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Copolymers of ethylene with acrylic acid, propylene, and alkyl vinyl ethers were 

synthesized by a well-known olefin metathesis polymerization-hydrogenation approach 

enabling the preparation of three unique groups of sequenced ethylene-based materials 

including ethylene-co-acrylic acid (EAA), ethylene-co-methyl vinyl ether (EMVE), 

ethylene-co-ethyl vinyl ether (EEVE), and ethylene-co-propylene (EP) materials.  

Applying acyclic diene metathesis (ADMET) polymerization of symmetrical α,ω-dienes, 

unsaturated copolymers were isolated that, upon exhaustive hydrogenation, were 

converted to ethylene copolymers with pendant functionality evenly spaced along the 

polymer backbone.  This approach grants absolute control ethylene sequence length 

distribution, functional group identity, and pendant branch concentration producing 

pristine copolymer microstructures, and the effects on polymer morphology are apparent 

upon structural analysis by 1H and 13C nuclear magnetic resonance (NMR) and Fourier 

transform infrared (FT-IR) absorbance, as well as thermal analysis using differential 



xx 

scanning calorimetry (DSC) and thermogravimetric analysis (TGA).  The research 

presented in this dissertation is significant to the development of structure-property 

relationships for widely applied commodity polyolefin materials as well as the 

application of the recently recognized olefin metathesis reaction to the preparation of 

highly ordered macromolecules displaying unique material properties based on absolute 

synthetic control over polymer microstructure. 

Chapter 2 reports the application of ADMET and the ring-opening metathesis 

(co)polymerization (ROMP) of functionalized cyclooctenes and cyclooctene to the 

preparation of a family of EAA copolymers generating both sequenced EAA copolymers 

and statistical materials bearing randomly placed carboxylic acid functionality prepared 

at analogous molar compositions of acrylic acid.  Ionomers reported in Chapter 3 from 

sequenced ADMET EAA materials described in Chapter 2 represent the first report of 

any type of ethylene-co-acrylic acid ionomers produced applying olefin metathesis 

polymerization.   As with free acid copolymers, striking differences thermal behavior and 

x-ray scattering patterns relative to parent acid polymers and commercial ionomers 

indicate novel ionomeric morphologies also supported by infrared absorbance and 

preliminary scanning transmission electron micrographs.  Chapter 4 describes the 

preparation of six EMVE and EEVE copolymers applying ADMET methodology 

detailing what is believed to be the first synthesis and structure-property analysis of such 

materials.  In closing, Chapter 5 describes the preparation of two highly-branched, yet 

sequenced, EP materials in the extension of earlier sequenced EP copolymer research 

applying a new monomer synthesis facilitating the creation of shorter ethylene run 

lengths and higher branch contents in ADMET materials.   



1 

CHAPTER 1 
INTRODUCTION 

The pursuit of the mechanistic understanding of olefin metathesis as well as the 

production of novel, more practical transition metal catalysts has driven the prevalent use 

of this mild carbon-carbon double bond scrambling reaction1 and earned the 2005 Nobel 

Prize in Chemistry for Robert H. Grubbs, Richard R. Schrock, and Yves Chauvin for 

their collective effort in the field.2, 3  A brief historical overview of the discipline follows 

describing the early mechanistic studies, the development of homogeneous metal-carbene 

complexes, and the application of the various modes of olefin metathesis to a myriad of 

synthetic bottlenecks (Figure 1-1).   

R R

R R' R R'

Ring-Closing Metathesis (RCM)

R'R R

R'

Ring-Opening Metathesis (ROM)

Cross Metathesis (CM)

R Ring-Opening Metathesis

 Polymerization (ROMP)

Acyclic Diene Metathesis (ADMET)

Polymerization

R R

R

n

n

R

R

R

R'

1     :      2      :     2    :     1

 
Figure 1-1.  Olefin metathesis reactions 
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Sufficient review articles exist detailing the recent synthetic advances in olefin 

metathesis4, 5 including polymer chemistry by acyclic diene metathesis (ADMET),6, 7 

ring-opening metathesis polymerization (ROMP),8, 9 and small molecule chemistry using 

ring-closing metathesis (RCM),10, 11 cross-metathesis (CM),12, 13 and ring-opening 

metathesis (ROM) reactions.14, 15  This chapter will focus on the application of ADMET 

and ROMP chemistry to the synthesis of unsaturated and saturated polyethylene 

copolymers.  Fundamental structural differences between metathesis copolymers and 

traditionally synthesized ethylene copolymers will be discussed, as well as the 

morphological consequences of ethylene sequence length distribution and pendant branch 

frequency as revealed by differential scanning calorimetry.   

History of Olefin Metathesis 

Mechanistic Study of Olefin Metathesis 

Industrial research during the 1950s drove the development and understanding of 

many fundamental synthetic polymer techniques, including the burgeoning of a new 

synthetic field involving reactions of carbon-carbon double bonds.  Initial reports of 

olefin metathesis using high-oxidation state metal catalyst mixtures exist throughout the 

literature of the late 1950s and early 1960s,16-21 but while reactions of propylene 

produced unsaturated polymeric compounds and numerous small molecule olefins, 

ethylene polymerizations were not effective using similar catalyst systems, perplexing 

chemists of the time.  While polymerization experiments continued using ill-defined 

heterogeneous mixtures of molybdenum catalysts and activating agents such as alkyl 

aluminum, Ziegler-Natta molybdenum catalysts were being employed as ROMP initiators 

in the polymerization of various cyclic olefins.  It was also discovered olefin metathesis 
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using ruthenium and rhenium compounds was possible without the addition of activating 

alkyl aluminum species.   

The first related patent arising in 1957 from a DuPont chemist Herbert Eleuterio 

reports the reaction of propylene with a MoO3/Al2O3 catalyst bed producing an ethylene-

propylene copolymer and various gaseous α–olefins.16  A number of reports surfaced 

reporting similar transformations around the same time,17-21 but little in the literature 

granted insight into the mechanistic details of the transformation.   It was Nissim 

Calderon’s discovery of ROMP  using a WCl6 catalyst mixture where he recognized that 

the disproportionation of olefins was responsible for the production of polyalkeneamer 

products22, 23 and unsaturated small molecules.24, 25  He then coined the term “olefin 

metathesis” and continued the explanation of this transformation in a later article, 

although his proposal of a metal complexed cyclobutane intermediate was later proven 

incorrect.23  While experiments continued on various substrates in industrial labs 

throughout the world, a concurrent realization of the chemical transformation was 

reached by Johannes Mol in the Netherlands while performing isotopically labeled 

propylene polymerization experiments.26 

The early 1970s produced numerous reports detailing mechanistic features of olefin 

metathesis from experimental and theoretical approaches using a wide variety of catalyst 

species, most of which fail to accurately describe the currently accepted mechanism 

suggested by Yves Chauvin in 1971.27  Although Calderon’s analysis of numerous 

metathesis reactions lead to his correct structural analysis of reaction products and 

suggestion of double-bond rearrangement, many questions remained concerning catalytic 

intermediates, particularly, the identity of the active species responsible for the chemical 



4 

 

transformation.  Upon comparison of three reports of the time, the similarity between the 

propylene disproportionation from Banks and Bailey at Phillips, Inc.19 and ring-opening 

polymerization of cyclopentenes reported by G. Natta28 in the context of E. Fischer’s 

recently reported tungsten carbene complex29 allowed Chauvin to propose mechanism 

depicted in Figure 1-2.  Although this theory was supported by most scientists at the time, 

the debate continued throughout the following years of research, and, as with most 

cutting edge research, Chauvin’s proposal needed time and experimental evidence before 

it became the widely accepted mechanism of olefin metathesis among the plethora of 

incorrect proposals of the 1970s. 

 
Figure 1-2.  Chauvin mechanism 

Thomas Katz made a significant contribution to the field with his first report on the 

subject in 1975 supporting Chauvin’s mechanism,30 one of the few reports even 

mentioning the three-year-old proposal.  In this seminal report, Katz describes the 

relationship of the starting olefin(s) and the observation that, after reaction with the metal 

center, two unique olefins can be produced upon retro cyclization of the 

metallocyclobutane.  In this case, structural and/or electronic differences in the starting 

olefin(s) yield statistical distributions of products based on stability of the catalytic 

intermediate.  Using this analysis, he also projected the possibility of reaction control 
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allowing production of single compounds or multiple olefinic products in the same 

reaction.  Katz credits Calderon for the initial report, but notes he could not explain the 

presence of multiple olefinic species in product mixtures.  Katz was a true visionary in 

the field not only resolving the mechanism debate, but projecting novel applications of 

the reaction well before their time, paving the road for future catalyst developments.30   

Grubbs was also quick to rationalize the metal carbene, proposing this as the active 

species just after Katz in 1975.  His approach to prove the mechanism involved the use of 

isotopically labeled olefins to track reaction pathways, thereby, allowing more in-depth 

structural analysis of product mixtures and determination of catalytic pathways.31  Katz 

and other researchers continued research involving stable metal carbenes, but most were 

unsuccessful in promoting olefin metathesis.  These developments, however, did lead to 

the preparation of the first reported metal-carbene species by Katz in 1976 that was able 

to initiate the ROMP of cyclopentenes and cyclooctenes.32, 33  As work in the field rapidly 

increased, catalyst development gained momentum as the convergence of polymer 

chemistry and organometallic catalysis was being more widely recognized. 

Metal Carbene Catalyst Development 

The first report of a tantalum carbene complex by Richard Schrock in 1974 began the 

drive for homogenous metathesis catalysis synthesis still developing today, although 

there is no mention the  relevance of this complex to olefin metathesis.34   While many 

Fischer metal carbenes of low oxidation state metals were being produced35, 36 and had 

been applied by Katz in a successful metathesis reactions, the limitations of these 

catalysts were apparent to Schrock who began the synthesis of high oxidation state metal 

carbenes that referred to as metal alkylidenes, since referred to as Schrock carbenes in 

honor of his work.  Tantalum and niobium carbenes developed by Schrock at DuPont 
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allowed production of isolable complexes and were reported as the first metal-carbene 

species shown to undergo the olefin metathesis by reaction with cis-2-pentene.37  The 

catalytic activity of such tantalum compounds was low at best, and further catalyst 

synthesis using tungsten and molybdenum carbenes followed (Figure 1-3).  
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Figure 1-3.  Schrock’s tungsten and molybdenum catalysts 

The isolation of novel metal alkylidene complexes not only began exposing the 

electronic differences in the two types of metal carbenes, 8 but allowed the production of 

highly active, homogeneous metathesis catalysts.  Noting the increased catalytic activity 

of these complexes, researchers began applying these well-defined metal carbenes to 

more and more reactions demonstrating the potential widespread application of these 

transformations, but the highly electrophilic and oxophyllic metal centers created 

limitations of inert reaction conditions and low functional group tolerance.  While 

development of novel high-oxidation state catalysts continued, Grubbs’ focus shifted to 

low oxidation state ruthenium carbenes that ultimately lead to the widespread application 

of the reaction in nearly every area of synthetic research. 

Grubbs Ruthenium Catalysts 

Grubbs’ first work in the field of olefin metathesis was as a postdoctoral researcher 

probing the active species of the transformation in test reactions using the inherently 

unstable, yet highly functional metathesis complexes of the time.  The high oxidation 

state metal center was the focus of his work as it was responsible for promoting 
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metathesis, but also led to fast catalyst decomposition in the presence of trace impurities 

or common polar functional groups.   The recognition of RuCl3 mediated ROMP of a 

strained cyclic olefin under certain conditions lead Grubbs’ synthetic effort into the 

preparation of the first highly active ruthenium (II) catalysts around 199238-40 (Ru1, 

Grubbs’ first generation catalyst) exhibiting greatly enhanced functional group tolerance 

of compared to any current system of the era.  In particular, Ru1 (Figure 1-4) and similar 

compounds were interesting to the catalyst community because the ruthenium carbene 

exhibited features common to both Fischer and Schrock carbenes but were not correctly 

classified as either one.  This created the novel way of thinking in that low and high 

oxidation state metals display a continuum of electronic features, and the alteration of 

catalyst sterics and/or electronics via metal selection and ligand attachment could allow 

production of new, more practical catalysts through synthetic modification.   

A variety of ligands for ruthenium carbenes were prepared and studied to determine 

electronic and steric effects of catalyst modification, but the synthesis of Grubbs’ second 

generation catalyst (Ru2) by the exchange of the N-heterocycle carbene (NHC) ligand 

with one of the phosphine ligands in Ru1 created the highest activity for a ruthenium 

catalyst to date (Figure 1-4).41, 42   
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Figure 1-4.  Grubbs 1st and 2nd generation ruthenium metathesis catalysts 
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Although it seemed Ru2 forecasted the end of high-oxidation state metal metathesis 

catalysts due to comparable activity as well as excellent functional group tolerance,43-45 

the realization of competing olefin metathesis and olefin isomerization reactions created 

questions concerning in depth mechanistic details of the reaction.  The recent isolation of 

a bimetallic ruthenium hydride catalyst decomposition product46 intrigued researchers, 

and could be the culprit causing olefin isomerization commonly observed when using 

Ru2.47-49 Of course, chemists have exploited the notion of facile in situ metal hydride 

preparation to perform tandem metathesis-isomerization49 or metathesis-hydrogenation50 

reactions in one pot, but, through continued academic51 investigation and development of 

industrial scale catalyst synthesis with Materia, Inc.,52 Grubbs continues to drive the 

development of novel catalysts focused on reducing the limitations of ruthenium 

metathesis.  Currently, industry research is focused on applying this versatile 

transformation to many synthetic challenges solving current synthetic problems in 

pharmaceutical, polymer, and petrochemical proecsses spearheading the return of olefin 

metathesis to the industrial setting where research was initiated nearly 50 years ago.   

Olefin Metathesis Polymerization 

The application of olefin metathesis to polymer chemistry through ADMET and 

ROMP transformation has solved many synthetic issues for macromolecular chemists 

allowing the production of many systems unattainable using well-known polymer 

synthesis and modification.  This section of the introduction will discuss the application 

of olefin metathesis to polymer chemistry and the key differences between the two 

polymerizations concerning kinetic and thermodynamic considerations.  Extensive 

literature exists detailing the ADMET and ROMP of various unsaturated compounds, but 

the intent of the following text is to describe the relationship and application of these 
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polymerization techniques to the preparation of functionalized polyethylene materials and 

copolymers.   

Acyclic Diene Metathesis Polymerization 

Acyclic diene metathesis (ADMET) is the conversion of a linear diolefin 

compound to an unsaturated polymer through the repetitive cross metathesis reaction 

producing ethylene as a byproduct (Figure 1-1),53-58  The recent catalyst developments 

have allowed great flexibility in the identity of the R group of the diolefin allowing 

production of many polymers with a polyethylene backbone bearing pendant groups like 

chiral amino acids and peptides,59-62 reactive chloro- and alkoxy silanes,63-67 as well as 

numerous examples of sequenced ethylene-α-olefin copolymers.68-74  The functional 

group tolerance of newer catalyst systems has driven the application of ADMET allowing 

production of many highly functionalized copolymers with thermally stable hydrocarbon 

backbones.6   

The mechanism of ADMET is very similar to any olefin metathesis reaction, but 

the equilibrium involved requires careful reaction setup to afford high molecular weight 

products using this methodology.   Figure 1-5 displays the ADMET mechanism 

illustrating the necessity of ethylene condensate removal, thereby, driving the equilibrium 

reaction to the polymer.  An important feature of ADMET is the active catalyst species, 

the free methylidene, is only produced after the initial metathesis cycle. The benzilydene 

catalyst first reacts with monomer releasing styrene (for Ru1 or Ru2) while producing a 

new metal alkylidene species.  Upon reaction with another monomer unit and formation 

of the metallocyclobutane, retro 2+2 addition releases the methylidene catalyst and one 

dimer molecule.  The newly liberated methylidene then reacts with another monomer, 

releasing ethylene and reforming the metal alkylidene.  The cycle continues as polymer is 
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constructed through a stepwise addition of monomer creating dimer, then trimer, then 

tetramer, etc.   

 
Figure 1-5.  ADMET mechanism 

This type of polymer buildup is typical to all step-growth processes  yielding 

polydispersities near 2.0 also requiring monomer conversions over 95% to achieve high 

molecular weight products.75  Here, monomer purity, catalyst lifetime, and functional 

group tolerance play a significant role in the applicability of ADMET to any type of 

polymer synthesis, and even though Schrock’s catalysts are still readily applied to 

ADMET synthesis, ruthenium catalysis have allowed the preparation of many 

functionalized materials using monomers incompatible with the high oxidation state 

metals.6   

Ring-opening Metathesis Polymerization 

Ring-opening metathesis polymerization (ROMP) is the conversion of strained 

cyclic olefins to unsaturated polymers (Figure 1-1).  This reaction is similar to ADMET 
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polymerization in mechanism, but here, the catalyst species is bound to the polymer chain 

end upon initiation and throughout the polymerization with no production of ethylene 

during the reaction (Figure 1-6).   In this sense, the chain-addition nature of this 

polymerization ROMP is a completely different process from the thermodynamic step-

growth chemistry involved in ADMET polymerization.   
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Figure 1-6.  Abbreviated ROMP mechanism using cyclopentene 

ROMP is a kinetically driven reaction that relies on the release of ring strain of 

cyclic olefins to drive the polymerization.  The metal alkylidene initiator, once reacted 

with monomer in a 2+2 olefin and metal-carbene cyclization, forms a metallocyclobutane 

that undergoes a ROM reaction leaving the newly formed metal alkylidene.  The active 

catalyst species remains bonded to the initiated polymer chain end and continues the 

reaction with new monomer in turn adding monomer sequentially to the polymer 

reproducing a reactive chain end every ROM step.  Polymerization in this manner allows 

the preparation of high molecular weight materials in short reaction times, and chain 

addition chemistry allows the synthesis of a myriad of functional polymers and designer 

materials76, 77 by polymerization of various unsaturated cyclic olefin like cyclopentenes, 

cyclooctenes, and norbornenes.8 
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While catalyst control and polydispersity may be difficult to control during many 

chain polymerization processes, the mild metathesis reaction produces few, if any, 

structural defects during olefin metathesis allowing preparation of many functional 

macromolecules as well as monodisperse polymers via living ROMP9 accessible using 

various molybdenum catalysts78, 79 or ruthenium complexes.80-82  This further illustrates 

the versatility of olefin metathesis, and the fact that the exact same olefin metathesis 

catalyst can perform both step-growth polymerization as a true catalyst and chain-

addition polymerization as an initiator is a testament to the widespread application of this 

transformation for the production of specific macromolecular structures as well as the 

large scale synthesis of commodity materials.83 

Synthesis of Functionalized Polyethylene Copolymers via Olefin Metathesis 

Olefin metathesis can be used to prepare many types of unsaturated copolymers 

that, upon subsequent exhaustive hydrogenation, resemble copolymers of ethylene and 

various polar vinyl monomers (Figure 1-7).   
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Figure 1-7.  Metathesis polymerization-hydrogenation for ethylene copolymers 

Although simple in application, this synthetic methodology enables the preparation 

of a wide variety of novel polyethylene based materials with specific structural features 

unattainable using current chain copolymerization techniques where rampant side 

reactions lead to unwanted branching and random incorporation of functionality (Figure 

1-8).  While ADMET allows the precise placement of pendant functionality and creation 

of a monodisperse distribution of ethylene run lengths throughout a range of comonomers 



13 

 

and comonomer ratios, ROMP allows the preparation of statistically functionalized 

materials exhibiting minimum run length distributions through the copolymerization of 

functionalized cyclic alkenes with cyclic olefins. 

 
Figure 1-8.  Description of commercial radical copolymerization including structural 

features created during the polymerization process 

ADMET Polymerization of α,ω-dienes 

The preparation of sequenced ethylene copolymers via ADMET requires the 

synthesis of appropriately functionalized symmetrical dienes to perform the 

aforementioned polymerization-hydrogenation reactions.  An assortment of ADMET 

monomers has been prepared applying various synthetic techniques allowing creation of 

a wide variety of possible polymer structures.6, 7  Here, the flexibility of ultimate 

saturated copolymer structure and pendant group identity is solely dependant on catalyst 

compatibility or the use of protecting group strategies as applied in Chapter 2 to the 

synthesis of EAA copolymers.  Further discussion concerning polymer structure is 

included in the thermal analysis section of this introduction. 

ROMP Copolymerization of Cyclooctenes  

Unlike ADMET, ROMP utilizes the ring strain of small cyclic compounds like 

cyclooctene to drive the chain-addition polymerization.84  Cyclooctene and functionalized 

cyclooctene derivatives were copolymerized to yield linear, random copolymers (Figure 

1-9).  These unsaturated copolymers were then converted to model copolymers of 
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ethylene and acrylic acid via exhaustive hydrogenation.  This reaction saturates all 

remaining olefin in the polymer affording a copolymer with carboxylic acid functionality 

distributed randomly along the chain.  Comonomer feed ratios were adjusted for 

production of copolymers with varying degrees of functionality.  Although reactivity of 

structurally different cyclooctenes in ROMP is slightly different, Grubbs85 and various 

others86-88 have indicated statistically random incorporation of comonomers is still 

achieved. 

 
Figure 1-9.  Reported cyclooctene monomers - the bottom row has been copolymerized 

with cyclooctene in various experiments 

As sequence lengths are directly controlled via ADMET polymerization, the 

ROMP of asymmetric cyclic olefins creates a distribution of ethylene sequence lengths 

dependant on monomer structure.  Figure 1-10 illustrates the homopolymerization of a 

substituted cyclooctene, whereby, variable sequence length distributions are created due 

to a dependence on monomer orientation when adding to the polymer chain end.  In the 

top reaction, monomers both add in a head-tail fashion producing a seven carbon distance 

between branch points.  This reaction can also occur in and head-to-head sense or a tail-

to-tail addition installing run lengths of 6 and 8 carbons, respectively, as depicted in the 

bottom two monomer additions.  Statistically, these three reactions occur in a 2:1:1 ratio 
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producing an average run length of seven carbons for this particular polymer.  This 

distribution of sequence lengths is significant, especially when applied to ethylene 

copolymer synthesis. 

 
Figure 1-10.  Expected ethylene sequence length distributions for ROMP polymerization 

of 5-cyclooctenes 

Upon ROMP copolymerization of a 5-substituted cyclooctene with cyclooctene,85, 

87, 88 the  distribution of sequence lengths becomes slightly more complex as all 

previously mentioned addition can occur along with the random incorporation of 8 

carbons into the polymer back bone by addition of one unit of cyclooctene.  This creates 

a complex distribution of ethylene run lengths throughout the material as previously 

described leading to distribution of run lengths of [1 (6 + 8(1,2, 3…) : 2 (7 + 8(1,2,3…) : 

1 (8 + 8(1,2,3…)].  Although these materials are referred to as statistically random 

copolymers, the nature of ethylene run lengths is such that functionality is spread 
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throughout the copolymer with pendant groups only as close as six carbons to each other.  

Structurally, these copolymers resemble radically copolymerized ethylene copolymers, 

but the limitation of run length due to the more uniform distribution has significant 

effects on thermal behavior.  

Thermal Analysis of Polyethylene and Related Copolymers  

Copolymerization of ethylene and various vinyl comonomers has been of 

significant interest in the past fifty years,89 and many proprietary processes have been 

developed to access various manifestations of ethylene-based materials through 

incorporation of polar functionality, thereby, generating novel materials performance 

from commodity polymers.90, 91  Specific control over sequence length distribution by 

incorporation of pendant branch units present in comonomers allows access to various 

levels of polymer crystallinity drastically affecting bulk material properties.   

A DSC overlay in Figure 1-11 represents the typical melting profiles for polyolefin 

copolymers illustrating the ability to tune thermal behavior such as melting and 

recrystallization profiles for commercial low-density (Tg= 61oC, Tm= 113oC, ∆Hm= 82 

J/g), high-density (Tm= 133oC, ∆Hm= 203 J/g), and ultra-high molecular weight (Tm= 

135oC, ∆Hm= 157 J/g) polyethylene.  Melting point clearly shifts to higher peak 

temperatures as polymer structure is changed from a randomly branched system to a 

high-molecular weight, linear polymer to an even higher molecular weight material 

exhibiting the dependence of polymer microstructure on chain packing and, ultimately, 

crystallization.  As expected, the more highly-branched low-density polyethylene exhibits 

a lower peak melting point and heat of fusion due to irregular branch frequency typically 

exhibited in highly-branched polyethylenes.  Interestingly, entanglement in the ultra-high 

molecular weight material impedes crystallization owing to a slightly reduced ∆Hm 
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relative to the high-density polymer, but a higher peak melting temperature is observed 

relative to the high-density polymer indicating thicker crystalline lamellae.   

