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Abstract 

CO2-switchable materials use CO2 as the trigger to induce a change in one or more of the materialôs 

physiochemical properties. The mechanism of switching, in most cases, is the reversible protonation of 

tertiary amines in aqueous solution in the presence of CO2 but not in its absence. This type of stimuli-

responsive materials is attractive since the trigger CO2 is a benign and non-toxic gas. The application of 

CO2-switchable materials could be well suited to binder polymers in various coating formulations, such as 

the preparation of polymer latexes. In addition, the environmental impact of these polymers could be 

reduced and the sustainability improved as fatty acids from renewable sources are used as the precursors 

for polymer synthesis. To convert natural fatty acids to polymers, two steps were followed:                                  

1) functionalization of fatty acid with 2-hydroxyethylmethacrylate (HEMA); 2) free radical polymerization 

of the bio-based monomers using azoisobutyronitrile (AIBN) or benzoyl peroxide (BPO). A series of 

homopolymers and copolymers were synthesized by varying two main factors: the content of the bio-based 

material present in the polymer and the ratio of alkyl to tertiary amine containing monomers. CO2-

switchable monomers, derived from lauric and oleic acid, were synthesized and polymerized individually 

or jointly with 2-(dimethylamino)ethyl methacrylate (DMAEMA ) to prepare CO2-responsive polymers. To 

incorporate tertiary amines to fatty acids, two synthetic strategies were used: 1) halogenation, followed by 

substitution with an amine; 2) epoxidation of unsaturated C=C, followed by ring opening with an amine.  

1H NMR, 13C NMR, FTIR, GPC and mass spectroscopy were used to characterize the novel monomers and 

polymers. The CO2-responsiveness of the various polymers was tested by electrical conductivity and            

1H NMR spectroscopy. The thermal behavior of the synthesized polymers was studied by differential 

scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The newly synthesized copolymer 

poly(N,N-dimethylaminoethyl methacrylate-co-2-(methacryloloxy)ethyl dodecanoate) (p(DMAEMA-co-

MAED)) exhibited a change in its physical and chemical properties when exposed to CO2 in aqueous 

solution.  
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Chapter 1 

Introduction 

1.1 Overview 

Polymers are used in large quantities for a myriad of applications and conveniences in our daily 

lives, including protective coatings and adhesives. Most of these polymeric materials are still derived from 

petrochemicals feedstocks.1 In many applications where these polymers are utilized, they are designed to 

be very durable, which causes difficulty in reusing and recycling both the polymers and the coated products. 

Furthermore, the biodegradability of these polymers is generally low, exacerbating the global waste 

problem. However, in recent years there has been a tremendous increase in research and publications in the 

field of bio-based and biodegradable polymers. According to a recent report published by Germanyôs nova-

Institute, in 2019 the total production of bio-based polymers reached 3.8 million tons a year, representing 

roughly one percent of the total polymer production worldwide (Figure 1.1).2 The report predicts that the 

total global production of bio-based polymers will continue to grow to about four percent by 2023.2 Bio-

based polymers still represent a very small portion of the total market share of polymers, however the 

production of bio-based materials continues to grow steadily due to new emerging technologies.3  
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Bio-based polymers can be used in a wide range of sectors, such as food packaging, construction, transport, 

cosmetics, textiles, electronics, agriculture, medical and pharmaceutical.4 Currently, the largest segment of 

industry using bio-based polymers is the textile industry (Figure 1.2).5 

Figure 1.1. Plastic production (include thermoplastics, polyurethanes, thermosets, adhesives, coatings, 

sealants, and polypropylene fibers) from 1950-2017 (Nova Institut 2019). Reprinted from Chinthapalli et 

al.2 

Figure 1.2. Shares of the produced bio-based polymers in different market segments in 2019 and 2024. 

Reprinted from Aeschelmann et al.5  
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To address these challenges, the focus of this thesis is on the development of a novel type of bio-

based polymer resin for various binder applications, which can be manipulated reversibly from a water-

soluble (hydrophilic) to water-insoluble (hydrophobic) form. This will allow for the synthesis of water-

soluble formulations to become water-insoluble after application to a substrate. This type of binder polymer 

could have a great commercial potential as it can overcome the drawbacks of solvent-based systems (high 

VOC content, fire hazard, hazardous organic solvents). Furthermore, the possibility to switch the water-

solubility of the binder polymer will facilitate the development of new methods to remove and recycle 

materials of this type in an environmentally benign fashion. In addition, instead of using petrochemical 

starting materials, bio-derived sources such as abundant vegetable oils are used. Vegetable oils are 

renewable resources that are produced in considerable amounts in Canada and other parts of the world. 

