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ABSTRACT

Biobased polymers have attracted significant attention since the 1990s. 

Research has focused on the conversion of biomass, such as crop oils, into useful 

polymeric materials. The Departments of Chemical Engineering and Chemistry at the 

University of North Dakota have developed a process to convert crop oils into jetfuel 

and a suite of other chemicals including fatty acids with a variety of molecular 

weights. This dissertation focuses on the preparation and property measurements of 

thermoplastics using monomers, especially linear vinyl esters (LVEs), which originate 

from cracked oil-based fatty acids. Commercial LVEs were used in this dissertation 

study in order to explore some key properties of the resultant copolymers using 

current polymer synthesis and characterization technology.

Copolymers of LVEs with a variety of monomers, including styrene, methyl 

methacrylate, acrylic acid, and ethylene, have been successfully synthesized using 

bulk or solution copolymerizations. The LVE compositions were varied by adjusted 

the feed ratio. The average molecular weights (MWs) decreased with increasing LVE 

composition.  

Thermomechanical property measurements showed that the glass transition 

temperatures of the resultant copolymers decreased with increasing LVE compositions. 

This indicates the side chains of LVEs resulted in easier segmental movements. When 

the MWs and LVE compositions of the copolymers were similar, the glass transition 

temperatures decreased for copolymers that had longer side chains. This shows LVEs 

with longer chains had a greater reduction on the energy required for segmental 

diffusion. At the same time, the storage moduli (E') of the resultant copolymers 
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decreased with increasing LVE compositions. Therefore, the rigidity of the 

copolymers could be reduced by incorporation of LVEs. Copolymers with longer side 

chains but similar MWs and LVE compositions exhibited lower storage moduli (E'), 

which indicates LVEs with longer chains had a greater impact on the storage moduli 

(E') than lower molecular weight LVEs.  

The rheological property measurements showed that the shear storage moduli 

(G'), shear loss moduli (G"), and complex viscosity of resultant copolymers were 

mostly determined by the MWs. The effects of side chains on the shear flow 

behaviors of LVE based copolymer melts were not significant.  
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CHAPTER I 

INTRODUCTION 

Background 

Biobased energy and materials have attracted considerable attention in recent 

decades because of escalating petroleum prices and climate change attributed to CO2. 

Biomass and agricultural products are the most widely studied renewable materials, 

including agricultural and animal wastes, cereals, and crop oils. Researchers working 

in this field have made a lot of contributions to the exploration of feasible processes, 

including fermentation, gasification, pyrolysis, and distillation, from which useful 

biofuels and chemicals, such as alcohol and syngas, can be derived. The Departments 

of Chemical Engineering and Chemistry at the University of North Dakota have 

developed a successful process to convert crop oils, such as canola and soybean oils, 

into transportation fuels, including jetfuel and cold weather diesel. At the same time, a 

suite of useful chemicals including benzene and fatty acids, separated and purified 

from byproducts of cracked crop oils, can be used in preparation of polymers.

Polymers, especially synthetic polymers, were first reported in early 20th 

century and have become one of the most important materials. Plastics, rubbers, and 

fibers are the three main types of polymers, almost all of which are derived from 

petroleum sourced chemicals. However, the development of biobased polymeric 

materials has the potential to bring great change to the contemporary polymer market. 

Polymers with structures similar to commercial polymers, or with entirely new 

structures, are being developed based on chemicals from biomass using traditional 

polymer synthesis technologies and processes.  
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Currently, crop oils are one of the most widely used forms of biomass for 

polymer synthesis. From the original triglyceride structure many thermosets and a few 

thermoplastics with complex molecular structures have been synthesized. The main 

liability of crop oil-derived monomers is their slow reaction kinetics due to their high 

molecular weights. The polymers produced have also generally been thermosets with 

limited applications. Also, new infrastructure must be developed for newly developed 

polymers. Therefore, the content of crop oil sources in the resultant polymers is 

limited to a rather low level. However, crop oil-based thermoplastics with structures 

identical to existing commercial polymers can solve these problems. These 

thermoplastics have higher biobased content, more versatile thermomechanical 

properties, and better processability, all of which lead to great value of studies. 

 

Outlines of the Dissertation Study 

The primary purpose of this study was to prepare polymeric materials from 

fatty acids produced from cracked crop oils. Linear vinyl esters were the target 

monomers which are ultimately planned to be derived from fatty acids sourced from 

crop oils. Therefore, commercial linear vinyl esters, including vinyl acetate, vinyl 

propionate, vinyl hexanoate, and vinyl decanoate, were selected to copolymerize with 

other commercial monomers, which included styrene, methyl methacrylate, acrylic 

acid, and ethylene. Commercially available LVEs were used in this work in order to 

study the effects of LVE molecular weight and content on the copolymer properties to 

determine optimal properties for future studies with crop oil-derived LVEs. All 

copolymerizations were carried out by free radical polymerization in bulk or solution 

at constant temperatures. The thermomechanical and rheological properties of the 

resultant copolymers were measured. Biobased thermoplastics, similar or identical to, 
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existing commercial copolymers were prepared and analyzed, making this study very 

unique. 

The copolymerization kinetic parameters, such as reactivity ratios of 

comonomers, average molecular weights, molecular weight distributions, and the 

compositions of the resultant polymers, were studied using Fourier transform infrared 

spectroscopy, proton nuclear magnetic resonance, and gel permeation 

chromatography. 

The thermomechanical properties of the synthesized polymers were 

measured by differential scanning calorimeter and dynamic mechanical analysis to 

determine glass transition temperatures, crystallinity, storage modulus, loss modulus 

and tan δ. The effects of linear vinyl ester composition and molecular weight on the 

thermomechanical properties were analyzed. 

The rheological properties of the resultant copolymers were analyzed by 

parallel-plate rheometry. The shear storage modulus and shear loss modulus were 

measured in order to learn the effects of linear vinyl ester composition, the average 

molecular weight, and side chain length on the rheological behaviors. The information 

obtained from the study can be used as reference for further preparation of other 

copolymers derived from biomass.  
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CHAPTER II 

LITERATURE REVIEW AND POLYMER CHARACTERIZATION 

Crop Oil-Based Polymers 

Crop oils, such as soybean oil, have triglyceride structures with varying 

numbers of double bonds on the long chain of fatty acids as shown in Figure 2.1. Crop 

oils can be hydrolyzed to produce long chain fatty acids, monoglycerides, 

diglycerides, and glycerols, all of which are chemicals with functional groups. There 

are a number of strategies that have been employed to produce polymers from crop 

oils by using these functional groups. Research has been done on synthesis of crop 

oil-based polymers, almost all of which were based on the original structures or the 

partially hydrolyzed analogues (Güner et al., 2006, Sharma et al., 2006). 

 

O

O

O

O

O

O  

Figure 2.1. The chemical structure of soybean oil. 

 

The common strategies used were to modify the double bonds of the crop 

oils in order to produce crop oil-based polymers or desired macrointermediates for 

further reactions. A simple way to achieve this is the peroxidation treatment of the 

double bonds using transition metal complexes to obtain epoxy bonds and acid groups 

on the back bone of crop oils for subsequent reactions (Mallégol et al., 2000). Another 
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method usually used in the treatment of the double bonds in crop oils is epoxidation 

using peroxide combined with acetic acid (Uyama et al., 2003). Crop oils with epoxy 

bonds can be applied in reactions with monofunctional alcohols, amines, and acids. 

Acrylic acid, for example, can be used in this reaction, forming ester bonds on crop 

oil chains. The unreacted double bonds of acrylic acids can be used in further 

polymerizations (Ahmad et al., 2002). Network structures can be prepared from 

epoxied crop oils if bifucntional or trifunctional compounds are used, such as maleic 

anhydride (Khot et al., 2001). Further reactions of epoxy bonds with peroxide can 

form hydroxyl groups, which were employed in future reactions. For example, 

modified crop oils with hydroxyl groups were reacted with diisocyanate to form 

polyurethane (Eren et al., 2004A). Other combinations of chemicals, such as 

N-bromosuccinimide/acetone/H2O, were also used to modify double bonds (Eren et 

al., 2004B). Styrene and divinylbenzene were both selected to be crosslinking agents 

to connect crop oil molecules together in polymer networks (Li et al., 2001, 2003). 

Maleic anhydride was a frequently used chemical in the maleinization of triglyceride 

oils. By reacting with maleic anhydride and glycerol sequentially, carboxyl and 

hydroxyl functionality was added to the triglyceride. These intermediates were used to 

prepare polyurethanes with interpenetrating or semi interpenetrating network 

structures (Yenwo et al., 1977A, 1977B). Different from the previous methods, 

metathesis reactions provided a method of preparation of crop oil-based polymers by 

direct reaction between carbon double bonds in the presence of Grubbs’ ruthenium 

catalysts (Erhan et al., 1997). In addition, olefin metathesis reaction between ethylene 

and crop oils formed double bonds at the end of the fatty acid chains, which were 

used in further reactions (Tian et al., 2002, Warwel et al., 2001, 2004).  

In general, the double bonds of crop oils were first functionalized and 
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subsequently polymerized. However, the complex triglyceride structures of crop oils 

limit the flow of polymer molecules. At the same time, the reactivity ratios of 

triglycerides and small monomers are very different, which result in limited 

conversion during copolymerizations. Therefore, the content of crop oil in copolymers 

are limited to a great extent.  

Crop oils were also partially hydrolyzed to form monoglycerides or 

diglycerides, or fully hydrolyzed to form long chain fatty acids and glycerols using a 

variety of methods, including alcoholysis and interesterification. These intermediates 

were usually used in preparation of polyurethanes and polyesters (Güner et al., 2006).  

Monoglycerides derived from crop oils, were reacted with methyl 

methacrylate (MMA) and acrylic acid (AA) (Tuman et al., 1996) to form a new 

triglyceride with double bonds at the end of fatty acid chains. The terminal double 

bonds were subsequently reacted with other vinyl monomers such as styrene 

(Gultekin et al., 2000). Another popular method of making use of monoglycerides was 

the preparation of macroinitiator by the reaction of free hydroxyl with 

4,4'-azobis(4-cyanopentanoic chloride) (ACPC). This monoglyceride based 

macroinitiator was then used in reactions with vinyl monomers to form crop oil based 

polymers (Erkal et al., 1993). Diglycerides with two hydroxyl groups were more 

convenient in making polymers. In this case, anhydrides including phthalic anhydride, 

maleic anhydride, and succinic anhydride, were used in the synthesis of alkyd resins 

by esterification reactions (Aydin et al., 2004). Another common application of crop 

oil-based diglycerides is the synthesis of polyurethanes. Different types of 

diisocyanates, including hexamethylenediisocyanate, toluenediisocyanate, and 

isophoronediisocyanate, were applied in polycondensation reactios in order to 

produce various polyurethanes (Güner et al., 2002, 2004, Ozkaynak, 2005). In order 
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to increase the strength of polymers from partially hydrolyzed crop oils, 

interpenetrating and semi- interpenetrating networks were obtained by the reactions of 

residual double bonds of crop oil-based polyurethane with crosslinkers, which include 

methyl methacrylate (MMA), styrene (St), divinyl benzene (DVB), and butyl acrylate 

(BA) (Sperling et al., 1980, Nayak et al., 2000). As mentioned before, long chain fatty 

acids were obtained from fully hydrolyzed triglycerides. Long chain fatty acids 

containing double bonds were used as intermediates in polymer synthesis, which 

underwent the Diels-Alder reaction to prepare difucntional molecules for preparation 

of polyesters and polyamides (Oldring et al., 2000). The chemical pathways in Figure 

2.2 and Figure 2.3 below summarize the preparations of crop oil-based polymers from 

the literatures.
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Figure 2.2. Polymers derived from the original soybean oil (Güner et al., 2006). 
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Figure 2.3. Polymers derived from hydrolyzed soybean oil (Güner et al., 2006). 
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Current biobased polyurethanes are primarily new polymer types generally 

with increased cost, decreased properties, and low bio content. Meanwhile, thermosets 

cannot be processed any longer after precursors are injected into the mold and heated 

to solidification, which limits recycling. Compared to thermosets, thermoplastics have 

great advantages in synthesis and processing. They can be produced by bulk, solution, 

emulsion, and suspension polymerization. At the same time, their good processibility 

allows for molding, extruding and other processing methods, which results in versatile 

applications and diverse products. Therefore, in order to overcome these limitations, 

crop oil-based thermoplastics, which have very similar structures with current 

commercial thermoplastic products, are considered to be an interesting field of 

research. Commercially available monomers, including styrene (St), methyl 

methacrylate (MMA), acrylic acid (AA), and ethylene (Et) were selected to be 

comonomers in copolymerizations with linear vinyl esters (LVEs) to achieve 

copolymers with desirable characteristics.  

 

Polymers of Linear Vinyl Esters (LVEs) 

Polymers of LVEs are derived from monomers, such as vinyl acetate (VA) 

and vinyl propionate (VP), which have different numbers of carbon atoms in the 

linear fatty acid chains as shown in Figure 2.4. Their homopolymers and copolymers 

can be used as water-based paints, adhesives, coatings, and plasticizers (Mark et al., 

1989A). Currently, only VA is widely used in the production of polymeric materials. 

Meanwhile, VP is usually used in the preparation of homopolymers and copolymers 

used as surface-coatings, but in small quantities (Mark et al., 1989B). However, other 

LVEs with higher molecular weights such as vinyl hexanoate (VH) and vinyl 

decanoate (VD) are rarely used because of their low productivity and the high cost of 
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these monomers, and the very low glass transition temperatures of their 

homopolymers (Mark et al., 1989C).  
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Figure 2.4. The chemical structures of LVEs. 