 
Figure 1-11.  Second heating cycle DSC scans of commercial polyethylene samples at 

10oC/min 

A large majority of polymers and plastics used in the world today are produced via 

ethylene-α-olefin copolymerization, and as catalyst modification and materials design 

progress, an ever increasing number of copolymer architectures are being developed 

allowing a more widespread application of commodity materials.  As more practical, 

functional group tolerant homogenous polymerization catalysts are developed, the 

copolymerization of ethylene and polar vinyl monomers produces functionalized 

materials, thereby enabling structural modification through the control of the comonomer 

feed ratio, the reactivity ratio of the two monomers in use, and/or the degree of chain 

transfer during the polymerization.  Industrially, these commercial copolymerization 
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processes are ubiquitous allowing the large-scale synthesis of ever increasing volumes of 

various ethylene-based copolymers each year. 

Ethylene-acrylic acid (EAA) and ethylene-methacrylic acid (EMAA) copolymers 

have been prepared in a wide variety of comonomer compositions being applied to 

numerous applications as the free acid polymers, and, upon neutralization to their 

respective ionic forms, more chemically and physically demanding applications such as 

car bumpers, golf balls, and protective coatings for reactive chemical storage.  

Commercial ethylene-based ionomers create their own class of commodity materials due 

to the bulk properties and morphologies only available in these systems.  The neutralized 

ionomeric forms of EAA and EMAA copolymers have significantly improved the impact 

resistance producing extremely tough thermoplastics due to the well-known three-phase 

morphology described by Eisenberg92 and studied by many others.93-103  Although early 

debate in the field did little to reconcile differences in proposed ionomer morphologies,  

recent high-level secondary structure analysis94, 97, 100-105 along with continued infrared 

absorbance measurements and thermal analysis have proven the existence of all three 

phases in Eisenberg’s proposal including clusters or multiplets of carboxylate-metal ionic 

aggregates, crystalline lamellae from the ethylene backbone, and the remaining 

amorphous material surrounding the aggregates and crystallites.  All commercial ionomer 

produced currently rely on a melt-neutralization of acid copolymers with zinc salts 

usually performed in a twin screw extruder.  While this type of synthetic method is 

amenable to the production of functional ionomers, the mechanical incorporation of the 

zinc cations into the polymer matrix does not necessarily guarantee chemical reaction 

between the protonated carboxylic acid and the zinc salt.   Unfortunately, little agreement 
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has been reached concerning the post-neutralization analysis of ionomers as related to 

metal and free acid concentrations in the final product.  

Figure 1-12 displays the second heating and cooling scans for a family of Nucrel™ 

and Surlyn™ materials.  For the Nucrel copolymers, as the acid content is increased from 

11 wt. % to 19 wt. % methacrylic acid, an expected reduction in both peak melting value 

from 94oC to 87oC and heat of fusion from 85 J/g to 92 J/g.  

 
Figure 1-12.  Second heating cycle DSC scan of commercial carboxylic acid copolymers 

(Nucrel™) and ionomers (Surlyn™) at 10oC/min 

For the neutralized ionomers, you can clearly see the retention of semicrystallinity 

for all materials regardless of neutralization level, with little change in peak melting or 

heat of fusion values.  The clustering and segregation of ionic domains into dense clusters 

has little effect on the crystallization and chin folding for the extended ethylene run 

lengths in the material. 
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While proprietary commercial methods allow the production of various copolymer 

architectures relevant to an ever increasing number of end-use applications by materials 

modification, ultimate structure control is difficult to obtain applying chain 

copolymerization methodology.  For proper examination of fundamental 

structure-property relationships and determination of key factors related to ultimate bulk 

copolymer morphology, the creation of model materials with utmost control of polymer 

microstructure is required, and the recent application of olefin metathesis to these 

synthetic challenges are reviewed in the next section.  Although many synthetic strategies 

have been used to prepare similar copolymers, metathesis polymerizations not only offers 

facile synthesis of model copolymers but also the ability to control functional group 

placement and molecular weight while maintaining ultimate control over polymer 

branching, the major influencing factors of polymer crystallization and bulk morphology. 

Sequenced Polyolefins via ADMET 

The thermal analysis data from many sequenced ethylene copolymers prepared via 

ADMET has been discussed in individual reports and review articles6, 7 detailing trends 

among the specific families of equivalently functionalized materials.  Brief discussion is 

included within some experimental details and discussion, and one specific report 

comparing the thermal response of ADMET polyethylene copolymers with pendant 

functionality on every 18th carbon with a trend of decreasing melting point and heat of 

fusion with increase in relative van der Waals radius of the pendant group on the 

polymer.68   Conclusive delineation of factors controlling crystallization and lamellar 

thickness for these materials are difficult to determine from a single data set from one 

sequence length, and only the direct comparison of a variety of functional groups over 
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multiple run lengths would allow analysis of the broad scope of material properties and 

polymer morphologies accessible applying this synthetic methodology. 

Figures 1-13, 1-14, and 1-15 illustrate the thermal responses for a wide variety of 

ADMET materials synthesized over a decade of research with contributions from 7 

individual Wagener group members, and Table 1-1 displays thermal data compiled for all 

materials discussed in this section.  Materials with pendant functionality every 9, 15, and 

21 carbons in the polymer backbone, including seven novel copolymers reported in 

Chapters 2 and 5 of this dissertation, were selected for presentation as they allow the 

comparison of thermal responses over a range of functionality and branch frequency.  All 

copolymers were analyzed under identical experimental conditions at a scan rate of 

10oC/min with second heating curves displayed.  

Table 1-1.  Thermal characterization data for sequenced ethylene copolymers 
 

Pendant Branch Frequency in Copolymer 
(x value in monomer) 

Monomer Structure 

R2R1

x x  
 

9 (3) 15 (6) 21 (9) 

R1 R2 Tg Tm ∆Hm Tg Tm ∆Hm Tg Tm ∆Hm
CH3 H -60 -12 38 -43 39 82 -43 63 117 
CH2CH3 H -76 u u u -38, -4 32 u 16 53 
nC4H9 H ns ns u 16 54 
nC6H13 H -78   -48 u u u 16 53 
OCH3 H ns u -9 60 u 40 70 
OCH2CH3 H ns u -22 36 u 29 74 
C(O)OH H 22 u u -4 u u u 45 37 
C(O)OH CH3 ns ns u 13 15 
C(O)OCH3 CH3 ns ns u 7 45 
CH2[OCH2CH2]4OH H -69 u u ns u 29 32 
CH3 CH3 -48 u u -39 32 40 u 45 46 
 

   * ns = not synthesized, u = undetected; all reported values of Tm in °C and ∆Hm in J/g. 
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The thermal response of six copolymers functionalized every 9th carbon is shown in 

Figure 1-13.  The morphological effects of regular functionalization along the 

polyethylene backbone is apparent as the steric congestion of pendant branches, 

regardless of functional group identity, renders the material amorphous in all but one 

material in this set of copolymers.  Glass transition temperatures for the majority of the 

materials fell within -80 to -40ºC, typical for polyethylene, displaying little dependence 

on functional group size.  One unique material is the acid functionalized copolymer that 

displays a significantly higher glass transition temperature attributed to extensive 

hydrogen bonding that will be detailed in Chapter 2.  

 
Figure 1-13.  Melting profiles of saturated ADMET polymers with a 9 carbon branch 

frequency 

The only semicrystalline copolymer at this branch frequency includes a precisely 

placed methyl functionality every 9th carbon exhibiting a sharp melting profile, highly 
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unusual for EP copolymers with this level of propylene incorporation.106, 107  

Interestingly, what appears to be an initial relaxation near -60ºC correlates with similar 

glass transition temperatures exhibited by the majority of materials in Figure 1-13 but 

also suggests greater flexibility of lamellar bound polymer chains in the methyl branched 

polymer relative to the amorphous acid functionalized analog exhibiting stiffer polymers 

chains attributed to hydrogen bonding.  

Figure 1-14 displays the thermal profiles for sequenced materials containing a 

branch point every 15th carbon along the polymer backbone, effectively decreasing the 

molar concentration of pendant branches relative to the materials in Figure 1-14.  

Increasing the ethylene sequence length to 14 methylene units promotes crystallization in 

this series of polymers where more than half exhibit some type of melting event upon 

heating.   Once again, the methyl branched polymer is the highest melting material 39 ºC  

and ∆Hm=82 J/g, while the gem-dimethyl branched material melts only 7ºC lower but 

exhibits a 50% reduction in ∆Hm.  The next two curves associated with a methoxy and 

ethoxy branched polymers display the common trend of increasing pendant group size to 

reduction in melting point and heat of melting.  Interestingly, alkyl branched materials all 

tend to display ill-defined melting or multiple relaxations at this run length, and even 

though ethyl branch size is similar to the methoxy group, thermal profiles are much 

different suggesting small dipole-dipole interactions promote crystallization in sequenced 

materials at exact branch frequencies.  Similar to the relationship in Figure 1-13, the acid 

branched copolymer in Figure 1-14 displays a glass transition temperature well above 

other observable relaxations for copolymers at this run length.   
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Figure 1-14.  Melting profiles of saturated ADMET polymers with a 15 carbon branch 

frequency 

Figure 1-15 displays the thermal profiles for copolymers precisely functionalized at 

every 21st carbon along the polymer backbone.  The broad range of melting profiles 

observed for these family materials is indicative of the various polymer morphologies 

available by simple “R group” modification or by the selection of various run lengths 

between pendant functionality.  Thermal data for the entire series of copolymers for all 

thermal profiles plotted is included in Table 1-1. While in-depth discussion concerning 

thermal transitions is omitted as it has been previously presented and is available in the 

literature, a few interesting comparisons distilled from the plethora of information that 

can be derived from Figure 1-15 are explored.  For example, the comment concerning 

polarity effects on polymer crystallization in the previous section can be expanded upon 

where the same relationship is observed for methoxy and ethyl branched materials for 

this run length.  Again, a bimodal response from the ethyl branched material occurs at a 
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lower temperature and ∆Hm than the methoxy polymer, but here the ethoxy polymer melts 

at a slightly higher temperature and double the heat of fusion.  Considering the small size 

differences of methoxy, ethoxy and ethyl branched polymers, it seems pendant group 

polarity is significantly affecting crystallite formation.  Oddly, the hydrogen bonding 

hydroxyl terminated tetraethylene (TEG) glycol grafted polyethylene has similar values 

as the ethoxy material as listed in Table 1-1, but further experiments are required to 

determine the phase morphology of such regularly grafted materials.  One final note 

concerning Figure 1-15 is the drastic effect of hydrogen bonding on polymer morphology 

throughout this series of materials already mentioned for the TEG grafted polymer and 

previous acids models, but also the comparison of acrylic acid and methacrylic acid 

functionalized materials.  Detailed discussion concerning hydrogen bonding in sequenced 

materials will continue in Chapter 2.  

 
Figure 1-15.  Melting profiles of saturated ADMET polymers with a 21 carbon branch 

frequency 
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Novel polymers with branch frequencies of 9, 15, 21 carbons reported in this 

dissertation were included on the data overlays above allowing insight into polymer 

morphology by the juxtaposition of a more detailed comparative data set.  These 

relationships will be alluded to in individual sections concerning the thermal analysis of 

each individual family of copolymers.  

Statistically Random Polyolefins via ROMP Copolymerization 

The intermediate thermal  response of ethylene copolymers created by ROMP 

methodology relative to that of commercially available or ADMET materials directly  

relates to the polydispersity of ethylene sequence lengths and lamellar thickness 

distributions to the broad melting transitions observed with thermal analysis.  In most 

cases, ROMP materials with small percentages of polar monomer exhibit melting profiles 

very similar to those of industrially prepared copolymers due to similarity of bulk 

polymer morphology.  Although sequence length is variable among ROMP copolymers, 

the exclusion of short run lengths in the material yields highly crystalline copolymers 

with more well-defined melting profiles relative to commercial polyethylene also 

influenced by the strictly linear nature of ROMP materials exhibiting no branching 

defects seen in many commercial materials.  

The preparation of copolymers applying ROMP copolymerization of various 

cyclooctenes has been performed, while only limited data is reported concerning melting 

point trends with respect to comonomer ratio has been reported.  Experiments involving 

the synthesis of ethylene-vinyl chloride (EVC) copolymers have been reported including 

in-depth structural and thermal analysis for this novel set of materials87, 88  revealing the 

dependence of peak melting temperature and profile to vinyl chloride concentration in the 
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copolymer.  Similar results were observed upon analysis of EAA, EMAA, ethylene-vinyl 

alcohol, and ethylene-vinyl acetate materials reported previously by our group.86, 108 

Purpose of this Dissertation 

The following text describes the on going investigation into the application of 

olefin metathesis, mainly ADMET polymerization, to produce ethylene copolymers with 

specific structural features and single pendant branch identities.  The research presented 

in this dissertation is significant to the development of structure-property relationships for 

widely applied commodity polyolefin materials as well as the creation of highly ordered 

macromolecular structures displaying unique material properties through novel synthetic 

methods.   

Chapter 2 describes the synthesis of a family of EAA copolymers where the 

interaction of ethylene sequence length, polymer crystallinity, and hydrogen bonding is 

explored in strictly linear systems.  Chapter 3 describes the preparation of the first 

sequenced ionomers by the neutralization of previously described sequenced EAA 

materials also including preliminary characterization data.  Chapter 4 involves the 

preparation and characterization of a family of ethylene-alkyl vinyl ether copolymers 

unattainable without the application of olefin metathesis, and the final Chapter 5 

describes the polymerization of symmetrical alkyl branched monomers to produce methyl 

branched polyolefins with short run lengths of four or six methylene units.  As a 

collective tale, the research described in this document describes the development of 

synthetic methodology for the preparation of numerous ethylene-based materials with 

absolute control over pendant group identity and copolymer structure paving the road for 

the future synthesis of more highly functionalized materials.  
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CHAPTER 2  
LINEAR ETHYLENE-ACRYLIC ACID COPOLYMERS VIA METATHESIS 

POLYMERIZATION 

Introduction 

Chain copolymerized ethylene-acrylic acid (EAA) and ethylene-methacrylic acid 

(EMAA) copolymers have been widely used as commodity plastics due the ease of 

production, inexpensive starting materials, and the tunable bulk morphology of final 

products.109  The interplay of hydrogen bonding and polymer crystallinity110 permits the 

synthesis of wide variety of materials displaying various bulk properties dependant on 

acid content and degree of branching.  Commercial EAA copolymer synthesis, usually 

performed by a radically initiated, high pressure polymerization, allows the preparation 

of  statistically functionalized copolymers with desired material properties; however, both 

chain transfer side reactions causing uncontrollable polymer branching and also random 

incorporation of acid functionality during the polymerization lead to ill-defined polymer 

microstructures as described previously in Figure 1-11 and revisited in Figure 2-1.   

Metathesis polymerization has been previously applied to the synthesis of EAA and 

EMAA chain copolymer analogs, and recent reports detail the ADMET polymerization of 

free acid dienes 7, 73 and ROMP copolymerization of cyclic acid dienes with cyclooctene 

as illustrated in Figure 2-1.7  Although varying degrees of success have been achieved 

due to suspected reaction of carboxylic acid with the catalyst, the successful 

incorporation of low molar concentrations of acrylic acid in ethylene copolymers has 

been reported.108  Therein, the successful preparation of copolymers between 2-10 mol% 
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was achieved by the copolymerization and subsequent hydrogenation of an acid 

functionalized cyclooctene as discussed in the Chapter 1 and described in Figure 2-1.  

These materials were isolated as high-melting, semicrystalline solids, as expected, 

affording strictly linear materials exhibiting varying levels of crystallinity dependant on 

comonomer incorporation,7 typical of commercially produced EAA and EMAA 

copolymers. 

Acyclic Diene Metathesis - Linear Polymer, Precisely Placed Acid Group

Ring Opening Metathesis Polymerization - Linear Polymer, Randomly Placed Acid Group

Catalyst

x y n

OHO
H2C CH2

H2C CH

HO
O

OH

x x

O OH

x x
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Figure 2-1.  Three modes of EAA copolymer synthesis and alternative copolymer 

structures 

Presented in this chapter is a systematic study of EAA copolymer structure-

property interactions within strictly linear macromolecules through the application of two 

modes of olefin metathesis polymerization.  Approaching EAA synthesis in this manner 

allows the production of both precisely functionalized copolymers with a defined 

ethylene sequence length between pendant carboxylic acid groups as well as statistically 

functionalized copolymers with a random placement of pendant acid groups and a 

distribution of ethylene sequence lengths.  Metathesis polymerization products were 
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subsequently hydrogenated generating fully saturated EAA copolymers allowing direct 

comparison of ethylene sequence length distributions in materials with comparable 

comonomer ratios to determine the effects of controlled branch frequency on structural 

and thermal analysis, especially melting behavior.  Described herein is the total synthesis and 

characterization of seven examples of linear EAA copolymers applying the well-known ADMET 

and ROMP polymerization-hydrogenation methodology. 

Experimental Section 

Materials 

All chemicals were purchased from Aldrich and used as received unless otherwise 

specified. Cyclooctene was dried over CaH2 and freshly distilled prior to use.  First 

generation Grubbs’ catalyst was a gift from Materia, Inc. and was used as received.  

Preparation of was performed as previously reported 2-(4-cyclooctenyl)acetic acid,108 as 

well as 2-(4-pentenyl)-6-hepteneoic acid, 2-(7-octenyl)-9-deceneoic acid, and 2-(10-

undecenyl)-12-trideceneoic acid.62 

Instrumentation and Analysis 

All 1H NMR (300 MHz) and 13C NMR (75 MHz) spectra were recorded on a 

Varian Associates Mercury 300 spectrometer.  Chemical shifts for 1H and 13C NMR were 

referenced to residual signals from d8-dioxane (1H = 3.53 ppm and 13C = 39.50 ppm), d6-

THF (1H = 3.58 ppm and 13C = 25.4 ppm), or CDCl3 (1H = 7.27 ppm and 13C = 77.23 

ppm) with 0.03% v/v TMS as an internal reference as listed.  Thin layer chromatography 

(TLC) was performed on EMD silica gel coated (250 µm thickness) glass plates.  

Developed TLC plates were stained with iodine absorbed on silica to produce a visible 

signature.  Reaction conversions and relative purity of crude products were monitored by 
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TLC chromatography and 1H NMR.  Fourier transform infrared (FT-IR) measurements 

were conducted on polymer films cast from chloroform onto KBr plates using a Bruker 

Vector 22 Infrared Spectrophotometer.   

Differential scanning calorimetry (DSC) was performed using a Thermal Analysis 

(TA) Q1000 at a heating rate of 10ºC/min under nitrogen purge.  Calibrations were made 

using indium and freshly distilled n-octane as the standards for peak temperature 

transitions and indium for the enthalpy standard.  All samples were prepared in 

hermetically sealed pans (4-7 mg/sample) and were run using an empty pan as a 

reference.  Thermogravimetric analysis (TGA) was performed on a TA Q500 using the 

dynamic high-resolution analysis mode. 

Gel permeation chromatography (GPC) was performed using a Waters Associates 

GPCV2000 liquid chromatography system with its internal differential refractive index 

detector (DRI) at 40°C using two Waters Styragel HR-5E columns (10 microns PD, 7.8 

mm ID, 300 mm length) with HPLC grade THF as the mobile phase at a flow rate of 1.0 

mL/minute.  Injections were made at 0.05-0.07 % w/v sample concentration using a 

220.5 µl injection volume.  Retention times were calibrated against narrow molecular 

weight polystyrene standards (Polymer Laboratories; Amherst, MA).  All standards were 

selected to produce Mp or Mw values well beyond the expected polymer's range.   

Monomer Synthesis 

A general procedure for acid protection 

 A solution of 2-(4-pentenyl)-6-hepteneoic acid (1 eq.) in diethyl ether (20 mL) was 

slowly added via Pasteur pipette to a precooled (0○C) solution of ethyl vinyl ether 

(excess, usually >4 eq.) and phosphoric acid (cat., 1 drop from capillary pipette) in 
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diethyl ether (10 mL).   The solution was stirred cold for 30 minutes under argon, and 

then warmed to room temperature for 3 days.  Basic alumina (~1g) was added to the 

reaction mixture and stirred for five minutes.  After filtration and solvent removal, 1 was 

isolated as 7.3 g (99.0% yield) of colorless oil with no further purification required.   

O O

3 3

O

 

1-ethoxyethyl-2-(pent-4-enyl)hept-6-enoate (2-1) 

98.2 % yield.  1H NMR (CDCl3):  δ (ppm) 1.22 (t, 3H) 1.30-1.55 (br, 9H),  1.62 (m, 

2H), 2.05  (q, 4H), 2.36 (m, 1H), 3.53 (d, 1H), 3.71 (m, 1H), 4.97 (m, 4H), 5.82 (m, 2H), 

5.94 (q, 1H);  13C NMR (CDCl3):  δ (ppm) 15.24, 21.14, 26.86, 26.89, 31.91, 32.10, 

33.76, 45.98, 64.77, 96.33, 114.92, 138.56, 176.17;  

O O

6 6

O

 

1-ethoxyethyl-2-(oct-7-enyl)dec-9-enoate (2-2) 

99.1 % yield.  1H NMR (CDCl3):  δ (ppm) 1.16-1.53 (br, 24H), 1.61 (m, 2H), 2.04  

(q, 4H), 2.34 (m, 1H), 3.53 (m, 1H), 3.71 (m, 1H), 4.97 (m, 4H), 5.81 (m, 2H), 5.95 (q, 

1H);  13C NMR (CDCl3):  δ (ppm) 15.24, 21.13, 27.59, 27.65, 29.03, 29.15, 29.58, 32.52, 

32.71, 33.94, 46.30, 64.72, 96.22, 114.41, 139.27, 176.42;  

O O

9 9

O

 

1-ethoxyethyl-2-(undec-10-enyl)tridec-12-enoate (2-3) 

98.4 % yield.   1H NMR (CDCl3):  δ (ppm) 1.16-1.53 (br, 36H), 1.60 (m, 2H), 2.04  

(q, 4H), 2.33 (m, 1H), 3.54 (m, 1H), 3.71 (m, 1H), 4.97 (m, 4H), 5.81 (m, 2H), 5.95 (q, 
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1H);  13C NMR (CDCl3):  δ (ppm) 15.24, 21.13, 27.59, 27.65, 29.03, 29.15, 29.58, 32.52, 

32.71, 33.94, 46.30, 64.72, 96.22, 114.41, 139.27, 176.42;  

O

O O

 

1-ethoxyethyl-2-(cyclo-4-octenyl)acetate (2-4) 

Prepared from 2-(4-cyclooctenyl)acetic acid.   1H NMR (CDCl3):  δ (ppm) 1.19 (t, 

3H), 1.40 (d, 3H), 1.51-1.79 (br, 3H),1.98-2.25 (br, 4H), 2.38 (m, 1H), 2.47 (m, 1H), 3.52 

(m, 1H), 3.69 (m, 1H), 5.66 (m, 2H), 5.92 (q, 1H); 13C NMR (CDCl3):  δ (ppm) 15.26, 

21.02, 24.32, 26.08, 26.11, 28.02, 29.51, 29.63, 31.77, 31.91, 43.86, 64.72, 64.78, 96.18, 

129.71, 129.75, 130.74, 130.81, 177.55, 177.57; 

General procedure for free and acid protected ADMET polymerization 

2-(4-pentenyl)-6-hepteneoic acid (1g) was added to a 50mL round bottomed flask 

equipped with a magnetic stir bar and degassed by stirring under high vacuum for one 

hour.  Grubbs first generation catalyst (400:1 monomer:catalyst) was added to the flask, 

and high vacuum (10-4 torr) was applied slowly over one hour then, the temperature was 

raised to 50oC for 72 hours.  Upon cooling the room temperature, ethyl vinyl ether (~10 

drops) in toluene (50 mL) was added to the polymerization flask and stirred until all 

solids dissolved.  Precipitation of the crude solution into slightly acidic (1M HCl) MeOH 

(500 mL) and subsequent filtration followed by vacuum drying afforded 987 mg of 

unsaturated polymer as brown tacky solid.  
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Polymerization of 2-(4-pentenyl)-6-hepteneoic acid (2-5) 

1H NMR (300 MHz, CDCl3): δ 5.8 (m, 1H) 5.38 (m, 40.03H); 5.05 (m, 1.99H) 2.40 

(m, 41.2H), 2.06 (m, 81.43H), 1.7-1.2 (m, 170.54H); IR (ν, cm-1): 2920, 2850, 1702, 

1649, 966.   

