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ABSTRACT 

Polyisobutylene (PIB) is a fully saturated, aliphatic polymer of high commercial 

importance due to its superior gas barrier properties and high chemical/oxidative stability. 

One commercial end-use for PIB is in insulated glass windows (IGU), where it acts as a 

gas/moisture barrier and sealant. Under certain adverse conditions, catastrophic failure of 

the PIB sealant may result in aesthetic and functional failure of the IGU, which 

necessitates replacement of the unit. Thus, there exists a need to improve current 

generations of thermoplastic PIB sealants to be able to withstand the harsh environments 

found in current real-world applications. 

In the first project, we synthesized a library of PIB macromers bearing 

(meth)acrylate moieties via the acid catalyzed cleavage/alkylation of poly(isobutylene-

co-isoprene) (butyl rubber) or via living polymerization and subsequent reactive end-

quenching with phenoxyalkyl acrylates. The macromers were then crosslinked in the 

presence of a photoinitiator using UV light, and the curing kinetics were measured. The 

viscoelastic and tensile properties of the resulting networks were then tested and 

compared.  

In the second project, nitrile containing small molecules were added in the 

presence of cationized PIB chain ends to study their quenching efficiency. This 

technique, known as the Ritter reaction, represents a hitherto unreported route towards 

acrylamide functionalized telechelic PIBs. Under a variety of conditions, we 

demonstrated that PIB substrates were prone to carbocationic rearrangement rather than 

amide formation, but we successfully synthesized a new family of oligo-isbutenyl 

acrylamides via this route. 
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In the third project, we demonstrated that quenchers derived from resorcinol, a 

commodity chemical derived from certain wood species, displayed superior quenching 

efficiency compared to known alkoxybenzenes. These quenchers were synthesized to 

possess a variety of functional groups, and the highly active phenyl ring allowed for 

quantitative quenching at significantly reduced time frames while simultaneously 

requiring lower Lewis acid demand compared to previously studied alkoxybenzenes. 

In the fourth project, we investigated the efficacy of 2,6-di-tert-butylphenol, a 

common antioxidant, as a quenching agent in the aforementioned 

cleavage/functionalization reaction. The resulting PIBs contained a mixture of mono- and 

di-tert-butylphenol moieties covalently bound to the PIB backbone and chain ends, which 

displayed superior resistance towards thermal and thermo-oxidative degradation 

compared to commercially available PIBs and PIBs synthesized via living 

polymerization.  
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CHAPTER I – Introduction to Butyl Rubber and Isobutylene 

The synthetic chemist, when tasked with designing or synthesizing a new 

compound, generally starts with a literature search.  Oftentimes, a productive literature 

search not only reveals the desired technique or synthetic route, but also shows how 

developments in the specific area evolved throughout history.  From this, the chemist can 

gain an appreciation for the evolution of knowledge about the specific topic.  Thus, to 

fully appreciate the motivation for this work, the author feels that a short, concise history 

of the evolution of rubber chemistry is necessary.  Detailed histories can be found 

elsewhere1,2,3,4 

 

Figure 1.1 Close-up of the Tepantitla mural in Teotihuacan, Central Mexico, depicting 

two ballplayers participating in the Mesoamerican Ballgame.  Archeological evidence 

indicates that the balls were formed using natural rubber and other materials.  Wikimedia 

Commons.  Photo credit to Daniel Lobo. 

1.2 The Early Years 

The history of the evolution of natural and synthetic rubber is an intricate and 

fascinating one.  Natural rubber (cis-1,4-polyisoprene) is almost exclusively sourced from 

hevea brasiliensis, which is found naturally in Central and South America.  Although 

archeological evidence suggests that Ancient Mesoamerican cultures used rubber goods 

as far back as 1600 BCE (Figure 1.1), the first reported use of natural rubber was by 
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Christopher Columbus in 1496, who described the material as being used by indigenous 

Mesoamericans for textiles, containers, sporting equipment, and as a waterproofing 

sealant.2,5,6  By the late 1700’s, rubber samples were routinely being exported to Europe 

for further study.  During the early 1800’s, the first patents for rubber-based consumer 

products were issued in the United States and Europe; however the materials were found 

to melt in hot weather and/or become brittle in cold weather.5  The first chemical reaction 

of natural rubber in the presence of sulphur (i.e. the vulcanization process) was reported 

by Faraday in 1827.7  Notably, it was not until 1839 that the commercial importance of 

the vulcanization process (i.e. crosslinking reaction in the presence of sulfur) was 

realized, when Charles Goodyear recognized that vulcanized materials were immune to 

melting or breaking in temperature extremes.2,6 

As the end of the 19th century approached, the cultivation and production of 

natural rubber became as lucrative as the commercial consumption of rubber products.  In 

1876, rubber seeds were smuggled from South America and planted throughout 

Indonesia, which soon began to outproduce South American sourced natural rubber.2,5  

Geopolitical instability within several rubber producing South American countries led to 

a widening of the production gap between Indonesian and South American rubber 

sources.  At the turn of the 20th century, mass production of industrial and consumer 

goods such as textiles, hosing, and automobiles drove demand for natural rubber 

products.  Although natural rubber was still recognized as the gold standard for elastomer 

applications, economic instability within South America and the fluctuating supply of 

natural rubber from Indonesia catalyzed the chemical industry to search for appropriate 

synthetic substitutes.5  The search for synthetic alternatives was accelerated during World 
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War 1, when British naval blockades forced German chemical manufacturers to replace 

natural rubber with synthetic rubbers for the German war effort.2,8 

During the interwar period, changes in Germany’s economic policies resulted in 

increased investments in German chemical and rubber manufacturing capabilities, and 

Germany began to lead the world in synthetic rubber research.  Simultaneously, Japanese 

militaristic expansion of Indonesia resulted in a global shortage of natural rubber, which 

required Allied countries to invest heavily in their own rubber manufacturing.2,5 

Following the outbreak of war, the United States brought its full manufacturing weight to 

bear on the war effort, famously and seamlessly transitioning assembly lines from 

manufacturing consumer goods to production of war matériel.  Less famously, but just as 

important to the war effort, was the US’s militarization of the rubber industry to find 

suitable synthetic elastomers for use in warfare.3 

Following World War II, the Cold War and subsequent Arms Race and Space 

Race drove a renaissance within the fields of polymer chemistry, polymer physics, and 

polymer science.33,9  Technological developments gained from defense applications often 

spilled over into the consumer markets.  This was conspicuously noticeable in the field of 

rubber technology, where synthetic rubbers gradually began to find use in applications 

ranging from sports equipment to textiles to automobiles to aerospace.10  This was due in 

large part to the low cost of oil-based monomers and the ease of manufacturing, but 

arguably the most significant factor was the realization that synthetic rubbers could be 

molecularly engineered to possess considerably different chemical and physical 

properties by controlling the (co)monomer composition.7 
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1.3 Ionic Polymerizations: Theory and the Road to the Understanding 

Early synthetic rubbers developed by Germany primarily included butadienes as 

the elastomeric component and styrene or acrylonitrile as the hard component.  These 

copolymers, named Buna S (butadiene-styrene) and Buna N (butadiene-acrylonitrile), 

were traditionally synthesized via an anionic polymerization mechanism, which along 

with cationic polymerizations make up the two types of ionic polymerizations.11  Ionic 

polymerizations, like free-radical polymerizations, proceed via a chain-growth 

polymerization mechanism.12,13  Unlike free-radical polymerizations, however, ionic 

polymerizations are extremely sensitive to reaction conditions,6,14 monomer purity,15 the 

presence of additives/contaminants,6,16 and monomer reactivities.8  The development and 

understanding of ion-induced chain polymerizations took place over the course of 

hundreds of years, spanning from the Late Renaissance world of alchemy, to the World 

War years, to the Space Age and beyond. 

Although the theory of ion induced chain polymerizations was first proposed by 

Staudinger in 1920,17 it is generally accepted that the first reported ionic polymerization 

predated Staudinger by 131 years when, in 1787, Bishop Richard Watson described the 

formation of a viscous oil upon addition of turpentine to boiling sulfuric acid.18  Soon 

after Staudinger proposed his theory, Ziegler reported the first anionic polymerization of 

butadiene in 1928, in which he reported that sequential additions of butadiene to an in 

situ polymerization resulted in a proportional increase of the polymer molecular weight.19 

The first theoretical treatise including discussion of a cationic polymerization 

mechanism was attributed to Whitmore in 1934 (incidentally with isobutylene as the 

monomer).20 The first actual cationic polymerization was apparently performed by 
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Williams in 1940,21 who showed that the polymerization of styrene could occur by 

addition of SnCl4.  Williams demonstrated that the resulting polymer backbone was 

identical in structure to the material formed from the decomposition of benzoyl peroxide 

in the presence of styrene.  This gave irrefutable evidence of a cation-induced 

polymerization mechanism and led to new families of ionically polymerizable monomers. 

One of these new polymerizable monomers was isobutylene, which can be 

isolated from natural gas refinery processes.  Concurrent to the studies of Whitmore and 

Williams, the cationic polymerization of isobutylene to form high polymers was first 

reported by Otto and Muller-Conradi in 1937, who were jointly issued German Patent 

641-281.22  At temperatures ranging between -40 and -80 °C, using BF3 as a catalyst, low 

molecular weight PIBs (< 5,000 g/mol) were obtained.  Otto and Muller-Conradi had 

improved upon a process demonstrated by Butlerov, who showed that isobutylene 

oligomers could be formed in the presence of BF3 or Bronsted Acids;23 however the 

formation of high molecular weight polymers was still elusive.  A general mechanism of 

the process advanced by Otto and Muller-Conradi is shown in Scheme 1.1.  Within 3 

years of Otto and Muller-Conradi’s findings, Thomas and coworkers reported PIBs 

possessing molecular weights of 3 x 106 g/mol.24  At the time, these materials were 

viewed mainly as a curiosity due to their totally saturated aliphatic backbone, which 

precluded their use in applications that required vulcanization.  Thus, PIB homopolymers 

were not seen as a commercially viable alternative to natural rubber and were relegated to 

specialty applications.6 

Thomas and Sparks improved upon their original patent in 1944 when they 

reported the formation of high molecular weight PIB copolymers, which consisted of 
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either poly(isobutylene-co-butadiene) or poly(isobutylene-co-isoprene).25  Both 

copolymers contained a backbone unsaturation due to the diene incorporation, which 

allowed these materials to participate under vulcanization reactions to form crosslinked 

rubbers.26  As this process matured, the isoprene formulation became the preferred 

formulation (Figure 1.2), and the butyl rubber industry was born. 

 

Scheme 1.1 General initiation and propagation mechanism of isobutylene in the presence 

of a  cation and a Lewis acid cocatalyst. 

 

 

Figure 1.2 Chemical structure of natural rubber (cis-1,4-polyisoprene, top) and butyl 

rubber (poly(isobutylene-co-isoprene), bottom). 

 

As the commercial developments of ionic polymerizations focused on 

synthesizing new elastomers, academicians turned their attention towards imparting 

greater control over the polymerization mechanism.  The first breakthrough occurred in 

the area of anionic polymerizations, when in 1956, Szwarc and coworkers reported the 

living anionic polymerization of styrene.27,28  Due to the absence of termination events, 

unique polymer architectures (Figure 1.3) are possible, and narrow molecular weight 
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distributions (MWD, often interchangeably referred to as polydispersity index (PDI)) 

along with targeted molecular weights can be realized.29  Another result of living 

polymerizations is the preservation of the polymer chain end functionality, which allows 

for the synthesis of telechelic polymers and block copolymers.  This topic will be 

discussed in greater detail later. 

 

Figure 1.3 Various morphologies achievable via living polymerizations including 

polymeric combs, homostars, hetero-stars, and block copolymers 

 

1.4 Mechanistic Considerations 

Although living anionic polymerizations were realized in the 1950’s, the search 

for living cationic polymerization conditions lagged considerably.  Mechanistically, ionic 

polymerizations can suffer from the same termination events that plague radical 

polymerizations: namely premature termination via chain transfer reactions.30  However, 

cationic chain ends differ significantly in their structure compared to carbanions and free 

radicals. Carbanions maintain a full octet of valence electrons, meaning they are 
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relatively stable and less susceptible to side reactions.  Comparatively, radical chain ends 

contain one unpaired electron and are inherently neutral, yet highly reactive species.  By 

comparison, carbenium ions contain 6 electrons, leaving an empty orbital and an overall 

deficient octet.  Thus, carbenium ions are extremely reactive; the lifetime of these species 

rarely exceeds a few seconds.30  As a result, polymers synthesized through carbocationic 

mechanisms have historically possessed broad MWDs and poorly defined structures due 

to their susceptibility towards to a variety of side reactions, including carbocation 

rearrangement, hydrogen abstraction, and chain transfer.  

 

Figure 1.4 The Winstein ionicity spectrum of cationic polymers, which represents 

covalently bound chain ends (1), contact-ion pairs (2), solvent separated species (3), and 

free ions (4). 

As recently as the mid-1970’s, critics within the academic community doubted 

that living cationic polymerizations could ever be fully realized.31  Reaction conditions 

such as solvent media, reaction temperature, monomer nucleophilicity, and 

nucleophilicity and size of the counterion were thought to contribute, either 

synergistically or individually, to the high reactivity of carbenium ions by affecting the 

ionicity of the propagating chain end.  This is a highly unusual and unique phenomenon 

inherent to all ionic polymerizations.  Unlike the active chain ends in radical 

polymerizations, which all consist of an identical radical species, ionic chain ends can 

exist as any number of active or inactive species, shown in Figure 1.4.31  This concept is 

known as the Weinstein ionicity spectrum, which describes the inactive/dormant chain 

ends as covalently bound species (Species 1), a complex-ion pair (one that is ionized, yet 
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under the influence of the counterion species, Species 2), a solvent-separated pair (one 

that is ionized, yet under the influence of the solvent medium, Species 3) and dissociated 

free ions (Species 4).  Uncontrolled carbocationic polymerizations often consist of a high 

concentration of free ions, leading to chain transfer reactions (Figure 1.5).32  Free ions 

also result in rapid propagation, which often cause temperature exotherms, which 

synergistically increase the likelihood of side reactions. 

The effect of solvent polarity on the chain end ionicity is relatively 

straightforward.  As solvent polarity is increased, the equilibrium of the propagating 

chain end shifts to the right, promoting the formation of solvent separated ions and free 

ions.  Cationic polymerizations also display unique characteristics with regard to reaction 

temperature.  Interestingly, decreasing the reaction temperature generally shifts the chain 

end equilibrium to the right; this results in an increase in the monomer run number (that 

is, the number of monomer units added to a propagating chain before collapse of the 

chain end).  Notably, however, the prevalence of side reactions decreases as reaction 

temperature is lowered.  This is due to the observation that, for cationic systems, the 

activation energies of initiation and propagation are lower than the activation energies of 

chain transfer and termination.33,34  Thus, side reactions and premature termination events 

can effectively be “frozen out” in cationic polymerizations. 
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Figure 1.5 Two types of chain transfer reactions due to β-hydrogen abstraction.  In the 

top reaction, the β-abstraction is unimolecular, due to increased acidity of the proton 

adjacent to the carbocation.  The top reaction, which is bimolecular, occurs via a chain 

transfer to initiator. 

Two factors that have an obvious effect on chain end ionicity are the strength of 

the Lewis acid and the size of the Lewis acid/counterion complex.  Generally, anionic 

polymerizations have counterions that approximate point charges (e.g. Li+ or Na+) and the 

effect of the counterion on the propagating chain end is significant.  On the other hand, 

cationic polymerizations have bulky counterions (e.g. Ti2Cl9¯), and thus they tend to 

interact less strongly with the carbenium ion and are less susceptible to solvent effects.  

The relative nucleophilicity of the counterion, however, plays a significant role in 

cationic polymerizations; strong Lewis acids such as AlCl3 result in less nucleophilic 

counterions and extremely fast, uncontrollable polymerizations; while BCl3, a much 

weaker Lewis acid, results in very slow and highly controlled polymerizations.  Thus, 

judicious choice of the Lewis acid can reduce the prevalence of side reactions. 

Another, less obvious factor that can lead to uncontrolled carbocationic 

polymerizations is the initiating species.  Uncontrolled carbocationic polymerizations are 

often carried out in commercial processes using protic species such as HCl or 

adventitious H2O in the presence of an alkyl-aluminum Lewis acid catalyst.  Other Lewis 

acids (e.g. TiCl4, AlCl3, SnCl4, or BCl3) can also be used, depending on the desired 
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polymerization rate.  Under normal conditions, Bronsted acids by themselves are not 

effective initiators in carbocationic polymerizations due to the nucleophilicity/basicity of 

the counterion (i.e. conjugate base).  Use of these initiators often results in a variety of 

side reactions.  For highly nucleophilic counterions, such as F-, Cl- or Br-, a kinetic 

competition between the counterion and the monomer often results in addition of the 

counterion to the carbocation, rather than addition of monomer.  Thus, a simple addition 

product, rather than polymerization and the formation of high polymers, is isolated.35  

Even in the presence of Lewis acid catalysts, a strongly basic counterion can lead to chain 

transfer via abstraction of a β-hydrogen, either during the initiation or propagation 

steps.30,36  Steric interactions, carbocation stability, and monomer nucleophilicity can also 

lead to β-hydrogen abstraction, which are described in detail elsewhere.8,30,37,38 

Ideally, a “truly living” polymerization is one in which chain-breaking or chain-

terminating events are suppressed in their entirety.  However, all “real” polymerizations 

undergo chain-transfer/termination events to some extent.  Thus, for a “real” 

polymerization to be deemed sufficiently living, chain-transfer/termination events must 

occur at such a slow rate relative to propagation that they cannot be detected.30  These 

types of systems allow for a number of interesting synthetic and kinetic phenomena.  For 

systems with fast initiation, the total number of polymer chains is equivalent to the molar 

amount of the initiator, and precise control of number-average molecular weights (Mn) 

can be achieved.  Various classes of compounds have been studied as carbocationic 

initiators, and these classes can influence many aspects of the polymerization (e.g. 

molecular weight dispersity, polymerization kinetics, and initiation efficiency).14,39   
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As discussed previously, the active chain end in radical polymerizations exists as 

a neutral radical species, and all active chain ends are comparable.  Ionic chain ends can 

exist as any number of combinations along the Weinstein spectrum, and are therefore 

easily susceptible to reaction conditions to which radical polymers are immune.  Thus, to 

reduce the likelihood of side reactions and/or termination events, careful control of the 

ionicity of the propagating cationic chain end should be undertaken.  If the equilibria lie 

too far to the left (i.e. covalent chain ends) the polymerization rate proceeds too slowly to 

be useful; if too far to the right, an uncontrollable polymerization results.  Thus, a 

controllable polymerization should ideally consist of chain ends with an equilibrium 

between a covalently bound species and a contact-ion pair.  

Secondly, careful solvent and Lewis acid selection can provide a homogenous 

system in which the Lewis acid is capable of re-ionizing a dormant chain end.  This 

equilibrium between active and dormant species is illustrated in Scheme 1.2.  The re-

activation of dormant chains permits the continued consumption of monomer, after the 

initial termination event has occurred.  Additionally, a reversible-termination equilibrium 

has proven to be the cornerstone for the development of controlled isobutylene 

polymerizations, and other newer types of controlled/living polymerization such as group 

transfer and “living” free radical polymerizations. 

1.5 Towards Living Polymerization 

Taking these factors into account, it can easily be understood why the discovery 

of living cationic polymerizations followed the discovery of living anionic 

polymerizations by almost 30 years.  Winstein’s work on the characterization of ionic 

species,32,40,41 however, resulted in a new paradigm of understanding in the field of ionic 
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polymerizations, which set the foundation for the techniques that would evolve into 

living cationic polymerization conditions. 

The development of these conditions, and direct evidence to support Winstein’s 

theory, took decades of research and a trial and error approach by multiple research 

groups.  In 1975, Higashimura et al. demonstrated that styrene polymerizations initiated 

with acetyl perchlorate resulted in a bimodal distribution of molecular weight.42  As the 

polymerization reaction proceeded to longer time frames, the lower molecular weight 

polymers steadily increased in molecular weight while the higher molecular weight 

species remained unaffected.  Higashimura attributed this to the existence of two types of 

chain end ionicities: a highly reactive free ion (which resulted in the high molecular 

weight) and a combination of contact/solvent-separated ion pairs, which resulted in a 

steadily growing polymer.42  Higashimura hypothesized that the relatively moderate 

solvent polarity of dichloromethane promoted the formation of free ions.  Subsequent 

studies by the Higashimura group demonstrated that unimodal molecular weight 

distributions could be obtained using styrenic or vinylic monomers in less polar 

(co)solvents.43,,45  During the same time period, Higashimura also demonstrated that 

similar unimodal distributions could be obtained using an iodine (I2) initiating system.46 

A key stepping stone towards achieving living carbocationic polymerizations was 

the development of quasiliving polymerizations.47 Whereas non-living polymerizations 

often contain a large population of active free ions, leading to irreversible termination 

reactions, the development of quasiliving polymerizations utilized reversible termination 

reactions, which drove the propagating chain end ionicity to the left (i.e. contact-ion pairs 

and dormant species).  These experimental conditions allowed for the instantaneous 
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population of active chain ends to be kept sufficiently low, such that the propensity for 

side reactions and chain transfer events was significantly low (Scheme 1.2).  These 

experimental conditions included monomer starvation techniques (i.e. a slow, albeit 

continuous, addition of monomer to an active polymerization),48,49,50 the incorporation of 

a common-ion salt,51,52 or judicious choice of solvent/Lewis acid.48,53,54   Another 

development in quasiliving polymerizations was Kennedy’s development of “inifers” 

(initiator-transfer agents), which have been extensively studied.55,56,57,58  In all cases, 

however, the resulting Mn values were less than theoretical, and broad molecular weight 

distributions were indicative of low initiation efficiency or the presence of side reactions.  

Thus, these systems were considered “not truly living” by many critics.31 

 

Scheme 1.2 Mechanism of isobutylene initiation and propagation under quasi-living 

polymerization conditions. 

The breakthrough occurred in 1984, when Higashimura et al. reported the living 

polymerization of isobutyl vinyl ethers initiated by an HI/I2 binary mixture.59  Further 

studies using varying alkyl vinyl ethers60 confirmed that under moderately cold 

temperatures (e.g. -5 to -35 °C), these systems displayed characteristics of living 

polymerizations, namely a direct proportion of polymer Mn to monomer conversion, and 

a linear increase in polymer Mn with additional charges of monomer to an in situ 

polymerization.  The polymers also possessed nearly monodisperse MWDs with Mn 

values that were close to the calculated theoretical value.  Following Higashimura’s 
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seminal report, living polymerizations were reported for isobutylene,61 propenyl ethers,60 

phthalimide functionalized vinyl ethers,62 styrene,63 and p-alkoxystyrenes.64,65 

The development of polyisobutylene materials deserves special consideration.  

Isobutylene is a commercially important monomer that finds use in the adhesives, 

sealants, rubber, and synthetic oil industries.  Notably, it has been widely established that 

isobutylene only forms high polymers via a cationic polymerization mechanism.  Of 

these applications, the rubber and synthetic oil industries account for a significant portion 

of yearly isobutylene consumption.  Additionally, academic interest in the design of 

advanced polyisobutylene based materials has risen steadily since the 1970’s.55,66-67,68,69 

1.6 Chemistry of Polyisobutylene 

Polyisobutylene (PIB) is a fully saturated, aliphatic polymer derived from the 

cationic polymerization of isobutylene.  For many applications, chemical functionality 

must be introduced into PIB for its practical utilization.  Commercially available high 

molecular weight PIBs are often copolymers of isobutylene and isoprene (e.g. 98:2 

isobutylene:isoprene),70 which is commonly referred to as butyl rubber and/or 

isobutylene isoprene rubber (IIR).  Low to moderate molecular weight PIBs are often 

homopolymers that find use in a variety of specialty applications, such as oil dispersants 

and lubricants, adhesives and tackifiers, and thermoplastic sealants.  These 

homopolymers are produced industrially by a temperature controlled, chain-transfer-

dominated process.  This process is carried out between -10 to -30 °C and results in 

olefinic unsaturations of the PIB chain-end, which can either be endo olefin (15-25%) or 

exo olefin (75-85%) as shown in Figure 1.6.  PIBs bearing primarily exo-olefin termini 
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(methyl vinylidene), termed highly reactive (HR) PIB, are desired due to their higher 

reactivity in downstream functionalization reactions.    

 

Figure 1.6 Chemical structures of endo-olefin and exo-olefin PIB. 

New catalysts and improved processes toward HR PIB, which employ different 

polymerization techniques than those performed in industry, have been the subject of 

active investigations by several academic groups since the late 1970’s.  Early techniques 

included the “inifer method”55,71 and later, the living techniques described above.36  A 

benefit to using these routes is the opportunity of synthesizing telechelic PIB’s bearing 

functionalities greater than 1.  For PIBs synthesized via these techniques, tertiary-

chloride end-groups can be obtained by quenching an in-situ polymerization with 

methanol, which effectively kills the Lewis Acid catalyst (BF3, BCl3, or TiCl4).  

Traditionally, tert-chloride functionalized PIB was then transformed into the exo olefin 

(methyl vinylidene) by reaction with tBuOK in refluxing THF55 or EtOK in refluxing 

THF/EtOH.72  This approach is inherently inconvenient, as it requires long reaction times 

(~20 h), multiple purification steps, and results in the inevitable formation of a small 

amount (3-10%) of the endo-olefin.73  

More recently, nearly quantitative exo-olefin-terminated PIBs have been 

synthesized via addition of a small molecule to a living carbocationic polymerization, 

usually after complete monomer consumption.  This process, which can occur via two 

mechanisms, have collectively been referred to as the “direct quench” method.  Nielsen et 
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al. reported the synthesis of methallyl terminated PIBs via the addition reaction of 

methallyl trimethylsilane to a PIB carbocation.74  Methallyl terminated PIBs are 

structurally identical to exo olefin, and the synthetic route was nearly identical to a 

method developed by Wilczek and Kennedy a decade before.75  A popular route using the 

direct quench method is via the controlled elimination reaction of a β-hydrogen.  The 

Storey group has had great success using this technique, showing that hindered bases,76 

alkoxysilanes,77 alkyl ethers,78 or alkyl sulfides79 can form the exo olefin with minimal 

side reactions.  Whether via the addition reaction of organosilanes or the elimination 

reaction in the presence of the aforementioned species, the direct quenching process has 

been shown to form nearly quantitative exo-olefinic PIBs while simultaneously reducing 

the need for long reaction times and multiple purification steps. 

The olefinic termini, whether obtained from the direct quenching method, post-

polymerization modification of tert-chloride functional PIB, or the chain transfer 

dominated process favored by industry, is a valuable intermediate towards other 

functional groups.  This is due to their higher reactivity in downstream functionalization 

reactions.  Commercial polymers synthesized via this route include derivatives of PIB-

succinic anhydride (PIBSA), which is a key intermediate in the lubricating oils and fuel 

industry.80,81  Commercially, PIBSA is produced via an Alder-ene reaction between exo-

olefin-terminated PIB and maleic anhydride, usually under high temperature and 

pressure.  This reaction is shown in Scheme 1.3. 
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Scheme 1.3 Industrial synthesis of PIBSA 

A number of academic research groups have also demonstrated the utility of exo-

olefin-terminated PIBs, as well.  The Kennedy group, among others, has worked 

extensively towards the functionalization of exo-olefin PIBs with a variety of 

chemistries.82,83,84  Chang and coworkers reported the synthesis of epoxide-terminated 

PIBs via the classic epoxidation reaction of olefins using m-chloroperoxybenzoic acid, 

which were then isomerized in the presence of ZnBr2 to give aldehyde terminated PIBs.57  

Kemp et al. have reported that ozonolysis of the exo-olefin end groups forms ozonide 

chain ends, which can be reduced in the presence of trimethylphosphite to give methyl 

ketones.68  These ketones could then be oxidized to yield carboxylic acid terminated 

PIBs.  Exo-olefin PIBs have also been utilized as substrates for thiol-ene85 and Friedel-

Crafts alkylation reactions.86 

Similar to the wide utility of exo-olefin-terminated PIBs, hydroxyl-terminated 

PIBs have also allowed for the synthesis of advanced materials.  One of the earliest routes 

towards achieving hydroxyl-functional PIBs was reported by Iván and Kennedy, who 

utilized the hydroboration-oxidation reaction to form primary hydroxyl terminated 

PIBs.15,87  These materials can be further reacted with chlorotrimethylsilane to yield 

trimethylsilane-terminated PIBs or with an isocyanate to give a urethane.15  Kennedy et 

al. have also reported the formation of hydroxyl-terminated PIBs via the reduction of the 
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aldehyde functionalized PIBs described above.  The ketone-terminated PIBs described by 

Kemp et al. can be converted to secondary hydroxyls via reduction in the presence of 

lithium aluminum-hydride.68  Guhaniyogi and coworkers reported the synthesis of 

phenol-terminated PIBs via the Friedel-Crafts alkylation reaction using phenol and BF3-

etherate.86  Epoxidation of these materials was subsequently reported,88 to form glycidyl-

ether-terminated PIBs, which were then utilized to form PIB based epoxy networks. 

Although exo-olefin and hydroxyl-functionalized PIBs are highly modular 

synthetic intermediates, their use requires multiple synthetic procedures that include 

purification, washing, and drying steps between each synthetic transformation.  

Additionally, the use of cleaning solvents and high concentrations of toxic/explosive 

reactants creates a high volume of chemical waste.  These factors reduce the commercial 

viability of obtaining advanced PIB materials, which has limited the commercial 

application of end functional polyisobutylenes to the lubrication and oil additives market. 

