymer structyrsuch asFTIR, GPC, andnuclear
magnetic resonance spectroscopy (NMR)ecarried outby Nirmalendu Kuanr

Sample preparation. All synthesized aminéunctionalized plynorbornenesvere first
dissolved in THFor dichloromethane (DCMat room temperatur®llowing the solution cashg
into molds of various sizemade of PTFEAfter evaporation othe solvent films wereformed
anddriedin avacuum oven ove24 hours at the temperature of 40. After drying the samples

werestored in a desiccatat room temperature
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Figure 2.4 Various structures of functionalized polynorbornenes
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