 

The Department of Chemical Engineering and Chemistry at the University of 

North Dakota have developed a technology to produce biofuels, as shown in Figure 

2.5, from which aromatics, such as toluene and xylene, and a suite of fatty acids, 

including acetic acid, propionic acid, hexanoic acid and decanoic acid, have been 

collected and purified (Gandhi et al, 2012, Braegelmann et al., 2011). The conversion 

of short chain fatty acids into corresponding LVEs is a traditional process. Both VA 

and VP can be produced by the vinylization of acetic acid or propionic acid in the 

presence of ethylene and oxygen catalyzed by palladium based catalysts (Mark et al., 

1989D, Han et al., 2005). LVEs with higher molecular weights can be synthesized by 

reacting excess VA with the corresponding fatty acids in the presence of a mercury 

(Daniel et al., 1963), or iridium catalyst (Vilela et al., 2010). Therefore, LVEs with 

different molecular weights can be derived from crop oil sources.  
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Figure 2.5. Products formed in UND crop oil cracking processes. 

 

In order to solve the problem of the low glass transition temperatures of LVE 

homopolymers, LVEs can be copolymerized with other monomers to produce 

copolymers with various compositions of bio sources. Poly vinyl acetate and poly 

vinyl propionate, whose glass transition temperatures are 35 °C and 7 °C, are rubbery 

materials. Poly vinyl hexanoate and poly vinyl decanoate, both of which have glass 

transition temperatures below -25 °C, are viscous liquids at room temperature. It is 
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hypothesized that LVEs can be used to modify the thermomechanical and rheological 

properties of polymers with high stiffness, rigidity, and brittleness. Monomers, 

including styrene, methyl methacrylate, acrylic acid, and ethylene, were selected as 

comonomers in copolymerizations with LVEs in order to produce copolymers with 

improved flexibility and impact resistance, while also importing a degree of 

renewability. Figure 2.6 shows the comonomer systems selected for this work. 
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Figure 2.6. Copolymerizations of LVEs with comonomers. 

 

Copolymers of LVEs with Monomers 

Polystyrene (PS) and copolymers of styrene (St) with LVEs 

PS is prepared commercially from St using bulk, solution, emulsion and 

suspension polymerizations. PS is used in a wide array of applications, including 

foams, cutlery, CD cases, and Petri dishes. Foamed PS has good thermal insulation 
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and damping performance and is often used in food containers and packing materials 

(Mishra et al., 2009A). In order to overcome its brittle nature, St is often 

copolymerized with butadiene to obtain high-impact-polystyrene (HIPS), or with 

acrylonitrile yielding acrylonitrile-styrene copolymers (SAN), or with both 

acrylonitrile and butadiene to get acrylonitrile-butadiene-styrene (ABS) copolymers, 

which are used in toy casings and sewer pipelines. St is derived from petroleum. The 

traditional method of producing St is via the alkylation of benzene to ethylbenzene 

followed the dehydrogenation of ethylbenzene (Mark et al., 1989E). But recently, a 

new method of St synthesis by the side-chain alkylation of toluene by methanol or 

other alcohol over a basic zeolite (Vasanthy et al., 1996) was reported. Therefore, St 

can also be obtained by the alkylation reaction of toluene from cracked crop oil 

by-product as well as LVEs. 

Copolymerizations of St with LVEs, especially with VH and VD, were 

carried out with the goal of improving the rigidity and brittleness of PS. There has 

been little research conducted on the copolymerization of styrene with VE, with most 

work detailing the copolymerization of St with VA, particularly block copolymers of 

St with VA. Different polymerization methods, such as atom transfer radical 

polymerization (ATRP), reversible addition-fragmentation transfer (RAFT) 

polymerization, and cobalt-mediated radical polymerization (Paik et al., 1999, Xue et 

al., 2012, Kaneyoshi et al., 2007) were used. Some new catalytic systems were also 

studied, including electrochemistry based catalysts, UV-radiation, and iron complexes 

(Calafate et al., 1989, Ramelow et al., 1995, Huang et al., 2000, Xia et al., 1999, 

Daniel, N., 2002). However PS and its copolymers are commercially produced via 

free radical polymerizations. Therefore, free radical copolymerization was selected in 

this study. It was necessary to determine the copolymerization kinetics and the 
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thermomechanical properties of the resultant polymers in order to facilitate the future 

manufacturing of fully or partially biobased copolymers of St with LVEs. 

 

Poly(methyl methacrylate) (PMMA) and copolymers of methyl methacrylate (MMA) 

with LVEs 

MMA is also a very good candidate for copolymerization with LVEs. MMA 

is copolymerized to prepare PMMA by bulk, emulsion, solution, or suspension 

polymerization. PMMA is a widely used polymer in glazing materials and coatings 

because of its high strength, excellent optical properties, and high stiffness. Its 

brittleness, however, limits its applications. It has been determined that 

copolymerization with acrylic esters improved the impact resistance of MMA (Mishra 

et al., 2009B, Mark et al., 1989F, G, Chisholmet al., 2009). Thus, it is hypothesized 

that LVEs, which have similar chemical structures with acrylic esters, as shown in 

Figure 2.7, can be used to improve the flexibility and impact resistance of PMMA.  
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Figure 2.7. Chemical structures of LVE and acrylic ester. 

 

Currently, the only LVE used in copolymerizations with MMA is VA (Dubé 

et al., 1995). Some of the available research focused on kinetic studies of 

copolymerization of MMA with VA in bulk, solution, and emulsion polymerizations 

(Scorah et al., 2001, Santos et al., 2000, Dossi et al., 2012, Steinmacher et al., 2010, 

Kubo et al., 1993, Ahmad et al., 2011, Md. Shahidu et al., 2012). Some studies 
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detailed the copolymerization using new catalysts (Zhu et al., 2007A, Granel et al., 

1998, Zhu et al., 2007B). There was little research detailing the thermal and 

mechanical properties of random MMA-VA copolymers (Ahmad et al., 2011, Yang et 

al., 2008). Other researchers studied block copolymers of MMA with VA (Li et al., 

2006, Dubé et al., 1997, Huang et al., 1998, Priyadarsi et al., 2002, Zou et al., 2000, 

Takashi et al., 1996). However, copolymers of MMA with other LVEs have not been 

reported in the literature. 

 

Poly(acrylic acid) (PAA) and copolymers of acrylic acid (AA) with LVEs 

AA is polymerized to produce poly acrylic acid (PAA) and related products, 

which are commonly used as adhesives, dispersants, and flocculating agents (Mark et 

al., 1989L). Ion-exchange resins and polyelectrolytes are also common applications 

(Van Krevelen et al., 2009). PAA salt (acrylic sodium polymer salt) is very useful as 

diaper additives because of its excellent water absorption properties. However, PAA is 

a brittle white solid that cannot be molded. Therefore, AA is usually copolymerized 

with other monomers, including acrylamide, acrylonitrile, and vinyl esters (Mark et 

al., 1989M), to yield versatile products used in the manufacturing of coatings and 

adhesives. 

There has been some work reported detailing the copolymerizations of AA 

with LVEs, but it is limited to VA. Suspension copolymerizations of AA with VA were 

reported, the partition coefficients were determined (Silva et al., 2004) and 

copolymerization kinetics were modeled (Silva et al., 2010). The influences of 

surfactant on the polymerization mechanism during emulsion copolymerization were 

reported (Donescu et al., 1999, Tang et al., 1996). Solution copolymerization was 

another frequently reported method in the preparation of AA/VA copolymers, which 
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included the reactivity ratio determination (Zaldívar et al., 1998A), monomer 

conversion and copolymer composition evaluation (Zaldívar et al., 1998B), and 

mathematical modeling (Zaldívar et al., 1997). The solution copolymerization of AA 

and VA in the presence of crosslinker was applied in preparations of drug delivery gel 

(Ranjha et al., 2008). Some polymers, such as poly vinyl alcohol (PVA) and poly 

vinyl acetate, were used as crosslinking agents in reactions with AA or PAA to prepare 

proton exchange membranes for a fuel cell (Kim et al., 2005). Block copolymers 

consisting of AA and VA were also synthesized by taking advantage of the carboxyl 

groups of AA in order to obtain amphiphilic structures (Li et al., 2009, Can et al., 

2006, Caneba et al, 2009).  

 

Poly(ethylene-co-vinyl acetate) (EVA) and low density linear polyethylene (LLDPE) 

EVA is a widely used commercial copolymer in shrink-wrap food packaging, 

adhesives, and coatings. EVA is usually produced by solution or emulsion 

copolymerization of ethylene (Et) with VA using free radical initiators. Commercial 

EVA products usually have 10% to 40% weight percent VA. Copolymers containing 2% 

to 5% weight percent VA behave similarly to polyethylene (PE), but show better 

clarity, higher impact strength, and better low temperature flexibility. Copolymers 

containing 7.5% to 12% weight percent VA have higher flexibility, higher puncture 

resistance, and exceptional impact strength. With even more VA, 15% to 18% weight 

percents, EVA exhibits rubbery characteristics (Mark et al., 1989H). 

There is a great deal of information in the literature detailing EVA synthesis 

and characterization. The free radical copolymerization of EVA has been well studied, 

both experimentally (Scott et al., 1994, Araujo et al., 2001) and theoretically 

(Jonathan et al., 2002, Chien et al., 2007, Kiparissides et al., 2005). The reactivity 
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ratio of Et to VA, copolymerization kinetics and compositions of resultant EVA have 

also been analyzed by FT-IR (Xu et al., 2009), NMR (Souza et al., 1998), GC 

(German et al., 1971), high-temperature HPLC (Albrecht et al., 2009), and with 

2D-HPLC (Ginzburg et al., 2010). In addition, the thermal mechanical properties, 

including glass transition temperature, melting temperature, deformation-stress, and 

stress-strain properties of EVA and crosslinked EVA have also been studied (Bugada 

et al., 1992, Gospodinova et al., 1998, Gladkikh et al., 2010, Rezaeian et al., 2009). 

However, there is no information in the literature detailing the copolymerization of Et 

and other LVEs including VP, VH, and VD. Some important properties of the 

resultant copolymers, such as the thermal and rheological properties, are still 

unknown.  

Another very important reason for studying the synthesis and properties of 

copolymers of Et with other LVEs, especially with VH and VD, is that their structures 

are very similar to LLDPE, as shown in Figure 2.8. LLDPE is a widely used 

commodity polymer synthesized by the copolymerization of Et with α-olefins by 

coordinated copolymerization catalyzed by Ziegler-Natta catalysts. LLDPE has a long 

carbon backbone, similar to high density PE, but with short chain branches randomly 

distributed as shown in Figure 2.9. Depending on chosen comonomers, the short 

branches contain two carbons for 1-butene, four carbons for 1-hexene, and six carbons 

for 1-octene. As the molecular weights of the comonomers increase, some physical 

properties, such as toughness and tear strength, can be improved. The probable reason 

is that the increased length of short chain branches inhibit the folding of the PE 

molecular chain to form crystal lamella, and help to increase the number of 

interlamellar tie molecules (Mark et al., 1989J). LLDPE films, compared to traditional 

LDPE films, have higher tensile strength, puncture resistance, elongation, and 
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improved low temperature properties. LLDPE is used to manufacture films used to 

produce garbage bags, etc. For other applications, LLDPE can also be used for piping, 

tubing, wire, and cable insulators if they are processed by blow molding (Mark et al., 

1989K). 
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Figure 2.8. Chemical structures of LLDPE (1-octene) and poly(Et-co-VH). 

 

Figure 2.9. The molecular structure of LLDPE with short branches. 

 

It is hypothesized that ethylene-co-linear vinyl ester will behave in a manner 

similar to LLDPE and that longer side branches may lead to copolymers with 

improved properties compared to traditional EVA.  

 

Characterization of Polymers 

Traditional characterization methods used in chemistry can also be used in 

characterization of polymers, which include Fourier transform infrared spectroscopy 

(FT-IR), proton nuclear magnetic resonance (
1
H-NMR), UV-vis spectroscopy, 

scanning electron microscope (SEM), high-performance liquid chromatography 

(HPLC), X-ray diffraction spectroscopy (XRD), etc. In addition, many methods have 
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been developed suitable for polymer analysis, such as gel permeation chromatography 

(GPC), differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), 

and rheometry. 

 

Structural Analysis 

Fourier Transform Infrared Spectroscopy (FT-IR) 

Vibrations of chemical bonds that change the dipole moment of the 

molecules are IR active. Different functional groups have their specific absorption 

bands, from which the structures of molecules can be told. The position of a certain 

absorption band is specified by its wavenumber (  ), which is related to wavelength as 

shown in Equation 2.1. 

 

            
       

Equation 2.1. Relation between wavelength and wavenumber. 

 

At the same time, FT-IR is also able to be applied in quantitative analysis 

under certain conditions. According to the Beer-Lambert Law, as shown in Equation 

2.2, the absorbance (A) or the peak height corresponds to the ratio of transmission of 

sample solution and solvent (I/I0), and the product of the path length of light (l) and 

the concentration of solution (c). Therefore, the compositions of the samples can be 

determined by a simple mathematic calculation if l and c are constant.  

 

                   

Equation 2.2. Beer-Lambert Law. 
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Proton-Nuclear Magnetic Resonance Spectroscopy (
1
H-NMR) 

1
H-NMR is a tool frequently used in the determination of the structures of 

organic compounds as well as polymeric materials. Hydrogen protons that are in 

different chemical environments have different resonance phenomena under an 

external magnetic field. The resonance signals captured using an NMR spectrometer 

form an NMR spectrum, from which the chemical structures of polymers and the 

composition of specific functional groups can be determined.  

 

Average Molecular Weight (MWs) and Molecular Weight Distributions (MWDs) 

MWs and MWDs are very important parameters in polymer research. MWs 

can be defined as number average molecular weight (Mn) and weight average 

molecular weight (Mw), whose mathematic expression are shown in Equation 2.3 and 

Equation 2.4. Mi is the mass of molecule, and Ni is the number of molecules with 

mass of Mi. The ratio of Mw to Mn is defined as the polydispersity index (PDI) which 

indicates the breadth of MWD. 

 

             

Equation 2.3. Number average molecular weight. 

 

                  

Equation 2.4. Weight average molecular weight. 

 

Gel permeation chromatography (GPC), which is a type of size exclusion 

chromatography (SEC), is designed to determine the MWD of polymers based on 
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their hydrodynamic radius. Materials used in the column of a GPC have a porous 

structure. Molecules with smaller size diffuse into the pores more easily and stay in 

the pores longer than larger molecules when the analytes go through the column. 

Therefore, polymers with different MWs can be separated by their retention time.  