One attractive method towards PIB functionalization is the use of small molecule 

reactants that cap the growing polymer chain end, a process which is known as “end 

quenching.”  Similar to the direct-quenching method used to synthesize exo-olefin PIB, 

these small molecule reactants can be added in-situ to a polymerization after complete 

monomer consumption to functionalize the PIB chain-end.  These “quenching agents” 

often possess a chemical functionality that is different from exo-olefin, and in some cases 

may contain multiple functionalities.  End-quenching is elegant in its utility and 

simplicity, as it overcomes many of the drawbacks that are inherently present in the 

previously described routes.  Notably, it has proven to be a direct and quantitative route 

towards functionalized PIBs, which reduces the time and multiple purification procedures 
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required for systems functionalized via post-polymerization modification.  Also, 

telechelic PIBs synthesized via reactive end-quenching have allowed for new generations 

of thermoplastic elastomeric materials89 and other advanced applications.70,90  One 

significant drawback of the end-quenching route, however, is the strict criteria for small 

molecules that can be used as end-quenching agents.  A quencher molecule must 

preferentially react with the carbocationic chain end, rather than the more abundant 

Lewis acid, and the quenching reaction must compete kinetically with decomposition 

pathways of the carbocation, particularly carbocation rearrangement.  Furthermore, 

reaction conditions that promote end-quenching (namely, the requirement for dilute 

conditions and low reaction temperatures) have proven to be commercially unviable. 

The direct functionalization of living PIB via the end-quenching approach has 

been reported using quenching agents of several characteristic types, many of which 

contain functional groups other than exo- lefin.  One early type of quenching agent 

consisted of olefins that add only once to the living PIB chain, either due to steric 

hindrance or low nucleophilicity/reactivity of the quenched species, hindering further 

reaction.  Feldthusen and coworkers reported the use of diphenyl ethylene, which results 

in a highly stable and sterically hindered end-group which prevents further addition 

reactions from taking place.91  More recently, De and coworkers reported the use of C4 

olefins (primarily butadiene) that result in allyl-chloride-functionalized PIBs.92  As 

mentioned earlier, the addition reaction of organosilanes containing allyl or methallyl 

functional groups have been reported, which are also examples of end-quenching. 

The Storey group has had particular success demonstrating the utility of aromatic 

substrates as quenching agents (Scheme 1.4).  Heterocyclic aromatic substrates, such as 
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n-alkyl pyrroles, have been reported to effectively cap living PIB chain ends,93,94 but 

significant work has been dedicated towards the utilization of alkoxybenzenes.95,96  

Alkoxybenzenes bearing various chemical functionalities are commercially available, and 

primary bromide functionalized PIBs have proven to be highly modular substrates that 

allow for further modification.90,96,97 Additionally, synthetic modification of an 

alkoxybenzene prior to its use as a quenching agent has allowed for the synthesis of 

various PIB derivatives for advanced applications.70,98  Finally, phenolic PIBs can be 

quantitatively synthesized in a one pot process using isopropyl functionalized 

alkoxybenzenes.96  

 

 

 

Scheme 1.4 End-quenching of a living polyisobutylene chain end with (3-

bromopropoxy)benzene. 

Recently, there has been interest in PIB macromonomers possessing more highly 

reactive terminal unsaturations, especially (meth)acrylate70,98,99,100 and vinyl ether.90  

These systems may be cured by thermal or photo-initiated radical chain polymerization, 

or in the case of vinyl ether, by photo-initiated cationic polymerization.  Among a 

number of potential biomedical and industrial applications for these materials, an 

application of particular interest is their use in the formation of PIB-based thermosets for 

sealant and gas barrier applications.  For example, traditional PIB sealants used in 

insulating glass units (IGU) consist of high molecular weight PIB thermoplastics that are 
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applied at elevated temperature as a melt; however, these materials tend to creep under 

certain adverse circumstances, resulting in eventual aesthetic and/or mechanical failure.  

PIB thermosets represent an attractive replacement, as they can be applied at room 

temperature and upon curing, exhibit superior rheo-mechanical properties and are creep 

resistant. 

1.7 Functional Polyisobutylenes via Unconventional Methods 

The synthesis of multifunctional PIBs via living carbocationic polymerizations 

are synthetically complex and require expensive initiators, specialized equipment, and 

highly trained operators.  Until 2017, some unconventional methods describing the 

synthesis of multifunctional PIBs had been reported, to varying degrees of success.  In 

1969, a patent application detailing the synthesis of difunctional PIBs using molecular 

sieves was filed, but the initiation and functionalization mechanisms were poorly 

understood.101  Furthermore, the average functionality claimed using this process was 

approximately 1.8, meaning these systems were not truly difunctional. 

Another method of synthesizing multifunctional PIBs is via a degradative process 

using butyl rubber substrates.  As mentioned previously, butyl rubbers consist of long 

segments of polyisobutylene with a small fraction of isoprene units randomly dispersed 

throughout the polymer.  The resulting backbone unsaturation (from the isoprene residue) 

is often used as a crosslinking junction in butyl rubber vulcanization reactions, but it can 

also be used as a reactive site for epoxidation102 and ozonation103 reactions.  When butyl 

rubbers are subjected to ozonolysis, significant molecular weight degradation has been 

reported and the resulting materials were observed to possess ketone, aldehyde, and 

carboxylic acid moieties.104  The molecular weight degradation was hypothesized to 
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occur via formation of an ozonide intermediate, which then cleaves to form the 

aforementioned carbonyl containing compounds.  Ozonolysis reactions have also been 

reported on acrylate-butadiene copolymers,105 in a process that was described by the 

authors as the “constructive degradation;” this term was coined to describe the 

degradation of a high molecular weight polymer, resulting in lower molecular weight, 

multifunctional polymers.  Similarly, Chasmawala et al. utilized poly(isobutylene-co-

butadiene) substrates in the presence of trialkyl-borane catalysts via a cross-metathesis 

reaction, although this approach required expensive catalysts and reagents.106  

Using a similar approach, Kennedy et al. reported that Lewis and Bronsted acids 

could degrade butyl and halo butyl rubbers via a protonation/cleavage reaction.107  The 

proposed mechanism involves protonation of the main-chain unsaturation followed by a 

cleavage event that yields two new chain ends.  Of these two chains, one possesses an 

olefin functionality while the other contains a tertiary chloride moiety.  Although this 

approach was proposed to have some synthetic utility, the absence of a nucleophile or 

chain capping agent would allow for significant rearrangement of the carbocationic chain 

end and loss of functionality. 

Forty seven years later, Campbell and coworkers corrected this deficiency and 

were the first to report the synthesis of multifunctional telechelic PIBs via a constructive-

degradation approach, a process which they termed “cleavage/alkylation”.108  An 

overview of this process is shown in Scheme 1.5.  Using (3-bromopropoxy)benzene as a 

quenching agent and a variety of reaction temperatures, reaction times, and catalysts, 

Campbell et al. demonstrated that multifunctional PIBs bearing an easily displaceable 
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primary bromide moiety could be synthesized without the need for specialized 

equipment, exhaustively purified starting materials, or rigorously dried conditions. 

 

 

Scheme 1.5 Mechanistic representation of the cleavage/alkylation reaction of butyl 

rubber in the presence of a quenching agent. 

From the humble beginnings of boiling mixtures of turpentine and sulfuric acid, 

through the militarization of the rubber industry for Allied War effort and the 

development of living polymerization conditions that allowed for precise control over 

polymer morphology and functionality, the areas of polymer science and rubber 

technology have continuously evolved.  Within these areas, the discovery of the 

cleavage/alkylation process represents a burgeoning approach towards the development 

of advanced materials.  The following chapters show our small contribution towards 

furthering the understanding and utility of the cleavage/alkylation process, and the field 

of cationic polymerizations and rubber technology as a whole. 
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CHAPTER II – SYNTHESIS, CHARACTERIZATION, AND 

PHOTOPOLYMERIZATION OF (METH)ACRYLATE FUNCTIONAL 

POLYISOBUTYLENE MACROMERS PRODUCT BY CLEAVAGE/ALKYLATION 

OF BUTYL RUBBER 

This chapter was co-authored by C. Garrett Campbell, Bin Yang, and Robson 

Storey. 

2.1 Abstract 

Telechelic linear polyisobutylene (PIB) prepolymers bearing bromide moieties 

were prepared via acid catalyzed cleavage/alkylation reactions of butyl rubber in the 

presence of (3-bromopropoxy)benzene.  The primary bromide moiety was then reacted 

with potassium (meth)acrylate, resulting in a library of (meth)acrylate functionalized 

linearPIB prepolymers.  The number average functionalities (Fn) of these PIB 

prepolymers ranged from 2.8–7.9 and the functional equivalent weights ranged from 

2,300-4,700 g/mol according to 1H NMR and GPC-MALLS.  For comparative purposes, 

a trifunctional PIB telechelic homostar prepolymer was synthesized via living 

polymerization and end quenched with 4-phenoxy-1-butyl acrylate, and the favg and 

equivalent weight was found to be 3.0 and 3,034 g/mol, respectively.  Additionally, GPC-

MALLS analysis indicated that targeted molecular weights of each macromer were 

achieved with the absence of coupling, chain end degradation, or premature 

polymerization of the (meth)acrylate moieties.  Each prepolymer was photocured into a 

film using Darocur 1173 photoinitiator, and the curing kinetics were monitored by real 

time Fourier-transform infrared spectroscopy. Generally, all systems reached ~100% 

conversion by 1800 s, but the linear PIB prepolymers displayed slower curing rates 
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compared to the homostar PIB macromer, which reached 100% conversion after only 212 

s. Moreover, the curing rate of the linear PIBs was apparently dictated by the molecular 

weight of the prepolymer; lower molecular weight linear PIBs were found to have faster 

curing rates than their higher molecular weight counterparts, despite having fewer 

acrylate groups to participate in the photocuring reaction. The thermo-mechanical 

transitions and crosslink density of each film were determined by dynamic mechanical 

analysis, and the mechanical behavior was measured via tensile testing. Results from 

tensile testing indicated that the molecular weight, functional equivalent weight, and 

morphology of the PIB prepolymers all had a significant effect on the Young’s modulus 

of the resulting networks. The percent strain at break for most networks ranged from 34-

54%, but the network derived from the lowest molecular weight PIB reached 113% strain 

before failure. Finally, the percent extractables from each film were measured using sol 

fraction experiments. 

2.2 Introduction 

Polyisobutylene (PIB) and PIB-based copolymers have been used in a wide 

variety of applications including adhesives, sealants, tackifers, and strength modifiers, 

fuel and lubricating oil additives, barrier elastomers and other rubber applications, and 

biomedical devices.70,109  PIB-based polymers are often chosen for these applications due 

to their low gas permeability, excellent damping characteristics, general inertness, 

especially toward oxygen and ozone, and resistance to harsh solvents and stress 

cracking.6  However, PIB homopolymers are unsuitable for conventional vulcanized 

rubber applications due to their totally saturated backbone, and must be copolymerized 

with a suitable diene to provide main chain unsaturations for sulfur vulcanization.110  
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Butyl rubber, a copolymer consisting of isobutylene and isoprene (95-98% isobutylene) is 

one such copolymer, and is widely regarded as the industry standard for synthetic rubber 

based sealants due to its low air permeability and superior resistance to heat and ozone 

degradation.6  

Crosslinked polyisobutylene polymers can also be created by performing end-

linking reactions on end-functional or telechelic polyisobutylenes, prepared either 

through the inifer method or by living carbocationic polymerization.58  A prime example 

of this approach is the crosslinking of hydroxyl-telechelic PIBs with polyisocyanates and 

optional chain extenders to create PIB-based polyurethanes.111  Although telechelic PIBs 

have been around since the late 1970’s, only recently have PIB homopolymers been 

terminally functionalized with photoreactive functional groups, to create 

photopolymerizable telechelic PIB macromers.85,112-  Considering the abundance of 

literature on photoinitiated radical crosslinking reactions and the commercial importance 

of thermosetting acrylate and methacrylate resins in the coatings, adhesive, and 

construction industries, it is interesting that only until recently has this chemistry been 

explored as a means of creating PIB based networks. 

Previous work in our laboratory has focused on the in situ functionalization of 

PIB via alkoxybenzene quenching of living polymerizations. 95,96  Of specific relevance 

to this work was the application of alkoxybenzene quenching towards synthesis of 

photopolymerizable (meth)acrylate-terminated PIBs.  Quenching of living PIB with a 

phenoxyalkyl (meth)acrylate compound yielded a (meth)acryloxyalkyl-terminated PIB 

macromer directly.98  Alternately, living PIB was quenched with isopropoxybenzene, 

followed by cleavage of the isopropoxy group and subsequent reaction with 
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(meth)acryloyl chloride, to yield an aromatic (meth)acryloxyphenyl-terminated PIB 

macromer.69  Both routes were used to produce three-arm star PIB (meth)acrylates, which 

were photocured into networks.   

Campbell and Storey recently reported a method for producing multifunctional 

PIBs via acid-catalyzed cleavage/alkylation reactions (constructive degradation) of PIB-

based copolymers such as butyl rubber in the presence of an alkoxybenzene.Error! Bookmark 

not defined.  Herein, we describe the synthesis of a library of constructively degraded PIB 

macromers bearing phenoxypropyl (meth)acrylate moieties and their use as 

photopolymerizable macromers to form UV cured networks.  The resulting films were 

characterized, and the results are compared to a PIB network formed from telechelic 

macromers made via traditional living polymerizations. 

2.3 Experimental 

2.3.1 Materials 

Hexane (anhydrous, 95%), methanol (anhydrous, 99.8%), methylene chloride 

(anhydrous, 99.8%), heptane (anhydrous, 98%), dimethylformamide (anhydrous, 95%), 

titanium tetrachloride (TiCl4) (99.9%), 2,6-lutidine (99.5%), (3-bromopropoxy)benzene 

(anhydrous, 98%), tetrahydrofuran (THF) (anhydrous, 99.9%), tetrabutylammonium 

bromide (99%), dichloromethane-d2 (DCM-d2,f CD2Cl2), 4-methoxyphenol (MEHQ) 

(99%), acrylic acid (anhydrous, 98%), methacrylic acid (anhydrous, 98%), 

phenoxybutyric acid (98%), borane−tetrahydrofuran complex (BH3·THF, 1 M), and 

potassium carbonate (K2CO3), were purchased from Sigma-Aldrich and used as received.  

Magnesium sulfate (MgSO4) (anhydrous), sulfuric acid (98%), chloroform-d (CDCl3), 

and diethyl ether (anhydrous, 95%) were purchased and used as received from Fisher 
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Scientific.  The photoinitiator Darocur 1173 (2-hydroxy-2-methyl-1-phenylpropan-1-one) 

was purchased from Ciba and used as received.  Isobutylene (IB, BOC Gases) and methyl 

chloride (Gas and Supply) were dried by passing the gaseous reagent through a column of 

CaSO4/molecular sieves/CaCl2 and condensing within a N2-atmosphere glovebox 

immediately prior to use.  The acrylate quencher, 4-phenoxy-1-butyl acrylate,98 and 

potassium (meth)acrylate were synthesized as previously reported and stored at 0 °C.  

The trifunctional initiator, 1,3,5-tris-(1-chloro-methyl-ethyl)-benzene (TCC), was 

prepared by first synthesizing 1,3,5-tri(1-hydroxyl-1-methylethyl)benzene (TCOH) 

according to a literature procedure,Error! Bookmark not defined. followed by reaction of the 

latter with dry HCl at 0 C.116  Butyl rubber samples (EXXON™ Butyl 365 and Butyl 

068) were obtained from ExxonMobil Corporation.  Characterization via GPC/MALLS 

and 1H NMR indicated that Butyl 365 had a number average molecular weight (Mn) of 

1.91 x 105 g/mol with a molecular weight distribution (MWD) of 1.66, and the mole 

fraction of isoprene (IP) comonomer units in the copolymer, FIP, was determined to be 

0.0230 (IB units/IP units = 42.5).108  For Butyl 068, the Mn and MWD were measured to 

be 3.37 x 105 g/mol and 1.29, and the FIP was determined to be 0.0108 (IB units/IP units 

= 91.6). 

2.3.2 Instrumentation 

Nuclear magnetic resonance (NMR) spectra were obtained using a 300 MHz 

Bruker AVANCE III NMR (TopSpin 3.1) spectrometer.  All 1H chemical shifts were 

referenced to TMS (0 ppm).  Samples were prepared by dissolving the polymer in either 

CDCl3 or CD2Cl2 (5%, w/v) and charging this solution to a 5 mm NMR tube.  For 

quantitative integration, 32 transients were acquired using a pulse delay of 27.3 s.  For the 
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PIB prepolymers prepared via living polymerization, the signal due to the phenyl protons 

of the initiator (7.17 ppm, 3H, singlet) was chosen as an internal reference for 

functionality analysis. 

Real time (RT)-FTIR monitoring of isobutylene polymerizations was performed 

using a ReactIR 45m (Mettler-Toledo) integrated with a N2-atmosphere glovebox 

(MBraun Labmaster 130).117,118 Isobutylene conversion during polymerization was 

determined by monitoring the area above a two-point baseline of the absorbance at 887 

cm-1, associated with the = CH2 wag of isobutylene. 

Number-average molecular weights (Mn) and molecular weight distributions 

(MWD) were determined using a gel-permeation chromatography (GPC) system 

consisting of a Waters Alliance 2695 separations module, an online multi-angle laser 

light scattering (MALLS) detector fitted with a gallium arsenide laser (power: 20 mW) 

operating at 658 nm (miniDAWN TREOS, Wyatt Technology Inc.), an interferometric 

refractometer (Optilab T-rEX, Wyatt Technology Inc.) operating at 35 °C and 685 nm, 

and either two PLgel (Polymer Laboratories Inc.) mixed E columns (pore size range 50-

103 Å, 3 μm bead size) or two mixed D columns (pore size range 50-103 Å, 5 μm bead 

size).  Freshly distilled THF served as the mobile phase and was delivered at a flow rate 

of 1.0 mL/min.  Sample concentrations were ca. 5-8 mg of polymer/mL of THF, and the 

injection volume was 100μL.  The detector signals were simultaneously recorded using 

ASTRA software (Wyatt Technology Inc.), and absolute molecular weights were 

determined by MALLS using a dn/dc calculated from the refractive index detector 

response and assuming 100% mass recovery from the columns. 
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Photopolymerization kinetic data were obtained using transmission RT-FTIR 

spectroscopy by monitoring the disappearance of the (meth)acrylate absorbances at 1638 

and 1615 cm-1.  The RT-FTIR studies were conducted using a Nicolet 8700 spectrometer 

with a KBr beam splitter and a DTSG detector with a 320-500 nm filtered UV light 

source with an intensity of 18.5 mWcm-2.  Each sample was degassed under vacuum for 

12 h, sandwiched between two NaCl plates, and exposed to a UV light.  For all samples, 

the UV source was turned on after a 10 s delay to provide an adequate baseline.  A series 

of scans were recorded, where spectra were taken approximately 1 scan/3.3 s with a 

resolution of 6 cm-1 for 1800 s. 

Dynamic mechanical analysis (DMA) was conducted using a Q800 (TA 

Instruments) instrument in air using tensile mode.  The frequency was set at 1 Hz, the 

pre-load static force at 0.005 N, the oscillatory amplitude at 15 µm, and the track setting 

at 125%.  Sample dimensions were approximately 12×6.6×0.80 mm.  Experiments were 

performed at a heating rate of 3 °C/min and a temperature range of -100 to 50 °C and 

analyzed with TA Universal Analysis software.  Tg was recorded as the onset temperature 

of the drop of the storage modulus and as the temperature corresponding to the peak of 

the tan δ curve, and the two were compared.  Peak deconvolutions were carried out using 

Origin 9.1 software. 

The fraction of unreacted macromers in cured samples (sol fraction) was 

determined by solvent extraction experiments, performed in triplicate.  Samples 

(5.0×5.0×0.80 mm) were cut from UV cured networks and immersed in 10 mL dry THF 

at room temperature.  The sample was removed from THF after 60 h and placed in a tared 
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scintillation vial.  After drying in a vacuum oven overnight at room temperature, the 

sample weight was recorded. 

Tensile testing of PIB networks was conducted using a MTS Alliance RT/10 

system and MTS Testworks 4 software.  Specimens were cut into bars with dimensions 

of 60 × 6.6 × 0.75 mm, clamped using a 500 N load cell, and tested at a crosshead speed 

of 5 mm/min at room temperature, following ASTM D 638.45.  Young’s modulus was 

determined from the initial slope of the stress vs. strain curves.  The reported values were 

the average of at least three different specimens. 

2.3.3 Synthesis of Trifunctional PIB Acrylate. 

  Trifunctional living PIB was synthesized and quenched with 4-phenoxy-1-butyl 

acrylate via previously reported methods.98  Polymerization and quenching reactions 

were performed within an N2-atmosphere glovebox equipped with a cryostated heptane 

bath.  To a dry 1 L 4 neck round-bottom flask, equipped with an overhead stirrer, 

thermocouple, and ReactIR probe, and immersed in the heptane bath, were charged 165 

mL chilled hexane, 248 mL chilled methyl chloride, 0.182 mL (1.60 mmol) 2,6-lutidine, 

2.46 g (8.00 mmol) TCC, and 105 mL (1.30 mol) chilled IB.  The mixture was 

equilibrated to -70 C with stirring, and polymerization was initiated by addition of 0.47 

mL (neat and at room temperature, 4.3 mmol) TiCl4, followed by an additional 0.47 mL 

of TiCl4 after 10 min.  Monomer conversion was monitored using RT-FTIR data, and 

upon full conversion (75 min), 4-phenoxy-1-butyl acrylate (10.1 mL, 48.0 mmol) and 

TiCl4 (9.59 mL, 87.5 mmol) were sequentially added to quench the reaction.  Conversion 

of the quenching reaction was monitored via 1H NMR by comparing the ratio of the 

aromatic initiator protons to the phenoxy methylene tether protons, and upon full 
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conversion the balance of the reaction was terminated with chilled methanol.  The reactor 

was then transferred to a fume hood and slowly warmed to room temperature to allow 

evaporation of methyl chloride, after which the PIB was concentrated under an N2 

stream.  The resulting mixture was precipitated into methanol under vigorous stirring, 

after which the methanol layer was decanted.  The precipitate was collected by re-

dissolution in fresh n-hexane, and the resulting solution was re-precipitated into excess 

methanol.  The precipitate was collected by re-dissolution in fresh hexane, and the 

resulting solution was washed twice with deionized water, dried over Na2SO4, and then 

vacuum stripped to yield the isolated polymer.  The product was then characterized via 

GPC-MALLS and 1H NMR. 

2.3.4 Acid-Catalyzed Cleavage/Alkylation of Butyl Rubber. 

  The following is a representative procedure adapted from Campbell et al.Error! 

Bookmark not defined.  A 2 L round bottom flask equipped with a magnetic stir-bar was 

charged with Butyl 365 (50.58 g, 20.6 mmol isoprene units) and dissolved in 750 mL of 

n-hexane and 500 mL dichloromethane.  The reaction mixture was chilled to -70 °C, and 

(3-bromopropoxy)benzene (50.5 g, 0.235 mol), conc. H2SO4 (1.25 mL), and TiCl4 (25.0 

mL , 0.228 mol) were added in quick succession under stirring.  The reaction was stirred 

at -70 °C for 20 h, after which it was quenched with chilled methanol.  The resulting 

solution was warmed to room temperature and concentrated under an N2 stream, after 

which it was purified using the procedure described above.  After vacuum stripping, the 

product was characterized via GPC-MALLS and 1H NMR.  

2.3.5 (Meth)acrylate-Modification of Product of Cleavage/Alkylation of Butyl 

Rubber. 
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  The following is a representative procedure. A 1L round-bottom flask was 

charged with the product obtained from the cleavage/alkylation of butyl rubber (12.174 g, 

4.97 mmol alkyl bromide equivalents) dissolved in 700 mL of a 50:50 (v:v) mixture of 

heptane:DMF, MEHQ (0.5321 g, 4.286 mmol), tetrabutylammonium bromide (0.2874 g, 

0.8915 mmol), and potassium acrylate (1.521 g, 13.81 mmol). The flask was fitted with a 

reflux condenser equipped with a dry N2 inlet/outlet, and the system was purged for 15 

minutes prior to heating. The N2 purge was maintained over the course of the reaction. 

The mixture became monophasic upon heating to 90 °C, and the resulting solution was 

refluxed at 90 °C overnight.  Reaction conversion can be monitored via 1H NMR by 

tracking the shift of the terminal methylene peak of the quencher from 3.62 ppm to 4.34 

ppm, which corresponds to the disappearance of the primary bromide and appearance of 

the acrylate.  Upon full conversion, the reaction mixture was cooled.  The resulting 

biphasic mixture was transferred to separatory funnel, and the DMF layer was removed.  

The heptane layer was then washed with deionized (DI) water three times and 

concentrated under an N2 stream.  The concentrated mixture was then precipitated into 

methanol and purified following the procedure mentioned above.  The dried polymer was 

then characterized via 1H NMR and GPC-MALLS to ensure the absence of premature 

crosslinking.  The methacrylate functionalized derivative was synthesized using the same 

method. 

2.3.6 Preparation of Films.   

Various formulations of PIB and photoinitiator were prepared and cured using the 

following representative procedure.  To a small scintillation vial were charged 1.0 g of 

trifunctional PIB acrylate and Darocur 1173 photoinitiator (20 mg, 2 wt %), and the two 
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were mixed thoroughly with a spatula by hand.  For higher molecular weight PIBs, 2.00 

mL of pentane was added to reduce the viscosity and ensure homogenous mixing.  The 

mixture was cast upon a glass slide that was pre-treated with Rain X and degassed in a 

vacuum oven overnight.  After degassing, a 0.75 mm Teflon spacer was added, and the 

sample was immediately sandwiched between a second pre-treated glass slide and 

subsequently cured for 30 min under a medium pressure mercury UV lamp at an intensity 

of 18.5 mW cm-2.  For the curing kinetics studies, each formulation was cast upon a salt 

plate, rather than the treated glass slides described above, and degassed in a vacuum 

overnight.  After curing, each film was extracted with excess THF for 60 h followed by 

drying under high vacuum for 24 h.  The pre- and post-extraction film weights were 

compared, and the percent extractable material in the network was calculated. 

2.4 Results and Discussion 

2.4.1 Synthesis of Trifunctional acrylate-terminated PIB 

The 1H NMR spectrum of trifunctional PIB quenched with 4-phenoxy-1-butyl 

acrylate is shown in Figure 2.1.  Alkylation exclusively para to the alkoxy moiety was 

observed as evidenced by the clean doublets of the aromatic quencher protons (6.80 ppm, 

7.23 ppm).  The intensity of the olefinic protons (5.70-6.50 ppm) relative to the 

methylene tether protons (triplets at 3.98 and 4.22 ppm) indicated no decomposition of 

the acrylate.  Quantitative comparison of the methylene tether protons or the acrylate 

olefinic protons relative to the aromatic initiator protons also indicated complete 

functionalization of all PIB chain ends.  The GPC chromatogram of the purified 

trifunctional PIB acrylate, shown in Figure 2.2, indicated that no coupling, degradation, 

or polymerization of the acrylate moiety occurred during purification.  Measurement via 
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GPC-MALLS showed that the Mn and MWD of the polymer were 10,000 g/mol and 

1.05, respectively. 

 

Figure 2.1 1H NMR (300 MHz, DCM-d2, 25 C) spectrum of trifunctional PIB acrylate, 

synthesized via living polymerization of isobutylene at -70 °C and end-quenched with 4-

phenoxy-1-butyl acrylate.  Integrations are referenced to the initiator residue at 7.18 ppm. 

2.4.2 Synthesis of Multifunctional PIBs by Cleavage/Alkylation of Butyl Rubber. 

Cleavage/alkylation reactions on butyl rubber substrates represent a cost effective, 

facile method of producing multifunctional PIBs possessing a linear morphology with 

functional groups both pendant to the PIB backbone and covalently attached to the 

polymer chain ends.Error! Bookmark not defined.  The cleavage/alkylation process is highly 

modular, and a range of molecular weights and functionalities can be easily obtained by 

modifying temperature, reaction time, choice of Lewis acid catalyst and its concentration, 

quencher concentration, and/or isoprene content of the starting butyl rubber.  Typically, 

the end product contains no residual backbone unsaturation, i.e., all isoprene repeat units 

either undergo cleavage or addition reaction with the quencher.  The functional 

equivalent weight (EWQ) of the product, defined as the mass of polymer per equivalent of 

covalently attached quencher moieties, can be calculated as previously reported,Error! 
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Bookmark not defined. from the ratio of isobutylene repeat units per quencher units, IB/Q, 

determined using 1H NMR.  The number average functionality of the product, Fn, is then 

calculated as Mn/EWQ.  

 

Figure 2.2 GPC chromatogram of trifunctional PIB acrylate, synthesized via living 

polymerization of isobutylene at -70 C, followed by end-quenching with 4-phenoxy-1-

butyl acrylate.  Characterization via GPC confirmed the absence of radical crosslinking 

after sample workup. 

Two butyl rubber substrates were used to demonstrate the modularity of the 

cleavage/alkylation process and the range of molecular weights and functionalities that 

can be isolated: ExxonMobil Butyl 365 (FIP = 0.0230 (IB units/IP units = 42.5)) and 

Butyl 068 (FIP = 0.0108 (IB units/IP units = 91.5).  (3-Bromopropoxy)benzene was used 

as the quenching agent to allow for easy post-polymerization modification via 

nucleophilic substitution of the primary bromide.  The reaction conditions and resulting 

Mn, MWD, IB/Q, EWQ, and Fn values are listed in Table 2.1. 