3 3
n

O O O

 

Polymerization of 2-1 (2-6) 

1H NMR (CDCl3):  δ (ppm) 1.16-1.51 (br, 12H), 1.60 (m, 2H), 1.97  (q, 4H), 

2.33(m, 1H), 3.53 (m, 1H), 3.70 (m, 1H), 5.35 (m, 2H), 5.94 (q, 1H);  13C NMR (CDCl3):  

δ (ppm) 15.27, 21.15, 27.31, 27.62, 32.09, 32.29, 32.65, 46.06, 64.73, 96.26, 129.83, 

130.32, 176.21; FT-IR: (cm-1) 2978, 2926, 2854, 1733, 1704, 1464, 1376, 1124, 1039, 

948, 965, 849, 723. 

6 6
n

O O O

 

Polymerization of 2-2 (2-7) 

1H NMR (CDCl3):  δ (ppm) 1.16-1.51 (br, 24H), 1.60 (m, 2H), 1.95  (q, 4H), 2.32 

(m, 1H), 3.53 (m, 1H), 3.71 (m, 1H), 5.35 (m, 2H), 5.95 (q, 1H);  13C NMR (CDCl3):  δ 

(ppm) 15.25, 21.14, 27.41, 27.66, 27.72, 29.27, 29.40, 29.64, 29.79, 29.91, 32.60, 32.79, 

46.36, 64.72, 96.20, 130.02, 130.49, 176.46; FT-IR: (cm-1) 2977, 2926, 2852, 1732, 1704, 

1463, 1376, 1124, 1037, 948, 965, 852, 721. 
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Polymerization of 2-3 (2-8) 

1H NMR (CDCl3):  δ (ppm) 1.30-1.51 (br, 36H), 1.60 (m, 2H), 1.96 (q, 4H), 2.32 

(m, 1H), 3.53 (m, 1H), 3.71 (m, 1H), 5.38 (m, 2H), 5.95 (q, 1H);  13C NMR (CDCl3):  δ 

(ppm) 15.26, 21.15, 27.45, 27.70, 27.75, 29.42, 29.55, 29.90, 30.00, 32.84, 46.37, 64.71, 

96.19, 130.02, 130.08, 130.54, 176.46; FT-IR: (cm-1) 2978, 2925, 2854, 1732, 1705, 

1463, 1378, 1124, 1037, 948, 966, 852, 722. 

General conditions for Parr bomb hydrogenation 

A solution of 2-5 (1.0 g, 4.45 mol olefin) was dissolved in a toluene (100mL) and 

1-butanol (50mL) mixture and then degassed by bubbling a nitrogen purge through the 

stirred solution for 30 minutes.   Solid Wilkinson’s catalyst (3.7 mg, 4 µmol) 

[RhCl(PPh3)3] was added to the solution, and the glass sleeve was sealed in a Parr reactor 

equipped with a temperature probe, pressure gauge, and a paddle wheel stirrer.  The 

reactor was filled to 400 p.s.i. hydrogen gas and purge three times while stirring, filled to 

400 psi hydrogen, and heated to 80oC for 48 hours.  Upon cooling to room temperature 

and safely releasing pressure using a vent valve, the crude solution was precipitated into 

methanol, filtered, and dried affording 994 mg (99% yield) of saturated EAA copolymer. 

n

OHO

 
EAA9 (2-9): Hydrogenation of 2-5 

FT-IR (ν, cm-1): 2920, 2850, 1702, 1461, 721 
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EAA9 (2-10): Hydrogenation of 2-6 

1H NMR (dioxane):  δ (ppm) 1.19-1.65 (br, 16H), 2.24 (m, 1H); 13C NMR 

(dioxane):  δ (ppm) 28.21, 30.21, 30.27, 30.36, 33.14, 45.93, 177.41; FT-IR (ν, cm-1): 

2921, 2852, 1704, 1461, 1418, 1287, 1235, 931, 721 

OHO

 

EAA15 (2-11): Hydrogenation of 2-7 

1H NMR (dioxane):  δ (ppm) 1.20-1.65 (br, 28H), 2.24 (m, 1H); 13C NMR 

(dioxane):  δ (ppm) 28.21, 30.28, 30.38, 30.43, 33.10, 45.89, 177.43; FT-IR (ν, cm-1): 

2921, 2852, 1704, 1461, 1417, 1288, 1234, 930, 721 

OH

n

O

 

EAA21 (2-12): Hydrogenation of 2-8 

1H NMR (dioxane):  δ (ppm) 1.07-1.65 (br, 40H), 2.25 (m, 1H); 13C NMR (THF):  

δ (ppm) 28.60, 30.69, 30.85, 33.57, 46.32, 177.29; FT-IR (ν, cm-1): 2920, 2851, 1704, 

1461, 1419, 1288, 1235, 933, 723 

General conditions for free acid ROMP copolymerization 

Distilled cyclooctene (1.43 g, 13.0 mmol) was syringed into a 10 mL oven dried 

vial with a stir bar.  2-(4-cyclooctenyl)acetic acid (1.78 g, 11.6 mmol) and chloroform (10 

mL) was added to the vial and the mixture was stirred for 30 minutes under a stream of 

nitrogen.  Grubbs’ second generation catalyst (8.6 mg, 1.01 x 10-2 mmol) in chloroform 

(0.5 mL) was added via syringe to the vigorously stirred vial.  After stirring at room 

temperature until the solution became highly viscous and warm to the touch, the 
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polymerization mixture was allowed to stand overnight under a nitrogen gas.  The 

polymerization was quenched by the addition of ethyl vinyl ether (~10 drops) in 

chloroform (10 mL) with 2,6-di-tert-butyl-4-methylphenol (5 mg) included as a radical 

scavenger to prevent crosslinking.  Upon isolation of the extremely adhesive polymer 

from the precipitation, the unsaturated material was only analyzed by GPC due to 

disappointing molecular weights attained by free acid ROMP. 

x y

O OH

n  

For 15 mol% EAA (2-13)  

FT-IR (ν, cm-1): 2926, 2854, 1705, 1649, 966; 1H NMR (CDCl3): δ 5.50 (br, 

16.43), 2.40 (br, 1H), 2.06 (br, 33.12H), 1.7-1.3 (br, 65.23). 

For 9 mol% EAA (2-14) 

FT-IR (ν, cm-1): 2926, 2855, 1705, 1649, 966; 1H NMR (CDCl3): δ 5.50 (br, 

5.53), 2.40 (br, 1H), 2.06 (br, 11.14H), 1.7-1.3 (br, 20.45). 

For 3 mol% EAA: (2-15) 

FT-IR (ν, cm-1): 2920, 2850, 1705, 1649, 966; 1H NMR (CDCl3): δ 5.50 (br, 

3.27H), 2.40 (br, 1H), 2.06 (br, 6.54H), 1.7-1.3 (br, 11.08 H). 

Diimide hydrogenation procedure 

This method was applied for the saturation of only copolymers 2-13 through 2-15 

due to solubility issues that were eventually overcome.  A solution of unsaturated 

polymer 2-13 (1.0 g, 8.78 mmol olefin) was dissolved in xylenes (30 mL) in a 350 mL 

three-neck round bottomed flask.  Tripropyl amine (3.79 g, 26.3 mmol) was added via 

syringe followed by addition of p-toluenesulfonhydrazide (4.33 g, 23.3 mmol) using a 
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powder funnel.  The reaction mixture was heated to 135°C for 2 hours with vigorous 

stirring while monitoring nitrogen production with a mineral oil bubbler.  Upon cessation 

of nitrogen production and cooling to room temperature, a second batch of equivalent 

amounts of tripropyl amine and p-toluenesulfonhydrazide were added and the reaction 

mixture was heated to 135°C for 2 hours.  Reprecipitation of crude mixtures into acidic 

(1M HCl) methanol, followed by filtration and subsequent drying afforded the saturated 

EAA copolymer analog as a 910mg (90% yield) of white powder.  

In some instances, polymers were precipitated a third time to eliminate a strong 

sulfur odor, and all isolated materials were insoluble in common organic solvents. 

x y

O OH

n  
15% Acrylic Acid-Ethylene Copolymer (2-16): Hydrogenation of 2-13 

FT-IR (ν, cm-1): 2917, 2848, 1700, 1460. 

9% Acrylic Acid-Ethylene Copolymer (2-17): Hydrogenation of 2-14 

 FT-IR (ν, cm-1): 2918, 2850, 1701, 1460. 

3% Acrylic Acid-Ethylene Copolymer (2-18): Hydrogenation of 2-15 

FT-IR (ν, cm-1): 2918, 2848, 1700, 1461. 

General conditions for protected acid ROMP copolymerization 

Cyclooctene (0.55 g, 5.0 mmol) and 2-1 (9.00 g, 39.7 mmol) were added toluene 

(30mL) in a 200 mL round bottomed flask under nitrogen purge.  The reaction mixture 

was heated to 50oC, and a solution of Grubbs’ first generation catalyst (53 mg, 6.4 µmol, 

1000:1 monomer:catalyst) in dichloromethane (0.5 mL) was added to the magnetically 

stirred reaction mixture.  After four hours, the polymerization mixture was quenched by 
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addition of ethyl vinyl ether (~10 drops) and allowed to stir for 5 minutes.  Upon 

precipitation of crude solution into acidic (1M HCl) methanol, the unsaturated polymer 

product was isolated as a mildly adhesive solid.  No further purification of unsaturated 

prepolymers was necessary. 

x y

O O O

n  

For 22.2 mol% EAA (2-19)  

13C NMR (CDCl3):  δ (ppm) 15.27, 21.16, 27.31, 27.61, 32.10, 32.30, 32.66, 46.08, 

64.73, 96.26, 129.84, 130.33, 176.21; FT-IR: (cm-1) 2978, 2926, 2854, 1733, 1704, 1464, 

1375, 1124, 1039, 949, 966, 849, 723. 

For 13.3 mol% EAA (2-20) 

13C NMR (CDCl3):  δ (ppm) 15.27, 21.16, 27.30, 27.61, 32.10, 32.30, 32.66, 46.10, 

64.73, 96.26, 129.85, 130.33, 176.21; FT-IR: (cm-1) 2980, 2926, 2853, 1733, 1704, 1464, 

1376, 1122, 1041, 948, 966, 849, 723. 

For 9.5 mol% EAA (2-21)  

13C NMR (CDCl3):  δ (ppm) 15.26, 21.16, 27.31, 27.61, 32.10, 32.30, 32.66, 46.08, 

64.73, 96.27, 129.84, 130.33, 176.21; FT-IR: (cm-1) 2978, 2927, 2854, 1733, 1704, 1464, 

1375, 1125, 1039, 948, 965, 849, 721. 

For 4.5 mol% EAA (2-22)  

13C NMR (CDCl3):  δ (ppm) 15.27, 21.15, 27.31, 27.61, 32.11, 32.30, 32.66, 46.08, 

64.73, 96.25, 129.84, 130.31, 176.21; FT-IR: (cm-1) 2978, 2926, 2855, 1733, 1705, 1464, 

1376, 1124, 1039, 948, 965, 849, 722. 
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Hydrogenation of unsaturated ADMET and ROMP products 

Parr bomb hydrogenation procedure 

Same procedure as described previously for ADMET EAA materials but run at 

temperatures over 100oC to ensure copolymer solubility. 

x y

O OH

n  

ROMP EAA22.2 (2-23): Hydrogenation of 2-19 

FT-IR (ν, cm-1): 2920, 2850, 1704, 1460, 719 

ROMP EAA13.3 (2-24): Hydrogenation of 2-20 

FT-IR (ν, cm-1): 2919, 2851, 1705, 1466, 721 

ROMP EAA9.5 (2-25): Hydrogenation of 2-21 

FT-IR (ν, cm-1): 2920, 2850, 1704, 1469, 715 

ROMP EAA4.5 (2-26): Hydrogenation of 2-22 

FT-IR (ν, cm-1): 2920, 2850, 1705, 1469, 715 

Results and Discussion  

ADMET and ROMP Monomer synthesis 

Free acid olefins employed in this study were prepared by reported synthetic 

procedures,62, 108 producing ADMET monomers on the 5-10 gram scale and ROMP 

monomers up to 25 grams in a single reaction.  
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Figure 2-2.  Synthesis of protected ADMET and ROMP monomers 

Upon the realization of poor catalyst performance in the presence of carboxylic acids as 

discussed in the next section, the preparation of protected acid monomers was performed 

using a unique, thermally labile hemiacetal ester moiety111-113 shown in Figure 2-2. 

Metathesis Polymerization of Acid Monomers 

Metathesis polymerization in the presence of free acid functionality has been 

performed in the synthesis of an EMAA copolymer requiring successive additions of 

catalyst upon the observation of low molecular weight precuts applying standard 

ADMET techniques.73  Poor monomer conversion and production of low molecular 

weight materials was overcome by the successive addition of catalyst to the 

polymerization mixture affording desired EMAA copolymer at typical molecular weight 

for ADMET polymerization.  Concurrently, the synthesis of randomly functionalized, yet 

linear EAA copolymers containing low concentrations of acid functionality were 

prepared via ROMP generating high molecular weight materials.86, 108 

A combination of these synthetic techniques was applied to EAA copolymer 

synthesis using ADMET and ROMP chemistry with diimide hydrogenation allowing the 
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comparison of equimolar concentrations of acrylic acid in EAA systems having 

dissimilar copolymer microstructures and highly varied ethylene sequence length 

distributions (Figure 2-1).  Unfortunately, the detrimental effect of high concentrations of 

free acid on catalyst activity in bulk polymerizations is clear as only low molecular 

weight materials were isolated applying both ADMET and ROMP techniques (Table 21).  

Strangely, ROMP copolymerization exhibited an increase in molecular weight with 

increasing acid content that was unexpected at first, but rationalized upon further 

analysis.  As bulk cyclooctene copolymerization proceeds building up unsaturated 

copolymers, the increased acid content in the material inhibits polyoctenamer-like 

crystallization allowing greater catalyst mobility for longer reaction times affording 

higher molecular weight polymer.  Upon this observation, bulk ROMP copolymerizations 

were abandoned for more controllable solution-based techniques. 

Table 2-1.  Molecular weight data for ADMET and ROMP unsaturated free acid 
copolymers 

EAA 
Copolymer 

Acrylic Acid 
Content (mol %) Mn (g/mol) PDI 

2-5 22.2 2800 1.45 
2-13 3.0 4200 1.76 
2-14 9.0 5700 1.95 
2-15 15.0 9800 1.83 

 
Metathesis Polymerization of Hemiacetal Ester Protected Monomers 

Facile protection of all acid monomers followed by metathesis polymerizations 

were performed as detailed in Figures 2-3 (ADMET) and 2-4 (ROMP).  ADMET 

polymerization of protected dienes proceeded normally with little if any effect from the 

hemiacetal ester on the reaction as well as solution-based ROMP copolymerizations.   

Protected, unsaturated polymers were isolated at typical molecular weights for both 

methods, and characterization data is compiled in Table 2-2.  The application of 
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protection chemistry in this synthesis has allowed the bulk polymerization of 

functionalized materials yielding high molecular weight EAA copolymer analogs with 

controlled comonomer ratios and ethylene sequence length distributions.   
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Figure 2-3.  EAA copolymer synthesis via ADMET.  (i) 1st. generation Grubbs catalyst, 

vacuum; (ii) H2 (600 p.s.i.), RhCl(PPh3)3, toluene, 1-butanol 

O
OH

x y

O O O

x y

O OH

n

2-16  15 mol% AA
2-17   9 mol% AA
2-18   6 mol% AA

2-19  for 22.2 mol% AA
2-20  for 13.3 mol% AA
2-21  for 9.5 mol% AA
2-22  for 4.5 mol% AA

2-23  22.2 mol% AA
2-24  13.3 mol% AA
2-25  9.5 mol% AA
2-26  4.5 mol% AA

x y

O OH

n
2-13  for 15 mol% AA
2-14   for 9 mol% AA
2-15   for 6 mol% AA

O
O O

2-4

ii

iii

i

iv

 
Figure 2-4.  EAA copolymer synthesis via ROMP.  (i) 1st. generation Grubbs catalyst, 

neat; (ii) TsNHNH2, tripropyl amine, 140oC; (iii) 1st. generation Grubbs 
catalyst, toluene, 60oC; (iv) H2 (600 p.s.i.), RhCl(PPh3)3, toluene, 1-butanol 
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Table 2-2.  Molecular weight data for protected, unsaturated copolymers 
GPC data Unsaturated Copolymer 

(Target EAA Copolymer) Mn Mw PDI 
2-6 (EAA9) 25.1 40.8 1.62 
2-7 (EAA15) 31.8 59.1 1.86 

2-8 (EAA21) 37.7 65.2 1.73 

2-19 (ROMP EAA 22.2) 85.0 106.2 1.25 

2-20 (ROMP EAA 13.3) 80.5 111.1 1.38 

2-21 (ROMP EAA 9.5) 85.4 163.9 1.41 

2-22 (ROMP EVE 4.5) 93.6 128.2 1.37 

 

Hydrogenation of Metathesis Products to Saturated EAA Copolymers 

Two methods of hydrogenation were applied to fully saturate metathesis products 

including standard Parr techniques and a slightly different approach applying a diimide 

reduction.  Free acid copolymers, originally deemed insoluble, were reduced by the 

aforementioned diimide reduction due to allow observation of the EAA copolymer using 

standard lab glassware rather than a steel Parr reactor.  

The preferred method of hydrogenating polymers is the use of Wilkinson’s catalyst 

under an atmosphere of hydrogen gas in a Parr Bomb.  This highly efficient reaction can 

be run at any temperature with any solvent due to the sealed reactor.  Here, the use of a 

binary solvent mixture of toluene and 1-butanol offers good solubility for the fairly 

nonpolar protected polymer, but also solvates the deprotected and fully saturated EAA 

copolymer ensuring complete conversion of olefin and deprotection.  As a side note, 

reaction times were greatly reduced using roughly 15 volume percent of a small alcohol 

(1-butanol or isopropanol) mixed in toluene.   

Characterization data is noted for fully saturated materials, but the limited solubility of 

these materials precludes them from many forms of analysis including NMR or GPC.  In 
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this case, values from the protected polymers were used as molecular weight data for 

saturated materials as previous studies have shown no degradation during either 

hydrogenation.  Even for very soluble polymers like the sequenced ADMET copolymer, 

hydrogen-bonding induced aggregation during the GPC experiment over estimates 

molecular weight data sometimes up to two orders of magnitude.   

Table 2-3.  Characterization data for sequenced EAA materials 
Comonomer (mol%)a GPC data 

Saturated EAA Copolymer 
Ethylene Acrylic 

Acid Mn Mw PDI 

EAA9 (2-10) 77.8 22.2 25.1 40.8 1.62 
EAA15 (2-11) 86.7 13.3 31.8 59.1 1.86 

EAA21 (2-12)) 90.5 9.5 37.7 65.2 1.73 

ROMP EAA 22.2 (2-23) 77.8 22.2 85.0 106.2 1.25 

ROMP EAA 13.3 (2-24) 86.7 13.3 80.5 111.1 1.38 

ROMP EAA 9.5 (2-25) 90.5 9.5 85.4 163.9 1.41 

ROMP EAA 4.5(2-26) 95.5 4.5 93.6 128.2 1.37 

a) calculated from expected polymer repeat unit and confirmed by 1H NMR. 
 

Structural Analysis of EAA Copolymers 

13C and 1H NMR 

Primary structural analysis of copolymer architectures was performed by both 1H 

and 13C NMR throughout the synthesis of these materials monitoring reaction conversion 

and preparation of intermediates. While the application of both techniques is helpful in 

characterization and purity analysis, 13C NMR has proven the most valuable tool for 

structural analysis in polyethylene-based materials due to the ability to resolve minor 

differences in C-C and C-H bonding arrangements indistinguishable by most other 

analytical methods, including 1H NMR.  
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 In-depth structural analysis applying carbon NMR reveals the pristine 

microstructure of ADMET materials by the limited number of signals in the alkyl region 

upon EAA synthesis.  Figure 2-5 displays the evolution of 13C spectral data throughout 

the polymerization and hydrogenation starting from 2-8 and ultimately affording EAA21 

upon completion of the reaction sequence.   

The protected monomer exhibits many signals corresponding to the various alkyl 

moieties in the material, but downfield signals associated with the protected ester and the 

terminal olefin are important features to track during the conversion of monomer 2-8 to 

EAA21.  Upon polymerization to the unsaturated copolymer, the appearance of a two 

signals near 130 ppm associated with a 1,2-disubstituted olefin, and the lack of remaining 

terminal olefin signals, indicates successful polymerization to high molecular weight.  All 

signals corresponding to the protecting group remain in tact indicating successful 

protection of the acid functionality, and illustrate the compatibility of  ruthenium 

catalysis with this seldomly used protecting group, even though is it constructed from 

ethyl vinyl ether, a common quenching agent for metathesis reactions.    

After hydrogenation of the unsaturated, protected polymer, spectral data for the 

target copolymer EAA21 is simplified to only 5 unique signals.  Branch point (B) and 

carbonyl carbon (A) can be observed as the furthest downfield signals in EAA21 due to 

the loss of both signals near 130 ppm corresponding to the olefin, thereby indicating 

successful saturation of the copolymer.  Also, the absence of signals at 96.2 and 64.7 ppm 

indicate the quantitative deprotection of the hemiacetal ester back to the corresponding 

acid in this two-step, one pot reaction also yielding ethyl ether as a byproduct.   
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Figure 2.5.  13C NMR tracking the conversion of the protected monomer to unsaturated 

copolymer to saturated, free acid copolymer EAA21 
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Scanning toward the aliphatic region of the spectrum for EAA21, the standard large 

resonance at 30 ppm is observed corresponding to the high molar concentration of 

methylene units throughout the polymer backbone.  This signal is flanked on both sides 

by resonances at 28.6 and 30.85 ppm, corresponding to carbons D and C, respectively, 

and strikingly similar to spectral data for previously reported ADMET materials.114  The 

simplification of carbon NMR data and isolation of specific chemical shift data for exact 

branching patterns in EAA copolymers has been achieved applying metathesis techniques 

to EAA copolymer synthesis.  Although ROMP copolymer synthesis can be monitored in 

a similar fashion, the insolubility of the highly crystalline target ROMP EAA materials 

prevents solution based analysis like NMR.  While the development of monomer and 

unsaturated polymer structure can be monitored during each synthetic conversion, FT-IR 

is better suited for the ultimate structural analysis of these EAA materials.   

FT-IR Analysis 

FT-IR analysis of final EAA product copolymers was performed allowing the 

delineation of many important structural details concerning carboxylic acid dimerization 

and polyethylene-like crystallization.  This technique was also employed to monitor the 

deprotection of the acid during the hydrogenation reaction.   

Figure 2-6 illustrates the conversion of protected, unsaturated polymer 2-8 to the 

target copolymer EAA21.  In this example, the ADMET product exhibits very strong 

absorbance bands at 2925, 2854, 1461, and 722 cm-1 associated with the methylene 

vibrations along the entire polymer backbone.  Numerous bands in the fingerprint region 

of the spectrum along with a very strong absorbance at 1732 cm-1 indicate the presence of 

the hemiacetal ester, although it is evident by the band at 1705 cm-1, associated with 
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dimerized carboxylic acids, that this polymer was partially deprotected at some point 

either during the polymerization or workup.  A single olefinic absorbance can be 

observed at 966cm-1 indicating the presence of the 1,2-disustituted olefins distributed 

throughout the polymer backbone, also an indication of successful metathesis 

polymerization.  Hydrogenation and deprotection of polymer 2-8 yields sequenced 

copolymer EAA21 evident by the loss of olefinic signal as well as those associated with 

the protecting group.  Similar to 13C NMR data presented in the previous section, the 

removal of the hemiacetal functional group leads to great simplification in absorbance 

data, especially in the fingerprint region of the spectrum where multiple absorbances 

were witnessed for all protected materials.  
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Figure 2-6.  FT-IR analysis of hydrogenation-deprotection reaction from unsaturated 

polymer 2-8 to copolymer EAA21 (2-12) 
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The presence of a single absorbance at 1705cm-1 not only confirms quantitative 

deprotection but also indicates the prevalent dimerization of carboxylic acid groups 

throughout the material, with no free acids (1750 cm-1) observed for any EAA 

copolymers in this study.  The propensity for carboxylic acids to self-associate in this 

manner creates dynamic physical crosslinks in EAA materials regardless of acid content 

or sequence length distribution.  This feature of EAA copolymer morphology is not 

unique to ADMET materials, where it is commonly observed in commercial EAA 

copolymers as one of the strongest associative forces in any ethylene copolymers 

allowing materials like Nucrel to be applied as commodity plastics to a wide range of 

applications. 