 

Thermal Property 

Differential scanning calorimetry (DSC) is one of the most important 

instruments to determine the thermal transitions (Tg) of polymers. For amorphous 

polymers, the molecular chains begin to move when the temperature reaches a certain 

value, which is defined as Tg. Amorphous polymers behave in a glass manner when 

the temperature is below Tg, but become rubbery after heated above Tg. Polymer 

molecules begin to flow at a certain temperature or in some temperature range, which 

is called the viscous flow temperature (Tf). The range between Tg and viscous flow 

temperature is defined as the rubber state. All these changes can be expressed by the 

thermal-mechanical curve of a polymer, as shown in Figure 2.10, in which ε is the 

strain of the polymer under constant stress. Different polymers have their own unique 

applications depending on their various thermal transitions. Rubbers, whose Tgs are 

usually lower than -50 °C are used because of their excellent elasticity at room 

temperature. However, PMMA having a Tg of 105 °C is applied as glazing materials 

due to its high strength at room temperature. Some polymers exhibit both crystalline 

and amorphous behavior. Typical DSC curves for polymer samples are shown in 

Figure 2.11, where Tg is the glass transition temperature, and Tm is the melting point. 

These semicrystalline polymers, such as PE, have both melt points and Tgs. Once the 

Tg of a designed polymer is known, its temperature range of application can be 

determined. The Tg and Tm of polymers are determined by measuring the heat 
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capacity changes when polymers are heated at a uniform rate.  

 

 

Figure 2.10. Thermal-mechanical curve of amorphous polymer. 

 

 

Figure 2.11. Typical DSC curve of semicrystalline polymer. 

 

Thermomechanical Properties 

Polymers exhibit both viscous and elastic behavior when subject to a stress. 

This behavior is known as viscoelasticity and can be measure using a dynamic 

mechanical analyzer. In order to measure this property, a sinusoidal deformation is 

applied to the sample. The stress and strain in the test can be expressed by Equation 
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2.5 and Equation 2.6. The storage modulus (E') refers to the amount of energy stored 

when the material undergoes a cyclic manner, which represents the elastic portion of 

the materials. Loss modulus (E") means the amount of energy dissipated as heat, 

which is the viscous portion. Both the storage modulus (E') and the loss modulus (E") 

are measured directly by dynamic mechanical analyzer and can be expressed using 

Equation 2.7 and Equation 2.8. The tan δ is calculated by dividing the loss modulus 

by the storage modulus (E"/ E').  

 

δ   δ        δ   
Equation 2.5. Expression of stress under sinusoidal motion. 

 

ε   ε          
Equation 2.6. Expression of strain under sinusoidal motion. 

 

   δ 
ε     δ   

Equation 2.7. Expression of storage modulus. 

 

   δ 
ε     δ   

Equation 2.8. Expression of loss modulus. 

 

Both the storage modulus and the loss modulus are sensitive to the 

temperature. The storage modulus reduces rapidly and the loss modulus exhibits its 

highest value around the Tg. This is because the chains are able to slide relative to 

other chains at the Tg. The tan δ exhibits a peak at Tg. Therefore, the temperature 
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corresponding to the peak height of the tan δ is generally considered to be the Tg. 

 

Rheological Properties 

Rheology is the study of flow of non-Newtonian fluids. Although polymers 

are usually solid at room temperature, they become viscous melts above their Tf for 

amorphous polymers and above their Tm for semicrystalline polymers. Knowledge of 

polymer rheological properties is critical to the successful processing of that polymer. 

The viscosity     of Newtonian flow is the ratio of shear stress ( ) and shear strain (  ), 
as shown in Equation 2.9, which is a constant at a given temperature.  

 

       
Equation 2.9. Newtonian flow function. 

 

However, most polymer melts are non-Newtonian fluids. Shear thinning and 

shear thickening fluids are the most common non-Newtonian fluids in polymer melts, 

whose behavior is expressed by Equation 2.10. K is the fluid consistency, and n is the 

flow index, in which n<1 for shear thinning fluid and n>1 for shear thickening fluid. 

Equation 2.10 can be modified to Equation 2.11, in which    is apparent viscosity. 

Therefore, the parameter    is a function of both    and temperature.  

 

        
Equation 2.10. Non-Newtonian fluid function. 

 

        
Equation 2.11. Non-Newtonian fluid function. 
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A rheometer is a powerful instrument for studying the rheological properties 

of polymer melts. One of the most commonly used test modes is the response of 

polymer melts subject to oscillatory shear stresses. Shear storage (G') modulus and 

shear loss modulus (G"), which are expressed by Equation 2.12 and Equation 2.13, 

are obtained during the measurement. The tan δ is defined as the ratio of G" to G', as 

shown in Equation 14. 

     
         

Equation 2.12. Shear storage modulus of non-Newtonian fluid. 

     
         

Equation 2.13. Shear loss modulus of non-Newtonian fluid. 

 

    δ        
Equation 2.14. Damping of the material expressed as tan δ. 

 

Shear storage modulus, shear loss modulus, and the apparent viscosity of 

polymer melts change with temperature, composition, MWs and molecular structures 

of the polymers.  

Time-temperature superposition (TTS) is a rheological technique. It is 

impossible to measure the rheology of a polymer at very low shear rates due to time 

constraints. It is also impossible to measure the rheology of polymers at very high 

shear rates due to a number of limitations including centrifugal force and slip stick 

behavior. However, TTS helps to make an estimation of the rheology of polymers at 
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very low and high shear rates. For a rheological measurement, a series of shear 

storage and loss modulus curves ranging 5 frequency decades are obtained at different 

temperatures. The distance between the curves at different temperatures are termed 

shift factors (aT). The obtained curves can be shifted to produce a master curve which 

ranges 10 frequency decades according to selected reference temperatures. If the 

reference temperatures are between Tg and Tg + 100°C, the Williams-Landel-Ferry 

(W-L-F) equations (Vinogradov et al., 1980A) can be used as a model to calculate the 

free volume of polymers according to Equation 2.15, where aT is shift factor, C1 and 

C2 are constant for given polymers.  

 

                          
Equation 2.15. W-L-F equation. 

 

The free volume theory was first established by Fox and Flory. They 

considered the volume of a polymer to be composed of both occupied volume and 

unoccupied volume, which they termed free volume. The free volumes are distributed 

in the polymer as holes, which are used for the adjustment of polymer conformation. 

According to further developed free volume theory, the shift factor aT can also be 

expressed using the Doolittle equation (Vinogradov et al., 1980B) shown as Equation 

2.16, where B is a constant close to 1, and fg is free volume fraction. Combining the 

W-L-F equation and the Doolittle equation yields Equation 2.17, where αf is 

coefficient of expansion. Therefore, the free volume can be calculated from C1 and C2 

after fitting master curves obtained with the W-L-F equation.  
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Equation 2.16. Doolittle equation. 

 

                                          
α         

Equation 2.17. W-L-F equation combined Doolittle equation. 
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CHAPTER III 

COPOLYMERS OF STYRENE WITH LVES 

Chapter Abstract 

Copolymers of styrene with a series of linear vinyl esters were prepared. The vinyl 

esters, including vinyl acetate, vinyl propionate, vinyl hexanoate, and vinyl decanoate 

ranged from 1 mol% to 19 mol%. Glass transition temperatures of the copolymers 

ranged from 53 °C to 87 °C. Dynamic mechanical analysis showed that the mole 

fractions of linear vinyl esters, length of side chains, and relative molecular weights 

had effects on the storage and loss moduli of the resultant thermoplastics. The mole 

fractions of linear vinyl esters and length of side chains were dominating effects when 

the number-average molecular weights of the copolymers were not above 1.0 × 10
4
 

g/mol.  

 

Chapter Experimental 

Materials 

Azobisisobutyronitrile (AIBN), bought from Sigma-Aldrich, was 

recrystallized and dried before using. St, VA, and VP, purchased from Sigma-Aldrich, 

were purified by vacuum distillation. VH and VD from TCI America were washed 

with 2 wt % sodium hydroxide aqueous solutions to remove MEHQ inhibitors, 

washed by DI water until neutral pH, and then dried with anhydrous sodium sulfate 

before use. Commercial PS (Mn = 17 × 10
4
 g/mol), which was used in the MWs and 

thermomechanical analysis as a reference, was bought from Sigma-Aldrich. HPLC 

grade tetrahydrofuran (THF) purchased from Sigma-Aldrich was used as received 
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Copolymerization Reactivity Ratio Estimation 

In order to control the reaction time and feed ratio, it was necessary to 

determine the reactivity ratios of St with different LVEs. Comonomers were syringed 

into 5 mL vials with AIBN in different feed ratios. All vials were degassed by vacuum 

pump before the reactions. All vials were fixed in a water bath at 60 °C equipped with 

a shaker. The reactant was quenched and washed by cold ethanol, and then dried in a 

vacuum oven at 60 °C until constant weight. The cumulative compositions of all 

samples were determined by FT-IR, the details of which were described below. 

Fineman-Ross plots were applied to determine the reactivity ratios.  

 

Composition Determination 

A Nicolet 200 FTIR was used to determine the copolymer compositions. The 

copolymers were dissolved in THF to make 1 wt % polymer solutions. Uniform liquid 

films were formed by injection of polymer sample solution in a FT-IR KBr cell 

purchased from International Glass Inc. The spectrum of 1 wt % PS solution was 

applied as a baseline, in which there was no carbonyl peak around 1735 cm
-1

. The 

spectrum of 1 wt % polyvinyl acetate (PVA), polyvinyl propionate (PVP), polyvinyl 

hexanoate (PVH), and polyvinyl decanoate (PVD) were used as standards. The 

carbonyl peaks of the standards were defined as 100%. A series of carbonyl peaks 

with various peak heights in between the spectrums of PS and homopolymers of 

different LVEs belonged to corresponding copolymers of St and LVE.   

 

Copolymerization and Sample Handling 

St and a series of LVEs along with 2 wt % initiator were charged into a three 

neck 500 mL flask with a stir bar and condenser. The flask was purged with N2 to 
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remove O2 and trace H2O. All copolymerizations were carried out in an oil bath at 

60 °C under nitrogen. Different reaction times were applied to keep the 

copolymerization conversion below 20% to prevent compositional drift. All reactions 

were quenched by pouring the reactant solution into ethanol. Solid samples were 

washed and immersed in ethanol to remove unreacted monomers and initiator, and 

then dried in a vacuum oven at 60 °C. 

 

Measurement 

The MWDs, along with Mns and Mws were determined by using a Varian 400 

gel permeation chromatography (GPC) equipped with PL gel 5  m MIXED-D and 

Varian Prostar refractive index detector. The GPC was calibrated using PS standard 

samples from Varian. HPLC grade THF, purchased from Fisher, was used as the 

mobile phase with the flow rates of 1 mL min
-1

. Tgs were determined using a Perkin 

Elmer Jade DSC. A quick heating of 20 °C min
-1

 to 150 °C following by cooling at 

10 °C min
-1

 was applied to erase thermal history. The 10 mg samples were then heated 

from 20 °C to 150 °C at a rate of 5 °C min
-1

. Sample test bars with dimensions of 50 

mm × 10 mm × 1.5 mm were prepared using a Carver press. Storage and loss 

modulus of all sample bars were analyzed using a Perkin Elmer Pyris Diamond 

dynamic mechanical analyzer (DMA) under bending test mode. A temperature sweep 

of 3 °C min
-1

 from 25 °C to 140 °C was conducted at a constant frequency of 1 Hz. 

 

Chapter Results and Discussion 

The Compositions of Poly(LVE-co-St) and Reactivity Ratios of St to LVEs 

The mole fractions of LVE were determined using the Beer-Lambert Law. 

Representative spectrums of PS, PVH, and poly(VH-co-St) with varying mole 
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fractions are shown in Figure 3.1 of particular importance are the carbonyl peaks of 

polyvinyl hexanoate and poly(VH-co-St) with various mole fractions of VH. No peak 

was observed for PS because it lacks a carbonyl group. Therefore, the compositions of 

those copolymers could be determined using the Beer-Lambert law (Hirai et al., 1975, 

Chinal et al., 1961). The relationship between the mole fraction and peak height of 

absorption is expressed in the following Equation 3.1: 

 

 
 

 
 
  
 
 
 

' PVE
1 1

PS

PVE

LVE' ' PVE
1 2 2 1

PS

A
a - a

A 1
n mol% =

MA
a - a +(a - a )

A

 

Equation 3.1. Relationship between nPVE and absorption. 

 

In the equation, nPVE is mole fraction of polyvinyl esters. APVE and APS are 

absorption of polyvinyl esters and PS obtained by transmittance ratios, which are 

IPVE/ITHF and IPS/ITHF. a1’, a2’, a1, a2 are constants derived from Beer-Lambert equation 

A=a×l×c, where l is the path length of infrared light, and c is the concentration of 

polymer solution. MLVE is the molecular weight of LVE.  
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Figure 3.1. FT-IR spectrum of PS, poly(VH-co-St) and PVH at 1725cm
-1

. 

 

According to Figure 3.1, resultant copolymers of St with VH have mole 

fractions of VH ranging from 3 mol% to 19 mol%. The compositions of all resultant 

copolymers that obtained using the same method are showed in Table 3.1 along with 

the feed ratios of reactants. The resultant copolymers, including poly(VA-co-St), 

poly(VP-co-St), poly(VH-co-St), and poly(VD-co-St), contain LVEs ranging from 1 

mol% to 19 mol%. The mole fractions of LVEs of poly(VA-co-St) series increased 

with increasing feed ratios of reactants as well as poly(VP-co-St), poly(VH-co-St) and 

poly(St-co-VD) series because St exhibited a much higher reactivity than all the LVE 

studied (Mark et al., 1989N). At the same time, the mole fractions of VH and VD are 

5 mol% (run 8) and 12 mol% (run 13), which are higher than that of VA with 1 mol% 

(run 1) in copolymers with the same feed ratios of comonomers (0.5:0.5). This was 

attributed to the higher reactivity of VH and VD to St than that of VA. Table 3.2 

presents the reactivity ratios of St to LVE, including VA, VP, VH, and VD. The 
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reactivity ratios were determined using the Fineman-Ross method. The monomer feed 

ratio of St to LVE is defined as F. The cumulative monomer ratio of St to the LVE in 

the resultant copolymer is defined as f which was determined from the FT-IR 

spectrums of poly(LVE-co-St) as mentioned above. Therefore the reactivity ratios of 

St (r1) and certain LVE (r2) can be obtained by equation 3.2 as shown below. An 

increasing trend is observed, which indicates the reactivity of LVE to St increases for 

those LVE have 2, 3, 6, and 10 carbons in fatty acid chains.  