Figure 2.3 compares the GPC chromatograms for the Butyl 068 reactant and 

various products obtained therefrom by cleavage/alkylation in the presence of (3-

bromopropoxy)benzene quencher (Table 2.1, Trials 2-4).  These three trials show that 

increasing the quencher concentration relative to the concentration of IP units promotes 
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backbone quenching at the expense of cleavage and systematically raises the Mn and Fn 

of the product at a relatively constant EWQ. 



 

 

3
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Table 2.1 Reaction Conditions for Cleavage/Alkylation Reactions on Various Butyl Rubbersa 

Trial 
Butyl 

Rubberb 

Time 

(h) 

[IP]c 

(mM) 

[Q]d 

(M) 

[TiCl4] 

(M) 

[H2O] 

(mM) 

[H2SO4] 

(mM) 
Mn

e 

(g/mol) 
PDI 

𝐈𝐁

𝑸
 

EWQ
f 

(g/eq) 
Fn

g 

1 365 20 17 0.19 0.19  19 17,300 1.58 35.5 2,260 7.6 

2 068 21 12 0.056 0.37 56  12,700 1.42 78.4 4,670 2.7 

3 068 40 12 0.12 0.11  21 27,500 1.48 76.5 4,560 6.0 

4 068 20 8.7 0.12 0.11  21 38,700 1.53 72.9 4,360 8.9 

aAll experiments were carried out using a 60/40 (v/v) hexane/methylene chloride cosolvent system at –70 °C.  Molar concentration values at the reaction temperature were calculated using 

solvent volumes that were corrected for thermal expansion, as detailed in ref. 108, Supporting Information. 
bEXXON Butyl 365 had Mn = 1.91 x105 g/mol and PDI = 1.61 (GPC), and 2.30 mol% isoprene units (NMR).  EXXON Butyl 068 had Mn = 3.37 x105 g/mol and PDI = 1.29 (GPC), and 

1.08 mol% isoprene units (NMR). 
cIP = concentration of isoprene units from Butyl Rubber. 
dQ = quencher = 3-(bromopropoxy)benzene. 
eNumber average molecular weight (GPC) of cleaved/alkylated product. 
fFunctional equivalent weight  
g Number average functionality of cleaved/alkylated product with respect to attached quencher units. 
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Figure 2.3 GPC chromatograms of Butyl 068 and the (3-bromopropoxy)benzene 

functionalized PIB macromer obtained therefrom by cleavage/alkylation (Trials 2-4). 

Separate portions of the bromide-functionalized PIB resulting from 

cleavage/alkylation of Butyl 365 (Trial 1) were converted into acrylate- and 

methacrylate-functionalized macromers by reaction with potassium acrylate and 

potassium methacrylate, respectively.  The 1H NMR spectra of the bromide-

functionalized product of the cleavage/alkylation reaction on Butyl 365 (Trial 1), along 

with the acrylate and methacrylate derivatives, are shown in Figure 2.4.  Higher 

resolution spectra for the bromide precursor, acrylate macromer, and methacrylate 

macromer derived from Butyl 365 are included in the Appendix, Figures A.1-A.3; these 

spectra also contain integrations and the acrylate spectra (Figure A.2) includes a high-

expansion of the olefinic region.  Quantitative transformation from the bromide terminus 

to the acrylate terminus was confirmed by 1H NMR, as shown in the middle spectrum in 

Figure 2.4. 
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Figure 2.4 1H NMR (300 MHz, DCM-d2, 25 C) spectra of the (3-

bromopropoxy)benzene functionalized PIB macromer (bottom) obtained from the 

cleavage/alkylation reaction of ExxonMobil Butyl 365.  The acrylate (middle) and 

methacrylate (top) derivatives were synthesized via nucleophilic substitution with 

potassium acrylate or potassium methacrylate, respectively. 

 Evidence of formation of PIB acrylate was given by the appearance of 

resonances at 5.84 (doublet), 6.14 (quartet), and 6.40 ppm (doublet) as well as the 

downfield shift of the resonance associated with the terminal quencher methylene from 

3.61 to 4.35 (triplet).  The olefinic resonances observed in Figure 2.4 also mirror the 

resonances shown in Figure 2.1, providing further evidence of acrylate substitution.  
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Figure 2.5 GPC chromatograms of Butyl 365 and the (3-bromopropoxy)benzene 

functionalized PIB macromer obtained therefrom by cleavage/alkylation.  Also shown are 

the acrylate and methacrylate functionalized PIBs obtained from the substitution reaction 

of sodium (meth)acrylate with the bromine functionalized macromer.   

 

Figure 2.6 GPC chromatograms of the acrylate-functionalized PIBs compared to their 

primary bromide-functionalized precursors obtained from Butyl 068 (Trials 2-4).  The 

acrylate functionalized products were synthesized via nucleophilic substitution using 

sodium acrylate.   

Evidence of formation of PIB methacrylate (Figure 2.4, top) was given by the 

appearance of resonances at 5.58 (singlet) and 6.12 (singlet) as well as the downfield shift 

of the terminal methylene from 3.61 to 4.36 (triplet). 
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GPC chromatograms for Butyl 365 and its bromide, acrylate, and methacrylate-

functionalized derivatives are shown in Figure 2.5; the chromatograms show that 

premature crosslinking or polymer backbone degradation during the course of 

nucleophilic substitution were not observed. 

From the primary bromide PIBs obtained from Butyl 068 (Trials 2-4), 

photopolymerizable macromers were prepared via nucleophilic substitution with sodium 

acrylate.  High-resolution NMR spectra, with peak integrations, for the bromide 

precursors and corresponding acrylate macromers from Butyl 068 (Trials 2-4) are 

included in the Appendix, Figures A4-A9.  GPC chromatograms of the acrylate 

macromers and their primary bromide precursors are compared in Figure 2.6.  Again, the 

chromatograms show that the acrylate-functionalized products did not undergo premature 

crosslinking, polymer degradation, or coupling reactions. 

2.4.3 Photopolymerization and kinetics of PIB (M)A networks.  

 The curing kinetics of free-radical photopolymerizations involving 

(meth)acrylate-functional monomers and macromonomers have been exhaustively 

studied for a wide variety of systems.119-128  For PIB-based (meth)acrylate systems, 

Tripathy et al. reported the curing kinetics of low molecular weight PIB (meth)acrylates 

and vinyl ether-functionalized PIBs99 using an optical pyrometry technique developed by 

Crivello et al.129  Real-time FTIR (RT-FTIR) is a more commonly used technique to 

monitor the kinetics of photopolymerization and was used by Yang et al. to monitor the 

photopolymerization curing kinetics of PIB-phenol (meth)acrylate macromers by tracking 

the disappearance of the (meth)acrylate olefin.69 
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Both Tripathy and Yang tested a wide variety of photoinitiators, curing 

conditions, and a range of PIB molecular weights.  Although the results between Tripathy 

and Yang were generally in good agreement, Tripathy reported that the curing kinetics 

for their PIB (meth)acrylates were fastest for Irgacure 651, intermediate for Darocur 

1173, and slowest for Irgacure 784.  Yang, however, reported that Darocur 1173 gave the 

fastest curing kinetics and reached quantitative conversion while Irgacure 651 and 

Irgacure 784 were slower and in some cases failed to reach full conversion.  Yang 

attributed this difference in curing kinetics to two factors.  First, both Irgacure 

photoinitiators are solids at room temperature, while the Darocur 1173 photoinitiator is a 

liquid.  Thus, the liquid Darocur could be more homogenously mixed throughout the PIB 

macromers via liquid-liquid diffusion.  Secondly, solubility/miscibility of the 

photoinitiators may depend on the molecular weight of the polymer matrix.  Tripathy’s 

PIBs were very low molecular weight (~1,200 g/mol), while Yang’s PIBs ranged from 

3,000 g/mol to 10,000 g/mol.  This suggests that lower molecular weight PIBs may 

solubilize solid photoinitiators better than higher Mn PIBs.  For these reasons, Darocur 

1173 was chosen to be the photoinitiator for this study. 

Yang also studied the effect of photoinitiator concentration on the curing rate of 

trifunctional PIB (meth)acrylates with low Mns (4,000 g/mol) produced by living 

polymerization from TCC trifunctional initiator.  For those systems, Yang reported that 

curing rates increased with increasing photoinitiator concentration up to 2% (w/w) but 

that further increases in photoinitiator concentration produced negligible increases in 

curing rates.  To determine whether a similar saturation phenomenon would occur in 

higher Mn systems, we replicated that study using a PIB triacrylate prepared similarly 
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from TCC but with Mn = 10,000 g/mol.  Figure 2.7 shows kinetic data obtained at three 

different concentrations of Darocur 1173; acrylate conversion was measured by 

monitoring the disappearance of the acrylate peak from 1615-1638 cm-1. 

As shown in Figure 2.7, the formulations containing 2 and 5 wt % Darocur 1173 

produced nearly identical conversion vs. time curves and both reached full conversion 

after 210 s, while the sample containing 1 wt% Darocur 1173 reached full conversion 

only after 240 s.  These results are in agreement with Yang et al.69Error! Bookmark not defined. 

and show that photoinitiator saturation also occurs at higher Mn.  As expected, the curing 

rates for the systems of Figure 2.7 are nearly identical to the curing rates for the high Mn 

systems (~10,000 g/mol) studied by Yang et al.69 

 

Figure 2.7 Conversion versus time for bulk photopolymerization of PIB triacrylate 

synthesized via living polymerization (Mn = 10,000 g/mol), formulated with different 

Darocur 1173 concentrations. 
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Figure 2.8 Conversion versus time for the various PIB (meth)acrylate prepolymers used 

in this study, expanded to show the first 600 s of curing.  Each formulation was 

photopolymerized using Darocur 1173 at 2 wt%. 

 

Figure 2.9 Conversion versus time for the linear PIB (meth)acrylate prepolymers to 1800 

s.  Each formulation was photopolymerized using Darocur 1173 at 2 wt%. 

Figure 2.8 compares curing kinetics of the living PIB triacrylate control and the 

various linear macromers prepared via the cleavage/alkylation process and functionalized 
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via nucleophilic substitution of the bromide with potassium (meth)acrylate.  Generally, 

the linear prepolymers had slower curing rates compared to the living PIB triacrylate.  

While the living PIB triacrylate reached 80% extent of cure in ~50 s, the linear PIB 

prepolymers achieved extents of cure of only ~35 – 65% in the same time frame.  This 

trend was more pronounced at higher conversions, where the curing rates for all systems 

had slowed considerably.  The living PIB triacrylate reached 90% conversion after 75 s 

and > 98% conversion at 212 s, while some linear systems reached > 98% only after 1200 

s (Figure 2.9). 

Of the linear macromers, those with the lowest functional equivalent weight, i.e., 

those derived from Butyl 365 (17,400 acrylate and 17,400 methacrylate) displayed the 

fastest curing kinetics, reaching > 98% conversion after 410 s and 834 s, respectively.  

The linear macromers derived from Butyl 068, which possessed higher functional 

equivalent weights, generally took longer to reach >98% conversion, and among this 

group, the curing rates slowed considerably as molecular weight increased.  The linear 

macromers with the highest molecular weights (28,000 and 39,400 g/mol) reached >98% 

conversion after about 1200 s, even though they had Fn values similar to those of the 

~17,400 systems.  This is presumably due to immobilization and isolation of unreacted 

acrylate groups.  The curing rate of the 12,900 Acrylate system, which had the lowest Fn 

of all the linear macromers tested, generally was faster than the systems with similar 

functional equivalent weights (i.e. the 28,000 and 39,400 Acrylate systems).  This is 

presumably due to chain entanglement effects.  The chain entanglement molecular weight 

is defined as the molecular weight at which a polymer system transitions from Newtonian 

to non-Newtonian flow.  For PIB, this is around 17,000 g/mol.130  For systems below this 
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molecular weight threshold, the shear viscosity/molecular weight correlation approaches 

unity as temperature increases.  For systems at or above this molecular weight, the shear 

viscosity increases by a power factor of 3.4 with respect to molecular weight and is 

largely independent of temperature. 

Thus, the existence of a highly viscous, highly entangled PIB macromer mixture 

gives rise to a variety of conditions that could potentially affect the curing kinetics.  One 

limitation is the effect of molecular weight on the solubility/miscibility of the 

photoinitiator, which was discussed earlier.  Also, as viscosity of the PIB increases, 

achieving a well dispersed mixture of photoinitiator/PIB becomes problematic.  A solvent 

can be used to aid in mixing/casting (in cases of very high molecular weight PIBs, i.e., 

Mn > 30,000 g/mol, it becomes a requirement), but the excellent gas/solvent 

impermeability characteristics of PIB complicates the removal of solvent prior to 

monitoring the curing kinetics. 

Other complicating factors with respect to the PIB molecular weight are the 

change in diffusional mobility of the acrylate moieties and possible autoacceleration via 

the Trommsdorff effect.  Yang reported that higher Mn PIBs, which possess a lower 

concentration of acrylates and a higher viscosity than do their lower Mn counterparts, 

displayed faster curing rates during photopolymerization.  Additionally, Yang reported 

that the electronic and steric effects of the PIB chain end (i.e. phenol (meth)acrylate vs. 

phenoxybutyl acrylate) were largely negligible during the curing process.  Yang 

attributed both phenomena to the decreased diffusional mobility of the higher Mn PIB 

prepolymers, which resulted in lower rates of radical termination, eventually leading to 

auto-acceleration due to the Trommsdorff effect. 
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 Interestingly, our linear systems synthesized via the cleavage/alkylation of butyl 

rubber exhibited the opposite behavior in terms of curing rate.  For systems with similar 

functional equivalent weights (i.e. all systems derived from Butyl 068), an increase in 

molecular weight generally resulted in a decrease in curing rate.  For systems with similar 

Fn (i.e. 17,400 Acrylate, 28,000 Acrylate, and 39,400 Acrylate), curing rates varied 

significantly, presumably due to viscosity arguments mentioned previously.  These 

observations suggest that PIB morphology, in addition to PIB molecular weight, plays a 

significant role in the curing rates of PIB based (meth)acrylates.  

2.4.4 Extent of Cure Analysis via Sol Fraction Experiments.  

 Percent conversion during photopolymerization of the (meth)acrylate 

crosslinking moiety can also be indirectly measured using sol fraction experiments.  The 

percent extractables of each cured network should show an inverse correlation to the 

percent conversion of the (meth)acrylate olefin measured via RT FTIR.  Thus, each film 

was immersed in THF for 60 h followed by rigorous vacuum drying, and sol fractions 

were calculated using the pre- and post-extraction weights.  The percent extractables for 

each photocured formulation, taken as the average of three sol fraction experiments, are 

listed in Table 2.2. 

These measurements show a few general trends.  First, the sol fractions were 

uniformly low.  This agrees qualitatively with the RT-FTR data, which showed that all 

formulations reached > 98% (meth)acrylate conversion.  Also, a stark contrast was 

observed between the relatively high sol fractions of the living PIB triacrylate networks 

versus the relatively low sol fractions of the linear PIB macromer samples, presumably 

due to the difference in network morphology.  For crosslinking reactions in general, 
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polymer chain mobility decreases as curing conversion increases, leading eventually to 

isolation of unreacted functional groups.  The living PIB acrylate prepolymers possess a 

three-arm star morphology with relatively uniform arm lengths, with the reactive acrylate 

moiety on the chain ends.  It is therefore a relatively compact coil with less tendency to 

overlap with neighboring coils.  This may promote separation of unreacted (meth)acrylate 

groups from the propagating radicals, leading not only to lower (meth)acrylate double 

bond conversion but also to higher extractable matter due to increased radical termination 

events involving primary radicals from the photoinitiator.  The linear PIB macromers, in 

contrast, are multifunctional linear molecules with greater opportunity for coil-coil 

overlap.  This apparently causes less isolation of unreacted (meth)acrylate groups, 

leading to less extractables from the photoinitiator residue.  

Table 2.2 Network Formulations and Percent Extractables for Various PIB Networksa 

Entry Macromer Avg Extractable (%) 

1 Living PIB Acrylate 3.59 

2 12,900 Acrylate 1.67 

3 28,000 Acrylate 2.09 

4 39,400 Acrylate 1.96 

5 17,400 Acrylate 1.42 

6 17,450 Methacrylate 1.44 
aPhotoinitiator (Darocur 1173) concentration = 2 wt% 

 

Other factors may account for the average extractable values recorded in Table 

2.2.  As reported by Tripathy99 and Yang69Error! Bookmark not defined., films derived from the 

photopolymerization of (meth)acrylate functionalized PIB macromers are inherently 

brittle and prone to fracture.  Multiple transfers of the sample films (weighing, placement 

and removal of the sample into the scintillation vial, etc.) may result in sample fracture or 

sample loss, yielding a lower sample weight and thus a higher calculated percent 
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extractable.  The extractable matter may also be small molecule products resulting from 

photoinitiator decomposition or residual solvent that was left over from the casting 

process. 

2.4.5 Glass Transition Temperature and Crosslink Density of UV-cured PIB 

Networks.   

Glass transition temperature (Tg) and crosslink density of the cured PIB networks 

were investigated using DMA analysis.  Storage modulus and tan δ curves thereby 

obtained are shown in Figures 2.10 and 2.11, respectively, and data extracted from these 

curves are summarized in Table 2.3. 

 

Figure 2.10 Storage modulus versus temperature for photocured PIB networks.  

Photopolymerizations were carried out using 2.0 wt% Darocur 1173. 
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Figure 2.11 Tan δ versus temperature for photocured PIB.  Photopolymerizations were 

carried out using 2.0 wt% Darocur 1173. 

With respect to DMA data, Tg is usually reported as the temperature at the 

maximum of the tan delta (δ) peak, due to ease of reproducibility.131  Alternatively, the Tg 

may be taken as the onset of the drop in storage modulus, but this onset may be ill 

defined in some systems.  Unlike crystalline systems, amorphous systems often show 

poorly defined, broad drops in storage modulus and broad tan δ peaks, resulting in 

difficult Tg detection.132,133  Notably, PIB-based networks possess two convoluted 

transitions in the tan  curve, which further complicates an accurate specification of the 

Tg.  The weaker of the two transitions, which appears to be a shoulder on the low 

temperature side of the more intense transition, is the actual Tg.  The stronger, dominant 

transition is a sub-Rouse relaxation characteristic of the PIB backbone.134  Thus, for PIB 

based networks, the onset of the drop in storage modulus may give a more accurate Tg. 

In this work, Tgs were measured by both methods and reported in Table 2.3.  The 

drop in storage moduli for all systems occurred between -66 ºC and -68 ºC, which agrees 
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well with the literature values for PIB (Tg ~ -66 ºC).135  Comparatively, the tan δ peaks 

were found to give noticeably higher Tg’s than those measured by the previous method, a 

difference that is often more pronounced in non-crystalline materials.136  Using peak 

deconvolution software, the Tg’s were found to be between -52 °C to -47 °C. 

Some general comments may be made regarding the overall shape and trends of 

the storage moduli and tan δ curves.  First, the networks formed from living PIB 

triacrylate and from the linear macromers derived from Butyl 365 (17,400 Acrylate and 

17,450 Methacrylate) possessed similar storage moduli and tan δ curves, and the Tgs for 

all three systems were relatively uniform.  The uniformity of these systems probably 

results from the similar functional equivalent weights of these systems, which ranged 

from 2,300-3,000 g/mol.  The networks formed from the macromers derived from Butyl 

068, however, displayed significantly different behaviors in regard to storage modulus.  

The 12,900 Acrylate network possessed a glassy storage modulus very similar in value to 

the Butyl 365 and living PIB triacrylate systems, but after the drop in modulus associated 

with the Tg, the modulus continued to decrease at higher temperatures and never 

displayed a persistent rubbery plateau.  The 28,000 Acrylate system also displayed a 

glassy storage modulus similar in value to the Butyl 365 and living PIB triacrylate 

systems, and it also displayed a slightly lower modulus in the rubbery regime.  The 

39,400 Acrylate system displayed a glassy modulus that was higher than any other 

system, but in the rubbery regime it behaved very similarly to the Butyl 365 and living 

PIB systems. 

Regarding the tan δ curves, all networks displayed the intense, sub-Rouse 

relaxation characteristic of PIB, and on its low temperature side, a less-intense “shoulder” 
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peak.  The low temperature shoulder, which represents the true PIB Tg, is listed in Table 

2.3 for each system.  Generally, all tan δ curves displayed the same shape, with two 

notable exceptions.  The 12,900 Acrylate system displayed significant tailing on the high 

temperature side of the tan δ curve, and the 28,000 Acrylate system displayed a less 

significant but still noticeable shift towards higher temperatures before returning to 

baseline.  These features are related to the lower rubbery moduli measured for these two 

systems (as shown in Figure 2.10) and can be attributed to the stiffness of the networks.  

Generally, an increase in network stiffness causes the drop in the tan δ at higher 

temperatures to become more severe.132,137 In PIB networks crosslinked via 

(meth)acrylate functionalities, the incorporation of higher polyacrylate content or higher 

crosslink density causes a steeper decline in tan δ curve at high temperatures.  Inversely, 

loosely crosslinked networks (i.e. lower acrylate content) display a less steep decline in 

tan  and possibly significant tailing at higher temperatures. 

For homogenously crosslinked systems, the value of the storage modulus at the 

rubbery plateau can be used to approximate crosslink density.  Crosslink density, 

typically defined as the inverse of the average molecular weight between crosslinks (Mc), 

can influence many physical and structural properties of thermosets, including stiffness, 

elongation at break, strength, and brittleness.138  The crosslink densities of the various 

cured network were determined from the value of the rubbery plateau modulus, using a 

literature method,139 and are summarized in Table 2.3.  An accurate crosslink density for 

the 12,900 Acrylate system could not be calculated due to the lack of a rubbery plateau, 

which was attributed to a loosely crosslinked (i.e. inhomogenously crosslinked) network.
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Table 2.3 Dynamic Viscoelastic Properties and Crosslink Densities of UV-Cured PIB Networks 

 Living 
12,900 

Acrylate 

28,000 

Acrylate 

39,400 

Acrylate 

17,400 

Acrylate 

17,450 

Methacrylate 

Mn of PIB 

(g/mol) 
10,070 12,900 28,000 39,400 17,400 17,450 

Tg (E’ drop) 

(oC) 
-67.0 -67.9 -68.1 -68.84 -66.6 -67.9 

Tg (tan δ peak) 

(oC) 
-48.7 -52.0 -48.3 -53.4 -47.4 -51.9 

Tan δ peak 

value 
0.929 0.821 0.857 0.915 0.676 0.626 

E’ at Tg+60oC 

(tan δ peak) 

(MPa) 

2.63 1.18 2.18 3.23 3.14 3.38 

EWQ (g/eq) 3,030 4,360 4,560 4,670 2,300 2,440 

Mc (g/mol) 2,910 - 3,490 2,316 2,460 2,380 
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The calculated crosslink densities and Mc values, in conjunction with the tan δ 

and storage modulus plots, provide further insight into the physical properties of these 

networks.  Previously Yang et al. reported69 the effect of crosslink density on the 

viscoelastic and tensile properties of various PIB networks formed from trifunctional 

prepolymers.  Generally, they observed that networks formed from low molecular weight 

PIB-phenol (meth)acrylate prepolymers (~3,000-4,000 g/mol) had higher crosslink 

densities than networks formed from moderate molecular weight PIB-phenol 

(meth)acrylate macromers (10,000 g/mol).  This resulted in higher Tg’s, higher storage 

moduli, and higher strain at break.  

In this study, we sought to investigate the effect of crosslink density and 

prepolymer morphology on the tensile and viscoelastic properties of PIB networks.  

Notably, we observed that PIB networks obtained from linear PIB-(meth)acrylates 

possessed similar Tg’s despite significantly different crosslink densities and functional 

equivalent weights.  Also, the Tg’s measured via storage modulus and tan δ were in good 

agreement with the Tg’s reported previously.   

2.4.6 Tensile Properties 

Tensile testing was performed on all of the photocured PIB networks; stress-strain 

curves are shown in Figure 2.12, and data extracted from the curves are summarized in 

Table 2.4.  Similarly to our previous report, all PIB networks displayed characteristic 

weak elastomeric behavior;69 however, the morphology, molecular weight, and crosslink 

density of each macromer played a significant role in the tensile properties observed.  

The network formed from living PIB triacrylate displayed a comparatively moderate 

Young’s modulus but had the lowest strain at break compared to all the other networks.  
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Considering the relative uniformity of the length of the polymer chains (as evidenced by 

its relatively narrow polydispersity of 1.05 from GPC/MALLS), it is logical to expect 

that cleavage of the crosslink junctions occurs within a very narrow range, resulting in 

sudden catastrophic failure rather than strain yielding. 

PIB networks derived from the linear PIB macromers all displayed a higher strain 

at break compared to the living PIB system, but the functional equivalent weight and the 

molecular weight of each system had a significant effect on the Young’s modulus.  The 

systems with the highest Young’s moduli were the two systems derived from Butyl 365, 

which had the higher isoprene content of the two butyl rubber starting materials.  Thus, 

the resulting PIB macromers had a moderately high molecular weight (~17,400 g/mol) 

and high Fn (~7.08), and a much lower functional equivalent weight than the prepolymers 

derived from Butyl 068.  With regard to the latter prepolymers, all displayed a lower 

Young’s modulus than the living PIB system, but molecular weight had a significant 

effect on the Young’s modulus of each system.  The two higher molecular weight PIB 

macromers (28,000 and 39,400 g/mol) each displayed a higher Young’s modulus than the 

lowest molecular weight PIB macromers (12,900 g/mol), which displayed the lowest 

Young’s modulus and the most elasticity of all the samples tested.  This is presumably 

due to the two higher molecular weight systems being above the chain entanglement 

weight of PIB, which increases the stiffness of the networks.  Additionally, the highly 

elastic nature of the 12,900 Acrylate system as shown by tensile testing agrees well with 

the DMA results discussed in the previous section; namely, this system was shown to 

have the lowest stiffness of all of the networks tested in this study.
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Table 2.4 Tensile Properties of the Various PIB Networks 

 Living 
12,900 

Acrylate 

28,000 

Acrylate 

39,400 

Acrylate 

17,400 

Acrylate 

17,450 

Methacrylate 

Mn of PIB (g/mol) 10,070 12,900 28,000 39,400 17,400 17,450 

Youngs Modulus 1.19 0.134 0.444 0.538 1.78 1.33 

Strain at break (%) 34.45 112.85 45.45 39.37 45.11 53.6 

Strength at break 0.4105 0.1511 0.2019 0.212 0.8028 0.7104 
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Figure 2.12 Typical stress-strain curves from each photocured PIB network. 

Comparatively, the living PIB acrylate systems studied by Yang et. al. gave 

nominally lower strains at break compared to the linear PIB macromers reported herein, 

but the Young’s moduli for Yang’s systems were noticeably higher.69  This is most likely 

due to the higher elasticity inherent in the linear macromers, in addition to molecular 

weight and crosslink density considerations. 

2.5 Conclusion 

A three-arm star PIB triacrylate prepolymer was prepared via end-quenching of 

living PIB with 4-phenoxy-1-butyl acrylate.  Linear PIB macromers bearing 

(meth)acrylate moieties were prepared by the acid catalyzed cleavage/alkylation process 

on various grades of butyl rubber in the presence of 4-phenoxypropyl bromide, followed 

by the nucleophilic substitution of a (meth)acrylate.  All prepolymers were found to be 

stable towards premature polymerization during workup and characterization.  
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PIB-(meth)acrylate prepolymers were photopolymerized using Darocur 1173 as a 

photoinitiator, and the curing kinetics were monitored via RT-FTIR.  Lower 

concentrations of photoinitiators led to slower rates of photopolymerization, but beyond 2 

wt% photoinitator saturation effects were observed in the living PIB triacrylate.  As 

observed in previous studies, the rates of polymerization of PIB-acrylate prepolymers 

were found to be moderately faster than those of PIB-methacrylate prepolymers.  Sol 

fraction experiments of the resulting films suggested that a high degree of double bond 

conversion for all formulations were achieved, but the brittleness of the films 

complicated the accuracy of the results. 

Morphological differences in the PIB-(meth)acrylate prepolymers appeared to 

drastically affect the curing rates and mechanical properties of the resulting networks.  

Despite possessing significant differences in molecular weight and crosslink density, all 

of the networks were measured to have similar Tg’s as calculated from storage modulus 

and tan δ curves. 