Preliminary Small-Angle X-ray Scattering 

Secondary structure analysis of EAA materials has been performed applying SAXS 

as a way to probe molecular-level order allowing determination of structural parameters 

from particle size to lamellar spacing for semicrystalline materials.  In this manifestation, 

we have applied SAXS analysis to probe secondary structure in EAA21, the only 

example of sequenced EAA copolymers exhibiting semicrystallinity tht will be discussed 

in the thermal analysis section of this chapter.   

Figure 2-7 illustrates two samples of EAA21 as analyzed by SAXS displaying the 

respective scattering patterns for a melt-pressed sample and a drawn sample EAA21.  

The melt-pressed copolymer exhibits a broad amorphous halo a small length scales 

indicating a mostly disordered structure throughout the sample.  The small ring towards 

the center of the melt-pressed sample is unique to sequenced ADMET materials and has 

never been seen in any EAA copolymers to date.  Scattering at this angle corresponds 
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roughly to 2.7 nm, the spacing of acid moieties along the copolymer backbone.  

Interestingly, this data suggests ordering of the acid units even though the broad 

amorphous halo attributed to disordered polyethylene chains suggests otherwise. 

 
Figure 2-7.  SAXS analysis of melt pressed and drawn EAA21 

A drawn sample of the same material was analyzed in a similar fashion to try and 

expand on the knowledge gained from SAXS analysis.  Here, the drawing of the bulk 

material forces added orientation into the polymer matrix by the slow disentanglement of 

polymer chains and ordering along the draw axis, which is in the vertical direction in the 

Figure2-7.  The shift of the amorphous contribution into an elliptical scattering pattern 

indicates a low degree of crystalline order in the material as amorphous scattering 

perpendicular to the orientation axis prevails.  Also ordered perpendicularly to the draw 

axis are the low angle reflections associated with the inter-acid distance along the 

polymer backbone.  The ordering of these reflections can only suggest inclusion of these 

acids groups into the crystalline lamellae, but FT-IR analysis indicated acid dimers 

meaning the entire dimerized carboxylic acid must be included in the crystal!  While 
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these preliminary results suggest unique structures of highly disordered polymer crystals, 

thermal analysis is applied to these materials in the following section to further unravel 

the mystery of sequenced EAA morphology.  

Thermal Analysis of Linear EAA copolymers 

Differential scanning calorimetry (DSC) was performed on vacuum dried EAA 

copolymers to ensure complete removal of solvent prior to analysis.  Thermal profiles for 

ADMET and ROMP materials are presented in Figures 2-8 and 2-9, respectively, 

indicating the drastic effects of sequence length distribution on bulk copolymer 

morphology.  

DSC analysis for EAA copolymers produced by ADMET is typical for most 

sequenced materials, where decreasing the pendant branch frequency yields less 

crystalline materials to some point where completely amorphous copolymers are isolated 

due to increased steric congestion and a lack of polymer nucleation.  For the EAA series, 

only EAA21 displays melting behavior as indicated by a large endothermic transition at 

45oC exhibiting a heat of fusion of 37 J/g, while EAA9 and EAA15 display fully 

amorphous character exhibiting clearly visible glass transition temperatures at 22oC and -

4oC, respectively.  The fact that EAA9 is a more rigid polymer is intuitive as the higher 

molar concentration of dimerized acid groups leads to extremely stiff polymer chains 

relative to EAA15.  The boundary of amorphous and semicrystalline copolymers in this 

family of sequenced materials resides at a longer branch frequency than most ADMET 

copolymers series indicating the detrimental effects of hydrogen bonding on polymer 

crystallization.   
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Figure 2-8.  DSC overlay for ADMET EAA copolymers 

Analysis of ROMP materials follows more closely to that of industrial materials 

present in Chapter 1 where a consistent increase in peak melting temperature and heat of 

fusion is linked with a decrease in acid content.  Although the limited sequence lengths 

created during ROMP polymerization seem to have little effect on polymer morphology 

up to 13.3 mol% acrylic acid, the 22.2 mol% acrylic acid copolymer is completely 

amorphous on first and second scans where similar industrial material still maintain their 

semicrystallinity at this level of functionalization due to the presence of long, 

uninterrupted ethylene sequences and closely associated acid units in the polymer chain.  

This phenomena, as associated with the minimum run length distributions for cyclooctene 

copolymerization mentioned in Chapter 1, indicates that regular spacing of pendant acid 

unit could be considered a way to maximizing the effect of the defect branch across the 



54 

 

majority of the polymer chain allowing no individual segment to nucleate.  The presence 

of acid dimers throughout the material creates a high level of steric bulk evenly dispersed 

through out the material, where each acid tends to be at least 6 to 8 carbons away from 

other acids at the closest, creating many short ethylene run lengths that are unable to 

crystallize in the dense hydrogen bonded matrix of the 22.2mol% acrylic aid copolymer.   

 
Figure 2-9.  DSC overlay for ADMET EAA copolymers 

Thermogravimetric Analysis 

Figure 2-10 displays TGA curves for all seven ADMET and ROMP EAA 

copolymers synthesized through the protected monomer all exhibiting typical 

decomposition temperatures when compared to commercial EAA copolymers except for 

the ROMP EAA22.2 mol% copolymer that shows an initial weight loss at 300oC unique 

to this material.  Copolymers below this molar composition of acid all show thermal 
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stability well beyond 350oC under nitrogen, as expected for these materials.  As a side 

note, the deprotection to the free acid copolymer can be confirmed by no loss of mass 

between 150 and 200oC where the hemiacetal ester undergoes a concerted cleavage 

reforming the vinyl ether and a protonated carboxylic acid. 

 
Figure 2-10  Thermogravimetric analysis of EAA copolymer series 

Conclusions 

The preparation of strictly linear EAA copolymers applying olefin metathesis 

polymerization techniques has been presented with primary structural characterization by 

FT-IR and NMR illustrating the effects of regular and random pendant group placement 

on spectroscopic analysis.  The interaction of Grubbs’ ruthenium catalysts with 

carboxylic acid groups of certain monomers inhibited ADMET polymerization affording 

low molecular weight materials, while bulk ROMP copolymerizations yielded 

undesirable results with molecular weights dependant on acid content in the starting 

monomer mixture.   
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Thermal properties and polymer morphology was examined applying DSC 

illustrating the dependence of peak melting temperature and heat of fusion to comonomer 

concentration and ethylene sequence length distribution.  ADMET-produced EAA 

copolymers show interesting behavior relative to previously synthesized materials 

indicating the drastic morphological effects of extended hydrogen bonding in sequenced 

ethylene-based materials, where EAA21 displays semicrystalline behavior while no 

discernable melting transitions were observed for EAA15 or EAA9.  ROMP-produced 

materials exhibited similar trends to those previously observed for low acid content EAA 

materials, but this study included EAA copolymers with higher molar ratios of acid 

functionality allowing the determination of acid content necessary (>13 mol %) to render 

RAOMP EAAs completely amorphous.  Preliminary SAXS analysis of EAA21 

copolymer has reveled interesting scattering patterns indicating the ordering of carboxylic 

acid dimers within the polymer matrix, possible included in the crystal phase of the 

polymer. 
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CHAPTER 3 
IONOMERS FROM SEQUENCED ETHYLENE-ACRYLIC ACID COPOLYMERS 

Introduction 

The production and application of ethylene-based ionomers over the past four 

decades has driven the in-depth structural analysis of these materials in search of the 

fundamental parameters regarding ionic clustering and polymer crystallization.  While 

the bulk morphology of ionomers is somewhat understood from a qualitative perspective 

and easily described in a three-phase model including ionic aggregates, amorphous 

polymer, and crystalline lamellae,92 the quantitative aspects regarding aggregate size, 

shape, and atomic content remain unknown.  One factor creating difficulty in ionomer 

characterization is the fact that the ethylene-co-acrylic acid (EAA) and ethylene-co-

methacrylic acid (EMAA) materials used in the preparation of ionomers included a 

myriad of structural features not controlled during their preparation as described in 

Chapter 1. 

Herein, we report the application of sequenced EAA copolymers to the current 

challenge of ionomer characterization by the preparation of ionomeric materials 

containing exact placement of acid functionality in the polymer backbone with controlled 

ethylene sequence length between pendant branches.   Synthesis of ionomers in this 

manner allows production of structurally regular materials with unique bulk 

morphologies not observed in commercial systems.   
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Experimental 

Materials 

Acid copolymers EAA9, EAA15, and EAA21 were prepared and isolated as 

reported in Chapter 2.  Zinc acetate (99.99%), 1-butanol, dioxane, and methanol were 

purchased from Aldrich chemical and used as received unless otherwise specified.   

Instrumentation and Analysis 

Differential scanning calorimetry (DSC) was performed using a Thermal Analysis 

Q1000 DSC at a heating rate of 10ºC/min.  Calibrations were made using zinc and freshly 

distilled n-octane as the standards for peak temperature transitions and zinc for the 

enthalpy standard.  All samples were prepared in hermetically sealed pans (4-7 

mg/sample) and were run using an empty pan as a reference.  Thermogravimetric 

Analysis (TGA) was performed using a Thermal Analysis Q500 TGA in dynamic high-

resolution mode.  Samples sizes ranged from 5-10 mg.  FT-IR measurements were 

performed on pressed and/or pulled films of the free acid copolymers and insoluble 

ionomers using a Bruker Vector 22 infrared spectrophotometer.   

General Neutralization Procedure for Sequenced EAA Copolymers 

Zinc acetate (72 mg, 3.9 mmol) was dissolved in a 1:1 mixture of dioxane and 1-

butanol (30 mL) by stirring at 60oC overnight.  Upon transfer to an addition funnel, the 

zinc solution was added quickly to a vigorously stirred solution of EAA21 (540 mg, 

16.0mmol) in a 1:4 mixture of dioxane and 1-butanol (100 mL) at 90oC.  A fine white 

precipitate was observed upon partial addition of salt solution, and upon complete 

addition, the cloudy mixture was allowed to stir for 3 hours.  The reaction was cooled and 

methanol (200 mL) was added causing more precipitate formation and product 

coagulation.  The mixture was allowed to stir for 15 minutes then, ionomer particles were 
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filtered from the mixture, washed with warm methanol, and vacuum dried at 110○C for 

24 hours.  All ionomers were stored under argon in a desiccator prior to analysis. 

EAA21Zn25 

FT-IR: (cm-1) 2928, 2852, 1706, 1630, 1547, 1466, 1427, 942, 719. 

EAA21Zn50 

FT-IR: (cm-1) 2928, 2852, 1705, 1630, 1547, 1465, 1427, 941, 721. 

EAA21Zn75 

FT-IR: (cm-1) 2925, 2855, 1706, 1633, 1550, 1464, 1428, 940, 721. 

EAA15Zn25 

FT-IR: (cm-1) 2938, 2851, 2679, 1737, 1706, 1631, 1549, 1466, 1429, 1330, 938, 

721. 

EAA9Zn25 

FT-IR: (cm-1) 2922, 2854, 2679, 1736, 1706, 1628, 1549, 1461, 1428, 1330, 945, 

721. 

Results and Discussion 

Ionomer Design and Synthesis 

The sequenced free acid copolymers EAA9, EAA15 and EAA21 described in 

Chapter 2 offer an excellent starting point for the preparation of ionomeric compounds 

while translating the structure control granted via ADMET polymerization into novel 

ionomers.  This approach produces unique structures that may aid in the delineation of 

fundamental structure-property relationships concerning ethylene sequence length, molar 

concentration of acid groups, and neutralization level that remain unclear even after 

decades of research.  Nomenclature for synthesized ionomers is based on parent 

copolymers, neutralization metal identity, and targeted neutralization level assuming 
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100% zinc acetate conversion.  For example, EAA21Zn25 corresponds to the parent acid 

copolymer EAA21 reported in Chapter 2 with 25 mol% of the carboxylic acid 

functionality converted to zinc carboxylate.  Neutralization of EAA21 was performed 

targeting 25, 50 and 75% conversion of acid functionality, while EAA9 and EAA15 were 

only neutralized at 25% due to the highly functionalized nature of these materials.  

Preliminary structural and thermal analysis of ionomer structures using FT-IR, SAXS, 

DSC and TGA will be presented.  

Neutralization of Sequenced EAA Copolymers 

Figure 3-1 illustrates the neutralization reaction used to prepare all ionomers 

reported in this chapter.  Effectively an anionic exchange reaction on the zinc metal 

center, an acetate salt solution is mixed with an EAA copolymer solution generating a 

sequenced ionomer upon conversion of the acetate to acetic acid and ionic binding of the 

zinc center to the polymer chain.  This reaction can be monitored visually due to the 

partial insolubility of the reaction products, and upon dilution of the reaction mixture 

with methanol, sequenced ionomers were easily isolated by filtration.  

OHO

nn

OHO

x y

O-O Zn2+

Zn(OAc)2

1-butanol, dioxane

EAA9 EAA9Zn25
 

Figure 3-1.  Sequenced EAA ionomer synthesis 

Ionomer Analysis 

The insolubility of sequenced ionomers prepared in this study precludes them from 

many types of structural analysis that have been readily applied to the soluble acid 

copolymers.  Most importantly, the determination of neutralization level is important as 

varying cation concentration may lead to variable aggregate features.  Herein, the 
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application of FT-IR and DSC as the primary tools for ionomer characterization is 

discussed along with significant differences in our materials relative to commercial 

ionomers.  Preliminary small angle x-ray scattering (SAXS) and scanning transmission 

electron microscopy (STEM) data will be presented, although conclusions from these 

analyses are not fully developed as the wait for more detailed characterization data from 

collaborators continues. 

FT-IR Analysis 

FT-IR is a powerful tool for ionomer characterization as strong absorbances from 

the various carboxylic acid and carboxylate functionality interact strongly in the IR 

region of the spectrum.93, 95  Previous absorbance studies on commercial ionomers have 

been successful in material characterization, but the nature of the analysis detailing only 

chemical bonding and vague interpretations of polymer morphology leaves much to the 

imagination concerning bulk ionomer morphology.   

Sequenced ionomers were difficult to analyze due to their insolubility and 

extremely resilient bulk morphology.  To acquire samples of desired thickness, heat 

pressing films at 150oC and subsequent hot air drawing was used to isolate thin sections 

of drawn ionomer sheets with a relatively large degree of IR transparency in non-

absorbing regions of the spectrum.  Overall, uniform sample thickness was easily 

acquired for most samples, but EAA9Zn25 and EAA15Zn25 were very difficult to 

analyze as the higher levels of functionalization along with the subsequent neutralization 

yield tough, glassy materials. 

Absorbance data for isolated ionomers supports notion of successful ionomer 

synthesis due to the appearance of multiple new absorbances associated with zinc 

carboxylate species upon neutralization.  Bands at 1550cm-1 and 1631cm-1, not present in 



62 

 

FT-IR data from parent EAA copolymers, are observable for all ionomers prepared in this 

chapter indicating successful neutralization regardless parent copolymer acid content. 

Thermal Analysis 

The thermal analysis of ionomeric compounds had been used to identify 

semicrystalline materials and track the effect of neutralization on polymer glass transition 

temperatures and peak melting points.  In a recent report, the slow room-temperature 

annealing of EMAA ionomers is discussed indicating the significant effects that ionic 

aggregates have both on the perturbation of crystal formation but also concerning the 

dynamic nature of ionomer morphology whereby they can slowly alter their secondary 

structure of the material upon long-term storage.103   

DSC analysis of sequenced EAA materials indicated similar features observable in 

first scans of a material but were non-reproducible under dynamic scanning conditions.  

Figure 3-2 illustrates the first scans of EAA ionomers compared to their parent EAA 

copolymers after vacuum drying near 100oC and storing at room temperature for one 

month.  Examination if the thermal responses for the EAA21 series of materials indicates 

all ionomers exhibit some form of crystal melting in the first scan DSC data, up to 75% 

neutralization.  This data indicates the regular structure of sequenced ionomers is creating 

order in the bulk state unlike what is observed for the typical industrial ionomers shown 

in Figure 1-12 where melting profile differs little from the free acid copolymer up to 78% 

neutralized ionomer.  For commercial materials, the low incorporation of acid 

functionality combined with the random distribution of ethylene sequence lengths allows 

extensive chain folding and lamellar formation regardless of neutralization level.  In 

sequenced materials with controlled run lengths, the acid group is evenly spaced along 

the polymer chain leading to an even distribution of ionic groups along the chain 
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impeding crystallization through out the entire material rather than just chain segments 

closely bonded to carboxylates or free acids. 

The bimodal nature of the thermal profiles for the EAA21 series of ionomeric 

materials is indicative of multiple transitions, possibly relaxations or melting events, 

although this can only be speculated without proper SAXS analysis.  Even without this 

critical analysis of secondary structure, the correlation of the initial transition in the 

bimodal melt to the melting transition in the acid is clear, lending the second peak in the 

DSC melting profile to be associated with a higher melting crystal form due to the 

neutralization of the material.  Although these results may indicate possible polymer 

crystallization involving both the free acid and the ionic portion of the material into 

different crystal forms, another possible explanation is the decrease in overall 

crystallinity due to clustering of ionic groups impeding polymer crystallization, as well as 

the observation of a glass transition temperature, possibly hidden in EAA21 analysis by a 

large premelting event.  Upon increasing neutralization level, the relative intensity of this 

endothermic transition is reduced while the initial relaxation, a glass transition 

temperature, is also reduced in thermal capacity due to increased strain imparted on the 

material by higher concentrations of ionic clusters.   

First scan analysis of EAA9 and EAA15 free acids and respective ionomers is also 

included in Figure 3-2.   Clearly seen for both free acids are the respective glass transition 

temperatures for both copolymers at 21.9 and -3.8oC.  Upon neutralization, observation of 

the glass transition temperature is difficult due to the excess strain imparted on the 

material by ionic clustering, but a clear relaxation can be seen for EAA15Zn25 at 49oC 

where no observable relaxation can be distinguished for EAA9Zn25.  
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Figure 3-2.  First cycle heating curves for DSC of ADMET free acid and ionomer 

materials after storage at room temperature for two months 

Second scans for the ionomers produce much less in the form of structural 

information where all materials exhibited amorphous behavior upon dynamic scanning at 

10oC/min.  The endothermic transitions observed for the EAA21 series of ionomers in 

Figure 3-2 are no longer present in Figure 3-3 where only slight relaxations can be 

observed associated with the glass transition temperature of the ionomers showing 

reduced transition intensity, although exhibiting the similar temperatures for the 

relaxations.  Both free acid copolymers and sequenced ionomers EAA9Zn25 and 

EAA15Zn25 show little difference upon comparison of first and second scan analysis in 

DSC, exhibiting minor relaxations at best. 
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Figure 3-3.  Second cycle heating curves for the DSC of ADMET free acid and ionomer 

materials 

As mentioned previously, the determination of neutralization level is difficult in 

ethylene based ionomers due to their inherent insolubility and lack of accurate techniques 

for the quantitative determination of low concentration metal species embedded in an 

irregular polymer matrix.  One fairly subjective method for determination of metal 

content, useful only when applied in a comparative fashion, is the thermogravimetric 

(TGA) analysis of ionomeric materials.  Due to the fact that few literature reports contain 

discussion concerning TGA of commercial materials,  Surlyn™ and Nucrel™ materials 

were analyzed and data is presented in Figure 3-4 as a collection of mass loss curves from 

100-800oC.  
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Figure 3-4.  Thermogravimetric analysis of Nucrel™ and Surlyn™ EMAA materials 

Upon thermal decomposition in a nitrogen atmosphere, all organic components 

should be removed by pyrolytic action leaving a residue corresponding only to zinc metal 

salts and other possible contaminants.  While the chemical composition of the remnants 

can be debated, there is no doubt that all metal originally dispersed throughout the 

polymer should still remain in the final mass analysis and, due to similar synthetic 

approaches, the chemical structure of such residue should be uniform across all ionomers.  

As illustrated by the residue analysis at 750oC in Figure 3-4, an increase in mass percent 

residue is observed relative to targeted neutralization levels of the ionomer.  

Figure 3-5 illustrates the TGA of EAA21 ionomers described in this chapter 

including mass percent residue at 750oC.  Similar to commercial materials, EAA21 

ionomers represent an increase in mass percent residue based on targeted neutralization 

level, however, preliminary analysis indicates targeted neutralization levels are not being 
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achieved for EAA21Zn50 and EAA21Zn75 most likely attributed to ionomer 

insolubility causing precipitation prior to completion of the neutralization reaction.  

 
Figure 3-5.  Thermogravimetric analysis for sequenced EAA21 ionomers and the parent 

EAA21 copolymer 

Preliminary Secondary Structural Analysis 

In an ongoing collaboration with Professor Karen Winey at the University of 

Pennsylvania, the analysis of sequenced ionomers has been performed using small-angle 

x-ray scattering (SAXS) and scanning transmission electron microscopy (STEM).  

Although preliminary data has been obtained confirming the presence of ionic aggregates 

also supporting our FT-IR analysis and inherent insolubility in common solvents, we 

present the following SAXS and STEM data more as a preview to what we expect from 

subsequent careful analysis of the entire family of ionomers. 



68 

 

STEM analysis of EAA21Zn25. 

STEM analysis has allowed direct imaging of ionic aggregates in commercial 

ionomers relying on the atomic number difference between metal atoms and all other 

atoms in the material.  Dense nuclei of metal centers scatter incident electrons at far 

greater intensity than less dense nuclei, and upon data manipulation, is visualized as a 

two-dimensional projection of the three-dimensional material density map.  As expected, 

sample thickness is an important factor for ionomer imaging tat must be addressed and 

held uniform prior to cross material comparison.   

Figure 3-6 displays STEM images generated from EAA21Zn50.  Here again, this 

is only preliminary analysis, but was included in the dissertation due to the overwhelming 

support of synthetic claims in previous sections.  In both images, small ionic aggregates 

can be seen evenly dispersed throughout the material at roughly 4 nm in diameter and 

fairly monodisperse aggregate diameter. These features, also reported for several 

commercial copolymers,100, 104, 115, 116 prove not only the neutralization of sequenced EAA 

materials, but represent the first visual evidence of ionic aggregate formation in 

sequenced EAA ionomers.  

 
Figure 3-6.  STEM images for EAA21Zn50 
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SAXS analysis of EAA21Zn25. 

SAXS analysis of a wide variety of ionomeric materials has been performed as 

researchers probe commercial materials to delineate ionic clustering phenomena as 

associated with polymer crystallinity.94, 98  Figure 3-7 shows a side-by-side comparison of 

SAXS data for a commercial Surlyn ionomer, EAA21Zn50, and their respective parent 

acid copolymers.  The data for the Nucrel copolymer clearly indicates the presence of 

amorphous and crystalline regions of the hydrocarbon backbone by the appearance of an 

broad halo from amorphous scattering overlapping with a sharp reflection attributed to 

polyethylene-like lamellae.  Upon neutralization, the sharp reflection and amorphous halo 

broaden with the appearance of a new amorphous halo attributed to ionic aggregates 

dispersed throughout the polymer matrix.   

The scattering pattern for EAA21 copolymer is included here for reference with 

extended discussion on the free acid copolymer included in Chapter 2.  The significant 

morphology differences between commercial ethylene copolymers and saturated 

ADMET copolymers can be resolved as EAA21 exhibits a broad halo similar to Nucrel, 

but also indicates long-range ordering by the presence of a scattering halo near the origin 

of the diagram.  Here again, the structural regularity achieved in ADMET polymerization 

is indicative of novel polymer morphologies based on sequence length control and 

precise functional group placement.  Upon neutralization of EAA21 to EAA21Zn50, 

little changes with respect to the amorphous scattering from the polymer backbone occur, 

and the appearance of an amorphous halo, similar to that seen for Surlyn™, indicates 

successful neutralization for EAA21.  Interestingly, the amorphous scattering halo 

attributed to ionic aggregates is overlapped in EAA21Zn50 by an intense scattering at the 



70 

 

same length scale that suggest possible ordering of ionic species due to the regular 

structure associated with ADMET materials.  