 

Table 3.1. Feed ratios, LVE compositions, Mn, Mw, PDI, and Tg of poly(LVE-co-St). 

Run 
Feed ratio 

(mol:mol) 

LVE 

(mol%) 

LVE 

(wt %) 

Mn  

(10
-4

 g/mol) 

Mw  

(10
-4

 g/mol) 
PDI 

Tg-M 

(°C)
a
 

Tg-C 

(°C)
b
 

ΔTg 

(%)
c
 

PS       87   

Poly(VA-St) St:VA VA        

#1 0.5:0.5 1 1 6.2 10.6 1.7 84 86 3 

#2 0.3:0.7 4 3 3.1 5.6 1.8 81 85 5 

#3 0.1:0.9 13 11 1.2 2.0 1.7 76 79 4 

Poly(VP-St) St:VP VP        

#4 0.6:0.4 2 2 7.9 13.3 1.7 83 86 3 

#5 0.4:0.6 4 4 3.3 6.0 1.8 80 85 5 

#6 0.1:0.9 19 19 1.0 1.8 1.7 60 68 11 

Poly(VH-St) St:VH VH        

#7 0.7:0.3 3 4 8.6 14.8 1.7 76 79 4 

#8 0.5:0.5 5 6 5.5 10.0 1.8 74 76 3 

#9 0.3:0.7 7 9 3.0 5.4 1.8 73 72 1 

#10 0.1:0.9 19 24 1.1 1.8 1.7 54 53 2 

Poly(VD-St) St:VD VD        

#11 0.7:0.3 8 14 8.7 15.2 1.8 67 69 2 

#12 0.7:0.3 9 15 7.6 14.3 1.9 65 66 1 

#13 0.5:0.5 12 21 5.6 10.0 1.8 66 64 4 

#14 0.3:0.7 17 28 2.4 4.3 1.8 53 52 2 

a
 Measured Glass Transition Temperature. 

b
 Calculated Glass Transition Temperature.  

c
 Percentage of Difference between Tg-M and Tg-C. 
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2

1 2

F(f -1) F
 = r  - r

f f
  

Equation 3.2. Fineman-Ross Equation. 

 

It was assumed there was no composition drift due to the low polymerization 

conversion. Run 12 with a conversion of 10%, is a repeat of run 11 with the 

conversion of 20%. The compositions and average molecular weights show no 

obvious difference which indicates no significant composition drift. 

 

Table 3.2. Reactivity ratios of St with LVEs. 

Monomer 1 Monomer 2 Reactivity ratios 

VA St 0.01/57 

VP St 0.01/55 

VH St 0.01/30 

VD St 0.01/14 

 

The MWs and MWDs of poly(LVE-co-St) 

The Mn, Mw and polydispersity index (PDI) are all presented in Table 3.1. 

The results show that the average molecular weights of each poly(LVE-co-St) series 

decreased with increasing mole fraction of LVE. Copolymers in run 2 and run 5 have 

Mn above 3 × 10
4
 g/mol with as low as 4 mol% of LVE. However, the Mn of run 3 and 

run 6 dropped to nearly 1 × 10
4
 g/mol with LVE mole fractions higher than 13 mol%. 

Comparatively, poly(VH-co-St) (run 9) with a Mn of 3 × 10
4
 g/mol contains 7 mol% 

VH, which is nearly doubled the Mn of poly(St-co-VA) in run 2 and poly(VP-co-St) in 

run 5. For poly(VD-co-St) series, much higher LVE compositions and average 

molecular weights compared to poly(VA-co-St) and poly(VP-co-St) were observed. 

The Mn of poly(St-co-VD) was high as 8 × 10
4
 g/mol with 8 mol% of VD, which is 
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twice as much as VA and VP in run 2 and run 5. The increasing of VD to 17 mol% 

results in the drop of Mn of poly(VD-co-St) to 2.4 × 10
4
 g/mol, which is nearly as high 

as poly(VA-co-St) in run 2, and poly(VH-co-St) in run 9. These results indicate that 

poly(LVE-co-St) containing VH and VD can have much higher renewable content 

along with higher molecular weights than those of VA and VP. The PDI of all samples 

obtained were around 1.8, corresponding to low copolymerization conversions. 

 

The Tgs of Poly(LVE-co-St) 

The Tgs of all the copolymers measured using DSC are all listed in Table 3.1. 

The Tgs of resultant copolymers in each poly(LVE-co-St) series dropped with the 

increasing of compositions of LVE from 87 °C to as low as 53 °C. The trends of Tgs’ 

decreasing accompany with the changing of LVE compositions for all poly(LVE-co-St) 

series are shown Figure 3.2.  

 

 

Figure 3.2. The Tgs versus LVE compositions. 
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The Flory-Fox equation, as shown below, was applied to calculate the 

theoretical Tgs of the resultant copolymers.  

 

1 2

g g1 g2

w w1
= +

T T T
 

Equation 3.3. Flory-Fox Equation. 

 

where Tg, Tg1, and Tg2 are Tgs of resultant poly(St-co-VE), PS and PVE, w1 and w2 are 

weight fractions of PS and PVE in copolymers. A comparison of the measured Tgs 

with calculated values is shown in Table 3.1. The values of ΔTg in Table 3.1 are 

defined as the percentage difference between Tg-M and Tg-C. All the differences 

between Tg-M and Tg-C are less than 5% except run 6, which indicates a good 

agreement between experimental results and theoretical values.  

The primary reason for the drop in each Tgs’ series is the much lower Tg of 

the LVE homopolymers’ than PS. As shown in Table 3.1, copolymers prepared from 

VD and VH have a larger decrease compared to those derived from VA and VP when 

the mole fractions of LVEs are less than 15%. A comparison of the Tgs of copolymers 

with similar mole fractions of LVE, such as run 2, run 5, run 7, and run 8 containing 

around 4 mol% of LVE, shows that copolymers of VH have lower Tg than those of VA 

and VP. This was explained by the fact that VH has a longer side chain of six carbons 

(CH3(CH2)4COO-) in the copolymers than VA and VP which has side chain of two 

carbons (CH3COO-) and three carbons (CH3CH2COO-). However, copolymers of VA 

and VP mentioned above have similar Tg due to their very similar side chain 

structures. A comparison of run 9, run 11 and run 12 shows a similar phenomenon, 

which was attributed to VH having a shorter side chain than VD (CH3(CH2)8COO-). 
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Similar conclusions can also be drawn from the comparison of run 3 and run 13.  

The effects of side chain length are not very obvious when the mole fractions 

of LVE are above 17 mol%. Run 6 and run 10 are poly(VP-co-St) and poly(VD-co-St) 

that both have 19 mol% of LVE and Mn of 1.0 × 10
4
 g/mol, whose Tg-M are only 5°C 

in difference. Run 10 and run 14 are poly(VH-co-St) and poly(VD-co-St) that have 

similar Tg-M and LVE compositions. It is difficult to indicate that the drop of average 

molecular weighs is the main reason for the decreasing of glass transition 

temperatures. On one hand, poly(VA-co-St) in run 3 with the Mn of 1.2 × 10
4
 g/mol 

still have the Tg-M of 76 °C. On the other hand, PS which have Mns of 3.0 × 10
4
 g/mol 

and 0.3 × 10
4
 g/mol have different Tgs, which are 100 °C and 40 °C (Stevens et al., 

1998). 

 

Dynamic Mechanical Analysis of Poly(LVE-co-St) 

The storage moduli of poly(VH-co-St) and poly(VD-co-St) are shown in 

Figures 3.3 and Figure 3.4, respectively. The storage moduli of poly(VH-co-St) with 

VH compositions ranging from 3 mol% to 7 mol% decreased slightly from 10 × 10
10

 

Pa to 8 × 10
10

 Pa. However, the modulus of poly(St-co-VH) with 19 mol% of VH 

dropped to 4.5 × 10
10

 Pa sharply as shown in Figure 3.3. The moduli of 

poly(VD-co-St) with 8 mol% and 12 mol% are 8 × 10
10

 Pa and 7 × 10
10

 Pa. An 

obvious decrease of the modulus to about 4.5 × 10
10

 Pa is observed for poly(VD-co-St) 

with 17 mol% of VD. A commercial PS with a Mn of 17 × 10
4
 g/mol was also tested to 

serve as a reference, the modulus of which is about 12 × 10
10

 Pa. Copolymers with 

less than 10 mol% of VH and VD still have storage modulus as high as 8 × 10
10

 Pa, 

which are two third of the commercial PS. The slight drop of moduli in 

poly(VH-co-St) and poly(VD-co-St) was attributed to the fact that PS has a much 
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higher storage modulus than those of PVH and PVD which are both liquid at room 

temperature. The other important reason for the gradual decrease in storage modulus 

of run 8 and run 9 compared to run 7 is the much lower Mn. The sharp decline in the 

storage modulus of run 10 could also be attributed to the very high mole fraction of 

VH which makes the copolymer less elastic in addition to the extremely low 

molecular weight. A similar trend was also observed for run 11, run 12, run 13 and run 

14. As the repeat of run 11, resultant copolymer of run 12 has very similar mole 

fractions of VD and Mn have nearly the same values in storage moduli. 

 

 

Figure 3.3. Storage moduli of poly(VH-co-St) series. 
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Figure 3.4. Storage moduli of poly(VD-co-St) series. 

 

A comparison of run 9, run 11, and run 12 presented in Figure 3.5 shows that 

copolymers with similar mole fractions of VH and VD but different Mns have similar 

storage moduli. The most probable reason is the reverse effect of molecular weight 

and mole fractions of LVE with various side chains. On one hand, the longer side 

chains of poly(VD-co-St) serve to decrease the elasticity of copolymers compared to 

CH3(CH2)4COO- and poly(VH-co-St). However, the higher molecular weights of run 

11 and run 12 contribute to a larger storage modulus. These opposing factors interact 

to adjust the resultant storage moduli of run 11 and run 12 which are comparable to 

run 9.  
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Figure 3.5. Storage moduli of poly(VH-co-St) and Poly(VD-co-St)  

with 7 mol% of LVEs. 

 

The loss moduli of both poly(VH-co-St) and poly(VD-co-St) are shown in 

Figures 3.6 and Figure 3.7. The loss moduli increased gradually with increasing mole 

fractions of vinyl esters for both series due to the viscous properties of PVH and PVD. 

Although the molecular weights of run 9 and run 13 are significantly lower, their loss 

moduli are the highest among their series. It is probable that the effects of mole 

fractions of LVE on the loss moduli were stronger than that of the molecular weights 

when the mole fractions of LVE were less than 12%. However, run 10 and run 14, 

with LVE contents higher than 15 mol%, showed a marked decrease in loss modulus. 

This large decrease was attributed to the reduction in molecular weights. The peak 

maximum of all the curves shifted to lower temperatures which corresponds to the 

decline of Tg of both poly(VH-co-St) and poly(VD-co-St). But the shift is not very 

distinct because those samples have similar mole contents of LVE. 
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Figure 3.6. Loss moduli of poly(VH-co-St) series. 

 

 

Figure 3.7. Loss moduli of poly(VD-co-St) series. 

 

A comparison of loss moduli of poly(VH-co-St) and poly(VD-co-St), each 

with around 7 mol% LVE, is shown in Figure 3.8. Copolymer run 9 with lower 
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molecular weight has a larger loss modulus than either run 11 or run 12. PVH which 

is more viscous than PVD had a greater effect on the loss modulus when they are at 

similar mole fractions.  

 

 

Figure 3.8. Loss moduli of poly(VH-co-St) and poly(VD-co-St) with 7 mol% of 

LVEs. 

 

In addition to poly(VH-co-St) and poly(VD-co-St), DMA test of 

poly(VA-co-St) and poly(VP-co-St) were carried out under the same conditions. The 

moduli of run 1 and run 4, which had have very low LVE contents, are about 9 × 10
10

 

Pa. DMA test of run 2, run 3, run 5, and run 6 did not get reliable moduli data due to 

the extremely high brittleness of the resultant copolymers. Therefore, the resultant 

copolymers were not suitable for commodity applications compared to poly(VH-co-St) 

and poly(VD-co-St) with similar molecular weights. 
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Chapter Conclusions 

A series of copolymers of St with LVE of varying molecular weights were 

prepared. The reactivity ratios of the various LVE with styrene were determined. 

Thermal property studies of these thermoplastics showed that the Tgs of PS was 

reduced from 87 °C to 53 °C by incorporation of LVE from 1 mol% to 19 mol%. The 

Mn of the copolymers became smaller with greater incorporation of LVE due to the 

reactivity ratio difference between St and LVE. DMA analysis found that relative 

molecular weights, the contents of LVE, and the length of side chains would all have 

an effect on the storage and loss modulus of the copolymers.  
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CHAPTER IV 

COPOLYMERS OF MMA WITH LVES

Chapter Abstract 

A series of copolymers of methyl methacrylate (MMA) with linear vinyl 

esters (LVEs), including vinyl acetate (VA), vinyl propionate (VP), vinyl hexanoate 

(VH), and vinyl decanoate (VD), were synthesized by free radical copolymerizations 

at 60 °C. The LVE composition was varied from 3 mol% to 41 mol% in the resultant 

copolymers. The glass transition (Tgs) of the copolymers ranged from 60 °C to 108 °C. 

The storage moduli (E') of the copolymers decreased as the LVE composition 

increased from 4 × 10
9
 Pa to 1.5 × 10

9
 Pa. Copolymers containing VD exhibited a 

more obvious reduction in storage moduli and a larger shift of the tan δ peak. The 

rheological property analysis of the copolymers at different temperatures showed that 

the shear storage and loss moduli of poly(LVE-co-MMA) (G' and G") were mostly 

dominated by MWs. Short side chains did not have an obvious impact on the shear 

moduli or complex viscosities.  