Until recently, multifunctional PIB could only be synthesized using expensive and 

synthetically complex initiators, making industrial applications of PIB based networks 

impractical.  Now, multifunctional PIB macromers and PIB based networks can be 

synthesized using widely available materials, allowing for novel industrial applications 

and widespread use. Future studies will focus on the inclusion of solid additives in the 

formulations, and the effect on tensile and gas barrier properties. 
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CHAPTER III FUNCTIONALIZATION OF POLYISOBUTYLENE AND 

POLYISOBUTYLENE OLIGOMERS VIA THE RITTER REACTION 

Co-authored by Robson Storey 

3.1 Abstract 

The Ritter reaction, i.e. reaction of a carbocation with a nitrile, was carried out on 

polyisobutylene (PIB) using a variety of reaction conditions.  End quenching of PIB 

carbocations with acrylonitrile under living polymerization conditions (methyl chloride 

(MeCl)/hexane 60/40 (v/v) solvent mixtures at -70 °C) resulted in either tert-chloride end 

groups or loss of chain end fidelity via carbocation rearrangement, as evidenced by NMR 

spectroscopy.  Exo-olefin functionalized PIB substrates were also reacted with nitriles 

under a variety of reaction conditions including various acid and solvent medium 

combinations.  In all cases, the result was either no reaction or PIB that had undergone 

severe backbone degradation, as determined via NMR spectroscopy and gel permeation 

chromatography.  Finally, the Ritter reaction was performed on a series of exo-olefin 

functionalized oligoisobutylenes using acrylonitrile as the nitrile and either 60/40 

dichloromethane/hexane or excess acrylonitrile as the solvent.  In 60/40 

dichloromethane/hexane, significant carbocation rearrangement and/or degradation 

resulted in a variety of isomeric, acrylamide-functionalized oligomers.  In excess 

acrylonitrile, the desired Ritter reaction was the only reaction observed, resulting in the 

smooth formation of the terminal acrylamide.  The various N-oligoisobutylacrylamides 

thus obtained represent new hydrophobic monomers useful for the introduction of 

hydrophobic moieties into acrylamide-based water-soluble polymers. 
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3.2 Introduction 

Polyisobutylene (PIB) is a fully saturated hydrocarbon polymer that exhibits 

excellent gas barrier properties, high chemical resistivity, and excellent oxygen and 

ozone resistance.135  For many applications, chemical functionality, typically olefinic 

unsaturation, must be introduced into PIB for its practical utilization.  For example, the 

vast majority of high molecular weight PIBs sold commercially are actually copolymers 

of isobutylene and isoprene (e.g. 98:2 isobutylene:isoprene), known in the industry as 

butyl rubber, in which the isoprene-derived unsaturations enable sulfur vulcanization for 

elastomer applications such as tires, inner tubes, ball bladders, etc.70,140, and as sealants 

and adhesives.,141  PIB homopolymers of low to moderate molecular weight are produced 

industrially by chain-transfer-dominated cationic homopolymerization, yielding mono-

functional polymers with unsaturated termini.  Polymers containing a high fraction of 

exo-olefin (methyl vinylidene) termini, known as high reactivity (HR) PIB, are desired 

because of their higher reactivity in downstream functionalization reactions, especially 

with maleic anhydride to produce PIB-succinic anhydride (PIBSA), a key intermediate in 

the lubricating oils and fuel industry.80,142,143,  New catalysts and improved processes 

toward HR PIB are the subject of active investigations by several groups.144,145,146  

In addition to monofunctional PIBs produced industrially via chain transfer-

dominated processes, difunctional (telechelic) and higher-functionality PIBs have been 

produced by laboratory researchers since the late 1970’s, first via the “inifer method”55 

and later by living carbocationic polymerization.147  For these materials as well, the exo-

olefin terminus has been an important synthetic objective, due to its value as an 

intermediate toward other functional groups.  The original approach towards exo-olefin 
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PIB involved reaction of tert-chloride-terminated PIB with tBuOK in refluxing THF55 or 

EtOK in refluxing THF/EtOH;72 however this approach is inconvenient due to long 

reaction times and the inevitable formation of a small amount of the endo-olefin.148  More 

recently, quantitative exo-olefin-terminated PIB has been synthesized by direct “end-

quenching” of living carbocationic PIB chain ends via addition reaction with 

methallyltrimethylsilane74 or elimination reactions induced by hindered bases,149 

alkoxysilanes,150 alkyl ethers,151 or alkyl sulfides.152  End-quenching has also allowed for 

the direct functionalization of living PIB with functional groups other than exo-olefin, 

using quencher molecules of several characteristic types including olefins that add only 

once to the chain,153,154,155, alkoxybenzenes,95,96 ,98 and heterocyclic aromatics.156,157  To 

effectively functionalize PIB, a quencher molecule must preferentially react with the 

carbocationic chain end, rather than the more abundant Lewis acid, and the quenching 

reaction must compete kinetically with decomposition pathways of the carbocation, 

particularly carbocation rearrangement.118,158 

Recently, there has been interest in PIB macromonomers possessing more highly 

reactive terminal unsaturation, especially (meth)acrylate69,99,,159,160,161,162 and vinyl 

ether.99  These systems may be cured by thermal or photo-initiated radical chain 

polymerization, or in the case of vinyl ether, by photo-initiated cationic polymerization.  

Among a number of potential biomedical and industrial applications for these materials, 

an application of particular interest is their use in the formation of PIB-based thermosets 

for sealant and gas barrier applications.  For example, traditional PIB sealants used in 

insulating glass units (IGU) consist of high molecular weight PIB thermoplastics that are 

applied at elevated temperature as a melt; however, these materials tend to creep under 
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certain adverse circumstances, resulting in eventual aesthetic and/or mechanical failure.  

PIB thermosets represent an attractive replacement, as they can be applied at room 

temperature and upon curing, exhibit superior rheo-mechanical properties and are creep 

resistant.   

A potential, unexplored method for creating telechelic PIBs with highly reactive, 

polymerizable functionality, namely acrylamide, is the chain end functionalization of PIB 

via the Ritter reaction.  This reaction, first reported in 1948 and depicted in Scheme 1, is 

an acid catalyzed addition reaction between a carbocation forming species and a nitrile, 

which results in the formation of a nitrilium ion that is further converted to an amide 

during workup.163,164  Since its discovery, the Ritter reaction has been widely utilized to 

synthesize amides on both small molecules and polymers, and has been the subject of 

several comprehensive reviews, the most recent of which was published in 2014.165,166,167  

Even after decades of study, the Ritter reaction continues to be an attractive tool for 

synthetic chemists due to its high yield, tolerance towards a variety of catalysts and 

reaction conditions, and its remarkable utility and atom efficiency in forming amides 

from bulky substrates.168,169,170  

 

Scheme 3.1 Mechanism of amide formation via the Ritter reaction 

Since the Ritter reaction has been shown to form amides in high yields using 

either Lewis and/or Bronsted acid catalysts, it potentially represents a highly modular 
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approach towards PIB chain-end functionalization, to enable the synthesis of terminal 

amide moieties via reactive end-quenching or modification of commercially available 

exo-olefin PIB substrates.  Herein we describe application of the Ritter reaction to a 

variety of PIB substrates and small-molecule analogs in an effort to create new 

acrylamide-functionalized monomers and telechelic PIB macromers. 

3.3 Experimental 

3.3.1 Materials 

Hexane (anhydrous, 95%), methanol (anhydrous, 99.8%), dichloromethane 

(anhydrous, 99.8%, DCM), dimethylformamide (anhydrous, 99%, DMF), dimethyl 

sulfoxide (anhydrous, ≥99.9%, DMSO), titanium tetrachloride (99.9%, TiCl4), 2,6-

lutidine (99.5%), tetrahydrofuran (anhydrous, 99.9%, THF), , triethylamine (anhydrous, 

≥99.5%, TEA), phosphoric acid (aqueous, 85 wt%, H3PO4), 11-bromoundecane-1-ol 

(98%), sodium cyanide (97%), acryloyl chloride (97%), acrylonitrile (anhydrous, 98%, 

AN), dichloroacetic acid (≥99%, DCAc), hydroiodic acid (aqueous, 57 wt%, HI), and 

potassium carbonate (anhydrous, ≥99%, K2CO3) were purchased from Sigma-Aldrich 

and used as received.  Magnesium sulfate (anhydrous, ≥99.5%, MgSO4), sodium sulfate 

(anhydrous, ≥99%, Na2SO4), sulfuric acid (98%, H2SO4), chloroform (anhydrous, 

CHCl3), chloroform-d (CDCl3), hydrochloric acid (aqueous, 37 wt%, HCl), diethyl ether 

(anhydrous, 95%), acetonitrile (AceN, HPLC) sodium chloride (crystalline, ≥99.5%), 

sodium iodide (crystalline, ≥99.5%) and acetic acid (glacial, AcOH) were purchased and 

used as received from Fisher Scientific.  Isobutylene (BOC Gases, IB) and methyl 

chloride (Gas and Supply, MeCl) were dried by passing the gases through columns of 

CaSO4/molecular sieves/CaCl2 and condensing within a N2-atmosphere glovebox 
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immediately prior to use.  The difunctional initiator, 5-tert-butyl-1,3-di(1-chloro-1-

methylethyl)benzene (bDCC), was synthesized as previously reported, stored at 0°C, and 

freshly recrystallized before use.96  Small-molecule oligoisobutylenes possessing exo-

olefin termini (C12, C16, C20) were graciously donated by Chevron Oronite Corporation, 

and used without further purification.  Purities estimated by GC-MS were C12, 91.2%, 

C16, 78.0%, and C20, 93.5%.  Synthesis of the monofunctional exo-olefin PIB was 

previously reported (see Table 6, Entry 7 of reference 79).  1H NMR showed this material 

to possess 83% exo-olefin and 17% tert-chloride end groups (Appendix, Figure A.10), 

and its number average molecular weight ( nM ) and polydispersity index (PDI = w nM M

) were 2,800 g/mol and 1.07, respectively, according to GPC.  Although the chain ends of 

this material were not exclusively exo olefin, 83% exo-olefin functionality was deemed 

sufficient for proof of concept studies of the Ritter reaction on PIB substrates. 

3.3.2 Instrumentation 

Nuclear magnetic resonance (NMR) spectra were obtained using a 300 MHz 

Bruker AVANCE III NMR (TopSpin 3.1) spectrometer.  All 1H chemical shifts were 

referenced to TMS (0 ppm).  Samples were prepared by dissolving the material in 

chloroform-d (5%, w/v) and charging this solution to a 5 mm NMR tube.  For 

quantitative integration, 32 transients were acquired using a pulse delay of 27.3 s.  For the 

PIB polymers prepared via living polymerization, the signal due to the phenyl protons of 

the initiator (7.17 ppm, 3H, singlet) was chosen as an internal reference for functionality 

analysis.  For the oligoisobutylenes, the terminal methylene (~1.80 ppm, 2H, singlet) was 

used. 
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Real-time (RT)-ATR-FTIR monitoring of isobutylene polymerizations was 

performed using a ReactIR 45m reaction analysis system (Mettler-Toledo AutoChem, 

Inc.) integrated with a N2-atmosphere glovebox (MBraun Labmaster 130).  Isobutylene 

conversion during polymerization was determined by monitoring the area above a two-

point baseline of the absorbance at 887 cm-1, associated with the =CH2 wag of 

isobutylene. 

Number-average molecular weights ( nM ) and polydispersities (PDI = w nM M ) 

were determined using a gel-permeation chromatography (GPC) system consisting of a 

Waters Alliance 2695 separations module, a UV-Vis spectrophotometer (996 PDA, 

Waters Inc.) operating between 210-400 nm with a sampling rate of 1 scan/s, an online 

multi-angle laser light scattering (MALLS) detector fitted with a gallium arsenide laser 

(power: 20 mW) operating at 658 nm (miniDAWN TREOS, Wyatt Technology Inc.), an 

interferometric refractometer (Optilab t-rEX, Wyatt Technology Inc.) operating at 35°C 

and 685 nm, and either two PLgel (Polymer Laboratories Inc.) mixed E columns (pore 

size range 50-103 Å, 3 μm bead size) or two mixed D columns (pore size range 50-103 Å, 

5 μm bead size).  Freshly distilled THF served as the mobile phase and was delivered at a 

flow rate of 1.0 mL/min.  Sample concentrations were ca. 5-7 mg of polymer/mL of THF, 

and the injection volume was 100μL.  The detector signals were simultaneously recorded 

using ASTRA software (Wyatt Technology Inc.), and absolute molecular weights were 

determined by MALLS using a dn/dc calculated from the refractive index detector 

response and assuming 100% mass recovery from the columns. 

The percent purity for each oligoisobutylene was measured via gas 

chromatography-mass spectrometry (GC-MS) using a Hewlett Packard 6890 gas 
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chromatograph with a 5970 series mass selective detector.  Samples were injected (2.99 

µL, 25:1 split ratio) into a 30 m Restek RTX-1 capillary column (0.32 mm i.d., 5.00 µm 

film thickness), and helium was used as the carrier gas at a constant flow of 1.3 mL/min.  

The column temperature was maintained at 50°C for 5.20 min, then heated to 180°C at 

50°C/min and held for 2 min, and finally heated to 250°C at 10°C/min and held for 8 

min, with a total run time of 24.80 min.  The MS was operated in full-scan mode with an 

electron ionization energy of 35.3 eV, trap current of 250 µA, and source temperature of 

162°C.  HPLC-grade DCM was used in all experiments without further purification 

(DCM (HPLC), Fisher Chemicals).  The purity of each oligoisobutylene was 

characterized by signal intensity of the main peak relative to total signal intensity of all 

peaks, expressed as a percent.  The chromatograms and mass spectra are included in 

Supporting Information, Figures A.11-A.16. 

3.3.3 End quenching of living carbocationic PIB with acrylonitrile.   

The following procedure is representative and was performed within a N2-

atmosphere glovebox (MBraun Labmaster 130) equipped with a cryostated (FTS 

Kinetics) heptane bath.  To a dry 250 mL 3 neck round-bottom flask, equipped with an 

overhead stirrer, thermocouple, and ReactIR probe, and immersed in a -70C heptane 

bath, were charged 70.2 mL chilled hexane, 105 mL chilled methyl chloride, 2,6-lutidine 

(0.070 mL, 0.60 mmol, neat and at room temperature), bDCC (1.20 g, 4.20 mmol), and 

chilled IB (33.9 mL, 0.422 mol).  The mixture was equilibrated to -70 ºC with stirring, 

and polymerization was initiated by sequential additions of TiCl4 spaced 15 min apart (2 

x 0.23 mL, total 4.2 mmol, neat and at room temperature).  Monomer conversion was 

monitored using RT-ATR-FTIR data, and upon full conversion, an aliquot (2.00 mL) was 
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removed and precipitated into prechilled methanol.  To the balance of the reaction was 

added AN (1.10 mL, 16.8 mmol, room temperature) immediately followed by a 

quenching increment of TiCl4 (3.19 mL, 0.0291 mol).  Aliquots were taken at 1 h 

increments to monitor conversion, and after 4 h the mixture was removed from the glove 

box and transferred to a fume hood.  An ice/water slurry (30 mL) was slowly added to the 

mixture under vigorous stirring.  The mixture was then slowly warmed to room 

temperature and concentrated under an N2 stream to allow for the evaporation of 

volatiles.  The resulting mixture was then precipitated into methanol under vigorous 

stirring, after which the methanol layer was decanted.  The precipitate was collected by 

re-dissolution in a minimal volume of fresh n-hexane, and the resulting solution was re-

precipitated into excess methanol.  After decanting the methanol, the precipitate was 

collected by re-dissolution in fresh hexane, and the resulting solution was washed twice 

with deionized water, dried over Na2SO4, and then vacuum stripped to yield the isolated 

polymer.  The pre-quench and post-quench products were then characterized via 1H NMR 

and compared.  Chain end composition was estimated by comparing the appropriate 

resonance signals to the resonance signal of the initiator residue (7.18 ppm).     

3.3.4 Ritter reaction on exo-olefin-terminated PIB.   

Two series of experiments were conducted using exo-olefin terminated PIB as the 

electrophilic reagent.  In the first series, the Ritter reaction was performed using a variety 

of different solvent media and either AN (Trials 1.1-1.8) or AceN (Trial 1.9) as the nitrile 

substrate; the reaction conditions are listed in Table 3.1.  A general procedure was as 

follows: To a scintillation vial equipped with a magnetic stirrer was charged exo-olefin 

PIB (1.00 g, 0.355 mmol) dissolved in 10 mL of solvent and AN (0.50 mL, 7.63 mmol).  
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At room temperature and under vigorous stirring, 0.50 mL of concentrated H2SO4 was 

added, and the scintillation vial was sealed.  The mixture was stirred for 12 h, then 

quenched by pouring the reaction mixture into 50.0 mL of an ice/water slurry, and stirred 

for an additional hour.  After concentrating the mixture under an N2 stream, the PIB was 

precipitated into methanol, and worked up as described above.  The resulting polymer 

was then characterized via 1H NMR and GPC. 

In the second series of experiments using exo-olefin PIB as the electrophilic 

reagent (Trials 2.1-2.12), different combinations of mineral/organic acids and solvents 

were used and 11-cyanoundecyl acrylate (CUA) was used as the nitrile substrate; reaction 

conditions are listed in Table 3.2.  A general procedure was as follows: To a scintillation 

vial equipped with a magnetic stirrer was charged exo-olefin PIB (1.00 g, 0.355 mmol) 

dissolved in 10 mL of solvent and 11-cyanoundecyl acrylate (0.50 mL, 1.70 mmol, 

CUA).  At room temperature and under vigorous stirring, a 0.50 mL aliquot of acid was 

added, and the scintillation vial was sealed.  The mixture was stirred for 12 h, then 

quenched by pouring the reaction mixture into 50 mL of an ice/water slurry and stirred 

for an additional hour.  After concentrating the mixture under an N2 stream, the PIB was 

precipitated into methanol, and worked up as described above.  The resulting polymer 

was characterized via 1H NMR. 

3.3.5 Synthesis of 11-cyanoundecan-1-ol.   

11-Cyanoundecyl acrylate was synthesized in two steps from 11-bromoundecan-

1-ol.  In the first step, 11-bromoundecan-1-ol was converted to 11-cyanoundecan-1-ol, as 

follows:  To a 250 mL round bottom flask equipped with a magnetic stirrer and 

condenser were charged 11-bromoundecan-1-ol (10.12 g, 0.0403 mol), sodium cyanide 
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(5.06 g, 0.103 mol), and 150 mL of DMSO.  To aid in dissolution of the cyanide salt, 3 

mL of DI water was added to the mixture.  The mixture was purged continuously with N2 

and stirred at 60 ºC overnight.  Upon reaching quantitative conversion as indicated by 1H 

NMR, the reactor was removed from heat.  After cooling to room temperature, the 

mixture was quantitatively transferred to a separatory funnel, and DCM was added until a 

5/1 (v/v) DCM/DMSO ratio was achieved.  A solution of 30% brine (w/w) was then 

added, and the mixture was vigorously shaken and allowed to stand until separation of 

the aqueous and organic layers.  The organic layer was isolated, washed with brine (x2) 

and then DI H2O (x3), dried with MgSO4, filtered, and concentrated via vacuum 

stripping.  The product, 11-cyanoundecan-1-ol, was an off-white crystalline solid (m.p. 

40 oC) soluble in all common organic solvents excluding alkanes.  Yield: 7.82 g (> 98%). 

3.3.6 Synthesis of 11-cyanoundecane acrylate (CUA).  

 Into a 250 mL, 3-necked round bottom flask equipped with a magnetic stirrer, a 

condenser with nitrogen inlet/outlets, and an addition funnel, were charged 11-

cyanoundecan-1-ol (7.80 g, 0.0395 mol), TEA (7.26 g, 0.0717 mol), and 125 mL of 

DCM.  The resulting solution was stirred and cooled to 0 °C by immersion of the flask 

into an ice bath.  A solution of 6.00 mL (0.0738 mol) of acryloyl chloride in 25 mL DCM 

was charged to the addition funnel and then added dropwise to the reactor over a period 

of approximately 60 min.  The mixture was allowed to gradually warm to room 

temperature and to react overnight.  Upon completion of the reaction (monitored by 1H 

NMR), the TEA hydrochloride precipitate was separated by vacuum filtration and 

extracted with fresh DCM.  The combined filtrate and extract were transferred into a 

separatory funnel and washed with 20% HCl solution, 30 wt% brine, and then DI H2O, to 
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remove residual reagents.  To prevent polymerization, 5 mg of MEHQ was added to the 

organic layer, which was then separated, dried over Na2SO4 and concentrated by rotary 

evaporation to yield CUA as an amber liquid (9.21 g, 87% yield). 

3.3.7 Ritter reaction on exo-olefin-terminated oligoisobutylenes (C12, C16, and C20).   

Two series of Ritter reactions were performed on small molecule PIB analogs to 

investigate the prevalence of carbocationic rearrangement on the PIB chain end.  In the 

first series, the Ritter reaction was performed using AN as the solvent/nitrile substrate 

using the following procedure, which is representative.  To a scintillation vial equipped 

with a magnetic stirrer were charged 10.0 mL (8.10 g, 0.153 mol) of AN and 2.00 g of 

either 2,4,4,6,6-pentamethyl-1-heptene (C12), 2,4,4,6,6,8,8-heptamethyl-1-nonene (C16), 

or 2,4,4,6,6,8,8,10,10-nonamethyl-1-undec-ene (C20).  The mixture was vigorously stirred 

for 10 min, and then 1.00 mL of concentrated H2SO4 was slowly added to the mixture.  

The mixture was stirred for 8 h, after which it was poured onto 15 g ice.  The resulting 

mixture was stirred for 1 h, and then transferred into a separatory funnel and twice 

extracted with 25 mL diethyl ether.  The ethereal layers were combined, and washed with 

three 100 mL portions of a 0.1 M solution of HCl.  The ethereal layer was then washed 

with a sodium bicarbonate solution until neutral to pH paper, and then triple rinsed with a 

30% (w/w) brine solution.  The ethereal layer was finally dried over sodium sulfate and 

filtered, and the solvent was removed via vacuum stripping. In the case of C12, a white 

crystalline solid (m.p. 58-59 ºC) was isolated, which was washed with pentane and dried 

under vacuum to yield 2.00 g (70% yield).  Elemental composition calculated for 

C15H29NO (%): C, 75.25; H, 12.21; N, 5.85; O, 6.68.  Found: C, 75.89; H, 12.35; N, 5.68; 

O, 6.08.  This material was found to be insoluble in water and aliphatic/aromatic solvents, 
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but soluble in ethers, halogenated solvents, ketones, amides and alcohols.  For C16 and 

C20, removal of the ethereal solvent resulted in light pink oils: for C16, 1.73 g (66% yield) 

was collected, for C20, 1.53 g (61% yield) was collected.  In all cases, the resulting 

product was characterized via 1H NMR. 

In the second series, the Ritter reaction was performed in a 60:40 DCM:hexane 

cosolvent mixture using a procedure similar to the one outlined above.  In each case the 

reaction mixture consisted of 1.00 mL (0.0153 mol) AN, 2.00 g of either C12, C16, or C20 

oligoisobutylene, and 10.0 mL of DCM:hexane.  In all cases, removal of the ethereal 

layer resulted in a viscous oil from which a white crystalline precipitate formed upon 

standing.  Pentane was added to the mixture, and the crystalline precipitate was separated 

via vacuum filtration through a fritted glass (10-15 µm pore size) filter.  The eluent was 

collected and pentane was removed via vacuum stripping to yield a colored, viscous oil 

(C12: 1.77 g (62%); C16: 1.70 (65%); C20: 1.46 g (58%)).  The white solid was washed 

with three 15 mL portions of pentane and dried to constant weight under vacuum.  Both 

products were then characterized via 1H NMR. 

3.4 Results and Discussion 

3.4.1 End quenching of living carbocationic PIB with acrylonitrile.   

Our initial goal was reactive end quenching of living PIB via the Ritter reaction.  

Acrylonitrile was chosen as the nitrile substrate due to its commercial availability, low 

cost, and its potential to form telechelic PIB macromers.  To investigate the efficacy of 

the Ritter reaction under living carbocationic polymerization conditions, first IB was 

polymerized under the following conditions: [bDCC] = 0.020 M, [IB] = 2.0 M, [2,6 

lutidine] = 0.003 M, and [TiCl4] = 0.020 mol L-1 using the 60/40 methyl chloride/hexane 
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solvent system at -70 ºC.  Upon full monomer conversion (as measured by RT-ATR-

FTIR, ~75 min), an aliquot was removed and precipitated into chilled methanol, to serve 

as a pre-quench comparison.  The living carbocationic chain ends (CE) were then 

quenched by addition of 1.10 mL (0.0167 mol) of AN and 3.19 mL (0.0291 mol) TiCl4 to 

the reactor.  These conditions provided a molar ratio of quencher to chain end, 

[AN]/[CE], equal to 2.0 and an effective catalyst concentration [TiCl4]eff = 0.07 M.  

[TiCl4]eff was calculated as the available [TiCl4] remaining after formation of 1:1 

complexes with 2,6 lutidine and acrylonitrile, and after scavenging of protic impurities 

(HA).  Concentration of the latter was estimated to be about 2 mM within the glove box.  

Aliquots were taken at 1 h increments during the quenching process, and the reaction was 

terminated after 4 h with pre-chilled methanol. 

 

Figure 3.1 1H NMR (300 MHz, CDCl3, 25 °C) spectra of (A) tert-chloride PIB, (B) PIB 

quenched with AN using [TiCl4] = 4[CE], and (C) PIB quenched with AN using [TiCl4] 

= 4.5[CE].  -70 C; 60/40 methyl chloride/hexane; [AN]/[CE] = 2.0; quenching time = 4 

h. 
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Figure 3.1 shows 1H NMR spectra of the pre-quench aliquot (spectrum A) and the 

final end product after 4 h (spectrum B) of the quenching experiment described above.  

The former (spectrum A) displays resonance signals at 1.69 and 1.96 ppm, which 

correspond to the terminal methyl and methylene groups of the tert-chloride PIB chain.  

Integration of either of these resonances relative to the initiator resonance at 7.17 ppm 

indicated essentially quantitative tert-chloride chain end functionality for the pre-quench 

aliquot.  These resonance signals were also observed in spectrum B, and integration 

indicated that about 40 mol% of the end groups of the final product remained as 

unreacted tert-chloride.  However, spectrum B did not reveal any olefinic resonance 

signals typically associated with acrylate moieties (5.0-6.5 ppm), which demonstrated 

that the living PIB chain ends did not undergo a Ritter-type addition to form the desired 

acrylamide.  Moreover, spectrum B revealed no other typical end group structures such as 

exo/endo olefin, coupled PIB, etc., suggesting that the remaining 60% of the end groups 

were lost to carbocation rearrangement of the active chain ends, as depicted in Scheme 

3.2. 

 

Scheme 3.2 The Ritter reaction of PIB with AN under living carbocationic 

polymerization conditions and competing carbocation rearrangement. 

Support for this interpretation was provided by a second quenching experiment 

carried out at higher [TiCl4]eff.  Living PIB chains were created under conditions identical 

to those described above.  After removal of a pre-quench aliquot, the living chain ends 
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were quenched by addition of 1.10 mL (0.0167 mol) of AN and 3.64 mL (0.0291 mol) 

TiCl4.  These conditions provided the same [AN]/[CE] molar ratio as before (2.0), but in 

this case the [TiCl4]eff was increased to 0.09 M.  The 1H NMR spectrum of the final 

product is shown as spectrum C in Figure 3.1.  By increasing the effective catalyst 

concentration, all tert-chloride chain ends were converted within the 4 h reaction period, 

and like before, no trace of the intended acrylamide product or other typical PIB end 

groups was observed.  A multitude of small peaks in the 1.70-2.25 ppm region of 

spectrum C signify the presence of a family of rearranged products, similar to the 

representative structure in Scheme 3.2, but possessing the tert-chloride function displaced 

at various lengths toward the initiator end of the chain.  Expansions of spectra A-C of 

Figure 3.1 are provided in the Appendix (Figures A.17-A.19, respectively). 

Similar carbocation rearrangements have been observed in other quenching 

situations, typically whenever the rate of quenching is slow and therefore cannot compete 

kinetically.  For example, in quenching reactions involving phenoxyalkyl 

(meth)acrylates, complexation of the acrylate carbonyl oxygen with TiCl4 causes 

retardation of the rate of quenching for alkylene tether lengths shorter than normal C4.
98  

3.4.2 exo-Olefin PIB substrates.  

Unsuccessful attempts in performing the Ritter reaction under living 

polymerization conditions led us to design two series of experiments using conditions 

that more accurately resembled the classical Ritter reaction, in which an olefin is 

protonated by a strong Bronsted acid in the presence of a nitrile, as shown in Scheme 3.3.  

Using this approach, we first set out to investigate the effect of solvent polarity on the 
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efficacy of the Ritter reaction on exo-olefin terminated PIB; the reaction conditions and 

products are summarized in Table 3.1. 

Table 3.1 Experimental Conditions and Results for the Ritter Reaction of exo-Olefin PIB 

with AN in the Presence of H2SO4 at 25 °C. 

Entry Solvent Solvent Polarity51 Product 

1.1 Hexane 0.009 Chain end rearrangement 

1.2 Toluene 0.099 Chain end rearrangement 

1.3 Chloroform 0.259 Chain end rearrangement 

1.4 DCM 0.309 Chain end rearrangement 

1.5 THF 0.207 exo-olefin 

1.6 Glyme 0.231 exo-olefin 

1.7 MIBK 0.269 exo-olefin 

1.8 Cyclohexanone 0.281 exo-olefin 

1.9b DCM 0.309 Chain end rearrangement 
a [CE] = 0.0322 M; [AN] = 0.694 M; [HA] = 0.836 M; under stirring for 12 h. 
b Acetonitrile was the nitrile substrate; [CE] = 0.0325M; [AceN] = 0.703 M; [HA] = 0.844 M. 

 

 

Scheme 3.3 Ritter reaction of PIB with RCN under “classical” Ritter reaction conditions 

In the second series, the polarity of the nitrile substrate was modified by 

increasing the aliphatic content, and a variety of different organic acids were used.  Two 

halogenated solvents (CHCl3 and DCM) were used, due to their moderate polarity and 

their ability to dissolve PIB.   
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3.4.2.2 Effect of solvent polarity on the Ritter reaction of exo-olefin PIB.   