 
Figure 3-7.  Comparison of SAXS scattering profiles for commercial materials (Nucrel™ 

and Surlyn™) and sequenced analogs (EAA21 and EAA21Zn50) 

Conclusion 

In summary, the preparation of sequenced ionomers has been performed by the 

development of solution neutralization procedures for sequenced EAA copolymer 

described in Chapter 2.  Structural analysis of all materials by FT-IR indicates 

neutralization regardless of acid content in the parent copolymer, and thermal analysis by 

DSC and TGA also suggest successful neutralization.  Interestingly, thermal profiles 

indicate increased order for in EAA21 ionomers upon first temperature scans, but 
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amorphous responses were observed for all seven materials upon second temperature 

ramps.  Preliminary STEM and SAXS analysis of one sample, EAA21Zn50, also 

suggests neutralization while indicating the presence of novel EAA ionomer morphology 

that may be causing ordering of the ionic clusters throughout the material. 
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CHAPTER 4 
LINEAR ETHYLENE-VINYL ETHER COPOLYMERS:  SYNTHESIS AND 

THERMAL CHARACTERIZATION 

Introduction 

The copolymerization of ethylene with alkyl vinyl ethers is difficult due to the 

nearly infinite reactivity ratios of the two vinyl monomers117 and the ability of alkyl vinyl 

ethers to act as efficient chain transfer agents during polymerization.118  In a small 

number of dated US patents,118-126 the application of high pressure free radical 

copolymerization techniques yielded branched, highly variable reaction products from 

viscous liquids to brittle solids with proposed industrial applications from adhesives to 

barrier materials (Table 4-1).   

While high molecular weight copolymers were reported in some cases, the 

typically low levels of vinyl ether incorporation lead to marginal differences in bulk 

properties relative to polyethylene prepared under similar conditions.  Early reports 

indicated successful incorporation of both monomers, but forcing conditions of high 

temperatures and pressures were required using either free-radical initiation or what is 

referred to as Friedel-Crafts polymerization with an Al or Ti catalyst. 118-124  Recent 

advancements in late transition metal nickel catalysis have allowed the preparation of a 

few examples of ethylene-co-vinyl ether (EVE) copolymers at milder conditions with 

more controllable results.125, 126   Although sample characterization data is limited in the 

patent literature, synthetic methodology and reported data are compiled in Table 4-1 as a 
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short review of EVE synthesis illustrating the range of material properties available when 

applying different chain copolymerization techniques. 

Table 4-1.  U.S. Patents pertaining to ethylene-co-vinyl ether materials 
Polymerization Conditions 

U.S. 
Patent  

Comonomer  
CH2=CH-O-R 

(R =) 

Mol % Vinyl 
Ether In 

Copolymer Catalysta Pressure 
(Kpsi) 

Temperature 
(°C) 

Copolymer 
Productsb 

2467234 
(1949)119 C1, C2, Ph Not reported R 0.7-50 20-400 solids 

2748170 
(1956)120  C1-C16 11.2 (C4) R, FC 0.4-1.1 150 400-700 

g/mol 
3025267 
(1962)123  

CH2(CH2)nOH 
n = 1-5 2-14 R 15-50 100-200 10-100 

Kg/mol 
3026290 
(1962)122  C1-C16  5-80 FC 0.500-50 35 liquids and 

solids 
3033840 
(1962)118 CH3 0.5-10 R 12-30 150-240 solids 

3226374 
(1962)121  C1-C10 1.8-2.6 R 15-80 160-250 solid films 

3560463 
(1971)124 C15, C18 0.6-1.3 R 20-30 150-240 solid films 

4906754 
(1987)125 
4698403 
(1990)126 

C2 1.4 Ni cat. 0.06 65 solids 

a) R = free radical (ROOR and/or O2 initiators), FC = Friedel-Crafts (Al or Ti catalyst);  
b) as published, molecular weight data included when reported  
 

As with all polyolefins, bulk EVE properties are highly dependant on polymer 

microstructure including comonomer ratios, the degree of branching, and especially the 

presence or lack thereof extended, crystallizable ethylene run lengths in the material.91, 107  

Linear high molecular weight EVE copolymers with low vinyl ether content exist as 

tough, semicrystalline materials resembling high density polyethylene while branched, 

highly functionalized, or low molecular weight EVE materials exist as viscous, adhesive 

liquids.  Although EVE synthesis can be modified to yield desired materials through 

proprietary chain copolymerization methodology, reactivity ratio and chain transfer 

issues create difficulties in isolating pure copolymer microstructures.  The application of 

metathesis chemistry to the challenge of EVE synthesis allows preparation of linear 

macromolecules with a priori control over comonomer incorporation and pendant ether 
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branch location, as previously reported in the synthesis of a sequenced ethylene-co-

methyl vinyl ether copolymer.114  

Herein, we report the synthesis and thermal characterization of a family of six 

linear EVE copolymers including three poly(ethylene-co-methyl vinyl ether) (EMVE) 

and three poly(ethylene-co-ethyl vinyl ether) (EEVE) materials through a well-known 

metathesis polymerization\hydrogenation methodology.6, 7 This approach yields 

sequenced EVE copolymers with monodisperse ethylene run lengths between pendant 

branches, and structural characterization via NMR and FT-IR techniques illustrates the 

ability to isolate exact polymer microstructures while evenly spacing pendant ether 

branches along the polyethylene chain at intervals of 11, 14 and 21 backbone carbons.  

Thermal analysis via differential scanning calorimetry (DSC) demonstrates the effect of 

controlled copolymer structure and defined ethylene run lengths on bulk material 

morphology and polymer crystallization.  

Experimental 

Materials   

All reagents were purchased from Aldrich chemical and used as received unless 

otherwise specified.  Ethyl formate was freshly distilled from MgSO4 before use, and 5-

bromo-1-pentene, 8-bromo-1-octene, 11-chloro-1-undecene127 and Schrock’s 

molybdenum catalyst ([(CF3)2CH3CO]2(N-2,6-C6H3-iPr2)Mo=CHC(CH3)2Ph)128 were 

synthesized according to literature procedures.   

Instrumentation and Analysis   

All 1H NMR (300 MHz) and 13C NMR (75 MHz) spectra were recorded on a 

Varian Associates Mercury 300 spectrometer. Chemical shifts for 1H and 13C NMR were 

referenced to residual signals from CDCl3 (1H = 7.27 ppm and 13C = 77.23 ppm) with 



75 

 

0.03% v/v TMS as an internal reference. Reaction conversions and relative purity of 

crude products were monitored by thin layer chromatography (TLC) performed on EMD 

silica gel coated (250 µm thickness) glass plates and 1H NMR.  Developed TLC plates 

were stained with iodine absorbed on silica or vanillin solution (5 wt% in 50mL ethanol 

with 2mL H2SO4) to produce a visible signature.  Low and high-resolution mass spectral 

(LRMS and HRMS) data were obtained on a Finnegan 4500 gas chromatograph/mass 

spectrometer using the chemical ionization (CI) mode.   

Differential scanning calorimetry (DSC) analysis was performed using a Perkin-

Elmer DSC-7 equipped with a controlled cooling accessory (CCA-7) at a heating rate of 

10ºC/min.  Calibrations were made using indium and freshly distilled n-octane as the 

standards for peak temperature transitions and indium for the enthalpy standard.  All 

samples were prepared in hermetically sealed pans (4-7 mg/sample) and were run using 

an empty pan as a reference and empty cells as a subtracted baseline.   

Gel permeation chromatography (GPC) was performed at 40 °C using a Waters 

Associates GPCV2000 liquid chromatography system with an internal differential 

refractive index detector (DRI) and two Waters Styragel HR-5E columns (10 microns 

PD, 7.8 mm ID, 300 mm length) in HPLC grade tetrahydrofuran as the mobile phase at a 

flow rate of 1.0 mL/minute.  Injections were made at 0.05-0.07 % w/v sample 

concentration using a 220.5 µl injection volume.  Retention times were calibrated against 

narrow molecular weight polystyrene standards (Polymer Laboratories; Amherst, MA) 

selected to produce Mp and Mw values below and above the expected copolymer 

molecular weight.   
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General Procedure for Grignard Reaction with Alkenyl Chlorides or Bromides   

A solution of the 6-bromo-1-hexene (2.2 eq.) in THF (2M) was added dropwise to 

freshly scoured magnesium turnings (2.3 eq.) in a flame dried 250 mL round bottom flask 

and allowed to reflux for one hour under a blanket of argon gas.  A solution of ethyl 

formate (1.0 eq.) in THF (2 M) was added to the flask via addition funnel over twenty 

minutes. Upon complete addition, the reaction was bought back to reflux for a period of 

16 hours.  The reaction was quenched via addition of water (50 mL), and dissolved into a 

biphasic system upon addition of ether (100mL).  The crude reaction mixture was then 

washed with water (2 x 100mL) and brine (2 x 50 mL), and the organic layer was 

concentrated by rotary evaporation to colorless oil.   

OH

4 4  

1,12-tridecadiene-7-ol (4-1) 

Column chromatography using 4:1 hexane:dichloromethane as the eluent afforded 

4.5 g of a colorless oil after solvent evaporation (63% yield).  1H NMR (CDCl3):  δ (ppm) 

1.24-1.52 (br, 12H), 2.07 (q, 4H), 3.59 (br, 1H), 4.98 (m, 4H), 5.81 (m, 2H); 13C NMR 

(CDCl3):  δ (ppm) 25.33, 29.15, 33.94, 37.51, 72.05, 114.57, 139.10; CI/HRMS: [M+H]+ 

calcd. for C13H25O: 197.1905, found: 197.1910; Elemental analysis calcd. for C13H24O:  

79.53 C, 12.32 H; found:  79.36 C, 12.44 H. 

OH

6 6  

1,16-heptadecadiene-9-ol (4-2) 

From 8-bromo-1-octene.  Column chromatography using 9:1 hexane:diethyl ether 

as the eluent afforded 5.1 g of colorless oil (65% yield).  1H NMR (CDCl3):  δ (ppm) 
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1.22-1.51 (br, 20 H), 2.05 (q, 4H), 3.59 (br, 1H), 4.98 (m, 4H), 5.82 (m, 2H);  13C NMR 

(CDCl3):  δ (ppm) 25.82, 29.80, 29.31, 29.76, 33.98, 37.68, 72.18, 114.37, 139.33;  

CI/HRMS: [M+H]+ calcd. for C17H33O: 253.2531, found: 253.2534;  Elemental analysis 

calcd. for C17H32O:  80.88 C, 12.78 H; found:  80.74 C, 12.69 H. 

OH

9 9  

1,22-tricosadiene-12-ol (4-3) 

From 9-chloro-1-undecene.  Column chromatography using 9:1 hexane:diethyl 

ether as an eluent afforded 15.4 g of a white solid (92% yield).  1H NMR (CDCl3):  δ 

(ppm) 1.20-1.50 (br, 32H), 2.04 (q, 4H), 3.59 (m, 1H), 4.98 (m, 4H), 5.82 (m, 2H); 13C 

NMR (CDCl3):  δ (ppm) 25.87, 29.15, 29.35, 29.70, 29.77, 29.83, 29.92, 34.03, 37.7, 

72.22, 114.30, 139.44; CI/HRMS: [M]+ calcd. for C23H44O: 336.3392, found: 336.3392;  

Elemental analysis calcd. for C23H44O:  82.07 C, 13.18 H; found:  82.11 C, 13.36 H. 

General Alkylation Procedure for the Preparation of α,ω–Diene Ethers 

A solution of 1 (1 eq.) in DMF was added to a slurry of NaH (1.5 eq.) in DMF in a 

250 mL three neck flask.  Methyl iodide (1.5 eq.) was added slowly via syringe and the 

solution was allowed to stir at room temperature for 1 hour.  The reaction was heated to 

50°C for 3 hours, then cooled and quenched via addition of water (25 mL).  Following 

extraction with diethyl ether and washing with brine, the ether solution was concentrated 

to yellow oil.   
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OMe

4 4  

7-methoxy-1,12-tridecadiene (4-4) 

Column chromatography using 17:3 hexane:dichloro methane as the eluent 

afforded 2.3g of colorless oil (67% yield).  1H NMR (CDCl3):  δ (ppm) 1.21-1.52 (br, 

12H), 2.05 (q, 4H), 3.13 (m, 1H), 3.31 (s, 3H), 4.98 (m, 4H), 5.82 (m, 2H);  13C NMR 

(CDCl3):  δ (ppm) 24.97, 29.37, 33.98, 56.57, 81.05, 114.48, 139.18; CI/HRMS: [M+H]+ 

calcd. for C14H27O: 211.2061, found: 211.2067;  Elemental analysis calcd. for C14H26O:  

79.94 C, 12.46 H; found:  80.62 C, 12.74 H. 

OMe

6 6  

9-methoxy-1,16-heptadecadiene (4-5) 

From 2.  Column chromatography using 9:1 hexane:dichloro methane as the eluent 

afforded 3.4g of colorless oil (71% yield).  1H NMR (CDCl3):  δ (ppm) 1.20-1.51 (br, 

20H), 2.05 (q, 4H), 3.11 (m, 1H), 3.32 (s, 3H), 4.98 (m, 4H), 5.82 (m, 2H);  13C NMR 

(CDCl3):  δ (ppm) 25.44, 29.10, 29.36, 29.93, 33.65, 34.00, 55.58, 81.19, 114.34, 139.37; 

CI/HRMS: [M+H]+ calcd. for C18H35O: 267.2687, found: 267.2688;  Elemental analysis 

calcd. for C18H34O:  81.13 C, 12.86 H; found:  80.95 C, 12.97 H. 

OMe

9 9  

12-methoxy-1,22-tricosadiene (4-6) 

From 3.  Column chromatography using 7:3 hexane:dichloro methane as the eluent 

afforded 7.3g of colorless oil (78% yield).  1H NMR (CDCl3):  δ (ppm) 1.20-1.50 (br, 

32H), 2.05 (q, 4H), 3.12 (m, 1H), 3.32 (s, 3H), 4.98 (m, 4H), 5.82 (m, 2H); 13C NMR 
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(CDCl3):  δ (ppm) 25.50, 29.17, 29.37, 29.72, 29.79, 29.86, 30.11, 33.67, 34.04, 56.59, 

81.24, 114.30, 139.48; CI/HRMS: [M+H]+ calcd. for C24H47O: 351.3626, found: 

351.3616;  Elemental analysis calcd. for C24H46O:  82.21 C, 13.22 H; found:  82.10 C, 

13.46 H. 

OEt

4 4  

7-ethoxy-1,12-tridecadiene (4-7) 

From 1.  Column chromatography using 17:3 hexane:dichloro methane as the 

eluent afforded 1.4g of colorless oil (62% yield).  1H NMR (CDCl3):  δ (ppm) 1.19 (t, 

3H), 1.21-1.52 (br, 12H), 2.05 (q, 4H), 3.21 (m, 1H), 3.48 (q, 2H), 4.98 (m, 4H), 5.82 (m, 

2H); 13C NMR (CDCl3):  δ (ppm) 15.91, 25.17, 29.36, 34.17, 64.31, 79.44, 114.46, 

139.26; CI/HRMS: [M+H]+ calcd. for C15H29O: 225.2218, found: 225.2223;  Elemental 

analysis calcd. for C15H28O:  80.29 C, 12.58 H; found:  80.25 C, 12.61 H. 

OEt

6 6  

9-ethoxy-1,16-heptadecadiene (4-8) 

From 2.  Column chromatography using 9:1 hexane:dichloro methane as the eluent 

afforded 2.3g of colorless oil (69% yield).  1H NMR (CDCl3):  δ (ppm)  1.19 (t, 3H), 

1.21-1.52 (br, 20), 2.05 (q, 4H), 3.20 (br, 1H), 3.48 (q, 2H), 4.98 (m, 4H), 5.82 (m, 2H); 

13C NMR (CDCl3):  δ (ppm) 15.92, 25.64, 29.12, 29.36, 29.93, 34.02, 34.37, 64.31, 

79.57, 114.34, 139.41; CI/HRMS: [M+H]+ calcd. for C19H37O: 281.2844, found: 

281.2838;  Elemental analysis calcd. for C19H36O:  81.36 C, 12.94 H; found:  81.32 C, 

13.02 H. 
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OEt

9 9  

12-ethoxy-1,22-tricosadiene (4-9) 

From 3.  Column chromatography using 9:1 hexane:dichloro methane as the eluent 

afforded 1.8g of colorless oil (67% yield).  ).  1H NMR (CDCl3):  δ (ppm) 1.19-1.49 (br, 

35), 2.05 (q, 4), 3.18 (m, 1H), 3.48 (q, 2H), 4.98 (m, 4H), 5.82 (m, 2H); 13C NMR 

(CDCl3):  δ (ppm) 15.94, 25.70, 29.18, 29.38, 29.73, 29.81, 29.88, 30.11, 34.06, 34.37, 

64.27, 79.59, 114.28, 139.43;  CI/HRMS: [M+H]+ calcd. for C25H49O: 365.3783, found: 

365.3792;  Elemental analysis calcd. for C25H48O:  82.34 C, 13.27 H; found:  82.37 C, 

13.48 H. 

General ADMET Polymerization Procedure for Symmetrical Ether Monomers 

Purified monomer 4 was distilled onto a potassium metal mirror and allowed to sit 

for 2 hours or until noticeable reaction ceased.  Upon vacuum transfer into a 50 mL 

Schlenk flask, the monomer was taken into an Argon filled glove box, mixed with 

Schrock’s [Mo] catalyst (2000:1 monomer:catalyst, ~1.5 g monomer) in a 50mL round 

bottom flask, and magnetically stirred until ethylene evolution waned and reaction 

viscosity increased.  The polymerization flask was then sealed with a Schlenk adapter and 

transferred out of the glove box and onto a high vacuum line.  Intermittent vacuum was 

applied over 4 hours at room temperature while the reaction continued to exhibit easily 

detectable ethylene production and viscosity increase.  Once the reaction slowed, the 

golden amorphous liquid was warmed to 45°C and allowed to stir for three days under 

high vacuum (10-4 torr).  Upon cooling to room temperature, the dark yellow 

polymerization was quenched by opening the flask to lab atmosphere and adding 25 mL 

of toluene.  The solution was stirred until a dark green color arose (Mo oxides), flashed 
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over a 1” pad of alumina to remove catalyst residue, and concentrated to yield the 

unsaturated copolymer as viscous oil. 

OMe

4 4
n  

Polymerization of 7-methoxy-1,12-tridecadiene (4-10) 

1H NMR (CDCl3):  δ (ppm) 1.20-1.52 (br, 12H), 1.98 (br, 4H), 3.12 (br, 1H), 3.31 

(s, 3H), 5.40 (br, 2H); 13C NMR (CDCl3):  δ (ppm) 25.04, 30.11, 32.82, 33.51, 56.57, 

81.10, 130.01 (cis olefin), 130.50 (trans olefin);  IR (ν, cm-1): 2930, 2854, 1460, 1369, 

1097, 966, 729;  GPC data (THF vs. polystyrene standards):  Mw = 14853 g/mol; P.D.I. 

(Mw/Mn) = 1.79.  

OMe

6 6
n  

Polymerization of 9-methoxy-1,16-heptadecadiene (4-11) 

1H NMR (CDCl3):  δ (ppm) 1.19-1.52 (br, 20H), 1.97 (q, 4H), 3.12 (m, 1H), 3.32 

(s, 3H), 5.39 (br, 2H); 13C NMR (CDCl3):  δ (ppm) 25.47, 29.39, 29.83, 29.96, 32.80, 

33.67, 56.56, 81.18, 130.04 (cis olefin), 130.64 (trans olefin); IR (ν, cm-1): 2928, 2854, 

1462, 1367, 1095, 966, 725;  GPC data (THF vs. polystyrene standards):  Mw = 31284 

g/mol; P.D.I. (Mw/Mn) = 1.73.   

OMe

9 9
n  

Polymerization of 12-methoxy-1,22-tricosadiene (4-12) 

1H NMR (CDCl3):  δ (ppm) 1.19-1.52 (br, 32H), 1.97 (q, 4H), 3.12 (m, 1H), 3.32 

(s, 3H), 5.39 (br, 2H); 13C NMR (CDCl3):  δ (ppm) 25.50, 29.42, 29.75, 29.84, 29.89, 

30.13, 32.85, 33.65, 56.58, 81.21, 130.08 (cis olefin), 130.54 (trans olefin);  IR (ν, cm-1):  
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2926, 2853, 1464, 1367, 1097, 966, 721;  GPC data (THF vs. polystyrene standards):  Mw 

= 81350 g/mol; P.D.I. (Mw/Mn) = 2.54.   

OEt

4 4
n  

Polymerization of 7-ethoxy-1,12-tridecadiene (4-13) 

1H NMR (CDCl3):  δ (ppm) 1.10-1.52 (br, 15H), 1.98 (br, 4H), 3.12 (br, 1H), 3.47 

(q, 2H), 5.40 (br, 2H); 13C NMR (CDCl3):  δ (ppm) 15.93, 25.24, 30.11, 32.83, 34.22, 

64.28, 79.50, 130.02 (cis olefin), 130.51 (trans olefin); IR (ν, cm-1):  2930, 2856, 1460, 

1371, 1344, 1101, 966, 731;  GPC data (THF vs. polystyrene standards):  Mw = 24114 

g/mol; P.D.I. (Mw/Mn) = 1.65.   

OEt

6 6
n  

Polymerization of 9-ethoxy-1,16-heptadecadiene (4-14) 

1H NMR (CDCl3):  δ (ppm) 1.20-1.50 (br, 23H), 1.97 (q, 4H), 3.20 (m, 1H), 3.47 

(q, 2H), 5.39 (br, 2H); 13C NMR (CDCl3):  δ (ppm) 15.93, 25.64, 29.43, 29.86, 29.97, 

32.82, 34.40, 64.28, 79.58, 130.39 (cis olefin), 130.53 (trans olefin); IR (ν, cm-1):  2927, 

2854, 1462, 1371, 1344, 1105, 966, 725;  GPC data (THF vs. polystyrene standards):  Mw 

= 48938 g/mol; P.D.I. (Mw/Mn) = 1.74.   

OEt

9 9
n  

Polymerization of 12-ethoxy-1,22-tricosadiene (4-15) 

1H NMR (CDCl3):  δ (ppm) 1.19-1.52 (br, 35H), 1.97 (br, 4H), 3.20 (m, 1H), 3.47 

(q, 2H), 5.38 (br, 2H); 13C NMR (CDCl3):  δ (ppm) 15.92, 25.69, 29.41, 29.75, 29.78, 

29.84, 29.89, 20.11, 32.84, 34.36, 64.27, 79.60, 130.07 (cis olefin), 130.531 (trans 
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olefin); IR (ν, cm-1):  2927, 2853, 1464, 1371, 1344, 1110, 966, 721;  GPC data (THF vs. 

polystyrene standards):  Mw = 9698 g/mol; P.D.I. (Mw/Mn) = 1.91.   

Hydrogenation of Unsaturated ADMET Polymers 

The crude polymer solution of 4-10 was transferred to a Parr Bomb glass sleeve 

and diluted to ~200 mL with toluene.  Palladium (10% on carbon, 100mg) was added to 

the solution, and the sleeve was sealed inside a Parr Bomb equipped with a mechanical 

stirrer and temperature control.  The vessel was purged three times with 1000 psi 

hydrogen gas, then filled to 1000 psi and heated to 100°C for 2 days.  Upon 

depressurization and cooling, the crude reaction mixture was vacuum filtered over a plug 

of neutral silica, then concentrated to viscous liquid. 

n

OMe

 

EMVE11 (4-16) 

1H NMR (CDCl3):  δ (ppm) 1.20-1.52 (br, 20H), 3.12 (br, 1H), 3.32 (s, 3H); 13C 

NMR (CDCl3):  δ (ppm) 25.53, 29.87, 29.89, 30.14, 33.71, 56.57, 81.24; IR (ν, cm-1):  

2927, 2853, 1464, 1371, 1344, 1110, 721;  GPC data (THF vs. polystyrene standards):  

Mw = 15309 g/mol; P.D.I. (Mw/Mn) = 1.52.   