 

Chapter Experimental 

Materials 

Azobisisobutyronitrile (AIBN), purchased from Sigma-Aldrich, was 

recrystallized and dried before use. MMA, VA, and VP from Sigma-Aldrich were 

purified by vacuum distillation. VH and VD from TCI America were pretreated with 2 

wt % sodium hydroxide aqueous solutions to remove inhibitors, and washed to neutral 

pH using deionized water. The monomers were then dried using anhydrous sodium 
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sulfate. CDCl3 (99.96% atom D) purchased from Sigma Aldrich was used as received. 

HPLC grade tetrahydrofuran (THF) from Sigma-Aldrich was used as received. 

 

Copolymerization and Sample Handling 

MMA and LVEs, including VA, VP, VH, and VD, with 2 wt % initiators were 

charged in a 500 mL three-neck flask equipped with magnetic stirring and refluxing. 

The flask was purged with N2 to remove O2 and trace H2O. Copolymerizations were 

carried out in an oil bath at 60 °C under nitrogen flow. Compositional drift was 

prevented by controlling the copolymerization conversion to below 20%. The reaction 

was quenched by pouring the mixtures into ethanol. The resultant copolymers were 

washed and immersed in ethanol to remove most of the unreacted monomers, and 

dried in a vacuum oven at 60 °C. 

 

Measurement 

The copolymers synthesized were dissolved in CDCl3 (99.96% atom D). The 

compositions were determined using a Brücker Advanced 500 NMR spectrometer. 

The number-average molecular weight (Mn), weight-average molecular weight (Mw), 

and molecular weight distribution (MWD) were determined using a Varian 400 gel 

permeation chromatography (GPC) equipped with a PL gel 5  m MIXED-D and 

Varian Prostar refractive index detector. The GPC was calibrated using polystyrene 

standard samples from Varian. THF was used as the mobile phase with a flow rate of 

1 mL min
-1

. Thermomechanical properties were analyzed using dynamic mechanical 

analysis (DMA). Sample bars with dimensions of 50 mm × 10 mm × 1.5 mm were 

prepared using a Carver press. Storage moduli and tan δ of all samples were obtained 

using a Perkin Elmer Pyris Diamond dynamic mechanical analyzer using bending test 
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mode. A temperature sweep of 2 °C min
-1

 from 10 °C to 150 °C was conducted at a 

constant frequency of 1 Hz. The rheological measurements were carried out using an 

AR 2000 paralleled-plate rheometer with a 1.5 mm gap under a nitrogen flow. Both 

the cell compliance and geometry compliance were calibrated using instrument 

software. Samples were loaded on to the paralleled-plates and trimmed after they 

were heated to the measurement temperatures. The oscillatory frequency sweeps were 

completed at temperatures of 180 °C, 200 °C, and 220 °C for all samples. An 

oscillatory stress sweep was carried out before each run to ensure a linear viscosity 

range.  

 

Chapter Results and Discussion 

Structural Characterization 

A variety of LVEs with varying MWs were used in this research. There are 2, 

3, 6, and 10 carbon atoms on the fatty acid chains of VA, VP, VH, and VD 

respectively. The resultant random copolymers, including poly(VA-co-AA), 

poly(VP-co-AA), poly(VH-co-AA), and poly(VD-co-AA), are shown in Figure 4.1. 

The chemical shifts of poly(LVE-co-MMA) (
1
H-NMR, 500MHz, CDCl3, δ ppm) are 

given by: poly(VA-co-MMA), 5.0 (mH, -CH-), 2.0 (1H, -CO-CH3), 1.7 (2H, -CH2-), 

3.6 (1H, -O-CH3), and 1.5 (1H, -CH3); poly(VP-co-MMA), 5.0 (mH, -CH-), 2.3 (3H, 

-CO-CH2-CH3), 1.0 (1H, -CO-CH2-CH3), 1.7 (2H, -CH2-), 3.6 (1H, -O-CH3), and 1.5 

(1H, -CH3); poly(VH-co-MMA), 5.0 (mH, -CH-), 1.0 (1H, -CO-(CH2)4-CH3), 3.6 (1H, 

-O-CH3), and 1.3~2.3 (mH, -CO-(CH2)4-CH3, -CH2-, and -CH3); poly(VD-co-MMA), 

5.0 (mH, -CH-), 1.0 (1H, -CO-(CH2)8-CH3), 3.6 (1H, -O-CH3), and 1.3~2.3 (mH, 

-CO-(CH2)8-CH3, -CH2-, and -CH3). 
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Figure 4.1. The chemical structures of poly(LVE-co-MMA). 

 

Composition, MWs, and MWDs of Poly(LVE-co-MMA) 

The 
1
H-NMR spectrums were used to estimate the compositions of MMA 

and LVEs. Integration of hydrogen on methyl of MMA (δ = 3.6 ppm, 1H, -CO-CH3) 

and hydrogen on methine of LVEs (δ = 4.5~5.5 ppm, mH, -CH-) were carried out to 

determine the molar ratios of MMA to LVE. Table 4.1 shows the feed ratio, LVE 

compositions, MWs and Tgs of the polymers produced for this work. The 

compositions of LVEs in the poly(LVE-co-MMA) are lower than their initial 

monomer feed compositions due to the lower reactivity ratios of LVEs than MMA. 

The reactivity ratios of MMA to LVEs were rMMA=5.2/rVA=0.06, rMMA=7.4/rVP=0.06, 

rMMA=0.18/rVA=0.06, and rMMA=0.32/rVA=0.06, which were calculated using the 

Fine-Loss method as discussed in Chapter 3. These values are different from the 

literature values (Mishra et a., 2009C) due to the relatively high copolymerization 

conversion (around 20%). 
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Table 4.1. Feed ratios, LVE compositions, Mn, Mw, PDI, and Tg of poly(LVE-co-MMA). 

 
Feed ratio 

(mol:mol) 

CLVE* 

mol% 

CLVE 

wt% 

Mn 

(×10
5
 g/mol) 

Mw 

(×10
5
 g/mol) 

PDI 

(Mw/Mn) 

Tg-M 

(°C) 

Tg-C 

(°C) 

PMMA  0 0 3.2 5.6 1.8 120  

poly(VA-co-MMA)         

VA-1 0.5:0.5 12 10 1.8 3.2 1.8 108 110 

VA-2 0.7:0.3 27 24 1.1 2.2 1.9 94 93 

VA-3 0.9:0.1 41 37 0.6 1.4 2.0 78 81 

poly(VP-co-MMA)         

VP-1 0.5:0.5 12 12 1.6 3.1 2.0 103 101 

VP-2 0.7:0.3 25 25 0.9 2.1 2.2 84 82 

VP-3 0.9:0.1 40 40 0.6 1.3 2.3 60 63 

poly(VH-co-MMA)         

VH-1 0.1:0.9 5 7 2.7 6.6 1.8 104 105 

VH-2 0.3:0.7 8 11 2.3 4.1 1.8 94 96 

VH-3 0.5:0.5 10 14 1.9 3.5 1.8 90 88 

VH-4 0.7:0.3 19 25 1.1 2.2 2.0 70 67 

poly(VD-co-MMA)         

VD-1 0.1:0.9 3 6 2.7 4.7 1.7 100 99 

VD-2 0.3:0.7 6 11 2.2 4.3 2.0 90 84 

VD-3 0.5:0.5 8 15 1.7 3.3 2.0 80 77 

VD-4 0.7:0.3 12 21 1.2 2.5 1.9 60 57 

*
 CLVE is the mole fractions of LVEs in copolymers.  

Tg-M is the measured Tg, and Tg-C is the predicted Tg.  

 

The MWs of poly(VA-co-MMA), poly(VP-co-MMA), poly(VH-co-MMA), 

and poly(VD-co-MMA) series all decreased with increasing LVE compositions. At 

the same time, all the MWs were lower than homoPMMA produced under similar 

conditions (Mn=3.2 × 10
5
 g/mol, Mw=5.6 ×10

5
 g/mol). This is attributed to the lower 

reactivity ratios of LVEs compared to MMA (Mishra et al., 2009C). The Mns of 

poly(LVE-co-MMA) ranged from 2.7 × 10
5
 g/mol to 5.6 × 10

5
 g/mol with LVE 

compositions varying from 3 mol% to 41 mol%. Considering that disproportionation 

(Odian, 1993) is the dominant termination mechanism of PMMA, the PDI values 

around 2.0 for all poly(LVE-co-MMA) indicates the MWDs are close to their 
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theoretical value. 

 

Thermomechanical Properties of Poly(LVE-co-MMA) 

Comparisons of the storage moduli of PMMA with all poly(LVE-co-MMA) 

series are shown in Figures 4.2 (a-d). Generally, the storage moduli decreased with 

increasing LVE compositions. This behavior was attributed to the side chains of LVEs 

behaving like plasticizers in the copolymers, making the copolymers less rigid. 

According to Figure 4.2 (a), the storage moduli of poly(VA-co-MMA) series 

decreased from around 3.0 × 10
9
 Pa to 2.0 × 10

9
 Pa with increasing VA compositions 

and declining Mn. The reduction in storage modulus of VA-3 is not obvious although 

VA-3 (CVA = 41 mol%, Mn = 0.6 ×10
5
 g/mol) has a much higher VA composition and 

lower Mn compared to VA-1 and VA-2. The comparisons of poly(VP-co-MMA) series, 

poly(VH-co-MMA) series, and poly(VD-co-MMA) exhibited similar phenomena. 

The storage moduli reduced from about 3.5 × 10
9
 Pa to 1.5 × 10

9
 Pa for 

poly(VP-co-MMA) as shown in Figure 4.2 (b). A decrease from 4.0 × 10
9
 Pa to 2.0 × 

10
9
 Pa are shown for poly(VH-co-MMA) as presented in Figure 4.2 (c). The decrease 

from 4.0 × 10
9
 Pa to 1.5 × 10

9
 Pa for are poly(VD-co-MMA) series as presented in 

Figure 4.2 (d).  
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Figure 4.2 (a). Storage moduli of poly(VA-co-MMA) series. 

 

 

Figure 4.2 (b). Storage moduli of poly(VP-co-MMA) series. 
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Figure 4.2 (c). Storage moduli of poly(VH-co-MMA) series. 

 

 

Figure 4.2 (d). Storage moduli of poly(VD-co-MMA) series. 
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temperature storage moduli of VA-1, VP-1, and VH-3 are quite similar (around 3.0 × 

10
9
 Pa), while VD-3 is significantly lower (around 1.5 × 10

9
 Pa). Although VD-3 has 

a lower LVE composition (CVD = 8 mol%) than the others (CVA, CVP and CVH ≈ 12 

mol%), its low temperature storage modulus is rough half. The longer side chain of 

VD-3 (-O-CO-(CH2)8-CH3) reduces the elasticity of the copolymer. Another 

comparison of storage moduli of VA-2, VP-2, VH-4, and VD-4, which have similar 

Mns (around 1.0 × 10
5
 g/mol), are presented in Figure 4.3 (b). This shows a more 

obvious trend of decrease. As mentioned in Figure 4.3 (a), the longer chain of VD 

lead to a greater decline in the storage modulus even when the VD composition in 

VD-4 (CVD = 12 mol%) is not as high as those of VA-2 (27 mol%), VP-2 (25 mol%), 

and VH-4 (19 mol%). The storage moduli of all the resultant copolymers ranged from 

4 × 10
9
 Pa to 2 × 10

9
 Pa, which indicates the resultant materials still have enough 

strength for transparent boards and containers when beneath their glass transition 

temperatures.  

 

 

Figure 4.3 (a). Storage moduli of VA-1, VP-1, VH-3, and VD-3. 
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Figure 4.3 (b). Storage moduli of VA-2, VP-2, VH-4, and VD-4. 
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Figure 4.4 (a). tan δ distribution of poly(VA-co-MMA) series. 

 

 

Figure 4.4 (b). tan δ distribution of poly(VP-co-MMA) series. 
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Figure 4.4 (c). tan δ distribution of poly(VH-co-MMA) series. 

 

 

Figure 4.4 (d). tan δ distribution of poly(VD-co-MMA) series. 
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to lower temperatures can be observed according to the order of VA-1, VP-1, VH-3, 

and VD-3. For VA-1, VP-1, and VH-3, which have similar LVE compositions (CLVE = 

12 mol%), the reduction of Tgs is attributed to the increase of side chain lengths from 

2 to 6 carbon atoms. The increase of side chain length resulted in larger distances 

between polymer backbones, which lead to the increase of free volumes of the 

copolymers. It can be seen more clearly from the Tg of VD-3. VD-3, which had a 

lower LVE composition (CVP = 8 mol%) still had the lowest Tg in this comparison. 

Another comparison of VA-2, VP-2, VH-4, and VD-4, which had similar Mns (around 

1.1 × 10
5
 g/mol), is made in Figure 4.5 (b). The Tg of VH-4 (CVH = 19 mol%) was 

lower than those of VA-2 (CVA = 27 mol%) and VP-2 (CVP = 25 mol%). VD-4 (CVD = 

12 mol%), which had a much lower LVE composition still but showed the lowest Tg 

in the comparison. This shows that VD has the largest effect on increasing free 

volume. 

 

 

Figure 4.5 (a). tan δ distribution of VA-1, VP-1, VH-3, and VD-3. 
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Figure 4.5 (b). tan δ distribution of VA-2, VP-2, VH-4, and VD-4. 
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which increased the distance between the copolymer backbones. This facilitated the 

flow of molecules compared to the more efficient packing of homoPMMA molecules. 

 

 

Figure 4.6 (a). Shear storage and loss moduli of poly(VA-co-MMA) series at 180 °C. 

 

Figure 4.6 (b). Shear storage and loss moduli of poly(VP-co-MMA) series at 180 °C. 
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Figure 4.6 (c). Shear storage and loss moduli of poly(VH-co-MMA) series at 180 °C. 