PIB exhibits excellent solubility in (cyclo)aliphatic, aromatic, and halogenated 

hydrocarbon solvents, moderate solubility in some ketones and ethers, and poor solubility 

in alcohols, amides, and carboxylic acids.  Accordingly, solvent polarity represents an 

inherent limitation when designing the reaction medium for PIB substrates.  To test the 

efficacy of the Ritter reaction on exo-olefin PIB, several screening trials of the Ritter 

reaction were performed in a variety of solvent media, using exo-olefin PIB ([CE] = 

0.0322 M) and H2SO4 ([HA] = 0.836 M) as an acid catalyst, with acrylonitrile ([AN] = 

0.694 M) serving as the nitrile substrate.  These experiments are designated Entries 1.1-

1.8 in Table 3.1.  Entry 1.9 was carried out under identical reaction conditions using 

acetonitrile (AceN) as the nitrile substrate ([CE] = 0.0325 M, [HA] = 0.844 M, [AceN] = 

0.703 M), and is also included in Table 3.1.  A description of the isolated products, along 

with solvent identities and their associated normalized polarities171 are also included.  

The product obtained from each trial was characterized by 1H NMR (Figures A.20-A.28) 

and GPC (Figure 3.3). 

The desired amide product was not isolated for any of the reaction conditions 

described in Table 3.1 (as determined by 1H NMR); however, some important 

observations and general trends were made from the data.  In all trials, addition of the 

H2SO4 aliquot caused a slight discoloration of the initially clear solution, eventually 

forming a hazy, yellow mixture over the course of the reaction.  In the presence of 

aliphatic, ethereal, or ketone solvents (Trials 1.1, 1.5-1.8), addition of the H2SO4 aliquot 

caused eventual precipitation of the PIB.  In the remaining trials, the reaction mixture 
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formed an increasingly hazy suspension which would separate into two distinct layers in 

the absence of stirring. 

In all trials, stirring was discontinued after 12 h.  In Trials 1.2-1.4 and 1.9, the 

bottom layer was isolated as a water soluble, yellow liquid that was acidic to pH paper, 

and the top layer was a clear liquid that yielded a white precipitate when added into 

water.  In Trials 1.1 and 1.5-1.8, the solution was decanted and concentrated under an N2 

stream, which did not yield any precipitate when added to water.  In those trials, the 

precipitated PIB was collected from the reaction vial by dissolution into a minimum 

volume n-hexane and precipitated into water. 

 

Figure 3.2 1H NMR (300 MHz, CDCl3, 25 °C) spectra of (A) exo-olefin PIB, and the 

isolated product from the Ritter reaction of exo-olefin PIB with AN in (B) THF, (C) 

hexane, and (D) chloroform. 

Comprehensive analysis of the 1H NMR spectra and GPC chromatograms of 

Trials 1.1-1.9 provided insight into the various failure pathways of the Ritter reaction on 
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exo-olefin PIB.  Figure 3.2 shows a comparison among the starting exo-olefin PIB (A) 

and the products isolated from THF (B), hexane (C), and chloroform (D). 

Figure 3.2D is the spectrum of the product obtained in chloroform, which is 

representative of products obtained in aromatic and halogenated hydrocarbon solvents 

(Trials 1.2-1.4 and 1.9); the spectrum does not show the peaks characteristic of exo-olefin 

chain ends (4.64 and 4.85 ppm), but it does show a series of peaks ranging from 1.6-2.4 

ppm, which is characteristic of the loss of chain end fidelity through carbocation 

rearrangement.  These series of peaks can be observed in high expansions of this region, 

which are included in the Supporting Information (Figures A.21, A.23, and A.28, 

respectively).  This series of peaks is also observed in Figure 3.2C, which is the spectrum 

of the product obtained in hexane (Trial 1.1); however, Figure 3.2D also displays a series 

of resonance signals ranging from 3.5 to 6.5 ppm that are absent in Figure 3.2C.  Figure 

3.2B (product obtained in THF, Trial 1.5) is presentative of aliphatic, ethereal, and ketone 

solvents (Trials 1.5-1.8); in these solvents the reaction essentially returned unreacted exo-

olefin PIB.   

The starting material and the products obtained from Trials 1.1-1.9 were also 

characterized via GPC, and the refractive index (RI) traces are shown in Figure 3.3.  The 

RI traces from the products from Trials 1.1 and 1.5-1.8 show nearly uniform overlap with 

the starting material, indicating that polymer backbone degradation did not occur.  These 

contrast significantly with the RI traces from the products from Trials 1.2-1.4 and 1.9, 

which show a series of peaks eluting after 17 min, suggesting extensive degradation of 

the polymer backbone. 
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From the 1H NMR spectra and GPC chromatograms, two main failure 

mechanisms of the Ritter reaction on exo-olefin PIB can be suggested.  In the presence of 

oxygen-containing solvents (Trials 1.5-1.8), the exo-olefin moiety remained intact after 

12 h, and degradation of the polymer backbone was not observed.  Additionally, PIB 

precipitation was observed during the course of the reaction, which suggests the 

sequestration of the acid by the oxygen moiety, resulting in a more polar reaction 

medium, causing eventual PIB precipitatation.  Additionally, oxygen containing solvents 

may complex to the carbocationic chain end, hindering nucleophilic attack of the nitrile 

while simultaneously preventing carbocation rearrangement. 

 

 

Figure 3.3 GPC chromatograms of exo-olefin PIB and the products from Trials 1.1-1.9, 

Table 3.1. 

In non-oxygen containing solvents (Trials 1.1-1.4 and 1.9) loss of chain end 

fidelity was observed in all trials, and the extent of polymer backbone degradation 
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correlated to the polarity of the reaction medium.  Generally, carbocation formation was 

retarded in aliphatic solvents due to low polarity; this has been shown in carbocationic 

polymerizations, where extremely slow polymerization rates are obtained without the use 

of more polar co-solvents.  In Trial 1.1, where the solvent medium was hexane, we 

observed carbocation rearrangement of the PIB chain end, as evidenced by the 

disappearance of the olefinic peaks at 4.64 and 4.86 ppm via 1H NMR, but significant 

backbone degradation of the polymer was not observed in GPC analysis.  In the presence 

of aromatic and halogenated solvents (Trials 1.2–1.4 and 1.9), the increased polarity of 

the reaction medium promoted formation of the carbocation.  Under conditions of slow 

nucleophilic attack by the nitrile, this apparently resulted in rearrangement and 

fragmentation, resulting in extensive degradation of the PIB backbone and a mixture of 

low molecular weight products. 

3.4.2.3 Acid and Nitrile Screening.   

From the observations made in Trials 1.1-1.9, a second series of screening trials 

was performed on exo-olefin PIB, in which the acid catalyst and nitrile substrate were 

varied.  Due to the harsh nature of H2SO4, we elected to additionally use alternative acids 

with moderately lower acidities, which were also soluble in organic solvents.  

Additionally, we hypothesized that the inherent difference in polarity between AN and 

PIB may have inhibited interaction between the carbocation chain end and the nitrile, 

retarding the rate of the desired reaction and eventually leading to chain end 

rearrangement and degradation of the polymer backbone.  This theory was supported by 

observations made in preliminary studies; when a high concentration of the AN was 

introduced into the reaction medium, immediate PIB precipitation occurred before 
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addition of the acid catalyst.  This suggested that a more non-polar nitrile, ideally one that 

is PIB miscible, might be fitted with an acrylate function to produce a viable Ritter-type 

quencher molecule.  Enhanced miscibility might allow for higher concentration of the 

nitrile and acceleration of the Ritter reaction rate relative to carbocation rearrangement.  

Thus, a new nitrile substrate was synthesized, 11-cyanoundecane acrylate (CUA), which 

contained a longer aliphatic tether to promote miscibility with PIB.  1H NMR spectra of 

CUA and its precursors are included in the Appendix (Figures A.29-A.31). 
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Table 3.2 Experimental Conditions and Results for the Ritter Reaction of exo-Olefin PIB with 11-Cyanoundecane Acrylate (CUA) 

in the Presence of Various Acids at 25 ºCa 

 

 

 

 

 

 

 

 

 

 

 

a [CE] = 0.0322 M; [CUA] = 0.154 M 
b Acid concentration reported as [HA]acid + [HA]co-acid 
c Acrylonitrile was the nitrile substrate; [CE] = 0.0322 M; [AN] = 0.694 M 

 

Entry Solvent Acid Co-acid (v/v) [HA] (M) Result 

2.1 DCM H2SO4 - 0.836 carbocation rearrangement 

2.2 DCM AcOH - 0.791 exo-olefin PIB 

2.3b DCM AcOH, 25% H2SO4 0.594 + 0.209 carbocation rearrangement 

2.4b DCM AcOH, 10% H2SO4 0.712 + 0.0836 carbocation rearrangement 

2.5b,c DCM AcOH 10% H2SO4 0.712 + 0.0836 exo-olefin PIB 

2.6b CHCl3 AcOH 10% H3PO4 0.712 + 0.0673 exo-olefin PIB 

2.7 CHCl3 H3PO4 - 0.673 exo-olefin PIB 

2.8 CHCl3 HCl (aq) - 0.530 exo-olefin PIB 

2.9 CHCl3 HI (aq) - 0.345 exo-olefin PIB 

2.10 CHCl3 DCAc - 0.551 exo-olefin PIB 

2.11 CHCl3 HCl - - tert-chloride PIB 

2.12 CHCl3 HI - - exo-olefin PIB 
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Table 3.2 shows the results of reaction trials using CUA; the conditions of the 

Ritter reaction were varied using halogenated acids, organic acids, and strong acids with 

lower acidities than H2SO4.  Surprisingly, the desired acrylamide product was not formed 

under any of the conditions of Table 3.2.  The 1H NMR spectrum for each isolated 

product is included in the Appendix (Figures A.32-A.43).  In Trial 2.1, using H2SO4 as 

the acid catalyst resulted in a product that exhibited loss of the exo-olefin chain end and 

resonance signals typical of chain end rearrangement.  In Trial 2.2, AcOH was used, but 

was shown to be unreactive towards the exo-olefin chain end.  Two different co-acid 

systems were then attempted, which were pre-mixed in a separate scintillation vial before 

addition to the reaction mixture.  Interestingly, Trial 2.4 showed loss of chain end fidelity 

when using the 10% H2SO4 co-acid mixture in the presence of CUA; however, the exo-

olefin moiety remained intact in the presence of AN.  The exo-olefin moiety was 

unreactive towards weaker acids, such as acetic acid, phosphoric acid, and dichloroacetic 

acid.  The exo-olefin moiety was also unreactive towards aqueous mineral acids; 

however, in the presence of HCl gas, the isolated product was tert-chloride PIB.  In the 

presence of HI gas, the exo-olefin moiety remained intact. 

3.4.3 Ritter reaction on exo-olefin terminated oligoisobuytylene (C12,C16,C20) 

distillates. 

 Convinced that the uniform failure of the Ritter reaction with PIB was due to 

slow kinetics resulting from incompatibility of polar nitrile compounds with PIB, two 

series of reactions were performed on C12, C16, and C20 oligoisobutylene distillates, which 

represent the trimer, tetramer, and pentamer of exo-olefin PIB.  Reaction conditions and 

products are listed in Table 3.3.  In the first series of reactions (Trials 3.1-3.3), AN was 
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used as both solvent and nitrile substrate, while in the second series (Trials 3.4-3.6), a 

10.0 mL solution consisting of DCM:hexane (60:40) was used, which mimics the solvent 

conditions often used in living PIB polymerizations.  1H NMR spectra of the starting 

oligoisobutylenes and products isolated from Trials 3.1-3.6 are included in the Appendix 

(Figures A.44-A.53). 

 

Figure 3.4 1H NMR spectra (300 MHz, CDCl3, 25 °C) of the Ritter reaction of C12 and 

acrylonitrile (AN): (A) C12 reactant, (B) product obtained using AN as both solvent and 

nitrile reactant, and (C) products using DCM/hexane as the solvent. 

The starting oligoisobutylenes were produced from fractional distillation of mixed 

oligoisobutylenes obtained as a by-product of the commercial HR PIB process.  For each 

exo-olefin oligoisobutylene (C12, C16, and C20), the principle impurity was the endo-olefin 

isomer (peak at 5.15 ppm in Figures 3.4-3.6, spectrum A, and in Figures A.35-A.37).  

This was predicted to have no effect upon the Ritter reaction, since upon protonation, 
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both isomers yield the identical carbocation.  Additionally, GC-MS analysis (Figures 

A.11-A.16) indicated that the C16 sample contained a small amount of C12, and the C20 

sample contained small amounts of C12 and C16. 

 

Figure 3.5 1H NMR spectra (300 MHz, CDCl3, 25 °C) of the Ritter reaction of C16 and 

acrylonitrile (AN): (A) C16 reactant, (B) product obtained using AN as both solvent and 

nitrile reactant, and (C) products obtained using DCM/hexane as the solvent. 

Figures 3.4-3.6 include comparative 1H NMR spectra of (A) the exo-olefin-

terminated oligoisobutylene reactant, (B) the products formed using AN as both solvent 

and nitrile reactant, and (C) the products formed under dilute conditions, for C12, C16, and 

C20, respectively.  Although acrylamide functionalized oligomers were isolated in all 

trials, the products isolated using AN as both solvent and reactant differed significantly 

from those isolated using DCM/hexane as solvent.  For the C12 oligomer, comparison of 

Figure 3.4A to Figure 3.4B shows the quantitative disappearance of olefinic protons at 

 

+ isomers 
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4.65 ppm and 4.86 ppm, and the appearance of crisp doublets at 5.55 ppm and 6.18 ppm 

and a multiplet at 6.00 ppm, which are characteristic of acrylate protons.  Additionally, 

the aliphatic region (0.50-2.25 ppm) displays similar signals in both spectra.  This 

indicates that the acrylamide product formed under concentrated conditions (i.e. using 

AN as solvent) with no detectable isomerization via carbocation rearrangement.  This 

trend continued in Figure 3.5 and Figure 3.6, but new peaks in the aliphatic region in 

Figures 3.5B and 3.6B indicate the formation of isomeric oligomers, which suggests a 

direct correlation between carbocation rearrangement and higher aliphatic content in the 

oligomer backbone. 

 

Figure 3.6 1H NMR spectra (300 MHz, CDCl3, 25 °C) of the Ritter reaction of C20 and 

acrylonitrile (AN): (A) C20 reactant, (B) product obtained using AN as both solvent and 

nitrile reactant, and (C) products obtained using DCM/hexane as the solvent. 
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Also included in Figures 3.4, 3.5, and 3.6 are 1H NMR spectra of the products 

obtained when the Ritter reaction was carried out on C12, C16, and C20 in the presence of a 

DCM/hexane co-solvent system.  Comparison of the 1H NMR spectrum of the products 

(spectrum C in each figure) with that of the respective starting material (spectrum A) 

suggests significant isomerization, as indicated by the variety of new peaks in the 

aliphatic region and the region spanning 3–5 ppm.  Also, the loss of signal resolution and 

change in splitting patterns of the acrylate protons differ significantly between spectra B 

and C; this difference is noticeable in Figure 3.4 and becomes even more pronounced in 

Figures 3.5 and 3.6.   

During sample workup of the reactions conducted using DCM/hexane, a white 

crystalline precipitate was isolated from the product mixture, which was found to be 

insoluble in hexane and other nonpolar solvents.  Characterization via 1H NMR 

confirmed this material to be tert-butyl acrylamide (Figure A.53), which indicates the 

onset of backbone degradation of the oligomer.  As shown in Table 3.3, there is a direct 

correlation between the amount of isolated tert-butyl acrylamide and the number of 

isobutyl units in the oligomer backbone. 
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Table 3.3 Experimental Conditions and Results for the Ritter Reaction on PIB Oligomers with AN in the Presence of H2SO4 at 25 

°C.  

Trial Substrate Solvent 
[CE] 

(M) 

[AN] 

(M) 

[H2SO4] 

(M) 
Product tert-butyl acrylamide (g) 

3.1 C12 AN 0.897 11.5 1.39 C12 acrylamide 0.00 

3.2 C16 AN 0.674 11.5 1.39 C16 acrylamide 0.00 

3.3 C20 AN 0.539 11.5 1.39 C20 acrylamide 0.00 

3.4 C12 
DCM/ 

hexane 
0.990 1.27 1.53 acrylamide isomers 0.032 

3.5 C16 
DCM/ 

hexane 
0.744 1.27 1.53 acrylamide isomers 0.049 

3.6 C20 
DCM/ 

hexane 
0.595 1.27 1.53 acrylamide isomers 0.076 
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The propensity for oligomer isomerization via carbocation rearrangement when 

the nitrile reactant is diluted by solvent, particularly when the polarity of the reaction 

medium is thereby also decreased, further validates our findings in Trials 1.1-1.5 (Table 

3.1), in which exo-olefin PIB was used as the substrate.  Although exact structures could 

not be assigned via 1H NMR, loss of chain end fidelity was observed as indicated by the 

disappearance of the olefinic protons, which were replaced with new, unidentifiable 

peaks in the aliphatic region.  Additionally, molecular weight analysis via GPC showed 

considerable degradation of the polymer backbone in the presence of moderately polar 

solvents, which was reflected in the formation of tert-butyl acrylamide when PIB 

oligomers were used as the substrate (e.g. Figure 3.5 and Figure 3.6.) 

Proclivity of carbocation rearrangement in the Ritter reaction has been reported in 

the literature; however amidated products have still been isolated on small-molecule 

substrates.172,173,174  Christol and coworkers published a large body of work on the 

application of the Ritter reaction, including a thorough investigation of the effect of 

solvent conditions and acid strength on the acid catalyzed carbocation rearrangement of a 

variety of substrates.175,176,177,178,179,180 Generally, solvent polarity and acid choice were 

both found to directly affect amide yields; when acetonitrile or benzonitrile acted as the 

nitrile/solvent, carbocation rearrangement was considerably suppressed.180  When the 

reaction was diluted with non-polar solvents such as CCl4, hexanes, or moderately polar 

solvents like diethyl ether, Christol demonstrated that isomeric mixtures of products were 

formed.181, 182  Unfortunately, the aliphatic backbone of PIB necessitates the use of non-

polar solvents, and our results demonstrate that H2SO4 causes chain end degradation of 

the PIB substrate.  According to the literature, using (non)halogenated organic acids as a 
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catalyst or diluent often resulted in ester formation which competed with amide 

formation.166,167  In our hands, these acids did not cause protonation of the exo-olefin PIB 

chain end. 

3.5 Conclusions 

The Ritter reaction remains an attractive, although elusive, option for PIB chain 

end functionalization.  Under living polymerization conditions, the use of acrylonitrile as 

a quenching reagent resulted in the formation of either tert-chloride terminated PIB or 

PIB that degraded via carbocation rearrangement of the chain end.  Under more 

traditional Ritter conditions using exo-olefin PIB as the substrate, solvent polarity and the 

presence of oxygen moieties were found to determine the formation of exo-olefin PIB or 

severely degraded PIB, but an acrylamide functionalized product was not isolated.  

Modification of the acid catalyst or the nitrile substrate did not result in the formation of 

the acrylamide. 

In the presence of exo-olefin functionalized PIB oligoisobutylenes, the Ritter 

reaction has provided a route towards a new family of hydrophobic acrylamide 

monomers bearing isobutenyl moieties.  Additionally, the reaction on oligoisobutylenes 

also provided insight towards the various mechanistic pathways of the failure of the 

Ritter reaction on exo-olefin functionalized PIB, namely, the competition between 

carbocation rearrangement and nitrilium ion formation.  Under concentrated conditions, 

quantitative formation of the acrylamide product was observed for C12, C16, and C20.  

Although isomerization was heavily suppressed under these conditions, the length of the 

isobutenyl tether directly correlated with the solubility of the oligoisobutylene in the AN 

solvent and the extent of isomerization.  Under dilute conditions, significant carbocation 
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rearrangement and degradation of the oligomer backbone resulted in the formation of 

acrylamide functionalized isomers and tert-butyl acrylamide. 
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CHAPTER IV – END-QUENCHING OF TICL4-CATALYZED POLYISOBUTYLENE 

WITH SYMMETRIC RESORCINOL ETHERS FOR DIRECT CHAIN END 

FUNCTIONALIZATION 

Co-authored by Robson Storey 

4.1 Abstract  

Symmetric resorcinol ethers were used to end-quench TiCl4-catalyzed living 

isobutylene polymerizations initiated from 5-tert-butyl-1,3-di(1-chloro-1-

methylethyl)benzene in 60/40 (v/v) methyl chloride/hexane at -70 °C.  The total effective 

TiCl4/chain end molar ratios were in the range of 0.868-1.85, and the quencher/chain end 

molar ratio was held constant at 2.  Alkylation, exclusively at C4 of the aromatic ring, 

was generally very rapid for all resorcinol ethers and multiple alkylations were not 

observed; however, systems in which the effectiveTiCl4/chain end molar ratio < 1.85 

demonstrated less than quantitative end-capping.  The latter materials possessed a 

mixture of tertiary-chloride and resorcinol ether end groups.  Resorcinol quenching was 

also attempted in the presence of an HCl saturated solution, but alkylation was not 

observed. 

4.2 Introduction 

Polyisobutylene (PIB) is a fully saturated, synthetic polymer that exhibits 

excellent gas barrier and mechanical damping properties, high elasticity, and 

biocompatibility.135 PIB homopolymers have found commercial use as the primary 

components in heat-resistant sealants, adhesives, and oil-miscible rheology modifiers and 

lubricants, as they exhibit excellent chemical resistivity due to the fully saturated 

aliphatic backbone of the polymer.  Low molecular weight PIBs have also found 
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commercial use as an additive in synthetic oils,181 but these materials require chemical 

modification of the polymer chain end.80  To this end, telechelic PIBs have generated 

great technological interest due to their potential applications in the areas of 

thermoplastic elastomers,182 “instant-set” sealants,69,99 , and drug-delivery vehicles.183 

Traditionally, telechelic PIBs were synthesized via a multistep process that 

involved transformation of tertiary chloride functionalized PIB (PIB-Cl, obtained from 

quenching a controlled PIB polymerization with chilled methanol) to exo-olefin (methyl 

vinylidene) functionalized PIB, via reflux with a  sterically hindered base such as 

potassium tert-butoxide.66,72  A variety of different telechelic PIB’s have been reported 

via this intermediate, including primary hydroxyl,184,185 ether,66 thioether,85,186, epoxide,57 

aldehyde,187 carboxylic acid,188 and primary halidesError! Bookmark not defined.; however this 

method has proved cumbersome due to the long reaction times, multi-step processes, and 

the inevitable formation of a small amount of the endo-olefin.55 

A less cumbersome method, which also has the additional benefit of yielding 

quantitative exo-olefin termini, has been reported by multiple groups and is known in the 

field as “end-quenching.”  In this method, a small molecule is added, in situ, to a living 

PIB polymerization that has reached full monomer conversion.  Small molecules such as 

alkylsilanes,74 hindered bases,189 alkoxysilanes,190 alkyl ethers,191 and alkyl sulfides192 

have been shown to yield quantitative exo-olefin functionalized PIBs, reducing the 

formation of endo-olefin termini to less than detectable levels.  The end-quenching 

approach can also be modified to yield PIBs bearing functionalities other than exo-olefin.  

By using small molecules containing either a suitable nucleophile or nonpolymerizable 

monomer, multiple groups have reported the synthesis of a wide range of telechelic 
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PIBs.193197  To this end, recent work in our laboratory has involved investigation of the 

efficacy of alkoxybenzene,96 ,98 heterocyclic aromatic,93,94 and functionalized aliphatic 

olefin198 substrates on the formation of telechelic PIB via end-quenching.  

Alkoxybenzene substrates represent an attractive option for in situ end-quenching 

reactions of TiCl4-catalyzed living PIB for a variety of reasons.  A diverse array of 

alkoxybenzenes containing important functionalities (primary halide, hydroxyl, and 

amine) are either commercially available or can be easily synthesized, and have been 

shown to yield quantitatively functionalized PIBs at moderate timeframes (4-6 h) under 

easily modified polymerization conditions.96  Other functionalities, specifically 

(meth)acrylate moieties, can be synthesized from commercially available alkoxybenzenes 

and used without detriment to the quenching process.98  Additionally, all alkoxybenzenes 

to date have been shown to yield exclusively monoalkylated products when used in 

stoichiometric excess (e.g. 2-fold excess) to chain ends.  Moreover, alkylation has been 

shown to occur only at the para position, allowing for easy monitoring of reaction 

progress via 1H NMR.  Post-polymerization modification reactions of a variety of 

alkoxybenzene quenched products have also been reported, which can be easily 

monitored via the shift in 1H resonances of the alkyl tether.96 

The benefits of using alkoxybenzene substrates have been well demonstrated 

since their first reported use in 2010; however, current alkoxybenzene quenchers have 

displayed two notable limitations.  Friedel-Crafts alkylation of an alkoxybenzene by the 

PIB carbenium ion is relatively slow, and to achieve reasonable quenching rates (reaction 

time < 3 h) requires relatively high concentrations of the TiCl4 Lewis acid catalyst, 

typically in the range of 10-2 – 2 x10-1 M.96  For alkoxybenzenes bearing basic moieties 
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(e.g. carbonyls, hydroxyls, amines, etc.), additional TiCl4 is required.  Less reactive 

Lewis acids, such as boron trichloride (BCl3), are known to be ineffective towards 

alkylation while stronger Lewis acids like aluminum trichloride (AlCl3) can result in a 

combination of functionalized chain ends and degraded chain-ends.199  The second 

limitation is that current generations of alkoxybenzene quenchers possess only one 

reactive moiety. In the areas of lubricant additives,200 photopolymerizable macromers,69,99 

and thermoplastic elastomers,182 it may be desirable to impart multiple functionalities or 

reactive moieties to a single PIB chain end. 

Herein, we report the successful alkylation of a library of resorcinol-based 

substrates in the TiCl4-catalyzed living polymerization of isobutylene.  Resorcinol, a 

cheap and commercially available alkoxybenzene containing two reactive sites, is a 

highly modular substrate that potentially allows for two functionalities per chain end.  

Moreover, resorcinol is primarily sourced from plant matter and represents a “greener” 

alternative to PIB functionalization compared to phenol-based alkoxybenzenes.  Under a 

variety of quenching conditions, resorcinol ethers demonstrate remarkably faster 

quenching kinetics compared to traditional alkoxybenzene substrates, likely due to the 

synergistic effects of the electron donating character of the alkoxy moieties.  As a result, 

we also demonstrate that resorcinol ethers require significantly lower Lewis acid 

demands than their phenol-based counterparts. 

4.3 Experimental 

4.3.1 Materials 

Hexane (anhydrous, 95%), methanol (anhydrous, 99.8%), methylene chloride 

(anhydrous, 99.8%, DCM), dimethylformamide (anhydrous, 99%, DMF), titanium 
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tetrachloride (TiCl4) (99.9%), 2,6-lutidine (99.5%), N,N diisopropylethylamine (99%), 

dichloromethane-d2 (CD2Cl2), allyl bromide (97%), resorcinol (99%), 1,3-

dimethoxybenzene (98%), 2-bromopropane (99%), and potassium carbonate (anhydrous, 

99%, K2CO3) were purchased from Sigma-Aldrich and used as received.  Sodium sulfate 

(Na2SO4), sodium chloride (anhydrous, NaCl), chloroform-d (CDCl3), sulfuric acid (ACS 

reagent grade 95.0-98.0%, H2SO4), tetrahydrofuran (anhydrous, 99.9%, THF), and 

diethyl ether (anhydrous, 95%) were purchased and used as received from Fisher 

Scientific.  Isobutylene (IB, BOC Gases) and methyl chloride (MeCl, Gas and Supply) 

were dried by passing the gases through columns of CaSO4/molecular sieves/CaCl2 and 

condensed within a N2-atmosphere glovebox immediately prior to use.  The 

monofunctional initiator, 2-chloro-2,4,4-trimethylpentane (TMPCl), was prepared by 

bubbling HCl gas through neat 2,4,4-trimethyl-1-pentene (Sigma-Aldrich) at 0 °C.  The 

HCl-saturated TMPCl was stored at 0 °C, and immediately prior to use it was neutralized 

with NaHCO3 (ACS reagent grade, Fisher Scientific), dried over anhydrous MgSO4, and 

filtered.  The difunctional initiator, 5-tert-butyl-1,3-di(2-chloro-2-propyl)benzene 

(bDCC), was synthesized as previously reported, stored at 0°C, and freshly recrystallized 

before use.96  

4.3.2 Instrumentation 

.  Nuclear magnetic resonance (NMR) spectra were obtained using a 300 MHz 

Bruker AVANCE III NMR (TopSpin 3.1) spectrometer.  All 1H chemical shifts were 

referenced to TMS (0 ppm).  Samples were prepared by dissolving the material in 

chloroform-d (5%, w/v) and charging this solution to a 5 mm NMR tube.  For 

quantitative integration, 32 transients were acquired using a pulse delay of 27.3 s.  For the 
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PIB polymers prepared via living polymerization, the signal due to the phenyl protons of 

the initiator (7.17 ppm, 3H, singlet) was chosen as an internal reference for functionality 

analysis.  For the PIB distillates, the terminal methylene (~1.80 ppm, 2H, singlet) was 

used. 

Real-time (RT)-ATR-FTIR monitoring of isobutylene polymerizations was 

performed using a ReactIR 45m (Mettler-Toledo) integrated with a N2-atmosphere 

glovebox (MBraun Labmaster 130).117  Isobutylene conversion during polymerization 

was determined by monitoring the area above a two-point baseline of the absorbance at 

887 cm-1, associated with the = CH2 wag of isobutylene. 