OMe

 

EMVE15 (4-17) 

1H NMR (CDCl3):  δ (ppm) 1.22-1.53 (br, 28H), 3.12 (m, 1H), 3.32 (s, 3H); 13C 

NMR (CDCl3):  δ (ppm) 25.53, 29.91, 30.14, 33.70, 56.58, 81.25; IR (ν, cm-1):  2920, 

2851, 1466, 1369, 1099, 723;  GPC data (THF vs. polystyrene standards):  Mw = 24940 

g/mol; P.D.I. (Mw/Mn) = 1.70.   
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OMe

 

EMVE21 (4-18) 

1H NMR (CDCl3):  δ (ppm) 1.20-1.50 (br, 40H), 3.12 (m, 1H), 3.32 (s, 3H); 13C 

NMR (CDCl3):  δ (ppm) 25.51, 29.96, 30.14, 33.66, 56.60, 81.22; IR (ν, cm-1): 2918, 

2851, 1470, 1367, 1261, 1097, 804, 719;  GPC data (THF vs. polystyrene standards):  Mw 

= 74132 g/mol; P.D.I. (Mw/Mn) = 2.27.   

n

OEt

 

EEVE11 (4-19) 

1H NMR (CDCl3):  δ (ppm) 1.20-1.50 (br, 23H), 3.20 (m, 1H), 3.48 (q, 2H); 13C 

NMR (CDCl3):  δ (ppm) 15.94, 25.73, 29.88, 29.91, 30.13, 34.41, 64.28, 79.62; IR (ν, 

cm-1):  2926, 2854, 1464, 1372, 1344, 1111, 721;  GPC data (THF vs. polystyrene 

standards):  Mw = 25632 g/mol; P.D.I. (Mw/Mn) = 1.64.   

n

OEt

 

EEVE15 (4-20) 

1H NMR (CDCl3):  δ (ppm) 1.20-1.50 (br, 31H), 3.20 (m, 1H), 3.48 (q, 2H); 13C 

NMR (CDCl3):  δ (ppm) 15.94, 25.73, 29.93, 30.13, 34.41, 64.28, 79.62; IR (ν, cm-1):  

2926, 2852, 1466, 1371, 1344, 1113, 721;  GPC data (THF vs. polystyrene standards):  

Mw = 43082 g/mol; P.D.I. (Mw/Mn) = 1.75.   

OEt

n  

EEVE21 (4-21) 

1H NMR (CDCl3):  δ (ppm) 1.20-1.50 (br, 40H), 3.12 (m, 1H), 3.32 (s, 3H); 13C 

NMR (CDCl3):  δ (ppm) 15.94, 25.70, 29.94, 30.12, 34.37, 64.27, 79.61; IR (ν, cm-1):  



85 

 

2924, 2853, 1466, 1372, 1344, 1261, 1111, 804, 721;  GPC Data (THF vs. polystyrene 

standards):  Mw = 11,563 g/mol; P.D.I. (Mw/Mn) = 1.58. 

Results and Discussion 

Polymer Design and Synthesis 

Applying our method of precision polyolefin synthesis6 to the preparation of EVE 

materials affords linear copolymers with pendant alkyl ether groups evenly spaced along 

the polymer backbone.114, 129  To easily describe these materials, nomenclature is based 

on parent chain addition monomers and ether branch frequency.  For example, EMVE21 

stands for ethylene (E) and methyl vinyl ether (MVE), the two comonomers, and the 

number 21 refers to the branch frequency for each pendant methoxy group.    Ethylene-

co-ethyl vinyl ethers bearing the prefix EEVE were also synthesized for this study, and 

three examples of each copolymer have been prepared with pendant ether branches every 

11, 15, and 21 carbons.  These materials can be considered sequenced EVE copolymers 

at different comonomer ratios with 4.5, 6.5, and 9.5 units of ethylene, respectively, 

between each vinyl ether monomer in the copolymer. 

Synthesis of symmetrical ether bearing α,ω–diene monomers for ADMET 

polymerization begins with the double Grignard addition of various alkenyl bromides 

onto ethyl formate affording a family of diene alcohols (Figure 4-1).  Once converted to 

alkyl ethers, diene monomers are polymerized with Schrock’s molybdenum catalyst 

yielding high molecular weight, unsaturated copolymers.  Exhaustive hydrogenation of 

the remaining olefin via Parr techniques affords strictly linear EVE copolymers with 

exact ether branch frequency along the polymer backbone.  Isolated EVE copolymers 

exist as colorless, viscous liquids with the exception of EMVE21 and EEVE21 which 

are low melting, semicrystalline solids at ambient conditions. 
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Figure 4-1.  Synthesis of EVE copolymers: (i) MeI, NaH, DMF (ii) EtBr, NaH, DMF (iii) 
Schrock’s catalyst, high vacuum, (iv) Pd(C), H2(1000 psi), toluene  
 
Molecular Weight and Structural Analysis 

Unsaturated ADMET products and EVE copolymers were analyzed using gel 

permeation chromatography (GPC), 1H NMR, 13C NMR, and FT-IR to confirm reaction 

conversions and monitor structural purity throughout the synthesis.  Characterization data 

for the EVE copolymer family is listed in Table 4-2. 

Table 4-2.  Characterization data for sequenced EVE copolymers 
Comonomer (mol%) Unsaturated EVE 

Copolymersc, d 
Saturated EVE 
Copolymersa, d Copolymer 

Namea 
Branch 

Frequencyb Vinyl 
Ether Ethylene Mw

 Mn
 PDIe Mw Mn PDIe 

EMVE11 (4-16) 14.9 8.3 1.8 15.3 10.0 1.5 

EEVE11 (4-19) 
11 22 77 

24.1 14.6 1.7 25.6 15.7 1.6 

EMVE15 (4-17) 39.3 23.1 1.7 41.9 25.2 1.7 

EEVE15 (4-20) 
15 13 87 

48.9 28.1 1.7 43.1 24.6 1.8 

EMVE21 (4-18) 81.3 32.0 2.5 74.1 32.7 2.3 
EEVE21 (4-21) 21 10 90 

9.7 8.5 1.9 11.5 7.3 1.6 
a) See Figure 4-1;  b) Determined by the number of backbone carbons in central repeat 
unit;  c) ADMET products 4-10 through 4-15 ;  d) molecular weight (kg/mol) determined 
by GPC performed in THF relative to polystyrene standards;  e) Polydispersity index 
(Mw/Mn).  
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13C and 1H NMR Analysis 

Polyolefin analysis via 13C NMR spectroscopy has greatly enhanced the 

characterization of copolymer microstructure allowing resolution of endgroups and 

specific branching patterns in sequenced materials71, 130 and random copolymers.131, 132  

The resolution of specific C-C and C-H bonding patterns via 13C NMR allows delineation 

of detailed aliphatic polymer microstructure where FT-IR and 1H NMR analysis can often 

be vague due to overlapping absorbances or resonances. 

Spectral data from the EVE copolymers demonstrates the ability of metathesis 

chemistry to produce linear, sequenced copolymers as shown in Figure 4-1.  Figure 4-2 

displays the evolution of 13C NMR spectral data from diene monomer 4-4 to EMVE11 

(4-16), chosen for the high concentration of functional groups, although the interpretation 

is similar for all reported EMVE materials.  Starting at the top, monomer identity is 

confirmed by signals corresponding to terminal olefin (114.5 and 139.2 ppm), ether 

carbons (56.6 and 81.1 ppm), and various alkyl signals (25-35 ppm).  Polymerization 

affords the unsaturated copolymer 4-10 confirmed by recession of the terminal olefin 

signals from the monomer and emergence of two new signals attributed to trans (130.5 

ppm, major) and cis (130.0 ppm, minor) 1,2-disubtituted olefins in the polymer 

backbone.  The presence of low intensity signals identical to the monomer verifies α–

olefin end group identity for all unsaturated EVE copolymers (4-10 through 4-15).  After 

saturation with hydrogen, the bottom spectrum for EMVE11 suggests the successful 

preparation of the target molecule by absence of all allylic and olefinic signals along with 

the simplification of the alkyl region revealing the symmetric nature of the copolymer. 
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.  

Figure 4-2.  13C NMR progression from monomer to target EVE copolymer 
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At a molecular weight of over 14 kg/mol, EMVE11 exhibits only five unique 13C 

NMR signals (A-E, Figure 4-2) due to an axis of symmetry between the α and ε carbons 

creating degenerate relaxation times for most carbons in the material and greatly 

simplifying the spectral data.  Carbons A and B correspond to the methyl (56.6 ppm) and 

methine (81.2 ppm) carbons in the ether, and importantly, remain intact throughout the 

synthesis of EMVE11.  Signals marked C and D represent α and β carbons to the branch 

point, respectively, that exist in higher molar concentration than A and B as indicated by 

greater signal intensity.  The final resonance E at 30 ppm corresponds to the remaining 

six methylenes in the polymer backbone furthest from the alkoxy branches as one 

broadened composite resonance exhibiting multiple maxima.  Methylene signal overlap is 

compounded for longer run length copolymers like EMVE15 and EMVE21 where 

higher methylene concentrations lead to a greater intensity signal near 30ppm relative to 

branch point and ether carbons.  

Analysis of EEVE 13C NMR data follows a similar rationale as structural analysis 

presented above and also reveals the single structural difference between the two EVE 

copolymer families, the alkyl ether substitution.  A downfield shift of the primary ether 

carbon to 64.3 ppm and a signal at 15.9 ppm verify the presence of ethoxy substitution 

unlike the single resonance displayed by the EMVE series at 56.6 ppm.  Otherwise, 

minor chemical shifts of 0.2 ppm result in some cases, but overlap of extended methylene 

signals occurs in EEVE materials near 30 ppm, as expected.  This overlap represents one 

limitation of 13C NMR analysis where determination of ethylene run length is difficult, 

but quantitative 1H NMR analysis allows calculation of molar concentration of methylene 

units in the material. 
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1H NMR was performed on all synthesized materials for basic structural analysis 

and verification of comonomer ratios for all EVE copolymers.  Determination of 

comonomer ratios is possible by comparison of downfield integral ratios from ether 

protons with integral values from overlapping methine, methylene, and methyl 

resonances, but specific polyolefin bonding patterns are difficult to resolve without the 

compilation of structural analysis data from multiple analytical techniques. 

FT-IR Analysis 

Compound structure and purity was confirmed throughout EVE copolymer 

synthesis using FT-IR spectroscopy.  Metathesis polymerizations were verified by the 

coalescence of two absorbance bands from α–olefins in monomers at 991 cm-1 and 908 

cm-1 into a single band at 967 cm-1 indicating a mostly trans 1,2-disubstituted olefin and 

successful polymerizations.6  Figure 4-3 displays FT-IR absorbance traces for EMVE15, 

EEVE15, and unsaturated copolymer 4-20, all possessing equimolar ether incorporation 

allowing direct structural comparison of the two families of alkyl vinyl ether copolymers.  

Nevertheless, identical analysis follows for all sequenced EVE materials in this report 

with minor changes in relative peak intensity due to varying comonomer ratios.   

The bottom traces in Figure 4-3 track the hydrogenation of the unsaturated 

ADMET polymer to copolymer EEVE15 through the elimination of the olefinic band at 

967cm-1.  Also observed in 1H and 13C NMR analysis, FT-IR spectral data confirms 

quantitative saturation of metathesis products within experimental error yielding target 

EVE copolymers.  Structural differences between EMVE15 and EEVE15 are easily 

discernable upon juxtaposition of the IR data in the top two absorbance traces in Figure 2.  

Strong absorbance bands present at 2926 and 2854 cm-1 for both copolymers correspond 

to the asymmetric and symmetric methylene C-H stretching motions from backbone 
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carbons.  For EEVE15, an absorbance maxima at 2972 cm-1 is also observed 

corresponding to the methyl C-H stretch of the pendant ethyl ether branch, unique to the 

EEVE materials in this study.  This absorbance is not observed for EMVE15 due to the 

shift of the methyl ether C-H stretching bands to 2850cm-1, overlapping with the 

backbone methylene vibrations previously mentioned. 
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Figure 4-3.  FT-IR analysis of EVE copolymers  

Moving to lower wavenumbers, aliphatic methyl and methylene C-H vibrations are 

observed for both copolymers.  EMVE15 and EEVE15 both display similar scissoring 

bands at 1466 cm-1 due to identical copolymer backbones and ethylene sequence lengths.  

EEVE15 exhibits two specific absorbances arising from multiple methylene bonding 
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arrangements in the polymer backbone and the pendant ethyl ether group leading to 

bands at 1371 cm-1 and 1344 cm-1, respectively, whereas EMVE15 exhibits only one 

lower intensity band at 1369 cm-1 once again due to overlap of methyl ether and 

methylene stretching bands.  Analysis of the ether C-O-C stretching at lower 

wavenumbers allows direct comparison of alkyl substitution patterns from carbon-oxygen 

bonding rather than indirect analysis via secondary effects on C-H aliphatic vibrations 

described above.  A single asymmetric ether stretch can be observed in EMVE15 at 

1097cm-1 arising from the methyl-isopropyl ether bonding arrangement, while the ethyl-

isopropyl ether arrangement in EMVE15 results in vibronic coupling within the 

copolymer and a split in the absorbance to wavenumbers of 1088 and 1112 cm-1.  

Verification of sequenced copolymer structures through FT-IR data supports NMR and 

GPC observations indicating successful synthesis of strictly linear polyethylene with 

controlled incorporation of two different alkyl vinyl ethers. 

Thermal Analysis 

 Thermal analysis of the ethylene copolymers has demonstrated the general 

correlation of increased branch content to decreased melting points and heats of fusion 

for this diverse family of macromolecules.  Notably, sharp melting profiles exhibited by 

high-density polyethylene become broad transitions in random α–olefin copolymers with 

increasing levels of the comonomers propylene,133, 134 vinyl chloride,135 and acrylic 

acid136 due to variable lamellar thickness induced by a distribution of ethylene sequence 

lengths until substitution renders copolymer amorphous.  Thermal analysis of random 

EVE materials reported in Table 1 either was not performed or not disclosed in the patent 

literature.118-126  
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Thermal analysis of the family of EVE copolymers was performed by differential 

scanning calorimetry.  DSC thermograms from second heating and cooling scans at 

10°C/min and peak melting temperatures and heats of fusion values for the series of EVE 

sequenced copolymers are displayed in Figure 4-4 and data is compiled in Table 4-3.   

Table 4-3.  Thermal analysis data for sequenced EVE copolymers 
Comonomer (mol%) Observed Thermal Transitions (10°C/min) Copolymer 

Namea 
Branch  

Frequencyb Vinyl Ether Ethylene Tm (°C) ∆Hm (J/g) Tg (°C) ∆Cp (J/g°C) 

EMVE11 (16) -40 35 -62 0.6 
EEVE11 (19) 

11 22 77 
-4 d 33d -65 0.8 

EMVE15 (17) -10 62 - - 

EEVE15 (20) 
15 13 87 

-22 36 - - 

EMVE21 (18) 40 78 - - 

EEVE21 (21) 
21 10 90 

28 79 - - 
a) See Scheme 1, 4-16 through 4-21 b) Determined by the number of backbone carbons in central 
repeat unit c) measured at midpoint of transition  d) values from annealed sample (EEVE11*, 
Figure 3-4), no melt observed in dynamic scanning 
 

Every example in the family of EVE materials exhibits semicrystallinity regardless 

of the high levels of ether incorporation into the copolymer.  For the EMVE copolymers, 

melting temperatures ranging from -38°C to 40°C and heats of fusion from 35 to 78 J/g 

suggest a similar relationship between comonomer content and thermal response as 

random ethylene copolymers, but lower heat of fusion values may indicate lower overall 

crystallinity relative to α–olefin copolymers assuming similar crystal forms.  As ethylene 

sequence length decreases and branch density increases, polymer crystallization is 

inhibited by both conformational disorder and the presence of short ethylene run lengths 

which are less likely to crystallize into chain folded lamellae, resulting in low melting 

copolymers.71 
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Figure 4-4.  DSC second heating and cooling scans for six sequenced EVE copolymers 

and an one heating scan labeled EEVE11* annealed at -25°C and quench-
cooled prior to analysis 

EEVE copolymers display the same melting point trend as EMVE materials with 

systematically lower melting point values for ethoxy polymers relative the methoxy 

materials with only one exception.  Interestingly, EEVE21 melts at 28°C with a heat of 

fusion of 80 J/g and EEVE15 melts at -33°C with a heat of fusion of 35 J/g roughly 12 

degrees lower than their EMVE analogs, but EEVE11 breaks this trend displaying a cold 

crystallization not observed with any other copolymer in this study.  EEVE11 displays an 

initial relaxation at -65°C, followed by a cold crystallization peak at-34°C, and crystal 

melting at -6°C.  Evidence of a glass transition temperature and no recrystallization is 
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observed during cooling unlike other copolymers that all reveal uniform melting and 

recrystallization profiles under dynamic scanning conditions but do not exhibit glass 

transition temperatures.   The lack of EEVE11 crystallization during cooling at 10°C/min 

may arise from steric congestion of ethoxy branches and kinetic factors, but observation 

of polymer crystallization is possible upon annealing at -25°C for one hour followed by 

quench cooling.  Upon heating the annealed sample, a melting profile indicating polymer 

crystallization can be observed with a peak melting temperature of -4°C, surprisingly 

higher than EMVE11 at -40°C and comparable to EMVE15 at -9°C.  The heat of fusion 

of 33 J/g for EEVE11 also deviates from this trend yielding little difference from 

EEVE15 at 36 J/g and EMVE11 at 35 J/g.  In this sense, the thermal behavior of 

EEVE11 is not well understood in this study or upon comparison with previously 

synthesized sequenced materials,6, 71 and these results may indicate a different crystal 

structure for EEVE11 compared to the other five EVE materials 

Glass transition temperatures for the EVE copolymers were only observed for the 

two most highly functionalized copolymers, EMVE11 and EEVE11, with a midpoint 

value at -65°C.  Figure 4-4 illustrates all thermal responses observed when scanning from 

-150 to 140°C although data has been clipped to highlight melting endotherms. The lack 

of observation of this relaxation in other EVE copolymers is likely due to the 

semicrystalline nature of the materials known to inhibit resolution of thermal relaxation 

in DSC analysis.   

Conclusion 

A family of six sequenced copolymers of ethylene with both methyl and ethyl vinyl 

ether have been prepared at targeted comonomer ratios creating materials possessing 
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exact ethylene run lengths between pendant ether branches.  To our knowledge, this is the 

first report of the structure-property relationship for strictly linear EVE copolymers 

exhibiting no branching defects.  Spectroscopic analysis via NMR and FT-IR reveals the 

microstructural control available via metathesis polymerization indicating no detectable 

side reactions during polymerization or hydrogenation.  The pristine nature of isolated 

copolymer structures has marked effects on thermal behavior, and all sequenced EVE 

copolymers exhibit semicrystalline morphologies with peak melting temperatures and 

heats of fusion proportional to comonomer ratio in all but one case where an ethoxy 

substituted copolymer underwent cold crystallization to an unexpectedly high peak 

melting point.  Although the homogeneous distribution of alkoxy functional groups 

throughout the EVE copolymers should seemingly maximize conformation disorder in 

the material, the ability to retain sequence length control and a high degree of structural 

regularity permits copolymer crystallization giving peak melting points between -40 and 

40°C for the family of EVE materials.  Although one copolymer, EEVE11, fails to 

correlate the trend of increasing ethylene run lengths to higher peak melting points, we 

believe the level of ether incorporation and the size of the ethoxy pendant group may 

possibly induce different chain packing and alter the crystal structure in this material 

relative to the other EVE copolymers in the study. 
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CHAPTER 5 
SEQUENCED COPOLYMERS OF ETHYLENE AND PROPYLENE: THE EFFECTS 

OF SHORT ETHYLENE RUN LENGTHS 

Introduction 

Sixty years of research pertaining to polyolefin structure and crystallization has 

created volumes of data regarding the effect of polymer branching on material 

properties.137-140  Although pendant alkyl branches, such as methyl groups, have been 

shown to reside both within polymeric crystals and throughout the amorphous regions of 

bulk materials,72, 141-144 both radical initiated and chain growth polymerizations lead to 

creation of irregular methylene sequence lengths between branches, thereby, reducing the 

propensity for polyolefin crystallization.  Due to variable lengths of uninterrupted, easily 

crystallizable ethylene sequences in the material, semicrystalline polyolefins exhibit a 

distribution of lamellar crystal thicknesses, producing complex morphologies and broad 

melting behaviors.133, 143-146   Examples of linear ethylene-propylene (EP) copolymers 

illustrate this point well, as methyl branching in these materials has produced a large 

variety of bulk manifestations – in the realm of brittle solids to adhesive liquids, with the 

final material response dependant on comonomer content, branch distribution, and 

polymerization mode.  Despite the occurrence of chain-transfer side reactions that lead to 

imperfect microstructure,75 the versatility of polyolefin production is clear as free-

radical,147, 148 Ziegler-Natta,107, 133, 134, 149-152 metallocene,146, 153-157 and/or late transition 

metal157-160 polymerizations are used to target specific branching defects and elicit a 

wider range of potential applications.137, 140  For proper investigation of the structure-
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property relationship in polyolefins and to further clarify the role of alkyl branching in 

these materials, the synthesis of macromolecular architectures with precise control over 

both branch identity and distribution is necessary. 

Recently, a family of sequenced EP copolymers with exact chemical repeat units 

were synthesized through a metathesis polymerization/hydrogenation approach.6, 7   First, 

acyclic diene metathesis (ADMET) produces an unsaturated copolymer with absolute 

control over alkyl branch identity and frequency along the polymer backbone;61, 62, 65 

subsequently, exhaustive hydrogenation of this material yields sequenced 

ethylene-α-olefin copolymer analogs unattainable through standard chain 

copolymerization techniques.  Approaching ethylene-α-olefin copolymer synthesis in this 

fashion has yielded ethylene-propylene (EP),71, 72, 143 ethylene-1-butene,161 and 

ethylene-1-octene162 materials exhibiting pristine microstructures with exact ethylene 

sequence length between branches.  We now report the extension of our EP copolymer 

work and a new synthetic methodology that enables the creation of sequenced 

copolymers with shorter ethylene run lengths and higher methyl branch content.  

This report details the synthesis of two highly branched, yet sequenced, 

ethylene-propylene copolymers and the effects these short ethylene run lengths have on 

the spectroscopic and thermal behavior of these materials. The EP copolymers described 

herein possess methyl branches that are evenly spaced along the PE backbone at every 5th 

or 7th carbon yielding a controlled number of 4 or 6 methylene units, respectively, 

between each branch point.  The creation of highly branched EP copolymers by ADMET 

chemistry required an alternate synthetic approach where diene monomers were produced 

bearing two distinct methyl branch points.  This methodology not only allows for creation 
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of the sequenced EP copolymers presented here but also provides a technique for the 

preparation of highly branched polyethylenes or functionalized materials with a thermally 

stable hydrocarbon backbone.  Extensive structural and thermal characterization was used 

to examine the impact that short ethylene run lengths have on the materials response for 

this of EP copolymers. 

Experimental Section 

Materials 

All materials were purchased from Aldrich and used as received unless otherwise 

specified.  Schrock’s molybdenum catalyst [(CF3)2CH3CO]2(N-2,6-C6H3-

iPr2)Mo=CHC(CH3)2Ph was synthesized according to literature procedures.128  Sodium 

hydride was 60% in mineral oil to facilitate weighing and limit fire hazard.  Unless 

otherwise stated, reactions were performed in flame dried glassware under argon in 

tetrahydrofuran (THF) obtained from a nitrogen pressurized Aldrich keg system with an 

inline activated alumina drying column. 

Instrumentation and Analysis 

All 1H NMR (300 MHz) and 13C NMR (75 MHz) spectra were recorded on a 

Varian Associates Mercury 300 spectrometer.  Chemical shifts for 1H and 13C NMR were 

referenced to residual signals from CDCl3 (1H = 7.27 ppm and 13C = 77.23 ppm) with 

0.03% v/v TMS as an internal reference.  Thin layer chromatography (TLC) was 

performed on EMD silica gel coated (250 µm thickness) glass plates.  Developed TLC 

plates were stained with iodine absorbed on silica to produce a visible signature.  

Reaction progress and relative purity of crude products were monitored by TLC 

chromatography and 1H NMR.  Fourier transform infrared (FT-IR) measurements were 

conducted on polymer films cast from chloroform onto KBr plates using a Bruker Vector 



100 

 

22 Infrared Spectrophotometer.  High-resolution mass spectral (HRMS) data were 

obtained on a Finnegan 4500 gas chromatograph/mass spectrometer using either the 

chemical ionization (CI) or electrospray ionization (ESI) mode.   