 

 

Figure 4.6 (d). Shear storage and loss moduli of poly(VD-co-MMA) series at 180 °C. 
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The copolymer MWs and LVE compositions are difficult to control in free 

radical copolymerizations. Therefore, samples with similar copolymer MWs and LVE 

compositions were selected to make comparisons. VH-1 (CVH = 5 mol%, Mn = 2.7 × 

10
5
 g/mol) and VD-1 (CVD = 3 mol%, Mn = 2.7 × 10

5
 g/mol), have low LVE 

compositions and a slightly lower MWs compared to PMMA (Mn = 3.2 × 10
5
 g/mol), 

however, their shear storage and loss moduli are very close to those of PMMA as 

shown in Figure 4.6 (c) and (d). This is probably because of the dominating role MWs 

play in determining the shear flow behavior of polymer melts. Samples VA-1 (CVA = 

12 mol%, Mn = 1.8 × 10
5
 g/mol), VP-1 (CVP = 12 mol%, Mn = 1.6 × 10

5
 g/mol), VH-3 

(CVH = 10 mol%, Mn = 1.9 × 10
5
 g/mol), and VD-3 (CVD = 8 mol%, Mn = 1.7 × 10

5
 

g/mol) which have similar MWs, show shear storage moduli around 1 × 10
4
 Pa 

compared to the shear modulus of PMMA which was around 3 × 10
4
 Pa at low shear 

rates. At higher shear rates the shear storage moduli approached that of PMMA. The 

shear loss moduli of VA-1, VP-1, VH-3, and VD-3 are nearly the same when the 

frequency is above 1 rad/s. Although the LVE compositions of VA-1, VP-1, VH-3, 

and VD-3 are around 10 mol%, there were no large reductions in shear storage and 

loss moduli compared to those of homoPMMA when the MWs of the copolymers 

were around 1.7 × 10
5
. Therefore, MWs have an obvious impact on the shear flow in 

this situation. As the MWs decreased and the LVE compositions increased, very 

obvious declines in the shear moduli are observed in each poly(LVE-co-MMA) series. 

This is particularly pronounced at low shear rate. The research on linear lower density 

polyethylene with different side chain length also had the similar phenomena that 

MWs was the dominant factor on shear moduli (Wei el al., 2007).  

In order to determine the effect of side chains on the rheological properties of 

poly(LVE-co-MMA), comparisons of shear storage and loss moduli of 
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poly(LVE-co-MMA) with similar MWs were made using master curves obtained at 

200 °C using the Arrhenius model as shown in Equation 4.1, where aT is the shift 

factor obtained by fitting the data with Arrhenius model, Ea is the activation energy of 

molecular flow, and Tref is the reference temperature. The master curves were 

obtained by using shear moduli curves at 200 °C as the reference and manually 

shifting the shear moduli curves at 180 °C and 220 °C until the curves overlapped by 

inspection. Table 4.2 shows the Eas determined for the poly(LVE-co-MMA) 

copolymers 

 

                    

Equation 4.1. Arrhenius mode of temperature time superposition (TTS). 

 

Table 4.2. Arrhenius activation energy of flow for poly(LVE-co-MMA). 

 CLVE* (mol%) Mn (×10
5
 g/mol) Ea (KJ/mol) 

VA-1 12 1.8 350 

VP-1 12 1.6 297 

VH-3 10 1.9 202 

VD-3 8 1.7 155 

VA-2 27 1.1 259 

VP-2 25 0.9 184 

VH-4 19 1.1 144 

VD-4 12 1.3 120 

 

Master curves of VA-1 (CVA = 12 mol%, Mn = 1.8 × 10
5
 g/mol), VP-1 (CVP = 

12 mol%, Mn = 1.6 × 10
5
 g/mol), VH-3 (CVH = 10 mol%, Mn = 1.9 × 10

5
 g/mol), and 

VD-3 (CVD = 8 mol%, Mn = 1.7 × 10
5
 g/mol) were developed and are shown in Figure 

4.7 (a) and (b). There was no large difference in shear storage or loss moduli of VA-1, 
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VP-1, and VH-3. A gap was observed between the shear storage and loss moduli of 

VD-3 and VA-1, but the difference was small. The most probably reason for the 

phenomena was the similar MWs of these copolymers. There was no obvious 

difference in behavior of samples with different LVEs. The Ea declined as the side 

chain lengths increased however. This indicates that it was easier to initiate the flow 

of poly(LVE-co-MMA) with longer side chains. This was attributed to the flexible 

side chains increasing the distance between the main backbones of the polymers. The 

side branches were significantly below the critical length and therefore did not 

participate in chain entanglements. This limited the effect of the side chains to 

increasing the separation between the main chains and serving as plasticizers.  

 

 

Figure 4.7 (a). Shear storage modulus master curves of VA-1, VP-1, VH-3, and VD-3 

at 200 °C. 
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Figure 4.7 (b). Shear loss modulus master curves of VA-1, VP-1, VH-3, and VD-3 at 

200 °C. 
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Figure 4.8 (a). Shear storage modulus master curves of VA-2, VP-2, VH-4, and VD-4 

at 200 °C. 

 

 

Figure 4.8 (b). Shear loss modulus master curves of VA-2, VP-2, VH-4, and VD-4 at 

200 °C. 
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Complex Viscosity of Poly(LVE-co-MMA) 

The complex viscosities of poly(VA-co-MMA), poly(VP-co-MMA), 

poly(VH-co-MMA), and poly(VA-co-MMA) series at 180°C are shown in Figure 4.9 

(a-d). The complex viscosity of PMMA at 180°C was applied as the reference for the 

comparison. Figure 4.9 (a-d) shows the effects of comonomer construction on the 

complex viscosities of poly(LVE-co-MMA). In each figure, the complex viscosity of 

virgin PMMA is shown as a reference. It can be seen in Figure 4.9 (a) that the     

decreased significantly as the comonomer ratio increased. A significant portion of this 

decrease can be attributed to the decrease in MWs from VA-1 to VA-3. It is also well 

known that the low shear viscosity of a polymer can be related to its MWs using 

Equation 4.3:  

             

Equation 4.3. Relationship between MW and complex viscosity at low shear rate. 

 

where k is a polymer dependent constant and MW is the weight average molecular 

weight. Using this relationship it can be seen that tripling the MWs, as occurred 

between VA-3 and VA-1, should lead to an approximately 40 fold increase in    , if 

all other factors were held constant. However, the     showed an increase of 

approximately 3 orders of magnitude. The additional decrease in     beyond that 

predicted by MW, was attributed to the increase in comonomer content. The increase 

in branch content increased the spacing between main chains, leading to decreased    . 

This behavior was also reflected in a reduction in the flow activation energy. 

Similar behavior was observed for poly(VP-co-MMA) as can be seen in 

Figure 4 (a-d). Greater decreases in     were observed than can be attributed solely to 
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decreases in copolymer MW. Again, the enhanced reduction in     was attributed to 

the effect of increased branching.  

 

 

Figure 4.9 (a). Complex viscosities of poly(VA-co-MMA) series at 180 °C. 

 

 

Figure 4.9 (b). Complex viscosities of poly(VP-co-MMA) series at 180 °C. 

1E+0 

1E+1 

1E+2 

1E+3 

1E+4 

1E+5 

1E+6 

1E+7 

0.001 0.01 0.1 1 10 100 1000 

C
o
m

p
le

x
 v

is
co

si
ty

, 
η*

 (
P

a
·s

) 

Frequency, ω (rad/s) 

(a) 

PMMA 

VA-1 

VA-2 

VA-3 

1E+0 

1E+1 

1E+2 

1E+3 

1E+4 

1E+5 

1E+6 

1E+7 

0.001 0.01 0.1 1 10 100 1000 

C
o
m

p
le

x
 v

is
co

si
ty

, 
η*

 (
P

a
·s

) 

Frequency, ω (rad/s) 

(b) 

PMMA 

VP-1 

VP-2 

VP-3 



 

68 

 

 

Figure 4.9 (c). Complex viscosities of poly(VH-co-MMA) series at 180 °C. 

 

 

Figure 4.9 (d). Complex viscosities of poly(VD-co-MMA) series at 180 °C. 
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MWs, including VA-1, VP-1, VH-3, and VD-3, is shown in Figure 4.10 (a). The 

complex viscosity of PMMA at 180°C was used as a reference. These samples have 

similar MWs (approximate 1.6 × 10
5
 g/mol) and CLVE (approximate 10 mol%). It can 

be seen that the complex viscosities in Figure 4.10 (a) are very similar. This indicates 

that branch lengths did not play a large role in     at the comonomer concentration. 

However, in Figure 4.10 (b) the samples shown have similar MWs but the mole 

fractions of comonomer trend down with increasing LVE molecular weights. Sample 

VD-4 had a significantly lower     than VA-2, despite having a similar MWs and a 

lower CLVE. This indicates that at higher comonomer ratios the branch lengths did 

indeed influence the    . Commercial LLDPE has the similar phenomena, which the 

complex viscosity was dominated by MWs (Garofalo et al., 2012). 

 

 

Figure 4.10 (a). Complex viscosities of VA-1, VP-1, VH-3, and VD-3 at 180 °C. 
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Figure 4.10 (b). Complex viscosities of VA-2, VP-2, VH-4, and VD-4 at 180 °C. 

 

Chapter Conclusions 

A series of poly(LVE-co-MMA) were prepared by free radical bulk 

copolymerizations. The resultant copolymers had LVE compositions varying from 3 

mol% to 41 mol%. The storage moduli and Tgs of the resultant copolymers decreased 

with increasing LVE compositions. Copolymers with VD exhibited larger reductions 

of storage moduli and shifts in tan δ. Meanwhile, the G' and G" were dominated by 

the MWs of the copolymers, but the LVE compositions and molecular weights also 

influenced the rheological responses. Increases in LVE compositions led to decreases 

in G', G", and    , while increasing LVE molecular weight led to further decreases. 

Finally, as hypothesized, the introduction of LVEs decreased the stiffness of 

homoPMMA, potentially leading to application for poly(LVE-co-MMA) as 

transparent flexible board.
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CHAPTER V

COPOLYMERS OF ACRYLIC ACID WITH LVES 

Chapter Abstract 

A series of amphiphilic copolymers with varying compositions of acrylic 

acid (AA) and linear vinyl esters (LVEs), including vinyl propionate (VP), vinyl 

hexanoate (VH), and vinyl decanoate (VD), were synthesized by solution 

copolymerizations. The average molecular weights (MWs) of the resultant 

copolymers varied due to the different reactivity ratios of AA and LVEs. The 

thermomechanical studies determined the glass transition temperatures (Tgs) of the 

copolymers ranged from 40 °C to 70 °C by incorporation of LVEs from 7 mol% to 42 

mol%. The storage moduli of the copolymers were also impacted by the compositions 

and chain lengths of LVEs. The incorporation of VD, which provided longer side 

chains than VP and VH, had a more significantly effect on the Tgs and storage moduli 

of resultant copolymers. Rheological property analysis indicates that the MWs were 

the dominant factor influencing the shear flow behaviors of copolymer melts. But the 

influence of the LVE side chain lengths on the shear flow became more obvious when 

the MWs were lower than 0.8 × 10
5
 g/mol. 

 

Chapter Experimental 

Materials 

Benzoyl peroxide (BPO), purchased from Sigma-Aldrich, was recrystallized 

to remove impurities prior to use. Anhydrous ethanol (99.5%), purchased from Fisher 

Scientific, was pretreated with anhydrous sodium sulfate to remove residual water. 
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AA and VP from Sigma-Aldrich were purified by vacuum distillation. VH and VD 

from TCI America were pretreated with 2 wt % sodium hydroxide aqueous solutions 

to remove inhibitors, and washed to neutral pH. The monomers were then dried with 

anhydrous sodium sulfate to remove water.  

 

Copolymerization and Sample Handling 

A 500 mL flask equipped with stirring and refluxing was purged with N2 to 

remove O2 and trace H2O before copolymerizations. AA and LVEs, including VP, VH, 

and VD, along with 1 gram initiator per 100 mL of solution were charged into the 

flask to form a 50 vol% aqueous solution. All copolymerizations were carried out in 

an oil bath at 60 °C under nitrogen protection. Compositional drift was prevented by 

controlling the copolymerization conversion to below 20%. All reactions were 

quenched by pouring the reactants into deionized water. The resultant copolymers 

were washed and immersed in deionized water to remove most of the unreacted 

monomers. The collected solids were then dried in a vacuum oven at 50 °C before any 

measurements were made. 

 

Measurement 

The structural characterizations of copolymers were carried out using a 

Nicolet 200 Fourier transform Infrared spectrometer (FT-IR) equipped with an 

attenuated total reflection (ATR) accessory, using a zinc selenide (Zn-Se) crystal. The 

measurement range was from 4000 cm
-1

 to 400 cm
-1

. The compositions of all 

poly(LVE-co-AA) samples were determined by potentiometric titration with NaOH in 

aqueous solutions of 0.05 M NaCl. The molecular weight distribution (MWD), 

number-average molecular weight (Mn), and weight-average molecular weight (Mw) 
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were determined using a Varian 400 gel permeation chromatograph (GPC) equipped 

with a PL gel 5  m MIXED-D and Varian Prostar refractive index detector. The GPC 

was calibrated using polystyrene standard samples from Varian. HPLC grade 

tetrahydrofuran (THF), purchased from Fisher, was used as the mobile phase with a 

flow rate of 1 mL min
-1

. The thermomechanical properties were analyzed using 

dynamic mechanical analysis (DMA). Sample bars with dimensions of 50 mm × 10 

mm × 1.5 mm were prepared using a Carver press. The storage moduli and tan δ of all 

samples were determined using a Perkin Elmer Pyris Diamond dynamic mechanical 

analyzer under bending test mode. Temperature sweeps of 2 °C min
-1

 from -20 °C to 

120 °C were conducted at a constant frequency of 1 Hz. The rheological 

measurements were carried out using an AR2000 parallel-plate rheometer with a 1.5 

mm gap under nitrogen protection. Both the cell compliance and geometry 

compliance were calibrated using instrument software. Samples were loaded onto the 

parallel-plates and trimmed after heating to the measurement temperature. The 

oscillatory frequency sweeps were completed at a temperature of 140 °C in 

consideration of the intramolecular dehydration of carboxyl groups that may occur 

above 150°C (Abdelaal et al., 2012). An oscillatory stress sweep was carried out 

before each run to ensure a linear viscosity range.  