Number-average molecular weights ( nM ) and polydispersities (PDI = w nM M ) 

were determined using a gel-permeation chromatography (GPC) system consisting of a 

Waters Alliance 2695 separations module, a UV-Vis spectrophotometer (996 PDA, 

Waters Inc.) operating between 210-400 nm with a sampling rate of 1 scan/s, an online 

multi-angle laser light scattering (MALLS) detector fitted with a gallium arsenide laser 

(power: 20 mW) operating at 658 nm (miniDAWN TREOS, Wyatt Technology Inc.), an 

interferometric refractometer (Optilab t-rEX, Wyatt Technology Inc.) operating at 35°C 

and 685 nm, and two PLgel (Polymer Laboratories Inc.) mixed E columns (pore size 

range 50-103 Å, 3 μm bead size).  Freshly distilled THF served as the mobile phase and 

was delivered at a flow rate of 1.0 mL/min.  Sample concentrations were ca. 6-8 mg of 

polymer/mL of THF, and the injection volume was 100μL.  The detector signals were 

simultaneously recorded using ASTRA software (Wyatt Technology Inc.), and absolute 

molecular weights were determined by MALLS using a dn/dc calculated from the 

refractive index detector response and assuming 100% mass recovery from the columns. 
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4.3.3 Synthesis of symmetric resorcinol ethers 

Symmetric resorcinol ethers were synthesized using the Williamson reaction.  The 

following procedure for synthesis of 1,3-diisopropoxybenzene is representative:  To a 

500 mL round bottom flask equipped with a magnetic stirrer and condenser were charged 

resorcinol (30.10 g, 0.272 mol), K2CO3 (56.80 g, 0. 411 mol), 2-bromopropane (64.8 mL, 

0.700 mol), and 350 mL of DMF.  The mixture was purged continuously with N2 and 

stirred at 50 ºC overnight.  Upon reaching quantitative conversion as indicated by 1H 

NMR, the reactor was removed from heat.  After cooling to room temperature, the 

mixture was quantitatively transferred to a separatory funnel, and 50 mL of DI H2O was 

added. This mixture was extracted with two 125 mL portions of diethyl ether.  The 

ethereal layers were combined and washed with three 100 mL portions of a 0.1 M 

solution of HCl.  The ethereal layer was then washed with a sodium bicarbonate solution 

until neutral to pH paper, and then triple rinsed with a 30% (w/w) brine solution.  The 

ethereal layer was finally dried over Na2SO4 and filtered, and the solvent was removed 

via vacuum stripping.  The product, 1-3 diisopropoxybenzene, was isolated as a light 

orange oil.  Further purification via vacuum distillation (98 °C @ < 0.0 mmHg) resulted 

in a colorless oil.  Yield: 40.44 g (76.4%). 

1,3-Diallyloxybenzene was synthesized using an identical procedure, starting with 

17.0 g (0.154 mol) of resorcinol.  The resulting orange oil was purified via vacuum 

distillation (125 °C @ <0.0 mmHg) resulting in a colorless oil.  Yield: 23.94 g (81.5%). 

4.3.4 In situ quenching reactions 

In situ quenching reactions were carried out using the following procedure, which 

is representative.  The polymerization of IB was performed within a N2-atmosphere 
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glovebox equipped with a cryostated heptane bath.  To a dry 250 mL 3 neck round-

bottom flask, equipped with an overhead stirrer, thermocouple, and ReactIR probe, and 

immersed in the heptane bath at -70C, were charged 72.7 mL chilled hexane, 109.7 mL 

chilled methyl chloride, 2,6-lutidine (0.073 mL, 0.63 mmol, neat and at room 

temperature), bDCC (1.44 g, 5.01 mmol), and chilled IB (25.1 mL, 0.312 mol).  The 

mixture was equilibrated to -70 ºC with stirring, and polymerization was initiated by 

sequential additions of TiCl4 (2 x 0.14 mL, 2.5 mmol, neat and at room temperature) 

spaced 15 minutes apart.  Monomer conversion was monitored using RT-FTIR data, and 

upon full conversion, 1,3-dimethoxybenzene (2.62 mL, 0.020 mmol, room temperature) 

was added, immediately followed by a quenching increment of TiCl4 (1.90 mL, 0.0173 

mol).  Aliquots were taken over the course of the quenching reaction to monitor 

conversion, and after 270 min the mixture was quenched with 25 mL of chilled methanol.  

The mixture was then transferred to a fume hood, where it was slowly warmed to room 

temperature and concentrated under an N2 stream to allow for the evaporation of 

volatiles.  The resulting mixture was then precipitated into methanol under vigorous 

stirring, after which the methanol layer was decanted.  The precipitate was collected by 

re-dissolution in a minimal volume of fresh n-hexane, and the resulting solution was re-

precipitated into excess methanol.  After decanting the methanol, the precipitate was 

collected by re-dissolution in fresh hexane, and the resulting solution was washed twice 

with deionized water, dried over Na2SO4, and then vacuum stripped to yield the isolated 

polymer.  The aliquots taken during the course of the quenching reaction and the final 

product were then characterized via 1H NMR and compared.  Chain end composition was 
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estimated by comparing the appropriate resonance signals to the resonance signal of the 

initiator residue (7.18 ppm). 

4.3.5 End-quenching in HCl-saturated conditions 

Monofunctional PIB bearing tertiary-chloride end-groups was synthesized using a 

slight modification to the procedure described above: To a dry 500 mL 3 neck round-

bottom flask, equipped with an overhead stirrer, thermocouple, and ReactIR probe, and 

immersed in the heptane bath at -70C, were charged 192.6 mL chilled hexane, 128.4 mL 

chilled methyl chloride, N,N-diisopropylethylamine (0.14 g, 3.0 mmol, neat and at room 

temperature), TMPCl (0.396 g, 2.70 mmol), and chilled IB (19.7 g, 0.313 mol).  The 

mixture was equilibrated to -70 ºC with stirring, and polymerization was initiated by 

addition of TiCl4 (2.14 g, 32.1 mmol, neat and at room temperature).  Monomer 

conversion was monitored using RT-FTIR data, and upon full conversion, 30 mL of 

chilled methanol was added to the reactor to terminate the reaction.  The polymer was 

purified using the procedure described above and analyzed via 1H NMR and GPC-

MALLS.  

An end-quenching reaction was performed in the presence of excess HCl via the 

following procedure: To a dry 250 mL round-bottom flask equipped with a magnetic 

stirrer were charged tertiary chloride functionalized monofunctional PIB (6.01 g, 1.11 

mmol), DCM (90.0 mL), and n-hexane (60.0 mL).  In a separate reactor, anhydrous HCl 

gas was generated (via the dropwise addition of H2SO4 to NaCl) and bubbled through a 

Teflon tube containing finely ground CaCl2, which was further bubbled into the PIB 

solution over an 8 h period.  Afterwards, 1,3-dimethoxybenzene (0.320 g, 2.32 mmol) 

was added to the solution, and the reactor was tightly capped with a rubber septum.  The 
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reactor was then chilled to -70 °C while maintaining stirring.  After equilibration for 30 

min, TiCl4 (0.98 mL, 8.92 mmol, 8.03 x[CE]) was added to the reaction mixture via 

syringe, and the mixture was stirred for 240 min, after which reaction was terminated 

with 50 mL of chilled methanol.  The polymer was precipitated into methanol and 

purified via the procedure described above. 

4.4 Results and Discussion 

4.4.1 Symmetric resorcinol ethers. 

  Diisopropyl and diallyl ethers of resorcinol were synthesized via the route 

depicted in Scheme 4.1, and 1,3-dimethoxybenzene was purchased from Sigma Aldrich.  

The 1H NMR spectra of the dimethyl, diisopropyl, and diallyl resorcinol ethers are shown 

in Figures 4.1-4.3, respectively. 

 

Scheme 4.1 Williamson reaction used to synthesize symmetric resorcinol ethers. 

The 1H NMR spectrum of the commercially available 1,3-dimethoxybenzene is 

shown in Figure 4.1.  The resonance at 3.74 ppm (s, -OCH3) was used as an internal 

standard for integration purposes.  The resonance at 7.15 ppm was determined to 

correspond to the aromatic proton “a” as the splitting pattern (triplet) indicated that the 

proton was adjacent to two neighboring C-H groups, and integration of the resonance 

determined it was a single proton.  Integration of the overlapping peaks at 6.44 and 6.55 

showed that these peaks correlated to peaks “b” and “c” of the phenyl ring.  The 
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resonance signal at 3.74 would prove especially useful as an internal reference during 

subsequent quenching experiments due to its isolation both from the PIB backbone 

resonances in the aliphatic region and the aromatic resonances associated with the 

initiator and quencher residue. 

 

Figure 4.1 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of 1,3-dimethoxybenzene 

(DMB). 

The 1H NMR spectrum of 1,3-dimethoxybenzene also served as a reference for 

the structural characterization of the diisopropoxy and diallyloxy derivatives, which are 

prone to Claisen rearrangement or dealkylation when exposed to high temperatures (i.e. 

distillation).  Accordingly, the splitting patterns in the aromatic region of the 

diisopropoxy and diallyloxy- derivatives were compared to the splitting patterns of the 

heat stable 1,3 dimethoxybenzene after vacuum distillation, to check for the formation of 

the rearranged products.  Moreover, 1,3-dimethoxybenzene (DMB) has a well reported 

boiling point (85-87 °C at ≤ 7 mmHg) under vacuum distillation, which would serve as a 

boiling point reference during the purification of the diisopropyl and diallyl derivatives. 
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The synthesis of the diisopropoxy derivative proceeded via the reaction of 

resorcinol with excess 2-bromopropane.  The extent of the etherification reaction was 

monitored via 1H NMR by integration of the resonance signals at 1.32-1.34 ppm (d, -

OCH(CH3)2) using the aromatic protons of the phenyl ring as the internal reference.  The 

resonance signal at 4.52 ppm (m, -OCH(CH3)2), can also be used to determine the extent 

of etherification.  Separation of the diisopropoxy product proceeded smoothly via an 

ether/water extraction, but vacuum distillation was required to obtain sufficiently pure 

diisopropoxybenzene (DIPB). 

 

Figure 4.2 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of 1,3-diisopropoxybenzene 

(DIPB). 

The synthesis of the diallyl derivative was performed similarly using allyl 

chloride, and the extent of the etherification reaction was monitored via 1H NMR.  

Reaction progress was monitored via 1H NMR by comparing the resonance at 4.52 ppm 

(s, -OCH2-) to the aromatic protons of the phenyl ring.  The resonance signals centered 
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around 4.37 and 4.72 (showing a doublet of doubtlets) and the multiplet at 6.00 ppm are 

characteristic of terminal allyl ethers.  Separation and purification of the 

diallyloxybenzene (DAB) derivative were performed similarly to DIPB. 

 

Figure 4.3 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of 1,3-diallyloxybenzene 

(DAB). 

4.4.2 Quenching of living polyisobutylene polymerizations 

A series of isobutylene polymerizations was performed, and upon quantitative 

isobutylene conversion (as indicated by RT-FTIR), end-quenching reactions were 

conducted using the previously described symmetric resorcinol ethers.  The quenching 

conditions, time, and conversion of the isolated products are listed in Table 4.1.  Initially, 

quenching reactions were carried out with the ratio of the total effective TiCl4 

concentration ([TiCl4]eff) and PIB chain-end concentration ([CE]) held constant at 1.85 

(entries 1-3 in Table 4.1).
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Table 4.1 The quenching conditions, time, and conversion of the isolated products for resorcinol quenching reactions of TiCl4 

catalyzed end-quenching of living isobutylene polymerizations.a 

 

 

 

 

 

 

 

 

aPolymerization: hexane = 72.7 mL; methyl chloride = 109 mL; IB: 17.5 g; bDCC = 1.44 g ([CE] = 0.047 M); 2,6-lutidine = 70 mg (0.003 M); TiCl4 = 0.48 g (0.0125 M, added via two 0.24 g 

injections spaced 10 min apart). Quench: [Quencher]/[CE] = 2 (entries 1-5); after addition of quencher, additional TiCl4 = 3.31 g (entries 1-3), 1.40 g (entry 4), 2.35 g (entry 5).  Polymerization, 

quenching, and termination (with excess methanol) temperature = -70 °C.  
bmin 
cConversion calculated from comparison of the resonance signals from the quencher to the residual initiator resonance signals (entries 1-4) or the terminal methylene adjacent to the initiator (entry 

5). 
d g/mol 

 

  

 

Entry Quencher [TiCl4]eff/[CE] Quench timeb Conversionc (%) Mnd (PDI) 

1 DIPB 1.85 120 100 3,730 (1.02) 

2 DAB 1.85 120 100 3,790 (1.05) 

3 DMB 1.85 5 94.9 - 

 -  120 100 3,700 (1.03) 

4 DMB  0.868 5 48.5 - 

   10 48.5 - 

   30 48.3 - 

   45 48.8 - 

   60 48.4 - 

 -  270 50.0 - 

5 DMB  1.36 2 63.2 - 

   10 64.5 - 

 -  270 66.8 - 
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Previously, our lab has demonstrated that isopropoxybenzene acts as a useful 

synthon towards commercially relevant materials; namely, PIBs bearing terminal phenol 

functionality.  In the seminal publication on the use of alkoxybenzene quenchers, Morgan 

et al. demonstrated that the addition of isopropoxybenzene to an in situ PIB 

polymerization resulted in the quantitative end-capping of the PIB chain by selective 

alkylation at the para position of the isopropoxybenzene moiety.96  Subsequently, the 

dealkylation of the isopropyl moiety was shown to proceed smoothly via the addition of a 

protic acid to the reactor and gentle warming of the reactor to room temperature. 

With these criteria informing our approach, an isopropyl functionalized derivative 

of resorcinol (DIPB) was used as a quenching agent (entry 1).  An aliquot was taken after 

120 min and analyzed via 1H NMR (Figure 4.4).  Conversion of the quenching reaction 

was measured by comparing the integrated intensity of the resonance signals at 4.54 ppm 

(-OCH(CH3)2) to that of the resonance signal at 7.18 ppm (Ar-H), which corresponds to 

the aromatic protons of the initiator residue.  At full conversion, the ratio of these 

intensities should be 4:3.  However, we observed significant overlap between the C5 

aromatic protons (i.e. the aromatic protons labelled “a”) of the quencher and the initiator 

residue. Thus, the entire area between 7.07 and 7.20 ppm, which contains both the 

initiator residue protons and proton “a” of the quencher, was integrated.  The ratio of this 

combined integral to the integral of the 4.54 ppm resonance should be 4:5 at full 

conversion, and this is the ratio observed in Figure 4.4. indicating that the reaction was 

fully quenched after 120 min.  Further evidence of DIPB alkylation is given in the 1H 

NMR spectrum by the resonance for the ultimate PIB methylene unit adjacent to DIPB at 

1.99 ppm.  The resonances for the aromatic protons of the resorcinol moiety indicate that 
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alkylation by the PIB chain end occurred exclusively at C4.  Protons h and i are coupled 

to one another and appear as doublets, centered at 7.10 and 6.33 ppm, respectively.  

Proton j appears as a singlet at 6.35 ppm.  Because alkylation at C2 is prevented for steric 

reasons, the only other possibility would be alkylation at C5.  However, this structure 

would be expected to produce two additional singlets in the aromatic region of the 

spectrum, with an intensity ratio of 2:1, and such signals were not observed. 

 

Figure 4.4 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of 1,3-diisopropoxybenzene 

quenched PIB (Table 4.1, entry 1). 

Although isopropoxybenzene (and isopropyl-functionalized resorcinols) provide a 

useful intermediate towards telechelic PIBs, other alkoxybenzenes offer a 1-pot approach 

towards telechelic PIBs (e.g. phenoxybutyl (meth)acrylates, 4-phenoxybutanol, and 6-

phenoxyhexylamine).  One attractive, yet hitherto elusive alkoxybenzene quencher is one 

that bears an α-olefin moiety.  Morgan et al. reported that end-quenching by the simplest 
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alkoxybenzene bearing an α-olefin functionality, allyl phenyl ether, was plagued by 

Claisen rearrangement and ether cleavage.96  They hypothesized that the high TiCl4 

concentration required for alkoxybenzene quenching (i.e. ≥ 4[CE]) caused a competing 

reaction between alkylation of the PIB chain-end and the Claisen rearrangement, 

resulting in a mixture of products.  Initial quenching results with DIPB (Entry 1, Table 

4.1) indicated that alkylated resorcinol quenchers require significantly less TiCl4 and less 

time to reach quantitative conversion compared to alkoxybenzenes.  In light of these 

results, we hypothesized that the diallyl ether of resorcinol might efficiently quench the 

living PIB chain end without competing Claisen rearrangement. 

 

Figure 4.5 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of DAB quenched PIB (Table 

4.1, entry 2). 

Accordingly, end-quenching of living polyisobutylene was performed in situ 

using the diallyl-functionalized resorcinol (DAB, entry 2).  The quenching reaction was 
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performed for 120 min at -70C, at which time an aliquot was removed from the reaction 

and analyzed via 1H NMR (Figure 4.5).  The resonance at 4.50 ppm (-OCH2-) was 

integrated and compared to the resonance for the aromatic protons of the initiator residue.  

For difunctional PIB fully quenched with DAB, the intensity ratio of these two 

resonances should be 8:3.  As shown in Figure 4.5, we again observed significant overlap 

between the aromatic protons of the quencher and the initiator residue.  Thus, the extent 

of quenching was determined using the same approach as described above. The ratio of 

this combined integral to the integral of the 4.50 ppm resonance should be 8:5 at full 

conversion, and this is the ratio observed in Figure 4.5. 

The synthesis of 2-allyl phenol from allyl phenyl ether is a classic example of the 

Claisen rearrangement and is often part of the curriculum of undergraduate chemistry 

laboratory courses.201  Consequently, there exists an abundance of literature on 

determining the extent of rearrangement.202-205  In the present case, 1H NMR provided 

sufficient evidence that the magnitude of Claisen rearrangement was very small, but not 

completely absent.  In a study by Gozzo and coworkers, the 2-allyl and 4-allyl isomers of 

1,3-dihydroxybenzene were synthesized via Claisen rearrangement, and the products 

were analyzed via 1H NMR.202  Most notably, a resonance at 3.34 ppm, belonging to the 

methylene of the allyl, was observed in the case of rearrangement.  This resonance is 

observed in Figure 4.5 as well.  Other notable resonances that suggest formation of 

rearranged isomers are at 6.36 and 6.96 ppm, which are in the aromatic region and are 

also reported by Gozzo et.al.  Furthermore, integration of the resonances at 6.42-6.45 

ppm display less than ideal values; loss of resonances in the aromatic region would be 

expected in the case of alkylation (i.e. via rearrangement). 
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In summary, the resorcinol derived quenchers used in entries 1 and 2 

demonstrated quantitative capping of the PIB chain ends within 120 min, with minimal 

formation of side products.  To further understand the quenching kinetics of resorcinol-

based quenchers, a new quencher, dimethoxybenzene (DMB) was used.  As a synthon, 

DMB is not particularly useful; the transformation of the methoxy groups to a more 

synthetically useful alternative often requires harsh conditions and excessive reaction 

times.  However, DMB represents a convenient quencher in terms of commercial 

availability and ease of analysis via 1H NMR.  Thus, DMB was used in Trials 3-5 to 

investigate the kinetics of in situ quenching of living PIB. 

 

Figure 4.6 1H NMR (300 MHz, CD2Cl2, 25 °C) spectrum of 1,3-dimethoxybenzene 

quenched PIB (entry 3). 

Figure 4.6 shows the 1H NMR spectrum of the final product of entry 3, after 

quenching for 120 min.  In the case of DMB, the resonance at 3.74 ppm (-OCH3) was 
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integrated and compared to the resonance of the initiator residue.  For difunctional PIB 

fully quenched with DMB, the intensity ratio of these two resonances should be 12:3, 

indicating a single addition of DMB to each chain end.  This is observed in Figure 4.6.  

Moreover, the appearance of the resonances associated with the aromatic protons of the 

quencher (e.g. the overlapping peaks at 6.35-6.45 ppm and the doublet at 7.14 ppm) 

provides further evidence of alkylation.  Integration of the resonance at 7.14 demonstrates 

quantitative end capping (showing an ideal ratio of 2:3), but integration of the resonances 

between 6.35-6.45 ppm show slightly less than ideal (3.89:3 rather than 4.0:3). 

Significantly, the spectrum shown in Figure 4.6 is similar to spectra of analogous 

structures in other studies, which provides further structural evidence of alkylation.206 

During the quenching reaction in entry 3, an aliquot was taken 5 min after 

addition of the quencher in order to gain a more thorough understanding of the quenching 

process.  This aliquot was analyzed via 1H NMR, and the spectrum is shown in Figure 4.7 

(bottom).  Also included in Figure 4.7 is the 1H NMR spectrum for the final product (top) 

for comparative purposes.  Comparing the integrations of the resonance at 3.74 ppm for 

both spectra demonstrated that the sample taken 5 min after addition of the DMB 

quencher had already reached ~96 % conversion, which illustrates the high reactivity of 

resorcinol quenchers towards alkylation.  A high expansion of the region between 1.5-

2.05 ppm is also included in Figure 4.7; within this region, the resonances associated with 

terminal gem-dimethyl and methylene groups of the PIB chain end can be found. 

When a living PIB polymerization is quenched with chilled methanol, the 

spontaneous collapse of the Ti2Cl9
¯ gegenion results in the formation of tert-chloride 

terminated PIB (PIB-Cl).  The resonances associated with the terminal gem-dimethyl and 
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methylene protons appear at 1.69 and 1.96 ppm, respectively.  Tracking the 

disappearance of these peaks during an in situ PIB quenching reaction is often done to 

determine the extent of the quenching reaction,98 and has been used to determine the 

quenching kinetics for a variety of alkoxybenzene quenchers. 96,98  In Figure 4.7 (bottom), 

the magnitude of the resonance at 1.69 ppm (associated with the gem-dimethyl protons of 

tert-chloride terminated PIB) supports the conclusion that the quenching reaction has not 

reached full conversion.  Interestingly, the fully quenched product exhibits either a 

doublet centered at 1.67 ppm, or two singlets at 1.66 and 1.69 ppm; integration of these 

peaks show a nearly 1:1 ratio.  An accurate assignment of these peaks is difficult due to 

the reduced resolution of this region (resulting from the multitude of peaks from aliphatic 

PIB backbone), but these peaks are also observed in the final products of DIPB and DMB 

quenched PIBs.  In addition to these peaks, the resonance of the terminal methylene 

group does not shift significantly during the quenching process (i.e.  1.96 ppm for the 

tertiary chloride terminated PIB compared to 2.00 ppm for the resorcinol quenched PIBs), 

which limits its utility as an internal reference. 

The final products from entries 1-3 were characterized via GPC-MALLS, and the 

chromatograms are shown in Figure 4.8.  The molecular weights for each sample are 

included in Table 4.1.  In all cases, the quenched products exhibited a slightly earlier 

elution time compared to the pre-quenched PIB due to their slightly higher molecular 

weight, which is expected.  Moreover, the chromatograms display narrow molecular 

weights, indicating that coupling reactions were absent during the quenching process. 
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Figure 4.7 1H NMR (300 MHz, CD2Cl2, 25 °C) spectra of two PIB-DMB samples from 

entry 3. The bottom spectrum corresponds to the aliquot taken at 5 min, and the top 

spectrum corresponds to the final product obtained after 120 min. 

Although coupling reactions have never been observed in alkoxybenzene 

quenching, we were originally concerned that resorcinol-based quenchers might result in 

a finite amount of coupling due to the multiple reactive sites on the phenyl ring.  The 

absence of coupling, as evidenced by 1H NMR and GPC analyses, indicates that 

resorcinol-based quenchers only undergo monoalkylation.  Although the resorcinol 
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aromatic ring would be further activated by addition of a first PIB chain, the latter would 

cause steric crowding of the remaining potentially reactive sites.  Additionally, the 

quenching reactions were performed using [Quencher] = 2.0[CE], which reduces the 

likelihood of multiple alkylations on the same quenching molecule. 

 

Figure 4.8 GPC chromatograms of the products from entries 1-3.  Also included is an 

aliquot of PIB quenched with chilled methanol, to serve as a pre-quench comparison. 

4.4.3 Lewis acid starvation 

A significant barrier to the commercialization of phenoxy quenching is the high 

concentrations of Lewis acid that are required for quenching to occur on a convenient 

time scale.  Upon realizing that resorcinol ethers quench at extremely fast rates (≤ 120 

min) using [TiCl4]eff  1.85[CE], we elected to carry out a series of experiments in which 

the total TiCl4 concentration was lowered.  By simply lowering the quenching increment 

of TiCl4 (added via syringe immediately after addition of the DMB quencher) we 

attempted to probe the quenching kinetics and achieve quantitative end capping of the 
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PIB chain, thereby demonstrating that resorcinol-based quenchers can approach 

commercial viability. 

 

Figure 4.9 1H NMR (300 MHz, CDCl3, 25 °C) spectra of two PIB-DMB samples from 

entry 4 ([TiCl4]eff =0.868[CE]). The bottom spectrum corresponds to the aliquot taken 

after 5 min, while the top spectrum corresponds to the final product obtained after 270 

min. 

Two series of experiments were performed, and the quenching conditions are 

listed in entries 4 and 5 in Table 4.1. In entry 4, the quenching process was carried out at 

[TiCl4]eff  0.868[CE], and aliquots were taken at 5, 10, 30, 45, 60 min intervals and 

characterized via 1H NMR.  After 270 min, the reaction was terminated with chilled 



 

118 

methanol.  Surprisingly, analysis of the 1H NMR spectra for each aliquot demonstrated 

that the quenching reaction stalled after 5 min, with 49.3% of the PIB chain ends 

possessing a DMB moiety (as measured by integration of methoxy peak at 3.74 ppm).  

This is shown in Figure 4.9, where the bottom spectrum corresponds to the aliquot taken 

at 5 min.  The top spectrum, representing the final product (270 min), shows that 50% of 

the PIB chain ends possess a DMB moiety.  Further evidence of the reaction stalling is 

provided by the magnitude of the peak at 1.69 ppm, indicating that a significant amount 

of chain ends possessed a tert-chloride end group at both 5 and 270 min. 

To further investigate this phenomenon, a second quenching reaction was 

performed at [TiCl4]eff  1.36[CE] (Table 4.1, entry 5).  Aliquots were taken at 2 and 10 

min, and the quenching reaction was terminated at 270 min. The samples were analyzed 

using 1H NMR, and Figure 4.10 shows the spectra for the products obtained at 2 min 

(bottom) and 270 min (top).  These samples were analyzed using chloroform-d as the 

NMR solvent, which caused slight changes in chemical shifts and splitting patterns of the 

samples.  Unfortunately, this was most noticeable in the aromatic region, where 

significant overlapping of the aromatic quencher protons and the residual initiator protons 

occurred.  Thus, the resonance at 1.83 ppm, which corresponds to the methylene protons 

adjacent to the initiator residue, was used as the internal standard.  In the case of 

quantitative initiation, integration of this resonance should give a value of 4.00; this has 

been observed as demonstrated in Figures 4.4-4.7 and Figure 4.9.  Integration of the 

resonance at 3.79 in both spectra indicated that 63.2% of the chain ends possessed DMB 

moieties after 2 min, which increased slightly to ~67% after 270 min. The resonance at 

3.49 ppm is likely residual methanol, which was used during the purification process. 
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Figure 4.10 1H NMR (300 MHz, CDCl3, 25 °C) spectra of two PIB-DMB samples from 

entry 5 ([TiCl4]eff = 1.36[CE]).  The bottom spectrum corresponds to the aliquot taken 

after 2 min, while the top spectrum corresponds to the final product obtained after 270 

min. 

In addition to the resonance at 1.69 ppm found in both spectra (indicating tert-

chloride formation), the top spectrum also includes a series of resonances between 2.10-

2.50 ppm.  These peaks may indicate successive carbocationic rearrangement of the 

cationic chain-end, which is a known competing reaction during end-quenching.118  This 

phenomenon is most often seen in the case of slow quenching, which can be caused by 

low reactivity of the quencher or complexation of the quencher with the Lewis acid.98  

Interestingly, these peaks were not observed in any previous trial, including entry 4 for 
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which the quencher concentration was lower.  Moreover, neither of these possible 

explanations are satisfactory in the case of resorcinol ether quenchers; complexation of 

the Lewis acid with a methoxy moiety is unlikely (and was not observed in the case of 

anisole in a previous report)96 and resorcinol quenchers have demonstrated extremely fast 

quenching kinetics.  Thus, we suspect another failure mechanism may be the cause. 

Comparison of the results from entries 3-5 showed an unexpected trend, which may 

provide clarification.  In the case of entry 3, quantitative end-quenching was observed at ≤ 

120 min at [TiCl4]eff  1.85[CE].  When the [TiCl4]eff was reduced by 50% (i.e. [TiCl4]eff  

0.868[CE], entry 4), the final product was observed to reach ~50% conversion, even after 

significantly longer reaction times were employed.  When [TiCl4]eff  1.36[CE], entry 5, 

the final product reached ~67% conversion at 270 min.  Aliquots taken over the course of 

these reactions demonstrated that the bulk of the alkylation occurred extremely quickly, 

likely within 2 min.  Significantly, TiCl4 starvation during the quenching process did not 

appear to retard the rate of reaction; instead, the reaction stalled after reaching a particular 

percent conversion, which was found to vary approximately as 4 eff[TiCl ] / [CE] / 2 . 

These results suggest the existence of a hitherto unreported competing reaction 

during the quenching process; namely, the effect of HCl generation (as a byproduct of 

alkylation) on the Ti2Cl8 dimer when quenching at low [TiCl4]eff.  Multiple research 

groups have contributed to a large body of research on the propagation and quenching 

kinetics of TiCl4-catalyzed systems.207-210  In all but two cases,211,212 the kinetic order of 

propagation was found to be two with respect to TiCl4, indicating that the dimeric Ti2Cl8 

species is the active Lewis acid species, rather than monomeric TiCl4.  This was also 

found to be the case during end-quenching reactions with alkoxybenzenes.96  This 
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phenomenon is thought to be caused by the apparent increased acidity of the Ti2Cl8 dimer 

compared to the monomeric TiCl4. 