Differential scanning calorimetry (DSC) was performed using a Perkin-Elmer DSC 

7 equipped with a controlled cooling accessory (CCA-7) at a heating rate of 10 ºC/min 

unless otherwise stated.  Calibrations were made using indium and freshly distilled n-

octane as the standards for peak temperature transitions and indium for the enthalpy 

standard.  All samples were prepared in hermetically sealed pans (4-7 mg/sample) and 

were run using an empty pan as a reference.  Thermogravimetric analysis (TGA) was 

performed on a Perkin-Elmer TGA-7 at 20oC/min under a nitrogen atmosphere.   

Gel permeation chromatography (GPC) was performed using a Waters Associates 

GPCV2000 liquid chromatography system with its internal differential refractive index 

detector (DRI) at 40°C using two Waters Styragel HR-5E columns (10 microns PD, 7.8 

mm ID, 300 mm length) with HPLC grade THF as the mobile phase at a flow rate of 1.0 

mL/minute.  Injections were made at 0.05-0.07 % w/v sample concentration using a 

220.5 µl injection volume.  Retention times were calibrated against narrow molecular 

weight polystyrene standards (Polymer Laboratories; Amherst, MA).  All standards were 

selected to produce Mp or Mw values well beyond the expected polymer's range.   

Synthesis of EP7 Copolymer 

OEtEtO

O O

 

Diethyl-2-(but-3-enyl) malonate (5-1) 

4-bromo-1-butene (20.6 g, 153 mmol) was added to a stirred slurry of diethyl 

malonate (48.8 g, 305 mmol), sodium hydride (4.39 g, 183 mmol), and THF (120 mL) at 
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0°C and allowed to stir for 30 minutes.  The resultant mixture was heated to 60°C for 8 

hours.  After cooling to room temperature, the reaction was slowly quenched with water 

(150 mL) and finally concentrated HCl (~10mL) until acidic (pH~4).  Column 

chromatography (1:3 diethyl ether:hexanes) afforded 25.2 g (77.2% yield) of colorless 

oil.  1H NMR spectral data matched reported values.163  13C NMR (CDCl3):  δ (ppm) 

14.28, 28.05, 31.51, 51.42, 61.51, 116.14, 137.10, 169.63; CI/HRMS: [M+H]+ calcd. for 

C21H19O4: 215.1283, found: 215.1282. 

O O

OEtEtO

OEtEtO

O O

 

1,6-(Diethyl-2-(but-3-enyl)malonyl) hexane (5-2) 

Compound 5-1 (15.0 g, 70 mmol) was added to a slurry of sodium hydride (1.68 g, 

70 mmol) in THF (75 mL) by syringe at 0°C.  1,6-Dibromohexane (7.77 g, 32 mmol) was 

added slowly to the solution via syringe and the mixture warmed to 65°C for 8 hours.  

Once cooled to room temperature, the reaction was subsequently quenched by slow 

addition of water (100 mL) and HCl (~5 mL) until acidic (pH~4).  Column 

chromatography (3:7 ethyl ether:hexanes) afforded 8.4 g  (51.7% yield) of colorless oil.  

1H NMR (CDCl3):  δ (ppm) 1.09-1.33 (br, 20H), 1.87 (m, 4H), 1.95 (m, 8H), 4.17 (q, 

8H), 5.02 (m, 4H), 5.78 (m, 2H);  13C NMR (CDCl3):  δ (ppm) 14.29, 24.13, 28.57, 

29.80, 31.69, 32.44, 57.42, 61.21, 115.10, 137.87, 171.86; CI/HRMS: [M+H]+ calcd. for 

C28H47O8: 511.3276, found: 511.3271;  Elemental analysis calcd. for C28H46O8:  65.86 C, 

9.08 H; found:  65.66 C, 9.27 H. 
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O O

OHHO

OHHO

O O

 

2,9-(But-3-enyl)-2,9-dicarboxysebacic acid (5-3) 

Potassium hydroxide (25.0 g, 446 mmol) was added to a mixture of 2 (20.0 g, 39 

mmol) in ethanol (125 mL) and water (50 mL) at room temperature.  The reaction 

mixture was heated at reflux for two hours before cooling to room temperature.  Diethyl 

ether (100 mL), followed by water (50 mL) and finally concentrated HCl (~200 mL) 

were added over thirty minutes until acidic (pH~4).  The biphasic mixture was transferred 

to a separatory funnel, extracted twice with diethyl ether (2 x 150 mL), washed with brine 

(2 x 150mL), and concentrated to a hydrated yellow solid at 118% crude yield of a 

mixture of tetraacid and what appeared to be potassium chloride.  No further purification 

was performed LSI/HRMS: [M+Na]+ calcd. for C20H30O8Na: 421.1823, found: 421.1836; 

Elemental analysis calcd. for C20H30O8:  60.29 C, 7.59 H; found: 59.97 C, 7.67 H. 

O

HO

OH

O

 

2,9-(But-3-enyl)sebacic acid (5-4) 

Solid tetraacid 5-3 (24.8 g, 62 mmol) was mixed with Decalin™ (25 mL) and 

heated to 185oC in a 250mL round bottom flask equipped with an air cooled condenser 

connected to a mineral oil bubbler.  The reaction was stirred vigorously until gas 

evolution ceased (typically 30 minutes at this scale).  Upon cooling, Decalin™ was 

removed via rotary evaporation affording a yellow oil.  Column chromatography (100% 

ethyl acetate) afforded 15.6 g (80.9% yield from 2) of yellow oil.  1H NMR (CDCl3):  δ 

(ppm) 1.20-1.89 (br, 16H), 2.10 (q, 4H), 2.39 (m, 2H), 5.02 (m, 4H), 5.79 (m, 2H), 11.74 
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(br, 1.5H);  13C NMR (CDCl3):  δ (ppm) 27.33, 29.47, 31.45, 31.68, 32.23, 45.05, 115.43, 

137.96, 183.01; LSI/HRMS: [M+Na]+ calcd. for C18H30O4Na: 333.2057, found: 

333.2048;  Elemental analysis calcd. for C18H30O4:  69.64 C,  9.74 H; found:  68.69 C, 

9.71 H. 

HO

OH

 

2,9-(But-3-enyl)-1,10-decanediol (5-5) 

A solution of diacid 5-4 (8.7 g, 28 mmol) in THF was added dropwise to a slurry of 

LAH (10.6 g, 279 mmol) in diethyl ether at 0°C.  The mixture was warmed to 45°C and 

stirred for 4 hours.  The reaction was quenched with successive additions of water 

(50mL) and 6N HCl (300 mL) over thirty minutes.  The organic phase was collected in 

two ether (150mL) washings, washed with brine (2 X150mL), and dried with MgSO4.  

Filtration and solvent removal afforded an oil with a slight yellow hue.  Column 

chromatography (3:7 hexanes:diethyl ether) yielded 6.2 g (78.2 % yield) of colorless oil.  

1H NMR (CDCl3):  δ (ppm) 1.28-1.58 (br, 20H), 2.08  (q, 4H), 3.55 (d, 4H), 4.98 (m, 

4H), 5.82 (m, 2H);  13C NMR (CDCl3):  δ (ppm) 29.97, 30.14, 30.37, 31.01, 31.32, 40.14, 

65.60, 114.58, 139.22; CI/HRMS: [M+H]+ calcd. for C18H35O2: 283.2637, found: 

283.2633;   Elemental analysis calcd. for C18H34O2:  76.54 C, 12.13 H; found:  75.91 C, 

12.01 H. 

CH3

CH3

 

5,12-Dimethyldodeca-1,15-diene (5-6) 

A solution of diol 5-5 (3.78 g, 13 mmol) in triethyl amine (5.0 mL, 49 mmol) and 

chloroform (75 mL) was cooled to 0oC, and mesyl chloride (3.5 g, 31 mmol) was added 
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dropwise via syringe over 5 minutes.  The reaction mixture was warmed to room 

temperature and stirred for 1 hour.  The crude mixture was transferred to a separatory 

funnel and washed water (2 x 50 mL), 1N HCl (2 x 50 mL), and saturated potassium 

carbonate (2 x 50 mL).  Each washing was extracted with dichloromethane (50 mL).  The 

chloroform and dichloromethane portions were combined, dried with MgSO4 and 

concentrated to an orange oil. 

A solution of crude dimesylate in diethyl ether (75 mL) was added dropwise, over a 

twenty minute period, to a slurry of precooled (0°C) of LAH (6.0 g, 158 mmol) in diethyl 

ether (150 mL).  The reaction was warmed to room temperature and stirred for 1 hour.  

Successive additions of water (6 mL), 15% NaOH (6 mL), and water (18 mL) followed 

by filtration and solvent removal yielded a biphasic, colorless mixture.  Column 

chromatography (100% hexanes) isolated 2.3 g (68.7 % yield) of colorless oil.  1H NMR 

(CDCl3):  δ (ppm) 0.87 (d, 6H), 1.0-1.5 (br, 18H),  2.06  (m, 4H), 4.98 (m, 4H), 5.83 (m, 

2H);  13C NMR (CDCl3):  δ (ppm) 19.76, 27.24, 30.25, 31.62, 32.51, 36.48, 37.18, 

114.13, 139.69; CI/HRMS: [M]+ calcd. for C18H34: 250.2661, found: 250.2669;  

Elemental analysis calcd. for C18H34:  86.32 C, 13.68 H; found:  84.49 C, 13.52 H. 

CH3

CH3 n  

Polymerization of 5,12-dimethylhexadeca-1,15-diene: EP7u (5-7) 

Prior to reaction, pure diene monomer 5-6 was successively vacuum transferred 

onto a potassium metal mirror; allowed to stand for 4 hours at room temperature; vacuum 

transferred to a 50 mL Schlenk flask and taken into an Argon filled glove box.  Diene 

monomer 6 (1.0 g) was added to Schrock’s molybdenum catalyst (1500:1) and stirred 

until ethylene evolution slowed and the viscosity increased.  The reaction flask was 
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sealed with a Schlenk adapter, taken out of the glove box, and fitted to a high vacuum 

line.  Vacuum was applied intermittently over three hours during which noticeable 

viscosity increase of the golden amorphous liquid was observed.  High vacuum (~10-4 

torr) was applied, and the temperature increased to 40°C for 72 h.  The polymerization 

was quenched by opening the flask to the atmosphere and adding toluene (25 mL).  Upon 

dissolution, polymer solutions were stirred until a green color arose and finally flashed 

through a 2” plug of neutral silica to remove catalyst residue.  Removal of solvent 

afforded a colorless liquid polymer.  1H NMR (CDCl3):  δ (ppm) 0.85 (d, 6H), 1.02-1.45 

(br, 18H), 1.99 (m, 4H), 5.33-5.45 (m, 2H); 13C NMR (CDCl3):  δ (ppm) 19.81, 25.02, 

27.28, 30.31, 30.41, 32.50, 32.65, 37.23, 37.34, 130.13 (cis olefin), 130.59 (trans olefin); 

FT-IR: (cm-1) 2963, 2925, 2850, 1462, 1376, 967, 722; Elemental analysis calcd. for 

C17H32:  86.36 C, 13.64 H; found:  86.45 C, 13.79 H.  Thermal decomposition under 

nitrogen @ 10oC/min: 10% weight loss at 417oC. 

CH3

n  

EP7 (5-8) 

Unsaturated polymer 5-7 (~1.0 g) was dissolved in toluene (150 mL) and 

transferred to a Parr pressure reactor equipped with a glass sleeve and Teflon stirbar.  

Palladium (10 mol% on carbon) (100 mg) was added to the solution; the reactor was 

sealed, was purged three times with 1000 psi hydrogen gas, and filled to 1000 psi prior to 

heating the stirred contents to 120°C for 72 h.  The crude reaction mixture was vacuum 

filtered over a 2” plug of silica to remove carbon residue.  Subsequent removal of solvent 

gave 947 mg (95% mass yield from 1g of 5-6) of a colorless liquid polymer.  1H NMR 

(CDCl3):  δ (ppm) 0.85 (d, 3H), 1.02-1.45 (br, 13.67H); 13C NMR (CDCl3):  δ (ppm) 
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19.98, 27.37, 30.35, 33.01, 37.38; FT-IR: (cm-1) 2924, 2853, 1464, 1377, 723; Elemental 

analysis calcd. for C17H34:  85.63 C, 14.37 H; found:  85.53 C, 14.66 H.  Thermal 

decomposition under nitrogen @ 10oC/min: 10% weight loss at 315oC. 

Synthesis of EP5 copolymer 

Synthetic methodology to produce EP5 is identical to that given previously for the 

total synthesis of the EP7 copolymer. 

OO

OO

OEtEtO

OEtEtO

 

1,4-(diethyl-2-allylmalonyl) butane (5-9) 

Column chromatography (2:8 ethyl ether:hexanes) produced 9.6 g (58.7% yield.) of 

a colorless oil.  1H NMR (CDCl3):  δ (ppm) 1.12-1.26 (br, 16H), 1.79 (m, 4H), 2.58 (d, 

4H), 4.14 (q, 8H), 5.05 (m, 4H), 5.59 (m, 2H);  13C NMR (CDCl3):  δ (ppm) 14.22, 24.25, 

32.07, 37.08, 57.42, 61.24, 118.93, 132.65, 171.33; CI/HRMS: [M+H]+ calcd. for 

C24H39O8: 454.2678, found: 454.2671;  Elemental analysis calcd. for C24H38O8:  63.42 C, 

8.43 H; found: 63.30 C, 8.45 H. 

OO

OO

OHHO

OHHO

 

2,7-diallyl-2,7-dicarboxysuberic acid (5-10) 

Product isolated as a hydrated mixture of tetraacid and what appeared to be 

potassium chloride in 113% crude yield.  No further purification was performed.  

LSI/HRMS: [M+Na]+ calcd. for C28H47O8Na: 365.1212, found: 365.1216; Elemental 

analysis calcd. for C16H22O8:  56.13 C, 6.48 H; found: 55.97 C, 6.38 H. 
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HO
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2,7-diallylsuberic acid (5-11) 

Column chromatography (100% ethyl acetate) isolated 13.2 g (74.7% yield from 9) 

of yellow oil.  1H NMR (CDCl3):  δ (ppm)1.25-1.43 (br, 4H), 1.45-1.72 (br, 4H), 2.18-

2.31 (m, 2H), 2.32-2.50 (m, 4H), 5.10 (m, 4H), 5.76 (m, 2H);  13C NMR (CDCl3):  δ 

(ppm) 27.26, 31.37, 36.24, 36.31, 45.33, 117.27, 135.28, 182.55; LSI/HRMS: [M+Na]+ 

calcd. for C14H22O4Na: 277.1416, found: 277.1410; Elemental analysis calcd. for 

C14H22O4:  66.12 C,  8.72 H; found:  66.11 C, 8.80 H. 

HO

OH  

2,7-diallyl-1,8-octanediol (5-12) 

Column chromatography (15:85 hexanes:diethyl ether) yielded 4.5 g (71.2 %) of a 

colorless oil.  1H NMR (CDCl3):  δ (ppm) 1.32 (br, 8H), 1.61 (br, 4H),  2.11 (t, 4H), 3.54 

(d, 4H), 5.05 (m, 4H), 5.81 (m, 2H);  13C NMR (CDCl3):  δ (ppm) 27.41, 30.76, 36.00, 

36.02, 40.59, 65.73, 116.39, 137.30; LSI/HRMS: [M+H]+ calcd. for C14H27O2: 227.2011, 

found: 227.2009;  Elemental analysis calcd. for C14H26O2:  74.29 C, 11.58 H; found:  

74.14 C, 11.57 H. 

CH3

CH3  

4,9-Dimethyldodeca-1,11-diene (5-13) 

Column chromatography (100% hexanes) yielded 3.3 g (87.4 % yield) of a 

colorless oil.  1H NMR (CDCl3):  δ (ppm) 0.88 (d, 6H), 1.04-1.55 (br, 10H), 1.91  (m, 

2H), 2.05 (m, 2H), 4.99 (m, 4H), 5.79 (m, 2H);  13C NMR (CDCl3):  δ (ppm) 19.68, 
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27.58, 33.03, 36.84, 41.67, 41.69, 115.58, 138.01; CI/HRMS: [M]+ calcd. for C14H26: 

194.2035, found: 194.2025;  Elemental analysis calcd. for C14H26:  86.52 C, 13.48 H; 

found:  86.34 C, 13.70 H. 

CH3

CH3 n  

Polymerization of 4,9-dimethyldodeca-1,11-diene: EP5u (5-14) 

1H NMR (CDCl3):  δ (ppm) 0.85 (d, 6H), 1.02-1.52 (br, 10H),  1.84  (m, 2H), 1.98 

(m, 2H), 5.36 (m, 2H);  13C NMR (CDCl3):  δ (ppm) 19.76, 27.66, 33.45, 34.92, 35.73, 

36.89, 40.41, 40.43, 129.46 (cis olefin), 130.31 (trans olefin);  FT-IR: (cm-1) 3004, 2953, 

2925, 2855, 2724, 1464, 1438, 1376, 968, 725;  Elemental analysis calcd. for repeat unit 

C13H24:  86.59 C, 13.41 H; found:  86.76 C, 13.38 H.  Thermal decomposition under 

nitrogen @ 10oC/min: 10% weight loss at 375oC. 

CH3

n  

EP5 (5-15) 

Isolated as 984 mg (98% mass yield from 1.0 g of 5-13) as a colorless liquid 

polymer.  1H NMR (CDCl3):  δ (ppm) 0.85 (d, 3H), 1.02-1.43 (br, 9.19H); 13C NMR 

(CDCl3):  δ (ppm) 19.99, 27.70, 33.03, 37.41; FT-IR: (cm-1) 2952, 2925, 2855, 2722, 

1464, 1377, 1152, 727; Elemental analysis calcd. for C13H26:  85.63 C, 14.37 H; found:  

85.54 C, 14.60 H.  Thermal decomposition under nitrogen @ 10oC/min: 10% weight loss 

at 275oC. 
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Results and Discussion 

Polymer Design and Synthesis 

Sequenced EP copolymers have been produced using ADMET chemistry affording 

a family of methyl branched polyethylenes (EP copolymers) with targeted comonomer 

ratios and precise branch placement.71 To easily describe the sequenced copolymers in 

this document, the nomenclature is based on the parent chain-addition comonomers and 

branch frequency.  For example, EP21 begins with the prefix EP standing for ethylene 

(E) and propylene (P), the two comonomers, and the number 21 is the branch frequency 

along the polymer backbone.  EP21 can be considered a linear PE with a methyl branch 

on every 21st carbon or a sequenced EP copolymer with 9.5 units of ethylene between 

each propylene unit. 

Synthesis of ADMET EP copolymers began with EP19 in 1997164 followed by an 

extension of this theme to include EP9, 11, 15, & 21.71, 72, 143  All of the aforementioned 

ADMET EP copolymers exhibit semicrystalline behavior; and for every copolymer, 

higher branch frequencies and shorter ethylene run lengths result in lower peak melting 

temperatures and heats of fusion.71, 143  Figure 5-1 illustrates a comparison of thermal 

responses for EP9, EP15, and EP21 that highlights their melting endotherms.  Longer 

ethylene run lengths present in EP15 and EP21 lead to higher melting, more crystalline 

materials due their possessing a lower methyl branch (defect) content along the polymer 

backbone.  As branch content increases in these EP copolymers, the ethylene run length 

decreases, thereby, yielding less crystalline materials with lower peak melting 

temperatures; however, due to the precise placement of pendant methyl branches, even 

EP9, having the highest molar concentration of defects, still retains a relatively sharp 

melting profile.  Before this work, our group had yet to synthesize an amorphous 



110 

 

sequenced EP copolymer, even though comparable, randomly (or statistically) branched 

EP copolymers in the literature exhibit both semi-crystalline133, 165 and/or amorphous 

behavior.159, 160  By creating polymers with pure microstructures and exact branch 

placement, we have synthesized a class of EP materials with unique structure and 

morphology.  
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Figure 5-1.  DSC thermograms of previously synthesized EP copolymers 

For highly branched copolymers, the diene monomers for metathesis 

polymerization were synthesized as ‘dimers’, in an ADMET sense, containing two 

methyl branch points per monomer.  This is the first report of this synthetic methodology 

that lends itself well to the future creation of a variety of highly functionalized ADMET 
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polymers.  Figure 5-2 illustrates the monomer synthesis for diene 5-6, with an 

abbreviated route for diene 5-13.  A tetraester substituted α,ω-diene 5-2 is produced by 

the dialkylation of a dibromide with the alkenyl malonate 5-1 forming a tetraester diene.  

Subsequent saponification and decarboxylation yields the diacid diene 5-4 that is easily 

converted to the diol 5-6 through LAH reduction.  Dimesylation followed by reductive 

cleavage with LAH yields diene monomer 5-6.  Monomer 5-13 is produced in a similar 

fashion starting from alkenyl malonate and dibromo butane.   
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Figure 5-2.  ADMET monomer synthesis 

Schrock’s molybdenum catalyst was chosen for the ADMET polymerization 

(Figure 5-3) due to mild metathesis conditions and recent reports concerning competitive 

metathesis/isomerization problems using ruthenium catalysts.166-168   
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Figure 5-3.  EP7 copolymer synthesis 

Upon extensive purification of monomers, the polymerization was carried out in 

the bulk under high vacuum (~10-4 torr).  High molecular weight unsaturated copolymers, 

EP5u and EP7u, were isolated and exhaustive hydrogenation yielded EP5 and EP7 

copolymers as colorless viscous liquids. 

Molecular Weight and Structural Analysis 

Polymer molecular weight and distribution were verified by GPC and NMR of both 

the saturated and unsaturated copolymers.  In addition, vinyl polymer endgroups and 1,2-

disubstituted olefin signals visible in 1H and 13C NMR of the unsaturated polymers 

vanish upon saturation, indicating successful synthesis of saturated EP copolymers.  As 

shown in Table 5-1, retention of both molecular weight and polydispersity upon 

hydrogenation suggests no polymer degradation during hydrogenation, and FT-IR 

analysis also confirms metathesis polymerization and copolymer saturation, yielding the 

final sequenced EP copolymers.  The atactic nature of the product copolymers arises from 

the lack of stereocontrol during the initial polymerization of terminal olefins, and a 

further randomization through transmetathesis reactions occurring on 1,2-disubstituted 

olefins along the polymer backbone.  Detailed discussion concerning structural and 

thermal characterization for copolymers EP5 and EP7 follows.    
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Table 5-1.  Polymer Characterization Data   
 Mol % Ethylene Mol % Propylene GPC datac 

 Calculateda NMRb Calculateda NMRb Mn Mw PDId 
Onset (oC) of 

Decompositione 

Methyl 
Branch 
Densityf 

EP5u - - - - 26.0 45.7 1.8 375 - 

EP5 60.0 60.7 40.0 39.3 28.4 47.6 1.7 275 200 
(197) 

EP7u - - - - 12.7 20.3 1.6 417 - 

EP7 71.4 72.3 28.6 27.3 12.9 20.3 1.6 315 143 
(137) 

a) calculated from expected polymer repeat unit; b) from 1H NMR analysis; c) kg/mol, 
referenced to PS standards in THF;  d) Mn/Mw; e) recorded at 10% total mass loss under 
nitrogen gas, 20oC/min;  f) calculated from theoretical repeat unit per 1000 Backbone 
Carbons (1H NMR analysis also included) 
 
Structural Analysis: 13C NMR 

Primary microstructural analysis for these polymers has been greatly enhanced with 

the application of 1H and 13C NMR techniques.  Specifically, the ability of 13C NMR to  

differentiate similar C-C and C-H bonding arrangements in hydrocarbon structures such 

as polyolefins and paraffins produces more structural information than 1H NMR due to 

similar proton chemical shifts and overlapping resonances.169  Numerous 13C NMR 

studies of small molecule alkanes have led to a large collection of spectral data 

concerning individual branching arrangements for linear molecules and highly branched 

compounds.169-171  Analogous polymer analysis has been performed to determine branch 

content,132, 160, 172 branch identity,172 and branch distribution132, 173 in a variety polyolefins.   