 

Chapter Results and Discussion 

Structural Characterization 

The chemical structures of the random copolymers are shown in Figure 5.1. 

The differences in structure are due to lengths of fatty acid chains. There are 3, 6, and 

10 carbon atoms on the fatty acid chains of VP, VH, and VD respectively. A 

representative FT-IR spectrum is shown in Figure 5.2. The characteristic vibrations, 
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including the -C=O stretching absorption band of AA and/or LVEs from 1650 cm
-1

 to 

1730 cm
-1

 and the C-H stretching absorption band at 2950 cm
-1

 of –CH3 and –CH2-, 

were observed using ATR/FT-IR. The –OH absorption band was overlapped by C-H 

stretching absorption, but the composition was determined quantitatively using the 

titration method previously described.  

 

HO
O

O


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OHO
O
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
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OHO
O

O


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O

poly(VP-co-AA) poly(VD-co-AA)poly(VH-co-AA)  

Figure 5.1. The chemical structures of poly(LVE-co-AA). 

 

 

Figure 5.2. The FT-IR spectrum of poly(VD-co-AA) (VD-4). 
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samples synthesized in this work are shown in Table 5.1. The reactivity ratios of AA 

and VA in a solution copolymerization using ethanol as the solvent were previously 

reported as rAA = 2.4 and rVA = 0.04 by Zaldívar et al (Zaldívar et al., 1997). VD was 

expected to have a lower reactivity because the LVE compositions of VD in 

poly(VD-co-AA) were lower than those of VP in poly(VP-co-AA) and VH in 

poly(VH-co-AA) when the feed ratios are the same. The reactivity ratios estimated at 

high copolymerization conversion (25%) were rAA/rVP= 1.2/0.01, rAA/rVH= 1.5/0.01, 

and rAA/rVD= 5.4/0.01. The decrease of MWs in each poly(LVE-co-AA) series are 

also attributed to the different reactivity ratios between AA and LVEs. The 

polydispersity indexes (PDI) of all poly(LVE-co-AA) were close to 2.3. This 

relatively narrow PDI indicates that the compositional drift was not significant.  

 

Table 5.1. Feed ratio, LVE compositions, Mn, Mw, PDI, and Tg of poly(LVE-co-AA). 

 Feed ratio 

(mol:mol) 

CLVE 
a
 

mol% 

CLVE 
 

wt% 

Mn 

(× 10
-5

 g/mol) 

Mw 

(× 10
-5

g/mol) 
PDI 

b
 

Tg-M 

(°C) 

Tg-C 

(°C) 

poly(VP-co-AA)         

VP-1 0.3:0.7 21 27 1.2 2.8 2.3 69 70 

VP-2 0.5:0.5 30 37 1.0 2.3 2.3 59 60 

VP-3 0.7:0.3 42 50 0.8 1.9 2.2 53 53 

poly(VH-co-AA)         

VH-1 0.3:0.7 19 32 1.2 2.5 2.2 61 58 

VH-2 0.5:0.5 26 41 1.0 2.3 2.3 55 51 

VH-3 0.7:0.3 35 52 0.8 2.0 2.3 48 43 

poly(VD-co-AA)         

VD-1 0.3:0.7 7 17 1.2 2.7 2.2 56 53 

VD-2 0.5:0.5 11 25 0.8 1.9 2.3 50 46 

VD-3 0.7:0.3 16 34 0.6 1.5 2.3 41 35 

a
 CLVE is LVE composition expressed by mole fraction. 

b
 PDI = Mw/Mn 
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Dynamic Mechanical Analysis of Poly(LVE-co-AA) 

The storage moduli of poly(VP-co-AA) with varying CLVE are shown in 

Figure 5.3 (a). HomoPAA was not tested because PAA degrades before it softens. 

Therefore samples could not be prepared by melt processing. The storage moduli 

decreased from about 9 × 10
9
 Pa to 3 × 10

9
 Pa as the VP compositions increased from 

21 mol% to 42 mol%. The reduction in storage modulus was attributed to the increase 

in side branch content. These branches increased the distance between main polymer 

chains softening the polymer. Similar trends were observed for poly(VH-co-AA) and 

poly(VD-co-AA) series. The storage modulus of poly(VH-co-AA) decreases from 5 × 

10
9
 Pa to 1 × 10

9
 Pa as shown in Figure 5.3 (b), while the storage modulus of 

poly(VD-co-AA) decreased from 3.5 × 10
9
 Pa to 7 × 10

8
 Pa as presented in Figure 5.3 

(c). These effects were also attributed to the incorporation of side chains of 6 or 10 

carbon atoms. 

 

 

Figure 5.3 (a). Storage moduli of poly(VP-co-AA) series. 
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Figure 5.3 (b). Storage moduli of poly(VH-co-AA) series. 

 

 

Figure 5.3 (c). Storage moduli of poly(VD-co-AA) series. 
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(CVP = 21 mol%, Mn = 1.2 × 10
5
 g/mol), VH-1 (CVH = 19 mol%, Mn = 1.2 × 10

5
 

g/mol), and VD-1 (CVD = 7 mol%, Mn = 1.2 × 10
5
 g/mol) have similar Mns but 

different LVE compositions. The resultant storage moduli declined with increasing 

LVE molecular weight. This was despite the fact that VD-1 had a much lower CLVE 

than either VP-1 or VH-1. This reduction in storage modulus was mostly attributed to 

the increase of LVE molecular weights. In other words, VD, which has a side chain of 

10 carbon atoms, had a larger impact on the reduction of the storage moduli compared 

to VP and VH although LVE composition of VD-1 was only one third of VP-1 and 

VH-1. The longer side chain further increased the distance between chains, resulting 

in a more efficient plasticizing effect. VH-1 had a lower storage modulus than VP-1, 

but the impact of its side chain was not as pronounced as VD.  

 

 

Figure 5.4 (a). Comparison of storage moduli of VP-1, VH-1, and VD-1. 
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Figure 5.4 (b). Comparison of storage moduli of VP-3, VH-3, and VD-2. 
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determine Tgs, in each series shifted to lower temperatures with an increase in LVE 

composition. By introducing more flexible side chains to copolymers, the energy 

required for the motions of polymer backbones become lower. The reductions in Tgs 

were in good agreement with that predicted by the Fox-Flory equation, which are Tg-C 

as listed in Table 5.1. 

 

 

Figure 5.5 (a). tan δ distribution of poly(VP-co-AA) series. 

 

 

Figure 5.5 (b). tan δ distribution of poly(VH-co-AA) series. 
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Figure 5.5 (c). tan δ distribution of poly(VD-co-AA) series. 
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Figure 5.6 (a). Comparison of tan δ distribution of VP-1, VH-1, and VD-1. 

 

 

Figure 5.6 (b). Comparison of tan δ distribution of VP-3, VH-3, and VD-2. 
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and VH-3 had more than 30 mol% of LVE. It is believed that the impact of chain 

lengths was weaker than the LVE compositions when the resultant poly(LVE-co-AA) 

had high LVE compositions (more than 30 mol%). The Tg of VD-2 was between those 

of VP-3 and VH-3. The free volumes of poly(LVE-co-AA) were a function of both the 

side chain lengths and the LVE compositions. Although the side chain of VD-2 is 

much longer than VP-3 and VH-3, but VP-3 and VH-3 have much higher LVE mole 

fractions than VD-2. Therefore, both LVE compositions and side chain lengths 

impacted on the Tgs of poly(LVE-co-AA). 

 

Rheological Property Analysis of Poly(LVE-co-AA) 

Shear Storage and Loss Moduli of Poly(LVE-co-AA) 

The rheological properties of the poly(LVE-co-AA) samples synthesized in 

this work were studied using a parallel plate rheometer. The shear storage and loss 

moduli of poly(VP-co-AA) samples with varying comonomer contents are shown in 

Figure 5.7. The measuring temperature did not exceed 140 °C in order to avoid the 

degradation of AA. In general, the storage and loss moduli decreased for VP-1, VP-2, 

and VP-3 at the same shear rate. The increase in side branches further separated the 

main chains, facilitating the macromolecular motions of the polymer chains. The side 

chains not only increased the distance between backbones but also disrupted 

intermolecular hydrogen bonding of the carboxyl groups. At lower shear rates, the gap 

between the shear storage moduli of VP-1(G’ ≈ 105
 Pa) was two orders of magnitude 

larger than that of VP-3 (G’ ≈ 103
 Pa). The gap between the shear loss modulus of 

VP-1 (G” ≈ 104
 Pa) and VP-3 (G’ ≈ 103

 Pa) at low shear rate was one order of 

magnitude as shown in Figure 5.7 (b). Although the gap between shear storage 

modulus of VH-1 (G’ ≈ 104
 Pa) and VH-3 (G’ ≈ 102

 Pa) at low shear rate is also two 
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orders of magnitude, the gap between shear loss modulus of VH-1 (G’ ≈ 104
 Pa) and 

VH-2 (G’ ≈ 104
 Pa) is two order of magnitude, which was larger the that of VP-1 and 

VP-3, as shown in Figure 5.8 (a) and (b). This indicates that the shear moduli were 

reduced by incorporation of more LVEs. The gap between shear storage modulus of 

VD-1 (G’ ≈ 104
 Pa) and VD-3 (G’ ≈ 10 Pa), and shear loss modulus of VD-1 (G’ ≈ 104

 

Pa) and VD-3 (G’ ≈ 10 Pa) was even larger, as shown in Figure 5.9 (a) and (b), which 

indicates that VD was more effective at reducing the shear storage moduli at low 

shear rates.  

 

 

Figure 5.7 (a). Shear storage moduli of poly(VP-co-AA) at 140 °C. 
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Figure 5.7 (b). Shear loss moduli of poly(VP-co-AA) series at 140 °C. 

 

 

Figure 5.8 (a). Shear storage moduli of poly(VH-co-AA) series at 140 °C. 
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Figure 5.8 (b).Shear loss moduli of poly(VH-co-AA) series at 140 °C. 

 

 

Figure 5.9 (a). Shear storage moduli of poly(VD-co-AA) series at 140 °C. 
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Figure 5.9 (b). Shear loss moduli of poly(VD-co-AA) series at 140 °C. 
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that VH-1 and VD-1 have similar MWs. On the other hand, VH-1had a 12 mol% 

higher LVE composition than VD-1 but shorter side chains. However, VD-2 (CVD = 

11 mol%, Mn = 0.8 × 10
5
 g/mol), which had a lower Mn, shows lower shear moduli 

compared to the other three copolymers in this comparison. On one hand, this 

decrease may have been caused by the increase of VD mole fraction. On the other 

hand, the shear modulus is strongly dependent on the Mns of the samples. 

 

 

Figure 5.10 (a). Shear storage moduli of VP-1, VH-1, VD-1, and VD-2 at 140 °C.  

 

 

Figure 5.10 (b). Shear loss moduli of VP-1, VH-1, VD-1, and VD-2 at 140 °C. 
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Another comparison of shear storage and loss moduli was made among VP-3, 

VH-3, VD-2, and VD-3, which have lower Mns, as shown in Figure 5.11 (a) and (b). 

In this situation, VP-3 (CVP = 42 mol%, Mn = 0.8 × 10
5
 g/mol), VH-3 (CVH = 35 mol%, 

Mn = 0.8 × 10
5
 g/mol), VD-2 (CVD = 11 mol%, Mn = 0.8 × 10

5
 g/mol) have very 

similar Mns but varying LVE compositions. The shear moduli of VP-3 was an order of 

magnitude higher than VH-3 at low shear rates. This was attributed to the differeces in 

side chain lengths when MWs (0.8 × 10
5
 g/mol) decline to two thirds as much as 

those of VP-1, VH-1, and VD-1 (1.2 × 10
5
 g/mol) from last comparison. In other 

words, the effect of side chain lengths becomes more obvious when MWs are lower. 

The more flexible side chain of VH-1 facilitated the motion of macromolecules in the 

melt state more effectively than VP-1. The shear moduli of VD-2, which had only one 

third LVE composition as VH-3, lay between the shear storage and loss moduli of 

VP-3 and VH-3 as shown in Figure 5.11 (a) and (b). The 10 carbon atoms side chain 

of VD-2 helped to reduce the shear modulus significantly, particularly VD-2 had only 

one third the LVE compositions asVH-3. Another comparison of both the shear storge 

and loss moduli of VH-3 and VD-3 showed no large differences, as can be seen in 

Figure 10 (a) and (b). The most important reason is that the difference of Mns between 

VH-3 and VD-3 (CVD = 16 mol%, Mn = 0.6 × 10
5
 g/mol) was smaller (0.2 × 10

5
 g/mol) 

compared to the difference between VH-1 and VD-2 (0.4 × 10
5
 g/mol) as shown in 

Figure 9 (a) and (b). But the small gap between the shear moduli of VH-3 and VD-3 

resulted mostly from the differences in the side chain lengths. 
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Figure 5.11 (a). Shear storage moduli of VP-3, VH-3, VD-2, and VD-3 at 140 °C. 

 

 

Figure 5.11 (b). Shear loss moduli of VP-3, VH-3, VD-2, and VD-3 at 140 °C. 
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viscosities of the copolymers decreased with increasing LVE compositions. The 

declines in the complex viscosities are attributed to decreasing MWs and the LVE 

branches weakening the interactions between poly(LVE-co-AA) backbones.  

 

 

Figure 5.12 (a). Complex viscosities of poly(VA-co-AA) series at 140 °C. 

 

 

Figure 5.12 (b). Complex viscosities of poly(VH-co-AA) series at 140 °C.  
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Figure 5.12 (c). Complex viscosities of poly(VD-co-AA) series at 140 °C. 