In the case of alkoxybenzene quenching, Morgan et al. reported the effect of HCl 

generation and its subsequent interaction with electron donors present in the reaction 

mixture; however these experiments were performed using a high [TiCl4]eff.
96  Sterically 

hindered, tertiary amines (e.g. 2,6-lutidine) are often incorporated into cationic 

polymerizations at low concentrations (~3-5 mM) to act as protic scavengers.  An 

auxiliary benefit of this process is the creation of onium salts, which through the 

common-ion effect, prevent dissociation of propagating chain end cations into free ions 

and thereby increase the livingness of the polymerization.  For TiCl4 co-initiated 

polymerizations, these onium salts possess dimeric Ti2Cl9
- counterions.213  This causes a 

reduction in available TiCl4, which is why corrected TiCl4 concentrations (i.e. [TiCl4]eff) 

are often reported.  Because the [tertiary amine]/[CE] ratio is typically small, 

consumption of the tertiary amine (i.e. via onium salt formation) occurs relatively early in 

the quenching process, and as quenching continues, HCl begins to accumulate in the 

reaction solution.  For alkoxybenzene quenching, a large concentration of TiCl4 typically 

has been required to reach acceptable quenching times (4-6 h), and thus the amount of 

HCl generated was only a minor fraction of the total TiCl4.  Resorcinol quenchers, which 

have displayed significantly higher reactivity towards alkylation compared to 

alkoxybenzenes, have allowed the use of lower TiCl4 concentrations.  Under these 

conditions, the amount of HCl generated becomes a significant fraction of the total TiCl4.  

To date, the effect of HCl generation on the activity of monomeric TiCl4 and dimeric 

Ti2Cl8 in cationic polymerizations has not been studied, and only a cursory understanding 
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of their potential interaction is understood.  The results from entries 3-5 suggest that the 

generation of HCl during the alkylation process may be a potential cause for the reaction 

stalling, but further experiments were required to better understand this phenomenon. 

4.4.4 Quencher under HCl saturated conditions 

To probe the effects of HCl generation on resorcinol quenching, an experiment 

was designed wherein the solution was saturated with gaseous HCl prior to quenching.  

The conditions are listed in Table 4.2, and the 1H NMR spectra of the starting PIB-Cl and 

the final product are shown in Figure 4.11.  A high expansion of the region ranging from 

1.60-2.30 ppm is also provided.  Analysis of the starting material (bottom) shows the 

standard resonances at 1.69 and 1.96 ppm corresponding to the gem-dimethyl and 

terminal methylene protons.  The final product however, shows extensive degradation of 

the chain-end.  Additionally, any resonances corresponding to DMB are conspicuously 

absent.  This supports our findings in the previous section, where HCl generation caused 

eventual stalling of the quenching process (entries 4-5) and in some cases, resulted in loss 

of chain-end fidelity (entry 5). 

Table 4.2  The quenching conditions, time, and conversion of PIB-Cla in the presence of 

an HCl saturated solution.b 

 
 

 

aMn: 5,500 g/mol; PDI: 1.09 
bQuenching temperature = -70 °C 
cmin 

 

 

 

 

Entry Quencherc [TiCl4]eff/[CE] Quench timed Conversion (%) 

1 DMB 8.0 240 - 
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Figure 4.11 1H NMR (300 MHz, CDCl3, 25 °C) spectra of the starting PIB-Cl (bottom) 

and the final product after quenching with DMB for 240 min in an HCl saturated 

solution. 

4.5 Conclusion 

We have demonstrated that addition of resorcinol ethers to TiCl4-catalyzed living 

isobutylene polymerizations provides a versatile method for chain end functionalization.  

Similar to previously reported alkoxybenzenes, quenching proceeds via monoalkylation 

of the phenyl ring.  Significantly, we have demonstrated that resorcinol ethers display 

extremely fast quenching kinetics, in some cases reaching up to 97% conversion in 5 min.  

Moreover, resorcinol quenching can reach quantitative conversion at [TiCl4]eff  
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1.85[CE], which is less than half the required TiCl4 used in the current generation of 

alkoxybenzene quenchers.  In the case of DAB, quenching conditions were resistant 

towards Claisen rearrangement of the allyl group, which has been shown to plague other 

alkoxybenzene quenchers bearing an α-olefin moiety.  Under conditions where [TiCl4]eff 

≤ 1.85[CE], stalling of the quenching process was observed to occur, which upon further 

investigation was attributed to the formation of HCl during alkylation. 
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CHAPTER V – MULTIFUNCTIONAL POLYISOBUTYLENES CONTAINING 

COVALENTLY BOUND RADICAL INHIBITORS 

This chapter was co-authored by Robson Storey 

5.1 Abstract 

A novel route towards multifunctional polyisobutylene (PIB) bearing covalently-

bound antioxidants is reported.  TiCl4-catalyzed cleavage/alkylation reactions were 

conducted on poly(isobutylene-co-isoprene) (butyl rubber) at -70 °C in 60/40 

hexane/methylene chloride cosolvents in the presence of 2,6-di-tert-butylphenol (DTP) at 

various concentrations and reaction times.  The butyl rubber (EXXON Butyl 068) 

possessed nM  = 3.37 x 105 g/mol, dispersity (Ð) = 1.29 (GPC/MALLS), and 1.08 mol% 

isoprene units.  By modifying the quenching conditions during the cleavage/alkylation 

process, PIB molecular weights ranging from 33,000 to 62,000 g/mol were obtained in as 

little as 4 hr. For all trials, a minor reduction in molecular weight was observed beyond 4 

hr, but negligible changes in molecular weight were observed for reactions longer than 9 

hr. The number average functionalities (Fn) of these systems ranged from 4.86-10.2. 

Analysis via 1H NMR demonstrated that between 25-40% of the DTP moieties underwent 

de-tertbutylation to form mono-tertbutyl phenol moieties.   Thermal degradation profiles 

of a selection of the functionalized PIBs were measured and compared to PIBs 

synthesized via living polymerization and commercial PIB samples, using an inert 

atmosphere as well as an oxygen containing atmosphere. Generally, the samples tested in 

the oxygen containing atmosphere resulted in lower degradation temperatures and a much 

broader degradation profile; the temperature at 10% weight loss ranged from 312 – 343 

°C, and 100% weight loss was achieved at temperatures ranging from 387-426 °C for the 
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non-DTP functionalized PIBs. The PIBs functionalized with DTP were measured to reach 

100 % weight loss at around 547 °C, but this was thought to be due to charred byproducts 

of the DTP moiety. In the presence of an inert atmosphere, 10% weight loss ranged from 

366 – 381 °C and 100 % weight loss was achieved between 431-468 °C for all PIB 

samples. Oxidation degradation profiles of the functionalized PIBs were measured and 

compared to the commercial and unfunctionalized PIBs to determine the efficacy of the 

covalently bound antioxidant moieties. Significantly, all unfunctionalized PIBs were 

observed to undergo catastrophic degradation within 2 min, but DTP functionalized PIBs 

were found to resist degradation even after 100 min. 

5.2 Introduction 

Commercially available polyisobutylenes (PIB) come in a variety of molecular 

weight grades, depending on their desired end-use.  Medium molecular weight PIBs, 

possessing number average molecular weights (Mn) ranging from 35,000-75,000 g/mol, 

are marketed, for example, under the tradenames Oppanol (BASF) and Vistanex 

(ExxonMobil), and find use in sealants and adhesives, lubricants, coatings, and chewing 

gum.214   

 PIB-based sealants are thermoplastic materials typically applied as a preformed 

tape or extruded as a hot melt.215  Upon cooling and solidification, they provide an 

excellent seal that exhibits low gas permeability, resistance to acid/base catalyzed 

degradation, and resistance to thermo-oxidative degradation throughout a broad 

temperature range.  An application highly relevant to this work is their use as the primary 

seal in insulating glass units (IGUs), in which PIB plays a crucial role in maintaining the 

insulative integrity of the IGU.  A typical IGU consists of an inner and outer glass lite 
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separated by a spacer element that extends around the perimeter of the unit.  The PIB 

sealant is applied as a continuous film between the spacer and each glass lite.  The 

principal function of the PIB sealant is to serve as a moisture barrier to prevent 

atmospheric moisture from entering the inter-pane space and causing fogging of the 

window.215  A secondary function of the PIB sealant is to serve as a gas barrier to prevent 

outward migration of an insulating gas such as argon, which is often used to fill the inter-

pane space during construction of IGUs. 

 

Figure 5.1 Migration of a PIB sealant into the vision area of an IGU 

 Due to their hydrophobicity, superior gas barrier properties, and ease of 

application, thermoplastic PIB sealants are well suited for this application; however, they 

have been known to fail under adverse circumstances.  The PIB can become plasticized, 

either from the migration of plasticizers from adjacent glazing materials (setting blocks, 

backer rods, secondary sealants, etc.) or via diffusion of cleaning solvent vapors.  

Plasticization of the PIB sealant results in a reduction in shear viscosity, which causes the 

PIB to creep down the glass (Figure 5.1), requiring replacement of the IGU. 
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 Chemical degradation of the PIB backbone may also occur, presumably caused by 

thermal, ultraviolet (UV), or oxidative events facilitated by the harsh environment within 

the window envelope, i.e., cyclic and extreme temperature/humidity fluctuations and 

exposure to oxygen/ozone and UV radiation.216,217  These mechanisms reduce the 

molecular weight of the PIB and lower the viscosity of the sealant.  Whether viscosity 

reduction occurs by plasticization or molecular weight degradation, the constant force of 

gravity and the diurnal, expansion/contraction forces from the building cause the sealant 

to succumb to creeping and sagging.218,219,220   

 The processes of thermo- and photo-oxidative degradation, and the mechanism by 

which radical inhibitors suppress this process, are a complex combination of 

physicochemical phenomena.221  Volumes of work have been dedicated to studying and 

understanding these processes on a wide body of base polymers and polymer 

formulations.222,223,224  The sensitivity of saturated polyolefins, such as polyethylene and 

polypropylene, to oxidation has been widely recognized.225,226,227  Polyisobutylene, 

however, exhibits more resistance to oxidation, but is still susceptible to molecular 

weight degradation over time.  The oxidative process is a free radical chain reaction and 

is thought to occur via photolytic or oxidative scission of the C-H bonds within the 

polymer structure.228,229,230 

 Commercial polymers, especially those destined for outdoor use, are often 

formulated with antioxidants, antiozonants, and UV stabilizers that extend their lifetime 

and performance.222,223 These additives are usually small molecules that contain hindered 

aromatic alcohol or aliphatic amine functional groups,231 and they offer high inhibition 

efficiency and low cost.  Larger molecules, such as BASF’s Irganox product line, usually 
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contain multiple antioxidant moieties and are less volatile and more miscible within 

nonpolar polymer backbones.232  Higher-order structures, such as carbon black, have 

complex chemical structures that include a number of these inhibitive groups, making 

them effective as radical inhibitors and UV stabilizers.233  Due to the high surface area, 

low production cost, and high production volume of carbon black, the rubber industry has 

incorporated carbon black in their formulations for decades.234 

 Small molecule antioxidants, antiozonants, and UV stabilizers may be 

inappropriate or impractical in some cases.  Due to potential toxicity, they should not be 

used in food contact applications such as chewing gum.  In some cases, they may 

plasticize the polymer, causing an undesired reduction in hardness and/or glass transition 

temperature.  Due to their small molecular size, they may migrate from the polymer via 

diffusion and may be prone to degradation and/or volatilization at elevated 

temperatures;223,235,236,237 for these reasons, small-molecule additives are generally not 

used in IGU sealant formulations because of the risk of fogging.  Migration, 

volatilization, and plasticization are especially problematic for liquid additives.  Due to 

crystallization tendency, small molecule, solid additives may aggregate within the 

polymer or bloom to the surface.  Regardless of whether it is a solid or liquid, 

homogenous dispersion of the additive is required to achieve peak performance, which in 

turn, requires good solubility/miscibility of the additive within the polymer matrix.  

Higher molecular weight inhibitors require high temperatures and extensive mixing to 

achieve uniform dispersion.  Although carbon blacks are effective UV stabilizers, their 

homogenous dispersion is especially difficult,238,239 and they can only be used when a 

black-colored sealant is acceptable.  
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 A number of reports have appeared in which these shortcomings have been 

addressed through covalent attachment of stabilizing moieties directly into the polymer 

structure.  A popular method is post polymerization modification; for example, 

transesterification reactions have been used to attach antioxidant groups into 

polyesters,232 methacrylate copolymers,240 and polythioethers,241 and the modified 

polymers have been reported to display improved resistance to thermo-oxidative 

degradation compared to the unfunctionalized base polymers.  An alternative approach is 

through copolymerization of an antioxidant-containing comonomer.  This may be the 

only practical approach for polymers such as polyolefins that have no reactive 

functionality along the backbone.  The comonomer method has been reported in the 

context of ring opening metathesis polymerizations,242 acyclic diene metathesis 

polymerizations,243 thiol-ene addition polymerizations,241 and radical polymerizations.244  

Incorporation of antioxidants via reactive processing of polymers has also been reported 

using (meth)acrylates245 and maleimides.246 

 The incorporation of antioxidants into polymers, and the process through which 

this is achieved, may be synthetically complex, cost-prohibitive, and/or can deleteriously 

alter the chemical composition of the polymer.  For example, in a study on improving the 

oxidation resistance of oil lubricants, Atkinson et al. reported the modification of 

hydroxyl containing methacrylate copolymers using 3,5-di-tert-butyl-4-hydroxybenzoyl 

chloride, an acid chloride-functionalized derivative of butylated hydroxytoluene 

(BHT).240  Although Atkinson et al. showed that the polymer-bound antioxidants 

provided the longest resistance to oxidative degradation (compared to the base copolymer 

and a mixture of the base copolymer and antioxidant), they also reported that the 
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chemical composition of the antioxidant-modified copolymer differed from the base 

copolymer to such a degree that the antioxidant-modified copolymer was no longer 

soluble in the base mineral oil.  Also, the use of acid chloride intermediates is generally 

cost-prohibitive in a commercial process.  

 Ideally, a synthetic route toward covalent incorporation of antioxidant moieties 

into polymers, including relatively non-reactive polyolefins, should be simple, high 

yielding, and avoid expensive intermediates.  Additionally, the chemical composition of 

the modified polymer should be sufficiently similar to the unmodified polymer, such that 

the two can be used interchangeably in formulations.  Recently, we reported a method for 

producing multifunctional PIBs via acid-catalyzed cleavage/alkylation reactions of PIB-

based copolymers in the presence of an alkoxybenzene.247  The resulting PIB-based 

copolymers were of linear morphology and possessed multiple alkoxyphenyl moieties 

pendant to the polymer backbone, as well as covalently bound to the polymer chain ends.  

This process was shown to be highly modular and tunable to yield new families of PIBs 

for advanced applications possessing a variety of molecular weights and number average 

functionalities. 

 In a previous chapter, cleavage/alkylation was performed on commercial butyl 

rubbers containing varying amounts of isoprene content to prepare multifunctional PIB 

macromers bearing photopolymerizable moieties.  Upon curing, the resulting networks 

exhibited superior resistance to creep and to attack by solvents that would normally 

plasticize/dissolve medium-molecular weight PIB thermoplastics.  Using this approach, 

we have developed a new family of PIB thermoplastics, containing covalently-bound 3,5-

di-tert-butyl-4-hydroxyphenyl moieties, which display superior resistance to thermo-
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oxidative degradation compared to unmodified, commercially available PIB 

homopolymers. 

5.3  Experimental 

5.3.1 Materials.   

Hexane (anhydrous, 95%), methanol (anhydrous, 99.8%), methylene chloride 

(DCM) (anhydrous, 99.8%), titanium tetrachloride (TiCl4) (99.9%), 2,6-lutidine (99.5%), 

and tetrahydrofuran (THF) (anhydrous, 99.9%) were purchased and used as received 

from Sigma-Aldrich.  2,6-di-tert-Butylphenol (DTP) (99%) was purchased from Sigma-

Aldrich and recrystallized from n-hexane (m.p. 35-37 °C) before use.  Magnesium sulfate 

(MgSO4, anhydrous), sulfuric acid (98%), n-hexane (Optima, 95%) chloroform-d 

(CDCl3) were purchased and used as received from Fisher Scientific.  Isobutylene (IB, 

BOC Gases) and methyl chloride (MeCl, Gas and Supply) were dried by passing the gas 

through a column of CaSO4/molecular sieves/CaCl2 and condensing within a N2-

atmosphere glovebox immediately prior to use.  The monofunctional initiator, 2-chloro-

2,4,4-trimethyl-pentane (TMPCl), was prepared via a previously described procedure.248  

Butyl rubber (EXXON™ Butyl 068) was donated by ExxonMobil Corporation and used 

as received.  Characterization via GPC/MALLS and 1H NMR indicated that Butyl 068 

had a number average molecular weight ( nM ) of 3.37 x 105 g/mol and a dispersity (Ð) of 

1.29.  The mole fraction of isoprene (IP) comonomer units in the copolymer, FIP, was 

determined to be 0.0108 (IB units/IP units  91.6),Error! Bookmark not defined. and the isoprene 

equivalent weight, EWIP, was calculated to be 5.21 x103 g/mol.  Oppanol samples was 

donated by BASF; characterization via GPC/MALLS indicated that Oppanol B14 SFN 
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had an nM  = 64,500 g/mol and Ð = 1.60, while Oppanol B15 SFN possessed an nM  = 

74,100 g/mol and Ð = 1.53. 

5.3.2 Instrumentation. 

Nuclear magnetic resonance (NMR) spectra were obtained using either a 300 

MHz Varian Mercuryplus (VNMR 6.1C) or a 600 MHz Bruker 94 Avance (TopSpin 3.5) 

NMR spectrometer.  All 1H chemical shifts were referenced to TMS (0 ppm).  Samples 

were prepared by dissolving the polymer in chloroform-d (5%, w/v) and charging this 

solution to a 5 mm NMR tube.  For quantitative integration, 64 transients were acquired 

using a pulse delay of 27.3 s. 

 Real time (RT)-FTIR monitoring of isobutylene polymerizations was performed 

using a ReactIR 45m (Mettler-Toledo) reaction monitoring system integrated with a N2-

atmosphere glovebox (MBraun Labmaster 130).118,249,  Isobutylene conversion during 

polymerization was determined by monitoring the area above a two-point baseline of the 

absorbance at 887 cm-1, associated with the = CH2 wag of isobutylene. 

Number-average molecular weights ( nM ) and dispersity (Ð = w nM M ) were 

determined using a gel-permeation chromatography (GPC) system consisting of a Waters 

Alliance 2695 separations module, an online multi-angle laser light scattering (MALLS) 

detector fitted with a gallium arsenide laser (power: 20 mW) operating at 658 nm 

(miniDAWN TREOS, Wyatt Technology Inc.), an interferometric refractometer (Optilab 

t-rEX, Wyatt Technology Inc.) operating at 35°C and 685 nm, and two PLgel (Polymer 

Laboratories Inc.) mixed D columns (pore size range 50-103 Å, 5 μm bead size).  Freshly 

distilled THF served as the mobile phase and was delivered at a flow rate of 1.0 mL/min.  
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Sample concentrations were ca. 6-7 mg of polymer/mL of THF, and the injection volume 

was 100μL.  The detector signals were simultaneously recorded using ASTRA software 

(Wyatt Technology Inc.), and absolute molecular weights were determined by MALLS 

using a dn/dc calculated from the refractive index detector response and assuming 100% 

mass recovery from the columns. 

Thermogravimetric analysis (TGA) was performed using a Q50 (TA Instruments) 

thermogravimetric analyzer.  The furnace atmosphere was defined by either N2 or dry air 

flowing at a rate of 60 mL/min.  Samples were prepared by loading a platinum sample 

pan with 10−20 mg of material.  The samples were subjected to a temperature ramp of 10 

°C/min from 30 to 600 °C.  The data were analyzed using TA Universal software, and 

three temperatures were recorded: T10, T50, and T100, which represent the temperatures at 

which 10 wt%, 50 wt%, and 100% wt% cumulative mass losses were reached, 

respectively. 

Oxygen induction time (OIT) measurements were performed according to ASTM 

D3895-14, using a Q200 Differential Scanning Calorimeter (TA Instruments).  Samples 

were prepared by adding ca. 10-13 mg of the subject polymer to an aluminum pan.  

Individual samples were tested using the following specifications.  The uncovered sample 

was equilibrated at 25 °C and then heated to 200 °C using a heating rate of 

20 °C min−1 under nitrogen (N2).  After holding isothermally at 200 °C for 5 min under 

N2, the furnace gas was switched to dry air.  For data analysis, the switch from N2 to air 

was designated T0 and used as the starting time for the OIT test.  The sample was held 

isothermally at 200 °C in air for 100 min, or until the onset of oxidative degradation, 
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which was indicated by a sharp increase in the exothermic heat flow.  Time to oxidation 

calculations were performed using TA Universal Analysis software. 

 Fourier-transform infrared (FTIR) spectroscopy was conducted using a Nicolet 

8700 spectrometer with a KBr beam splitter and a DTSG detector under transmission 

mode.  Each sample was blotted onto a NaCl plate and degassed under vacuum for 18 h.  

An average of 64 scans was recorded with a resolution of 6 cm-1.  

5.3.3 Acid Catalyzed Cleavage/Alkylation of Butyl Rubber.   

The following is a representative procedure adapted from Campbell et al.108  

Butyl 068 (6.01 g, 1.15 mmol IP units) and dissolved in a mixture of 90 mL of n-hexane 

and 60 mL dichloromethane, within a 250 mL round bottom flask equipped with a 

magnetic stir-bar.  The mixture was chilled to -70 °C, and 2,6-di-tert-butylphenol (15.5 g, 

0.0751 mol), conc. H2SO4 (0.75 mL), and TiCl4 (1.65 mL , 0.015 mol) were added in 

quick succession under stirring.  The reaction was stirred at -70 °C for 24 h and aliquots 

were taken to monitor reaction progress. After 24 h the reaction was quenched with 

chilled methanol.  The resulting solution was warmed to room temperature and 

concentrated under an N2 stream.  The concentrated mixture was then slowly precipitated 

into methanol under vigorous stirring, after which the methanol layer was decanted.  The 

precipitate was collected by re-dissolution in fresh n-hexane, and the resulting solution 

was re-precipitated into excess methanol.  The precipitate was collected by re-dissolution 

in fresh hexane, and the resulting solution was washed twice with deionized water, dried 

over Na2SO4, and then vacuum stripped to yield the isolated polymer.  The product was 

then characterized via GPC-MALLS and 1H NMR. 
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5.4 Results and Discussion 

5.4.1 Cleavage/alkylation Reactions on Butyl Rubber 

Cleavage/alkylation reactions on butyl rubber substrates represent a cost effective, 

highly modular approach towards multifunctional PIBs.  A wide range of functional 

equivalent weights (EWQ) and average functionalities (Fn) can be obtained by varying 

temperature, reaction time, FIP of the butyl rubber starting material, identity/concentration 

of the Lewis acid, quencher concentration, and butyl rubber concentration.  Recently, our 

lab reported the cleavage/alkylation reaction of butyl rubber (FIP = 0.0230) using (3-

bromopropoxy)benzene.Error! Bookmark not defined.  The latter is a versatile quencher that 

yields primary-bromide functional groups along the PIB backbone for easy synthetic 

modification.96,182  The authors overviewed some general mechanistic considerations of 

the cleavage/alkylation process; however their focus on achieving low molecular weight, 

difunctional PIB (~2,000 < nM  < 5,000 g/mol) deviated significantly from the goals of 

the present study.  Herein, we were interested in conditions whereby the 

cleavage/alkylation process would yield PIBs with moderate-to-high nM ’s, possessing 

moderately high Fn’s.  In this work we have also employed hindered phenolic quenchers 

as opposed to alkoxybenzenes, and the effect of quencher and Lewis acid concentration 

has not been studied for this class of quenchers.  Finally, we have conducted a systematic 

study to explore conditions necessary to reach a targeted nM  range from a butyl rubber 

possessing a relatively low FIP. 
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To gain an understanding of the cleavage/alkylation kinetics for Butyl 068 (FIP = 

0.108) in the presence of the hindered phenolic quencher, DTP, reactions were conducted 

under differing conditions, and aliquots were removed from the reactor at various times 

and analyzed with regard to molecular weight (GPC) and average functionality (1H 

NMR).  The results are listed in Table 5.1.  GPC chromatograms for the Trial 1 aliquots, 

which are representative, along with that of the starting butyl rubber are shown in Figure 

5.2.  The corresponding GPC chromatograms for aliquots taken during Trials 2 and 3 are 

shown in Figures 5.3 and 5.4, respectively. 

Table 5.1 Cleavage/alkylation Reactions on Butyl Rubber (Butyl 068) in the Presence of 

DTP 

a mmol/IP repeat units/L 
b g/mol 

Trial [Butyl]a 
[DTP] 

(M) 

[TiCl4] 

(mM) 

Time 

(h) nM b (Ð) EWQ
b 

𝐈𝐁

𝑸
 Fn 

1 0.101 0.426 0.0854 

4 62,270 (1.58) 6,080 103.3 10.2 

7 58,940 (1.60) 6,401 109.0 9.20 

9 57,670 (1.58) 6,259 142.0 9.27 

24 54,640 (1.51) 5,256 89.00 10.4 

2 0.107 0.224 0.0898 

4 33,110 (1.56) 6,411 109.2 5.16 

7 32,400 (1.51) 5,955 101.2 5.44 

9 30,210 (1.58) 7,007 119.7 4.31 

24 29,990 (1.51) 5,470 92.7 5.48 

3 0.107 0.224 0.0449 

2 85,270 (1.57) 195.5 11,330 7.57 

4 53,730 (1.62) 183.3 10,630 5.06 

6 49,520 (1.57) 158.5 9,215 5.37 

8 42,920 (1.67) 148.7 8,657 4.86 
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Figure 5.2 GPC chromatogram of the aliquots obtained from Trial 1 compared to Butyl 

068. 

 

Figure 5.3 GPC chromatogram of the aliquots obtained from Trial 2. 
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Figure 5.4 GPC chromatogram of the aliquots obtained from Trial 3. 

The starting Butyl 068 was found to possess a characteristically high nM  and 

moderately narrow dispersity (337,000 g/mol and 1.27 respectively).  As shown by the 

data in Table 5.1 and Figure 5.2, generally the nM  decreased as the reaction time 

increased, which is consistent with previous reports for cleavage/alkylation reactions.34  

However, the extent of cleavage/alkylation during the later stages of the reaction differed 

significantly from previously reported systems, and we attribute this mainly to the 

difference in quencher structure, i.e., alkoxybenzene vs. hindered phenol, as will be 

discussed below.  In the systems studied by Campbell et al., longer reaction times were 

used to yield PIBs possessing low molecular weights, and this was thought to be 
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facilitated by reversibility of the Friedel-Crafts alkylation in the case of an 

alkoxybenzene-type quencher.108 

 

Scheme 5.1 Cleavage/alkylation process of butyl rubber in the presence of Bronsted and 

Lewis acids. 

Scheme 5.1 shows the mechanism that is believed to occur during 

cleavage/alkylation.108  The two reactions, cleavage and alkylation, are competitive.  

Both proceed from the same carbocation, which forms from the protonation of the 

residual isoprene double bond by H2SO4.  In the presence of a Lewis acid, the 

carbocation can then react in one of two ways.  It can react directly with the phenoxy 

quencher via a Friedel Crafts alkylation, resulting in the alkylation of the polymer 

backbone.  This has been termed backbone quenching.  The other reaction, which 

represents the primary chain degradation mechanism and is driven by relief of steric 

strain, is β-cleavage of the carbocation to form two chain ends, which then both undergo 

Friedel-Crafts alkylation with the phenoxy quencher.  Cleavage is most prevalent during 

the beginning stages of the reaction and results in significant molecular weight 

degradation. 

 Interestingly, the nature of the phenoxy quencher apparently influences the 

likelihood of -cleavage vs. backbone quenching.  When using (3-
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bromopropoxy)benzene as the quenching substrate, Campbell et al. reported that sites 

that had undergone backbone quenching during the early stages of the reaction were 

susceptible to retro Friedel-Crafts alkylation, leading to a second-stage 

cleavage/alkylation sequence.108  This process was reported to be much slower, and 

relatively long reaction times (~24 h) were required to reach very low nM  PIBs.  

Notably, this second-stage chain breaking mechanism, and its progenitor, retro Friedel-

Crafts alkylation, does not appear to occur in the case of hindered phenolic quenchers.  

The progression of nM  values in Table 5.1, Trials 1-3, showed that when using DTP as a 

quenching substrate, the cleavage/alkylation reactions proceeded quickly at early time 

frames (as evidenced by an immediate reduction in the polymer nM ), and were generally 

stable after 4 h.  The nM ’s of the 4 aliquots taken during Trial 1 showed a continual, 

slow decrease in nM , but the later decreases were minor compared to the very large drop 

in molecular weight that occurred during the first 4 h of the reaction.  This same pattern 

was especially pronounced in Trial 2, where the total drop in nM  between the 4 h and 

the 24 h aliquot was only 3,000 g/mol. 

Generally, the nM ’s for each aliquot taken in Trial 2 were significantly lower 

than those isolated in Trial 1.  This was expected, as Trial 2 was formulated to contain 

half the concentration of DTP used in Trial 1.  Although the concentration of DTP was 

decreased by a factor of 2, this didn’t necessarily correlate to a decrease in nM  by a 

factor of 2.  Interestingly, the 4 h aliquot for Trial 1 possessed an nM  that was 1.88 times 
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higher than the 4 h aliquot in Trial 2; as reaction time increased, this ratio fell to about 

1.82. 