Spectral data for EP5 and EP7 illustrate the structural regularity established in the 

precisely branched copolymers.  Figure 5-4 depicts a side-by-side comparison of the 

transformations from monomer to unsaturated prepolymer to saturated EP copolymer for 

both EP5 and EP7 by 13C NMR performed in CDCl3.  Starting in the upper left with the 

terminal diene containing monomer for EP5, signals at 115.6 and 138.0 ppm vanish when 

converted to high polymer, while two new signals appear corresponding to the 1,2-
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disubstituted double bonds along the polymer backbone as a mixture of trans (130.3 ppm, 

major) and cis (129.5ppm, minor) olefins.  In previous studies, the cis/trans content of 

typical ADMET materials was found to be approximately 90% trans olefin by long-scan 

semi-quantitative 13C NMR, a result attributed to the conformation of the most 

metallocyclobutane intermediate formed during the catalytic cycle of the metathesis 

polymerization.7   

 
Figure 5-4.  13C NMR analysis following monomer to copolymer for both EP5 and EP7 

Saturation of the ADMET product greatly simplifies the 13C NMR spectra, and as 

the signals from all olefinic and allylic carbons are removed, the precise microstructure of 
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ADMET EP copolymers becomes apparent.  For EP5, which contains a methyl branch on 

every 5th carbon, the NMR shows resonances from only four magnetically different 

carbons in a molecule of over 40 kg/mol arising from an axis of symmetry between the β 

and γ carbons from any branch point in the copolymer.  Since backbone carbons C and D 

are twice as abundant as the methyl branch (A) and branch point carbons (B), it follows 

that signal intensity for carbons C and D resemble roughly twice that of carbons A and B.  

Upon comparison of this spectral data with previously mentioned NMR studies, our 

sequenced EP copolymers show good agreement with similar small molecules, but slight 

differences of between 0.5-2 ppm are seen due to the non-repeating structure of the 

latter.169  Comparison of these copolymers to methyl branched polyolefins shows 

excellent agreement with the branch and branch point to <1ppm.172, 174  We postulate 

these small differences in chemical shift are related to the precise sequence length in our 

copolymers where the chemical shift of the α and β carbons are slightly altered by 

branches on both sides of the carbon atom in question.   

Analysis of EP7 (Figure 5-4) follows the same approach as terminal olefins signals 

are replaced with those of internal olefins.  Once again, the spectrum is greatly simplified 

after hydrogenation, resulting in only five magnetically inequivalent carbons.  In this 

case, the axis of symmetry resides in between the γ and δ carbon from any branch point 

marked as D and E, respectively.  As observed with EP5, the branch point (B) and 

methyl group (A) are the least populous carbons in the material, resulting in roughly half 

the signal intensity relative to the other three backbone carbons (C, D and E).  Again, 

good agreement with small molecule studies is observed with larger discrepancies for 

carbon atoms further from the branch point, arising from the polymeric nature of these 
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samples.169  Comparison to similar methyl branched polyethylenes reveals superb 

agreement to reported chemical shifts to within 1 ppm.172, 174 
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Figure 5-5.  13C NMR endgroup analysis of EP7 

Endgroup analysis of these copolymers is also possible by 13C NMR spectroscopy.  

Previous examination of endgroups produced during ADMET polymerization have 

shown terminal olefins remain at chain ends,7 and upon hydrogenation, are saturated 

leaving a unique primary methyl branch175 unlike the secondary methyl branches along 

the copolymer backbone of EP5 and EP7.  13C NMR spectroscopy of EP7 reveals low 

intensity resonances corresponding to the polymer endgroups and the neighboring 

carbons atoms shown as an expanded view (~100X) for the alkyl region of the spectrum 

(Figure 5-5).  The large signals extending off the top of the spectrum correspond to the 

backbone carbon atoms with the highest molar concentration in the copolymer, while the 

four smaller signals labeled G, H, F, and I represent end groups and adjacent carbon 

atoms as labeled.  These signals are easily distinguishable and assignment as endgroups 
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agrees with our analysis of random ADMET EP materials175 and small molecule studies 

mentioned earlier.169  Endgroup analysis illustrates the power of 13C NMR in polyolefin 

structure determination and supports the proposed copolymer structure for both EP5 and 

EP7.  

Structural Analysis: 1H NMR 

Proton NMR analysis also illustrates the microstructural control offered by the 

metathesis/hydrogenation methodology.  Figure 5-6 presents a set of proton spectra 

tracking the conversion of diene monomer 6 to unsaturated copolymer EP7u to saturated 

copolymer EP7, similar to the 13C NMR data presented earlier.  The spectral data shows 

the progression from the monosubstituted, terminal olefin of the monomer to the 1,2-

disubstituted olefin to the saturated copolymer.  The presence of cis and trans olefins in 

the copolymer are confirmed by the large signal at 5.39 ppm (trans) with a small 

shouldering signal just upfield with a maximum at 5.34 ppm (cis).  As observed with 13C 

NMR, analysis of the 1H NMR spectrum for EP7 is straightforward as only three 

different bonding arrangements for hydrogen exist in the copolymer:  a methine, a 

methylene, and a methyl group.  Since 1H NMR can resolve the methyl group signals 

from the overlapping methine and methylene signals, copolymer branch content and 

comonomer ratios can be calculated (Table 5-1), but specific bonding arrangements are 

difficult to deduce.  As with 13C NMR, 1H NMR analysis for EP5 and EP7 supports the 

structural claims and proposed repeat units for both sequenced EP copolymers. 
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Figure 5-6.  1H NMR analysis following monomer 5-6 to EP7 sequenced ethylene-

propylene copolymer 

Structural Analysis: FT-IR  

Structural analysis of the EP copolymers using FT-IR is a relatively straightforward 

analytical technique that can reveal various structural and morphological features of these 

materials, including crystal structure and branching content.176, 177  Previous FT-IR 

studies on linear paraffins and various grades of commercial PE have determined the 

small effects crystallization and chain-packing have on absorbance wavenumber and 

intensity.  In most cases, especially in purely hydrocarbon systems, what may appear to 
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be single absorbances arise from composite interactions of various methyl, methylene, 

and methine moieties dispersed throughout the crystalline and amorphous regions in the 

material.176  While peak maxima and wavenumber may be correlated to crystal structure, 

or lack thereof, our EP5 and EP7 copolymers display absorbances from disordered 

morphologies associated with amorphous polymers (Figure 5-7).   

500100015002000250030003500

Wavenumber

a) EP5

b) EP7

 
Figure 5-7.  FT-IR analysis for sequenced EP copolymers; a) EP5, b) EP7  

FT-IR analysis of both unsaturated and saturated EP copolymers verifies 

polymerization to high molecular weight and exhaustive hydrogenation of ADMET 

products yielding copolymers EP5 and EP7.  Observable in both spectra are multiple 

absorbance bands between 3000 and 2800 cm-1 arising from the abundance of methyl and 

methylene units in the polymer backbone.  Strong bands at 2925 and 2855 cm-1 

correspond to the methylene stretching motions from backbone carbons.  For EP5, the 

shouldering peak at 2952 cm-1, associated with a methyl stretch, exhibits a higher 

intensity than that of EP7 due to the higher concentration of methyl branches in EP5.    
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For the bands at 1464 and 1377 cm-1, both copolymers show the exact same absorbance 

maxima corresponding to methylene and methyl bending located within a highly 

disordered environment;176 and the higher methyl content in EP5 is reflected as a greater 

intensity for the spectral bands at 1464 and 1377cm-1 relative to methylene absorbances 

between 2850 and 2950 cm-1.  The low wavenumber band centered near 725 cm-1 for both 

copolymers corresponds to methylene rocking specifically located within an amorphous 

phase.176   

Thermal Analysis: DSC 

EP5 and EP7 represent the first ever fully amorphous, sequenced copolymers 

produced in this fashion.  Extensive thermal analysis has been performed on various 

academic and commercial PE materials, thereby, creating a large volume of data on the 

subject that spans many decades.  Very few reviews regarding this topic have been 

published in the literature,91, 139, 178 and summarizing the extensive thermal data can be 

difficult due to both the shear number of articles as well as the assortment of conclusions 

provided therein.  Herein, we have cited articles with thermal analysis of random EP 

copolymers of similar comonomer contents as EP5 and EP7 focusing on structural 

variations throughout various chain addition methods. 

The relationship between branch content and thermal response of polymers is well 

documented in the literature, and thermal analysis data for various polyolefins is widely 

avaiable.137, 140, 179  As a general rule, as short alkyl branching increases, peak melting 

temperatures and heats of fusion decrease until branching defects render 

ethylene-α-olefin copolymers amorphous, usually above 60 mol% α-olefin content.133, 178, 

180  For randomly copolymerized EP materials, composition charts have been developed 

compiling glass transition and peak melting temperatures for semicrystalline and 
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amorphous EP copolymers based solely on comonomer ratios,144, 157 and predictions of 

minimum methylene sequences needed for crystallization have been reported as n = 8,181 

10,182 and 14.107  Below this critical chain length for polymer crystallization, short 

methylene sequences have been linked to a low temperature relaxation where T < Tg: n = 

2,183 3,184 and ≥2178 for Tγ = -125oC.  While the true glass transition temperature of PE 

has been debated due to multiple detectable polymer relaxations,178 random EP materials 

exhibit composite thermal responses from PE-like and polypropylene-like polymer 

segments throughout the material,107, 144, 150 making it difficult to discern which structural 

features are causing specific thermal events.  The synthetic methodology applied creates 

macromolecular architectures with defined repeat units generating perfectly sequenced 

EP materials that offer the ability to directly probe the effects of specific branch (defect) 

placement on polymer morphology and crystal structure. 

Differential scanning calorimetry (DSC) was performed on a series of sequenced 

ADMET EP copolymers to determine the effects of exact ethylene run lengths on thermal 

response.  All previously synthesized examples of ADMET EP copolymers (EP9, 11, 15, 

19, and 21)71, 72, 143 exhibit semicrystalline behavior with a common trend of increasing 

peak melt temperature and heat of fusion with increasing ethylene run length or 

decreasing branch content (Figure 5-1).  Although this data is in good agreement with 

thermal data from the corresponding randomly branched EP materials, ADMET EP 

copolymers display sharp, well-defined melting endotherms unlike statistical EP 

copolymers which usually exhibit long, broad melting endotherms due to a the latter 

having a distribution of ethylene sequence lengths and polydisperse lamellae 

thicknesses.107  Sequenced EP copolymers having exact ethylene run lengths lead to a 
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regular repeating polymer structure allowing more uniform crystallite formation and 

lamellar thickness distribution.   The β glass transition temperatures for all 

semicrystalline ADMET EP sequenced copolymers have been recorded at -43oC  for 

ethylene run lengths of n = 8-20 regardless of branch density.71   
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Figure 5-8.  DSC analysis: seconding heating scan of EP5 and EP7  

DSC experiments on EP5 and EP7 were performed at a scan rate of 10oC/min from 

-120 to 150oC - and the second heating curves for the two new additions to this family of 

EP materials are displayed in Figure 5-8.  For EP5, a single, clearly defined relaxation 

can be observed at -65oC with a ∆Cp of 0.5 J/g-oC.  This transition has been assigned as 

the glass transition temperature for this copolymer, and is roughly 22oC lower than 

previous examples of sequenced EP copolymers.71  In comparison with literature data for 
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random EP copolymers, a number of examples exhibit thermal relaxations near this 

temperature and have been assigned as glass transitions.107, 133, 134, 150, 151, 157, 185  The shift 

of this relaxation of EP5 to a lower temperature relative to previous perfectly sequenced 

EP copolymers71, 130, 164 is attributed to a higher methyl branch density inhibiting polymer 

chain flexibility as seen in examples random EP materials also;157  EP5 represents the 

first example of a completely amorphous, sequenced EP copolymer within this family of 

precisely branched materials.  In other words, we have isolated the branch content 

necessary to block crystallization in a sequenced EP material, or in other words, 

determined the smallest crystallizable ethylene run length at 6 carbons. 

For EP7, the second heating curve of the experiment at 10oC/min illustrates the 

long, broad endothermic response occurring over a large temperature range of 120oC 

(Figure 5-8).  This observation was attributed to an initial polymer relaxation at -110oC 

followed by a secondary relaxation at -80oC overlapping with a possible broad melting 

event.  Concurrent and/or consecutive relaxations and polymer melts are common in 

highly branched EP materials and are illustrated well by Ferrari,133 Reynaers,134 and 

Sozzani.152  One notable difference in the thermal response of our sequenced EP7 

copolymer is the initial relaxation at -110oC being close to the reported Tγ transition at 

-125±10oC.178  While this relaxation has been attributed to long, pendant alkyl branch 

motion, we observe similar low-temperature relaxations in a copolymer with a methylene 

sequence of six carbons and only methyl branches.  Unlike previous examples of 

randomly copolymerized EP materials of roughly 70 mol % ethylene,107, 134, 157 the initial 

relaxation for EP7 at -110oC occurred roughly twenty degrees lower than the reported 

range of -60oC to -40oC.  Since previous examples of methyl branched ADMET EP 
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copolymers only displayed transitions at -43oC, corresponding to the β-glass transition, 

this lead us to believe we could discount the methyl branches for this low temperature 

relaxation, but specific literature data suggests this -110oC transition arises from methyl 

branch rotation.186  Considering the relaxation data from EP5 exhibits no such transition, 

we can relate the methylene sequence of n = 6, corresponding to three sequential ethylene 

units, to the -110oC and -80oC relaxations, and a few examples from statistical EP 

systems support this conclusion.150, 178   

To further resolve the thermal response of EP7, various one hour annealing 

treatments between -72 and -40oC were performed to isolate specific transitions.  Using a 

DSC, the material was held isothermally for one hour, rapidly cooled to -120oC, and 

heated from -120oC to 50oC at a scan rate of 10oC/min.  The thermal responses of EP7 

upon thermal treatments at various temperatures are given in Figure 5-9.  After annealing 

EP7 at -72oC, two endotherms appear at -60oC (major) and -30oC (minor) with peak 

shapes suggesting the melting of polymeric crystals rather than chain relaxations, but 

notably, two different polymorphs due to multiple transitions.  Annealing at -65oC shifts 

the lower temperature peak to -54oC while the second peak is slightly expanded and 

broadened.  The trend continues when annealed at -63oC as the first peak recedes slightly 

and the second increases in peak area.  Also, a noted exotherm between the two 

endothermic transitions suggests a melting-recrystallization event, dynamically 

reordering the polymer chains into a higher melting crystal form during the experiment.  

At higher temperatures of -50 and -55oC, the two endotherms merge into a bimodal 

response centered near -40oC.  Annealing at -45oC shows the reappearance of both lower 

temperature endotherms near -80oC and -60oC, although the bimodal melt still prevails as 
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the strongest transition at -30oC.  In the final experiment, EP7 was held annealed at 

-40oC, but the sample exhibited an identical thermal response to that of the initial DSC 

experiment (Figure 5-8) under dynamic scanning conditions and no previous annealing 

performed.  The bimodal melting after assorted thermal annealing treatments, along with 

broad thermal response under dynamic scanning, supports the hypothesis that the high 

methyl branch density in EP7 forces the material into a metastable state where chain 

packing is encumbered thus generating conformationally disordered and highly strained 

crystalline domains. 

5

10

15

20

Annealing 
Temperature

H
ea

t F
lo

w
, E

nd
o 

U
p 

(m
W

)

Temperature (oC)

 -450C

 -550C

-80 -60 -40 -20 0 20

 -500C

 -630C

 -650C

 -720C

 
Figure 5-9.  DSC curves for annealing experiments on EP7 

Crystal structure analysis of EP21 and EP15 using x-ray powder diffraction data 

was recently reported indicating a mixed hexagonal-triclinic crystal arrangement in EP15 

and EP21 copolymers.72  Due to the regularity of the copolymer structures and the ability 

of longer ethylene run lengths to crystallize, secondary structure characterization suggests 
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that the chain stems nucleate to form staggered, triclinic arrangements that are able to 

include methyl branches within the lamellae, while simultaneously providing a 

mechanism for backbone methylenes to order via a hexagonal sublattice. 

Drawing from these results, we believe similar events are taking place during low 

temperature EP7 melt crystallization.  However, owing to the higher degree of branch 

content of EP7, several ill-defined thermal transitions were encountered that indicate that 

the various crystal forms are both less dense and less stable when compared to the EP15 

and EP21 materials described by Lisa, et al..72  According to our earlier analysis, as 

ethylene sequence length is decreased, conformational disorder in ADMET EP 

copolymers is increased leading to lower density copolymers with less hexagonal 

character and more defective triclinic arrangements.  Revisiting previously discussed 

thermal analysis (Figure 5-1), the response of EP7 seems intuitive as EP5 is completely 

amorphous and EP9 is a very low-density semicrystalline polymer.  The intermediate 

branch density in EP7 impedes crystallite formation unless specific thermal treatments 

are applied thus supporting formation of various thermodynamically metastable states 

that cannot be observed under dynamic scanning.  

For a copolymer containing a run length of shorter than four methylene groups 

between methyl branches, the only observed transition for EP5 is a clearly defined Tg at 

-65oC and a ∆Cp of 0.5 J/g, with no melting event detected - even upon annealing at 

various low temperatures.  If EP5 has too many branches to crystallize and EP9 has the 

lowest peak melting temperature of the family, the behavior of EP7 can be explained by 

branch content alone.  At this propylene content, sequenced materials contain an even 

distribution of methyl defects throughout the copolymer backbone, thereby, requiring a 
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methylene sequence of 7 or more for crystallization to occur.  The development of 

multiple endotherms and bimodal melting for EP7 can likely be attributed to various 

low-density crystals with packing arrangements similar to previously analyzed ADMET 

materials.  Hence, EP7 seems to fall on the boundary of crystalline and amorphous 

polymers in our family of sequenced EP copolymers; this indicates that the smallest 

crystallizable run length between branches is between n = 5 and 8 methylene units, 

similar to previous predictions and reports described earlier. 

Conclusion 

In summary, by applying a new synthetic approach to diene monomer synthesis, 

two sequenced EP copolymers have been synthesized through a sequential ADMET 

polymerization/hydrogenation methodology.  ADMET EP copolymers were analyzed by 

FT-IR, 1H NMR, and GPC.  13C NMR was used for to perform in-depth structural 

investigation and endgroup analysis in order to assign exact chemical shifts for specific 

methyl branching patterns and sequence lengths in EP copolymers.  Methyl branch 

contents and distributions were controlled through metathesis polymerization and 

targeted copolymers were attained in good yield.  This approach to EP copolymer 

synthesis yields precise model polyolefins that are used to isolate explicit structural 

features in a single material without the problems associated with multiple-branch 

identities and variable-comonomer distributions observed in most chain addition 

materials.   

Thermal analysis of sequenced EP copolymers revealed the first amorphous 

example to date, EP5, exhibiting a glass transition temperature of -65oC and a Cp= 0.5 

J/g-oC. Both EP5, with four carbons between branch points, and EP7, with six carbons 

between branch points, exhibit amorphous character under dynamic scanning calorimetry 
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at 10oC/min; however, annealing experiments carried out at low temperatures for EP7 

reveal ill-defined endothermic thermal responses that indicate the presence of, disordered, 

metastable crystalline regimes in this material.  Future applications of this synthetic 

methodology include the investigation of longer alkyl branches and longer ethylene 

sequence lengths in similar polyolefin copolymers. 
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APPENDIX 
1H AND 13C NUCLEAR MAGNETIC RESONANCE SPECTRA FOR SELECTED 

INTERMEDIATES AND TARGET MATERIALS 

Compounds Described in Chapter 2  

2-(4-pentenyl)-6-hepteneoic acid  

O OH

3 3  

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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2-(7-octenyl)-9-deceneoic acid  

O OH

6 6  

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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2-(10-undecenyl)-12-trideceneoic acid  

O OH

9 9  

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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2-(4-cyclooctenyl)acetic acid  

O

OH

 

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  

 



133 

 

1-ethoxyethyl-2-(4-pentenyl)-6-hepteneoate  

O O

3 3

O

 

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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1-ethoxyethyl-2-(7-octenyl)-9-decenoate  

O O

6 6

O

 

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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1-ethoxyethyl-2-(10-undecenyl)-12-trideceneoate  

O O

9 9

O

 

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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1-ethoxyethyl-2-(4-cyclooctenyl)acetate  

O

O O

 

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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Polymerization of 1-ethoxyethyl-2-(4-pentenyl)-6-hepteneoate  3 3
n

O O O

 

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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Polymerization of 1-ethoxyethyl-2-(10-undecenyl)-12-tridecenoate  
9 9

n

O O O

 

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  

 



139 

 

EAA9  n

OHO

 

1H NMR (dioxane):  

 
13C NMR (dioxane):  
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EAA15  

OHO

 

1H NMR (dioxane):  

 
13C NMR (dioxane):  
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EAA21  

OH

n

O

 

1H NMR (dioxane):  

 
13C NMR (THF): Figure 2-5 
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Compounds Described in Chapter 4 

1,12-tridecadiene-7-ol  

OH

4 4  

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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1,16-heptadecadiene-9-ol  

OH

6 6  

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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1,22-tricosadiene-12-ol  

OH

9 9  

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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7-methoxy-1,12-tricosadiene  

OCH3

4 4  

1H NMR (CDCl3):  

 
13C NMR (CDCl3): Figure 4-2 
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9-methoxy-1,16-heptadecadiene  

OCH3

6 6  

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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12-methoxy-1,22-tricosadiene  

OCH3

9 9  

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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7-ethoxy-1,12-tridecaadiene  

OCH2CH3

4 4  

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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9-ethoxy-1,16-heptadecadiene  

OCH2CH3

6 6  

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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12-ethoxy-1,22-tricosadiene  

OCH2CH3

9 9  

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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Polymerization of 7-methoxy-1,12-tridecadiene  

OMe

4 4
n  

1H NMR (CDCl3):  

 
13C NMR (CDCl3): Figure 4-2 
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Polymerization of 9-methoxy-1,16-heptadecadiene  

OMe

6 6
n  

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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Polymerization of 12-methoxy-1,22-tricosadiene  

OMe

9 9
n  

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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Polymerization of 7-ethoxy-1,12-tridecadiene  

OEt

4 4
n  

1H NMR (CDCl3):  

 
 

13C NMR (CDCl3):  
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Polymerization of 9-ethoxy-1,16-heptadecadiene  

OEt

6 6
n  

1H NMR (CDCl3):  

 
 

13C NMR (CDCl3):  
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Polymerization of 12-ethoxy-1,22-tricosadiene  

OEt

9 9
n  

1H NMR (CDCl3):  

 
 

13C NMR (CDCl3):  
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EMVE11  n

OMe

 

1H NMR (CDCl3):  

 
13C NMR (CDCl3): see Figure 4-2 
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EMVE15  
OMe

 

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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EMVE21  
OMe

 

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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EEVE11  n

OEt

 

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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EEVE15  
OEt

 

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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EEVE21  
OEt

 

1H NMR (CDCl3):  

 
13C NMR (CDCl3):  
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Compounds Described in Chapter 5 

Diethyl-2-(but-3-enyl) malonate  
OEtEtO

O O

 

1H NMR (CDCl3): 

 
13C NMR (CDCl3): 
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1,6-(Diethyl-2-(but-3-enyl)malonyl) hexane  

 

O O

OEtEtO

OEtEtO

O O

 

13C NMR (CDCl3): 
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2,9-(But-3-enyl)sebacic acid  

 

O

HO

OH

O

 

1H NMR (CDCl3): 

 
13C NMR(CDCl3): 
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2,9-(But-3-enyl)-1,10-decanediol  

 
HO

OH

 

1H NMR (CDCl3): 

 
 

13C NMR(CDCl3): 
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5,12-Dimethyldodeca-1,15-diene  

 
CH3

CH3

 

1H NMR (CDCl3): see Figure 5-6 
13C NMR(CDCl3): see Figure 5-4 
 

 

EP7u from 5,12-Dimethyldodeca-1,15-diene  

CH3

CH3 n  

1H NMR (CDCl3): see Figure 5-6 
13C NMR(CDCl3): see Figure 5-4 
 

 

EP7  

CH3

n  

1H NMR (CDCl3): see Figure 5-6 
13C NMR(CDCl3): see Figure 5-4 
 
 

 



168 

 

1,4-(diethyl-2-allylmalonyl) butane  

  

O

O
HO

OH

 

1H NMR (CDCl3): 

 
13C NMR(CDCl3): 
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2,7-diallyl-1,8-octanediol  

 HO

OH  

1H NMR (CDCl3): 

 
13C NMR(CDCl3):  
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4,9-Dimethyldodeca-1,11-diene  

 CH3

CH3  

1H NMR (CDCl3):  

 
13C NMR(CDCl3): see Figure 5-4 

EP5u from 4,9-Dimethyldodeca-1,11-diene  

CH3

CH3 n  

1H NMR (CDCl3):  

 
13C NMR(CDCl3): see Figure 5-4 
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EP5  

 CH3

n  

1H NMR (CDCl3):  

 
13C NMR(CDCl3): see Figure 5-4 
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