 

A comparison of the complex viscosities of VP-1, VH-1, VD-1, and VD-2 is 

presented in Figure 5.13 (a). Copolymers in this comparison, including VP-1 (CVP = 

21 mol%, Mn = 1.2 × 10
5
 g/mol), VH-1 (CVH = 19 mol%, Mn = 1.2 × 10

5
 g/mol), and 

VD-1(CVD = 7 mol%, Mn = 1.2 × 10
5
 g/mol), had similar complex viscosity due to 

their similar Mns, even though VP-1, VH-1, and VD-1 had different LVE 

compositions and side chain lengths. VD-2 (CVD = 11 mol%, Mn = 0.8 × 10
5
 g/mol), 

whose Mn is significantly lower than the others, exhibited an obvious decrease in 

complex viscosity. Another comparison of complex viscosity of copolymers, as shown 

in Figure 5.13 (b), includes VP-3 (CVP = 42 mol%, Mn = 0.8 × 10
5
 g/mol), VH-3 (CVH 

= 35 mol%, Mn = 0.8 × 10
5
 g/mol), VD-2 (CVD = 11 mol%, Mn = 0.8 × 10

5
 g/mol), 

and VD-3 (CVD = 16 mol%, Mn = 0.6 × 10
5
 g/mol), also shows that Mns had the 

largest impact on the complex viscosity. The results are compatible with those 

mentioned in the shear moduli analysis.  
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Figure 5.13 (a). Complex viscosities of VP-1, VH-1, VD-1, and VD-2 at 140 °C. 

 

 

Figure 5.13 (b). Complex viscosities of VP-3, VH-3, VD-2, and VD-3 at 140 °C. 
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including VP, VH, and VD, were synthesized using solution copolymerization. The 

MWs of the obtained poly(LVE-co-AA) decreased with increasing LVE composition 

because of the differences in reactivity ratios. The thermomechanical property 

analysis indicates that the Tgs and storage moduli of copolymers are impacted by the 

side chain lengths and compositions of LVE. Rheological property analysis shows that 

the shear flow behaviors are mainly affected by the MWs of copolymers. But the 

lengths of the side chains also have an impact on shear flow when MWs are low. The 

poly(LVE-co-AA) synthesized have both the flexible and adhesive natures due to the 

introduction of LVE and the carboxyl group of AA, which make the copolymer 

potential in application of flexible adhesive board. 
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CHAPTER VI

COPOLYMERS OF ETHYLENE WITH LVES 

Chapter Abstract 

Copolymers of ethylene (Et) with linear vinyl esters (LVEs), including vinyl 

butyrate (VB), vinyl hexanoate (VH), and vinyl decanoate (VD), were synthesized 

using solution copolymerizations. The LVE compositions did not change significantly 

when the ethylene pressure ranged from 800 psi to 1100 psi. The MWs of 

poly(LVE-co-Et) decreased when the ethylene pressure decreased. The PDI also 

declined with the decrease of ethylene pressure. 

 

Chapter Experimental 

Materials 

VB, VH, and VD, purchased from TCI America were washed with 2 wt% 

sodium hydroxide aqueous solutions to remove inhibitors, washed with DI water till 

neutral and then dried using anhydrous sodium acetate. Benzoyl peroxide (BPO) from 

Sigma-Aldrich was recrystallized before use. The solvents tert-butyl alcohol (TBA) 

and HPLC grade tetrahydrofuran (THF) from Sigma-Aldrich were used as received. 

Ethylene, purchased from PRAXAIR, was used as received.  

 

Copolymerization and Sample Handling 

The copolymerizations were carried out in a 300 mL autoclave reactor 

equipped with gas inlet pipeline, safety purge, mechanical agitation, and a heating 

jacket. A desired volume of LVEs were charged with 30 mL of TBA. The initiator was 
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chosen to be 3.0 wt % of the charged LVE. After purging with N2 to remove O2 and 

trace H2O for 10 minutes, the reactor was charged with ethylene and heated to 65 °C. 

The ethylene pressure was controlled between 800 psi to 1100 psi. The temperatures 

and pressures were kept constant during the copolymerizations. The reaction times 

were 8 hours for the copolymerizations of 10 mL of LVEs and 6 hours for the 

copolymerizations of 5 mL of LVEs. Cooling water was pumped into the jacket to 

quench the polymerizations. All the reactants were poured in ethanol. Solids were 

washed with ethanol, dried in fumehood, and then dried in vacuum oven at 60 °C. 

 

Structural Characterization 

The structure characterizations of the copolymers were carried out using a 

Nicolet 200 Fourier transform Infrared spectrometer (FT-IR) equipped with an 

attenuated total reflection (ATR) accessory. A zinc selenide (Zn-Se) crystal was used 

as the crystal material. The measurement range was from 4000 cm
-1

 to 400 cm
-1

. 

 

Composition Determination 

A Nicolet 200 FTIR was used to estimate the copolymer compositions. The 

synthesized copolymers were dissolved in THF to make 1 wt % polymer solutions. 

Uniform liquid films were formed by injection of polymer sample solution into a 

FT-IR KBr cell purchased from International Glass Inc. The spectrum of LDPE solid 

was employed as a reference, in which there was no carbonyl peak around 1735 cm
-1

. 

The spectrum of 1 wt % polyvinyl butyrate (PVB), polyvinyl hexanoate (PVH), and 

polyvinyl decanoate (PVD) were used as 100% carbonyl group standards for each 

corresponding poly(LVE-co-Et). A series of carbonyl peaks with various peak heights 

in between the spectrums of LDPE and homopolymers of different LVEs were 
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exhibited for poly(LVE-co-Et) with different LVE compositions. The LVE 

compositions were determined using the Beer-Lambert Law as mentioned in Chapter 

3.  

 

MWs and MWDs Determination 

The MWDs, along with number-average molecular weight (Mns) and 

weight-average molecular weight (Mws), were determined using a Varian 400 gel 

permeation chromatography (GPC) equipped with a PL gel 5  m MIXED-D and 

Varian Prostar reflection index detector. The GPC was calibrated using PS standard 

samples supplied by Varian. HPLC grade THF, purchased from Fisher, was used as 

the mobile phase with a flow rate of 1 mL/min.  

 

Chapter Results and Discussions 

Structure Characterization of Poly(LVE-co-Et) 

The structures of the resultant random copolymers, including poly(VP-co-Et), 

poly(VH-co-Et), and poly(VD-co-Et), are shown in Figure 6.1. The characteristic 

vibrations, including the -C=O stretching absorption band of the LVEs from 1650 

cm
-1

 to 1730 cm
-1

 and the C-H stretching absorption band from 2950 cm
-1

 to 2760 

cm
-1

 of –CH3 and –CH2-, were observed using ATR/FT-IR. A comparison of the FT-IR 

spectrum of EVA and poly(VD-co-Et) is shown in Figure 6.2. 
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Figure 6.1. The chemical structures of poly(LVE-co-Et). 

 

 

Figure 6.2 The chemical structures of commercial EVA and poly(VD-co-Et). 
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But the differences of LVE compositions between runs with varying pressure (800 to 

1100 psi) were quite small. 

 

Table 6.1. LVE feed volume, ethylene pressure, LVE compositions, Mn, Mw, and PDI of 

poly(LVE-co-Et). 

LVEs 
Vol. 

(mL) 

Et 

(psi) 

LVE  

(mol%) 

Mn 

(g/mol) 

Mw 

(g/mol) 

PDI 

(Mw/Mn) 

VB 10 1100 15 18266 107310 5.7 

VH 10 1100 13 18162 95506 5.3 

VB 5 1100 18 17547 89164 5.2 

VH 5 1100 15 17411 67905 3.9 

VB 10 1000 13 17320 85723 5.0 

VH 10 1000 12 17584 83799 4.8 

VB 5 1000 16 14961 76189 5.0 

VH 5 1000 14 13345 49451 3.7 

VD 5 1000 17 17820 76213 4.3 

VB 5 900 15 14547 68834 4.7 

VH 5 900 13 12080 44683 3.7 

VD 5 900 19 17343 71205 4.1 

VB 5 800 14 14029 58059 4.1 

VH 5 800 12 11592 35852 3.1 

VD 5 800 21 17081 68892 4.0 

 

The resulting of MWs and MWDs are listed in Table 6.1. It was observed 

that the MWs and PDI decreased for poly(LVE-co-Et) with the declining of ethylene 

pressures when the LVE feed volumes were the same as shown in Figure 6.3 (a) and 

(b). This was because the ethylene pressure was the dominating parameter in 

controlling by feed ratio of ethylene to LVE. The lower the ethylene pressure, the 

smaller the ethylene feed ratio. The LVE compositions and MWs of poly(VD-co-Et) 

are a little higher than those of poly(VB-co-Et) and poly(VH-co-Et), which indicates 

that the reactivity ratio of VD/Et is probably higher than those of VB/Et and VH/Et. 
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Also, the MWs decreased with declining LVEs feed volume when the ethylene 

pressure was the same, as shown in Figure 6.4. This was also attributed to the 

different feed ratios of LVE to ethylene. It was not possible to determine the reactivity 

ratios because the ethylene concentration in the liquid phase could not be measured. 

 

 

Figure 6.3 (a). The relationship between MWs of poly(LVE-co-Et) and ethylene 

pressure with 5 mL and 10 mL feed volume of LVEs. 

 

 

Figure 6.3 (b). The relationship between PDI of poly(LVE-co-Et) and ethylene 

pressure with 5 mL and 10 mL feed volume of LVEs. 
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Figure 6.4. The relationship between MWs of poly(LVE-co-Et) and LVE volume 

under ethylene pressure of 1100 psi and 1000 psi. 
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that LVE with higher MW were more effective at reducing crystallinity. EVA 
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poly(VH-co-Et) containing 40 wt % (12 mol%) VH is viscous liquid. 

Chapter Conclusions 

A series of poly(LVE-co-Et) were prepared using solution copolymerizations. 

The LVE compositions did not change significantly when the ethylene pressure 

decreased from 1100 psi to 800 psi. The MWs of poly(LVE-co-Et) decreased when 

ethylene pressure decreased. The PDI also declined with the decrease of ethylene 

pressure. 
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CONCLUSIONS

This work focused on the synthesis and characterization of thermoplastics, 

which had similar structures (in some case even identical) as existing commercial 

polymer products, using different linear vinyl esters (LVEs) that could be produced 

from biobased sources. The influences of LVE content and LVE molecular weights on 

the thermomechanical and rheological properties of the resultant copolymers were 

determined. In addition, the kinetic parameters, including reactivity ratios, were 

wherever possible, determined.  

A series of poly(LVE-co-St) samples were prepared. The reactivity ratios of 

the various LVEs with St were determined. Measurement of these thermoplastics 

showed that the Tgs of the copolymers were reduced from 87 °C to 53 °C by the 

incorporation of LVEs ranging from 1 mol% to 19 mol%. The Mn of the copolymers 

became smaller with greater incorporation of LVE due to the difference in reactivity 

ratios between St and LVEs. DMA analysis determined that the relative molecular 

weights, the content of LVEs, and the length of side chains all affected the storage and 

loss modulus of the copolymers.  

Secondly, a series of poly(LVE-co-MMA) copolymers were synthesized. The 

resultant copolymers had different LVE compositions from 3 mol% to 41 mol%. The 

storage moduli and Tgs of the resultant copolymers decreased with increasing LVE 

composition. Copolymers with VD exhibited larger reductions in storage moduli and 

shifts in peak tan δ. The rheological analysis of the resultant copolymers showed that 

the shear and loss moduli of poly(LVE-co-MMA) were primarily dominated by the 

polymer MW. But the Arrhenius activation energy of flow declined with increasing 
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LVE length. The flexibility of PMMA was improved by introduction of LVEs. 

Thirdly, amphiphilic poly(LVE-co-AA) were synthesized using solution 

copolymerization. The MWs of the resultant copolymers decreased with increasing 

LVE compositions because of the differences in rAA and rLVE. The thermomechanical 

property analysis indicated that the Tgs and storage moduli of copolymers were 

impacted by the LVE length and compositions. Rheological property analysis showed 

that the shear flow behaviors were mainly affected by the MWs of resultant 

copolymers. But the lengths of side chains also had an impact on shear flow when the 

MWs of the copolymers were low. 

Finally, a series of poly(LVE-co-Et) were prepared using solution 

copolymerizations. The LVE compositions did not change significantly when the 

ethylene pressure was increased from 800 psi to 1100 psi. As expected, the MWs of 

the poly(LVE-co-Et) decreased when the ethylene pressure was decreased. The PDIs 

also declined with decreasing ethylene pressure. 

In general, different LVEs were preferred depending on the specific objective. 

First, VH was the preferred comonomer when the goal was to have copolymers with 

the highest bio-content based on weight content and with minimal impact on the 

thermomechanical properties. The VH copolymers had higher bio-content than VP 

and VD copolymers when molecular weights of copolymers were the same. The 

incorporation of VH in the copolymers led to some reduction in the storage moduli 

and glass transition temperatures compared to VP. However, VH did not have nearly 

the impact on the thermomechanical properties as VD did. Therefore, VH copolymers 

met the requirement of high bio-content, and relatively high glass transition 

temperature and strength. If the objective was to produce copolymers with high 

storage moduli and glass transition temperature, while still incorporating relatively 
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high bio-content then VP was the ideal LVE. VP did not change the copolymer 

strength as much as VH and VD but still had higher LVE content then VD copolymers. 

Therefore, VP copolymers meet the requirements of high bio-content and high 

rigidness. Finally, VD was the most suitable LVE for copolymers with low 

bio-content, low glass transition temperature, and high flexibility. VD copolymers 

exhibited the lowest storage moduli and glass transition temperatures with 

comparatively low concentration of LVE. The thermomechanical properties of 

copolymers were changed significantly by introducing small amounts of VD.  
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FUTURE WORK

Firstly, copolymers of linear vinyl esters and ethylene with higher ethylene 

content will be prepared. The thermomechanical and rheological properties will be 

studied in order to make a comparison with commercial poly(vinyl 

acetate-co-ethylene) and linear low density polyethylene products. Secondly, LVEs 

produced from cracked crop oils rather than petroleum-based monomers will be 

employed in synthesizing copolymers using the same method in the future work. The 

obtained copolymers will be characterized in aspects including compositions, MWs, 

Tgs, storage modulus, and shear storage and loss moduli. In addition, the mechanical 

properties of the copolymers, including tensile strength and impact strength, will be 

measured in order to obtain more information for determining the applications of the 

biobased LVE copolymers. 
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