Trial 3 was formulated with the same DTP concentration and half the TiCl4 

concentration as Trial 2, to provide insight into the effect of TiCl4 concentration on the 

reaction kinetics.  As expected, the PIB isolated at 4 h for Trial 3 possessed a higher nM  

than the PIB taken at 4 h in Trial 2, but the PIB isolated at 8 h in Trial 3 began to 

approach the nM  for the PIB isolated at 4 h in Trial 2.  Another significant finding in 

Trial 3 resulted from the decision to decrease the TiCl4 concentration and take aliquots 

early in the reaction, which provided insight into the cleavage/alkylation behavior during 

the initial reaction phase.  The PIB isolated at 2 h possessed a nM  of 85,270 g/mol, and 

the nM  continued to decrease until the 4 h mark (~53,730 g/mol) after which the 

degradation rate began to slow dramatically.  This supports the findings of Campbell et 

al., which showed that the main chain breaking process occurred early in the reaction but 

slowed considerably at longer reaction times.34 

Table 5.2 Cleavage/alkylation Reaction of Butyl Rubber in the Presence of DTP 
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a mmol/IP repeat units/L 
b g/mol 

 

To further understand the chain degradation process at short reaction times, an 

experiment was carried out under identical conditions to Trial 1, but aliquots were taken 

at 1 h intervals for 6 h, after which the reaction mixture was quenched.  The nM  and Fn 

for each aliquot are listed in Table 5.2, and the GPC chromatograms are shown in Figure 

5.5.  As expected, extensive cleavage of the butyl rubber was observed within the first 

hour of the reaction.  Interestingly, the cleavage reaction slowed considerably after 1 h, 

but the Fn showed a significant increase between the 1 h and 2 h aliquots.  This suggests 

that residual isoprene unsaturations were present after 1 h, which were subsequently 

protonated and functionalized.  

Trial [Butyl]a [DTP] 

(mM) 

[TiCl] 

(mM) 

Time 

(h) 
nM b (Ð) 

EWQ
b 𝐈𝐁

𝑸
 

Fn 

4 0.101 0.426 0.0854 1 71,050 

(1.67) 

8,886 152.8 7.99 

    2 72,630 

(1.62) 

6,982 119.3 10.4 

    3 68,160 

(1.73) 

5,882 100.0 11.6 

    4 67,370 

(1.60) 

6,349 108.2 10.6 

    5 65,430 

(1.62) 

5,835 99.17 11.2 

    6 65,470 

(1.60) 

5,446 92.33 12.0 
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Figure 5.5 GPC chromatograms of the aliquots obtained from Trial 4 compared to Butyl 

068. 

5.4.2 Proton NMR Assignments and Determination of Number Average 

Functionality (Fn) and Functional Equivalent Weight (EWQ).   

Fn and EWQ were calculated using a modification of a method previously reported 

by Campbell et al.108 The latter report involved the use of (3-bromopropoxy)benzene as 

quencher.  The –CH2Br protons of the resulting quencher residues within the product 

gave well resolved peaks in 1H NMR, allowing for easy integration and quantification of 

functionality.108  Additionally, (3-bromopropoxy)benzene has been reported to alkylate 

solely at the para-position relative to the alkoxy moiety, and there are no other 

substituents on the ring.  This results in clearly defined doublets in the aromatic region.96  

The use of DTP, however, results in a plurality of structures and a more complex 1H 

NMR spectrum.   
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Figure 5.6 1H NMR spectrum (300 MHz, CDCl3, 23 °C) of the reaction product of Trial 

1, Table 5.1 after cleavage/alkylation in the presence of DTP for 24 h. 

As described in the seminal publication on phenoxy quenching by Morgan et al., 

the use of DTP to quench living PIBs results in a combination of di-tert-butylated and 

mono-tert-butylated structures; the latter result from de-tert-butylation, which proceeds 

via a retro Friedel-Crafts mechanism.  This combination of products results in multiple 

peaks in the aromatic region, ranging from 6.50-7.20 ppm and multiple peaks in the 4.5-

5.1 region due to the resonance signals of the phenolic hydroxyl proton of various mono- 

and di-alkylated phenolic species.  The aliphatic protons from the tert-butyl groups of the 

mono- and di-tert-butylated products are not useful for characterizing the various 

quenched structures because they possess chemical shifts between 1.36-1.40 ppm, which 

overlap directly with the resonance signals of the methylene groups of the PIB backbone. 

Figure 5.6 shows the 1H NMR spectrum of Butyl 068 after cleavage/alkylation in 

the presence of DTP (Trial 1, Table 5.1).  A high expansion of the aromatic region is 
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shown in Figure 5.7, which was measured on a 600 MHz NMR to provide better 

resolution.  The phenolic proton resonances of the di-tert-butyl phenol and mono-tert-

butyl phenol residues each appear as a set of two peaks: an intense singlet representing 

the more numerous backbone-quenched residues and a doublet of lesser intensity 

representing the less numerous chain end-quenched residues.  These peak sets appear in 

the range 4.93-5.01 ppm for the di-tert-butyl species (peaks a and a) and 4.53-4.68 ppm 

for the mono-tert-butyl species (peaks b and b).  With regard to the aromatic region, the 

normal quenched structures, i.e., those that retain both tert-butyl groups, are symmetrical 

and possess two equivalent protons that appear as a sharp singlet at 7.06 ppm (peak c) for 

the more numerous backbone-quenched residues and another sharp singlet at 7.15 ppm 

(peak c) for the less numerous end-quenched residues.  The de-tert-butylated structures 

are asymmetrical, and each possesses three non-equivalent aromatic protons.  For the 

backbone-quenched residues, the new proton that replaces the tert-butyl group appears as 

an upfield doublet (peak f) at 6.53 ppm.  It is coupled to neighboring proton, e, which 

appears as a downfield doublet at 6.94 ppm.  The proton adjacent to the remaining tert-

butyl group, d, appears as a broad singlet at 7.18 ppm.  For the end-quenched residues, 

the d proton resonance appears as a sharp singlet at 7.15 ppm.  The f and e proton 

residues overlap with other peaks and are difficult to see at 300 MHz, but their 

approximate locations are indicated in Figure 5.6.  These proton resonances, however, are 

easily resolved at 600 MHz as shown in Figure 5.7.  The higher resolution spectrum also 

reveals three-bond coupling between protons d and e. 
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Figure 5.7 1H NMR spectrum (600 MHz, CDCl3, 23C, expansion of aromatic region) of 

the cleavage/alkylation reaction product of Butyl 068 with DTP 

The functional equivalent weight, EWQ, of the product after cleavage/alkylation 

was calculated using eq 1, which is similar to eq 3 from Campbell et al.108: 

IP
Q IB DTP DTP MTP MTP

IB

MIB
EW M f M f M

Q n

 
= + + + 

 
    (1) 

MIB and MIP are, respectively, the molecular weights of the IB repeat unit (56.1 g/mol) 

and the IP repeat unit (68.1 g/mol).  MDTP and MMTP are the molecular weights of the di-

tert-butyl phenol quencher (206.33 g/mol) and the effective mono-tert-butyl phenol 

quencher (150.22 g/mol).  As discussed above, the resonance signals of the phenolic 

hydroxyl protons display two chemical shifts: for the di-tert-butyl species, the shift is 

between 4.92-5.02 ppm, and for the mono-tert-butyl species, between 4.46-4.60.  The 

integrated areas of these peaks were determined and designated ADTP and AMTP, 
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respectively.  The fraction of di-tert-butyl species, fDTP, was calculated as ADTP/(ADTP + 

AMDT), and the fraction of mono-tert-butyl species, fMTP, was calculated as 1-fDTP.  IB/Q 

is the mole ratio of IB units to Q units in the product and was calculated using eq 2, 

1.11

DTP MTP

A 6IB

Q A A
=

+
      (2) 

where A1.11 is the area of the peak from 0.95 to 1.22 ppm, representative of the gem-

dimethyl protons of the PIB backbone.  Number average functionality, Fn, of the 

cleaved/alkylated polymers was calculated via the method reported previously.108  

 Figure 5.8 shows the 1H NMR spectrum of Butyl 068 after cleavage/alkylation in 

the presence of a lesser concentration of DTP (Trial 2, Table 5.1).  As discussed earlier, 

decreasing quencher concentration depresses backbone quenching relative to cleavage.  

This leads to a lower molecular weight product and a greater fraction of chain end-

quenched structures.  This can be readily observed in Figure 5.8 as an increase in the 

intensity of peaks a and b relative to peaks a and b.  The greater fraction of chain-end 

quenched structures can also be observed in the aromatic region.  Peaks c, d, e, and f 

are all of higher intensity relative to peaks c, d, e, and f. 
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Figure 5.8 1H NMR spectrum (300 MHz, CDCl3, 23 °C) of the reaction product of Trial 

2, Table 5.1, after cleavage/alkylation in the presence of DTP for 24 h. 

 Figure 5.8 shows the 1H NMR spectrum of Butyl 068 after cleavage/alkylation in 

the presence of a lesser concentration of DTP (Trial 2, Table 5.1).  As discussed earlier, 

decreasing quencher concentration depresses backbone quenching relative to cleavage.  

This leads to a lower molecular weight product and a greater fraction of chain end-

quenched structures.  This can be readily observed in Figure 5.8 as an increase in the 

intensity of peaks a and b relative to peaks a and b.  The greater fraction of chain-end 

quenched structures can also be observed in the aromatic region.  Peaks c, d, e, and f 

are all of higher intensity relative to peaks c, d, e, and f. 

5.4.3 Characterization via FTIR Spectroscopy.   

The products from Trials 1 and 2, both of which were isolated after reacting for 

24 h, were characterized via FTIR spectroscopy.  A sample of monofunctional PIB that 
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was synthesized via living polymerization and terminated with methanol (resulting in 

tertiary chloride end groups) was also characterized and used as a reference.  The latter 

sample will be referred to as 56K-PIB-Cl.  Figure 5.9 shows an overlay of the FTIR 

spectra of 56K-PIB-Cl and the product obtained from Trial 1 (hereinafter referred to as 

55K-PIB-DTP). The presence of the tert-butylphenol quencher moieties within 55K-PIB-

DTP is indicated by the two peaks in the region between 3600-3700 cm-1, which are 

characteristic of the free hydroxyl of alkylated phenols.250  The spectrum of the reference 

sample does not display these two peaks.  Figure 5.10 shows similar data for the product 

obtained from Trial 2 (30K-PIB-DTP). 

5.4.4  Thermal Decomposition Behavior.   

Sufficiently convinced of the utility of DTP as a quenching substrate for 

cleavage/alkylation reactions on butyl rubber, we next set out to determine the thermal 

decomposition behavior of these systems.  Although polyolefins possess excellent 

resistance to chemical degradation (due to the saturated C-C bonds within the polyolefin 

backbone), thermo-oxidative degradation has been shown to occur via radical chain 

scission mechanisms.220  For this reason, commercial polyolefins are often formulated to 

include UV stabilizers and radical inhibitors to extend the polymer lifetime. 
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Figure 5.9 FTIR spectra of the product of Trial 1 after 24 h (55K-PIB-DTP) and a PIB 

sample containing tert-chloride end-groups (56K-PIB-Cl). 

 

Figure 5.10 FTIR spectra of the product of Trial 2 after 24 h (30K-PIB-DTP) and a 56K-

PIB-Cl. 

 To test the thermal resistance of DTP-modified PIBs, TGA analysis was 

performed under N2 atmosphere (Figure 5.11) and in air (Figure 5.12).  For comparison, 

two unfunctionalized PIBs prepared via living polymerization of IB and quenched with 

methanol (resulting in tert-chloride chain ends) and two commercial polyisobutylenes 
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(Oppanol B14 SFN and Oppanol B15 SFN) were also tested.  Mass-loss data from 

Figures 5.11 and 5.12 are listed in Table 5.3. 

An overlay of the TGA curves from the experiments performed in N2 (Figure 

5.11) show that, as expected,  (T10) between 360-370 °C, which has consistently been 

shown to be the onset of the degradation temperature of PIB.69,220 Interestingly, both 

commercial PIBs displayed a slightly higher (380 °C) T10.  As the degradation profiles 

approached the 50% mass loss threshold (T50) the unfunctionalized PIBs began to 

separate from the commercial and DTP-functionalized PIBs but were still within a 

narrow temperature range (397-411 °C).  The unfunctionalized samples reached 100% 

mass loss in the 430-440C range; whereas the commercial and DTP-functionalized 

samples reached 100% mass loss in the 445-470C range.  

Polyolefins generally display high resistance to thermal degradation while in inert 

atmospheres,220 but are especially susceptible to thermo-oxidative degradation in the 

presence of pure oxygen or air.251,252,253  Figure 5.12 shows an overlay of the TGA curves 

from the experiments performed in an air atmosphere, and the change in the degradation 

profiles of the PIB samples is readily apparent.  For the unfunctionalized PIBs 

synthesized via living polymerizations, the T10 and T50 values are significantly lower than 

the corresponding values calculated from the test performed in N2.  
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Table 5.3 Thermal Degradation Behavior of DTP Functionalized PIBs and Unfunctionalized PIBs 

 

 

 

 

 

 

 

 

 

 

 

Sample 
nM a (Ð) 

N2 Air 

T10 T50 T100 T10 T50 T100 

56K-PIB-Cl 55,650 (1.07) 366.03 397.74 431.74 311.69 356.58 387.24 

111K-PIB-Cl 110,800 (1.09) 370.17 398.65 437.01 316.79 352.94 385.50 

Oppanol B14 SFN 64,500 (1.60) 380.50 408.46 445.14 326.21 378.15 419.39 

Oppanol B15 SFN 74,100 (1.53) 381.36 410.91 447.3 343.00 388.05 426.78 

30K-PIB-DTP 29,990 (1.51) 366.28 406.53 448.57 327.38 383.58 546.34 

55K- PIB-DTP 54,640 (1.51) 366.89 407.48 468.37 339.17 387.87 547.52 
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Figure 5.11 TGA overlay of various PIB samples degraded in an N2 atmosphere. 

 

Figure 5.12 TGA overlay of various PIB samples degraded in an air atmosphere. 

The most significant result from this series of TGA experiments is the degradation 

profiles of the DTP-functionalized PIBs.  Compared to the living PIBs, these modified 
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PIBs displayed significantly higher T10 and T50 values. Comparison of the degradation 

profiles of the commercial PIBs and the DTP-functionalized PIBs is not as 

straightforward. The higher Mn DTP-functionalized PIB (56K-PIB-DTP) displayed a 

significantly higher T10 compared to the 30K-PIB-DTP and Oppanol B14 SFN materials 

but displayed a slightly lower T10 than Oppanol B15 SFN. As these systems approached 

T50, the degradation profiles began to overlap; beyond T50, the DTP-functionalized PIBs 

began to outperform the commercial PIBs. These results suggest that Mn and Fn of the 

DTP-functionalized PIBs may influence the onset of degradation, but the overall 

degradation profile of the PIB-DTP samples seems to be unaffected. These trends also 

suggest that the DTP functionalized PIBs possess a greater resistance to thermo-oxidative 

degradation, presumably due to radical suppression and sequestration. 

Whereas TGA experiments can give a fundamental understanding of the 

degradation behavior of polymers, other tests are more suitable to measure the oxidative 

stability of polyolefins.  One such test, Oxidative Induction Time (OIT), is often 

performed in the polyolefin industry as an accelerated aging test to provide an estimate of 

the performance lifetime of a specific polymer or formulation.  OIT tests are usually 

performed on a differential scanning calorimeter (DSC) using a known sample weight in 

an uncovered copper or aluminum sample pan.223  The sample is quickly heated in an N2 

environment, then held isothermally at an elevated temperature for a short duration, after 

which the environment transitions to pure oxygen or dry air.  The time until the onset of 

oxidation, which is an exothermic phenomenon, is monitored by tracking the heat flow 

within the sample.  Longer induction times are indicative of higher resistance against 

oxidative degradation, and consequently, a longer service lifetime.  OIT measurements 
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were performed at 200 °C in dry air according to ASTM D3895-14 on the 5 samples 

listed in Table 5.3, and the results are plotted in Figure 5.13.  Table 5.4 lists the OIT, 

which was measured using TA Universal Analysis software. 

 

Figure 5.13 OIT measurements of unfunctionalized PIBs, commercially available PIBs 

(Oppanol B14 SFN and B15 SFN), and DTP-functionalized PIBs synthesized via the 

cleavage/alkylation reaction of Butyl 068. 

Table 5.4 Oxidation Induction Time Measurements for Various PIB Samples 

Sample OIT 

56K-PIB-Cl 0.69 

111K-PIB-Cl 5.40 

Oppanol B14 SFN 0.59 

Oppanol B15 SFN 0.26 

30K-PIB-DTP - 

55K-PIB-DTP - 
 

Figure 5.13 shows the results of OIT testing.  For the two unfunctionalized PIBs 

produced by living polymerization, the lower molecular weight sample showed oxidative 

degradation almost immediately after switching from N2 to air, but the higher molecular 

weight sample showed a delayed oxidation onset by about 4 min. Both Oppanol samples 

also showed immediate oxidative degradation. This suggests a direct correlation between 

the onset of oxidation and the molecular weight of the sample.  The most significant 
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observation, however, is the stark difference between the DTP-functionalized and the 

unfunctionalized and commercial PIB samples.  The DTP-functionalized PIBs exhibited 

excellent resistance to oxidative degradation due to the incorporation of DTP to the 

polymer backbone.  Notably, the lower molecular PIB-DTP sample does begin to show 

signs of oxidative degradation towards the end of the test, but the exotherm is 

significantly broader than the unfunctionalized and commercial PIB samples.  

Comparatively, the higher molecular weight PIB-DTP shows very little exotherm 

throughout the test, probably due to the higher nM  and higher amount of DTP 

incorporated into the polymer backbone. 

5.5 Conclusion 

We have developed a novel synthetic route towards moderate molecular weight 

multifunctional polyisobutylenes bearing covalently-bound hindered phenols.  By 

modifying the quenching conditions during the cleavage/alkylation process, a wide range 

of PIB molecular weights and functionalities can be isolated, and a general understanding 

of the quenching kinetics has been described. 

been described.  

The thermal degradation behavior of a selection of the functionalized PIBs was 

compared to unfunctionalized PIBs synthesized via living polymerization and to a 

commercial PIB, using an inert atmosphere as well as an oxygen containing atmosphere.  

The functionalized PIBs displayed characteristic degradation behaviors in the inert 

atmosphere but exhibited higher degradation temperatures in the oxygen atmosphere 

compared to the unfunctionalized and commercial PIBs. 
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Finally, we have demonstrated that the DTP-functionalized PIBs exhibit superior 

resistance towards oxidative degradation compared to the commercial and 

unfunctionalized PIBs.  We showed that OIT measurements indicate a direct correlation 

between oxidation resistance and increasing PIB molecular weight.  However, OIT 

measurements indicate that even the lowest molecular weight PIB-DTP, which begins to 

show oxidative degradation towards the latter portion of the OIT test, exhibits superior 

resistance to oxidative degradation compared to unfunctionalized and commercial PIBs. 

The incorporation of covalently-bound antioxidants onto PIB represents a new 

paradigm in oxidation-resistance polyolefins.  These functional polymers, and the process 

through which they are synthesized, have potential applications as lubricating oil 

additives, PIB adhesives and sealants, and new families of highly resistant PIB 

thermoplastics. 
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APPENDIX A – Supporting Figures 

 

Figure A.1 1H NMR (300 MHz, DCM-d2, 25 C) spectrum of the (3-

bromopropoxy)benzene- functionalized PIB macromer obtained from the 

cleavage/alkylation reaction of ExxonMobil Butyl 365, using the conditions listed in 

Table 2.1, Trial 1. 
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Figure A.2 1H NMR (300 MHz, DCM-d2, 25 C) spectrum of the acrylate-functionalized 

PIB macromer (17,400 Acrylate) derived from Butyl 365.  This macromer was 

synthesized via a nucleophilic substitution reaction using potassium acrylate and the 

product from Table 2.1, Trial 1. 
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Figure A.3 1H NMR (300 MHz, DCM-d2, 25 C) spectrum of the methacrylate-

functionalized PIB macromer (17,450 Methacrylate) derived from Butyl 365.  This 

macromer was synthesized via a nucleophilic substitution reaction using potassium 

methacrylate and the product from Table 2.1, Trial 1. 
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Figure A.4 1H NMR (300 MHz, DCM-d2, 25 C) spectrum of a (3-

bromopropoxy)benzene-functionalized PIB macromer obtained from the 

cleavage/alkylation reaction of ExxonMobil Butyl 068, using the conditions listed in 

Table 2.1, Trial 2. 
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Figure A.5 1H NMR (300 MHz, DCM-d2, 25 C) spectrum of an acrylate-functionalized 

PIB macromer (12,900 Acrylate) derived from Butyl 068.  This macromer was 

synthesized via a nucleophilic substitution reaction using potassium acrylate and the 

product from Table 2.1, Trial 2.
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Figure A.6 1H NMR (300 MHz, DCM-d2, 25 C) spectrum of a (3-

bromopropoxy)benzene-functionalized PIB macromer obtained from the 

cleavage/alkylation reaction of ExxonMobil Butyl 068, using the conditions listed in 

Table 2.1, Trial 3.
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Figure A.7 1H NMR (300 MHz, DCM-d2, 25 C) spectrum of an acrylate functionalized-

PIB macromer (28,000 Acrylate) derived from Butyl 068.  This macromer was 

synthesized via a nucleophilic substitution reaction using potassium acrylate and the 

product from Table 2.1, Trial 3.
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Figure A.8 1H NMR (300 MHz, DCM-d2, 25 C) spectrum of a (3-

bromopropoxy)benzene-functionalized PIB macromer obtained from the 

cleavage/alkylation reaction of ExxonMobil Butyl 068, using the conditions listed in 

Table 2.1, Trial 4. 
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Figure A.9 1H NMR (300 MHz, DCM-d2, 25 C) spectrum of an acrylate-functionalized 

PIB macromer (39,400 Acrylate) derived from Butyl 068. This macromer was 

synthesized via a nucleophilic substitution reaction using potassium acrylate and the 

product from Table 2.1, Trial 4. 
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Figure A.10 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of monofunctional exo-olefin-

terminated PIB (83% exo olefin, 17% tert-chloride). 
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Figure A.11 High expansion of the gas chromatogram of C12 oligoisobutylene, injected at 

180 ºC with a flow rate of 1.3 mL/min.  The chromatogram is characterized by relative 

signal intensity (arbitrary units).
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Figure A.12 Electron-impact mass chromatogram (m/z 0-200) of C12 oligoisobutylene, 

with electron ionization energy of 35.3 eV, trap current of 250 µA, and source 

temperature of 162 °C. 
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Figure A.13 High expansion of the gas chromatogram of C16 oligoisobutylene, injected at 

180 ºC with a flow rate of 1.3 mL/min.  The chromatogram is characterized by relative 

signal intensity (arbitrary units). 



 

172 

 

 

Figure A.14 Electron-impact mass chromatogram (m/z 0-260) of C16 oligoisobutylene, 

with electron ionization energy of 35.3 eV, trap current of 250 µA, and source 

temperature of 162 °C. 
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Figure A.15 High expansion of the gas chromatogram of C20 oligoisobutylene, injected at 

180 ºC with a flow rate of 1.3 mL/min.  The chromatogram is characterized by relative 

signal intensity (arbitrary units). 
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Figure A.16 Electron-impact mass chromatogram (m/z 0-260) of C20 oligoisobutylene, 

with electron ionization energy of 35.3 eV, trap current of 250 µA, and source 

temperature of 162 °C. 
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Figure A.17 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of tert-chloride PIB obtained 

by termination of living PIB with excess methanol (pre-quench aliquot).  -70 ºC; 60/40 

methyl chloride/hexane; [bDCC] = 0.020 M; [IB] = 2.0 M; [2,6 lutidine] = 0.003 M; 

[TiCl4] = 0.020 mol L-1.  (Expansion of Figure 3.1A).
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Figure A.18 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of PIB quenched with AN.  -

70 C; 60/40 methyl chloride/hexane; [AN]/[CE] = 2.0; [TiCl4]eff = 4[CE]; quenching 

time = 4 h.  About 40% tert-chloride chain ends remain.  (Expansion of Figure 3.1B). 
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Figure A.19 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of PIB quenched with AN.  -

70 C; 60/40 methyl chloride/hexane; [AN]/[CE] = 2.0; [TiCl4]eff = 4.5[CE]; quenching 

time = 4 h.  Chain ends have suffered extensive rearrangement.  (Expansion of Figure 

3.1C).
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Figure A.20 MHz, CDCl3, 25 °C) spectrum of the isolated product from the Ritter 

reaction of monofunctional exo-olefin PIB with AN in hexane.  25 C; [CE] = 0.0322 M; 

[AN] = 0.694 M; [H] = 0.836 M; reaction time = 12 h. 
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Figure A.21 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with AN in toluene.  25 C; [CE] = 

0.0322 M; [AN] = 0.694 M; [H] = 0.836 M; reaction time = 12 h. 
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Figure A.22 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with AN in chloroform.  25 C; 

[CE] = 0.0322 M; [AN] = 0.694 M; [H] = 0.836 M; reaction time = 12 h. 
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Figure A.23 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with AN in DCM.  25 C; [CE] = 

0.0322 M; [AN] = 0.694 M; [H] = 0.836 M; reaction time = 12 h. 
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Figure A.24 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with AN in THF.  25 C; [CE] = 

0.0322 M; [AN] = 0.694 M; [H] = 0.836 M; reaction time = 12 h. 
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Figure A.25 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with AN in glyme.  25 C; [CE] = 

0.0322 M; [AN] = 0.694 M; [H] = 0.836 M; reaction time = 12 h. 
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Figure A.26 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with AN in MIBK.  25 C; [CE] = 

0.0322 M; [AN] = 0.694 M; [H] = 0.836 M; reaction time = 12 h. 
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Figure A.27 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with AN in cyclohexanone.  25 C; 

[CE] = 0.0322 M; [AN] = 0.694 M; [H] = 0.836 M; reaction time = 12 h. 
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Figure A.28 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with acetonitrile in DCM.  25 C; 

[CE] = 0.0325 M; [AceN] = 0.703 M; [H] = 0.844 M; reaction time = 12 h. 
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Figure A.29 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of 11-bromoundecan-1-ol. 
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Figure A.30 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of 11-cyanoundecan-1-ol. 
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Figure A.31 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of 11-cyanoundecane acrylate 

(CUA). 
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Figure A.32 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with CUA, using H2SO4 in DCM.  

25 C; [CE] = 0.0322 M; [CUA] = 0.154 M; reaction time = 12 h. 
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Figure A.33 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with CUA, using AcOH in DCM.  

25 C; [CE] = 0.0322 M; [CUA] = 0.154 M; reaction time = 12 h. 
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Figure A.34 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with CUA, using a 75:25 (v/v) 

mixture of AcOH:H2SO4 in DCM.  25 C; [CE] = 0.0322 M; [CUA] = 0.154 M; reaction 

time = 12 h. 
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Figure A.35 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with CUA, using a 90:10 (v/v) ratio 

of AcOH:H2SO4 in DCM.  25 C; [CE] = 0.0322 M; [CUA] = 0.154 M; reaction time = 

12 h. 
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Figure A.36 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with AN, using a 90:10 (v/v) ratio of 

AcOH:H2SO4 in DCM.  25 C; [CE] = 0.0322 M; [CUA] = 0.154 M; reaction time = 12 

h.  
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Figure A.37 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with CUA, using a 90:10 (v/v) ratio 

of AcOH:H3PO4 in CHCl3.  25 C; [CE] = 0.0322 M; [CUA] = 0.154 M; reaction time = 

12 h. 
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Figure A.38 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with CUA, using H3PO4 in CHCl3.  

25 C; [CE] = 0.0322 M; [CUA] = 0.154 M; reaction time = 12 h. 
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Figure A.39 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with CUA, using HCl (aq) in 

CHCl3.  25 C; [CE] = 0.0322 M; [CUA] = 0.154 M; reaction time = 12 h. 
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Figure A.40 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with CUA, using HI(aq) in CHCl3.  

25 C; [CE] = 0.0322 M; [CUA] = 0.154 M; reaction time = 12 h. 
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Figure A.41 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with CUA, using DCAc in CHCl3.  

25 C; [CE] = 0.0322 M; [CUA] = 0.154 M; reaction time = 12 h. 
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Figure A.42 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with CUA, using HCl(g) in CHCl3.  

25 C; [CE] = 0.0322 M; [CUA] = 0.154 M; reaction time = 12 h. 



 

201 

 

 

Figure A.43 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the isolated product from 

the Ritter reaction of monofunctional exo-olefin PIB with CUA, using HI(g) in CHCl3.  

25 C; [CE] = 0.0322 M; [CUA] = 0.154 M; reaction time = 12 h. 
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Figure A.44 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of C12 oligoisobutylene. 
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Figure A.45 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of C16 oligoisobutylene. 
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Figure A.46 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of C20 oligoisobutylene. 
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Figure A.47 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the acrylamide product 

isolated from Trial 3.1. 
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Figure A.48 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the acrylamide product 

isolated from Trial 3.2. 
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Figure A.49 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the acrylamide product 

isolated from Trial 3.3. 
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Figure A.50 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the acrylamide product 

isolated from Trial 3.4. 
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Figure A.51 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the acrylamide product 

isolated from Trial 3.5. 
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Figure A.52 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of the acrylamide product 

isolated from Trial 3.6. 
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Figure A.53 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of tert-butyl acrylamide, 

isolated from Trials 3.4-3.6. 
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