These oils are readily used industrially as starting materials in the synthesis of materials such as detergents 

and lubricants.6 

The materials described for this master project are inspired by CO2-responsive materials like 

polymers, surfactants and solvents which have been developed in the group of Prof. Philip Jessop.7ï13 

However, to the best of our knowledge, no CO2-switchable bio-based polymer resins have been synthesized 

so far. In addition, only little work has been undertaken to synthesize switchable materials from renewable 

resources.  

1.2 Project Goals 

This project is a joint research endeavor between the Fraunhofer Institute for Wood Research 

Wilhelm-Klauditz-Institut (WKI) in Germany and Queenôs University. The collaboration of Fraunhofer 

WKI and Queenôs University will lead to cooperative effects in the field of polymer science and enable 

both partners to obtain insights and create innovative technologies. Both institutions have complementary 

portfolios in the field of green chemistry, working towards developing sustainable technologies. On a 

scientific level, this project is expected to provide important insights regarding the switchable polymer 
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resins synthesized from renewable sources. It will therefore lay the foundation for future projects in this 

field with different potential applications. Table 1.1 shows the division of work for each partners and the 

milestones for this joint project. For the first two years of the project, Queenôs University is responsible for 

the synthesis of CO2-responsive polyacrylates a well as evaluating the properties of the new materials.  

Table 1.1. The work packages and milestone planning (M1-M5) for the joint research project between 

Fraunhofer WKI and Queenôs University.  

WP Work packages Partner Year 1 Year 2 Year 3 

1 
Synthesis of bio-based CO2-switchable polymeric 

resins from vegetable oils 
 

1.1 Synthesis of CO2-switchable vegetable oils 
WKI              

Queenôs             

1.2 Synthesis of CO2-switchable polyols from vegetable oils  
WKI     M1         

Queenôs             

1.3 
Synthesis of CO2-switchable polyester acrylates from 

veg. oils  

WKI              

Queenôs             

1.4 
Synthesis of CO2-switchable polyurethane dispersions 

(PUDs)  

WKI       M2       

Queenôs             

1.5 
Synthesis of polyacrylates with CO2-switchable 

hydrophobicity  

WKI              

Queenôs             

2 Evaluation of the CO2-switchable properties  
WKI              

Queenôs      M3       

3 Formulation and application of basic coatings (WKI) 
WKI         M4     

Queenôs             

4 Recycling and degradability test   

4.1 Recycling of polyurethanes and polyacrylates  
WKI              

Queenôs           M5  

4.2 Selective degradation of cross-linked polyester-acrylates  
WKI              

Queenôs             

5 Project coordination and management 
WKI              

Queenôs             

M1: First examples of CO2-switchable vegetable oils and polyols have been synthesized (12 months) 

M2: First CO2-switchable PU-dispersions and polyacrylates have been realized (18 months) 

M3: At least 2 different types of materials synthesized in the project can be reversibly triggered by CO2 (18 months) 

M4:  First basic coatings of the CO2-switchable polymers can be formulated and applied (24 months) 

M5:  Recycling and/or degradation studies have been conducted with at least one of the coating materials (30 

months) 
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The research project can be broken down into main objectives, sub-objectives and activities as follows: 

General objective: 

¶ Synthesize CO2-responsive polymers from renewable sources as binder agents in coatings, from 

the laboratory to the industrial scale.  

Sub-objectives: 

¶ Synthesize and characterize a series of monomers from renewable sources (vegetable oils). 

¶ Prepare and characterize a series of CO2-responsive homo.- and co-polymers. 

¶ Measure the CO2-responsiveness in aqueous solution of each polymer. 

¶ Test the physical and chemical properties of the most effective CO2-responsive polymers. 

Activities: 

¶ Synthesis of monomers from precursors (oleic acid, lauric acid). 

¶ Full characterization of the novel monomers (1H NMR, 13C NMR, mass spectroscopy, Fourier-

transform infrared spectroscopy (FTIR)). 

¶ Synthesis of polymers with tertiary amines groups incorporated in the polymer side chain. 

¶ Characterization of novel polymers (1H NMR, 13C NMR, gel permeation chromatography (GPC), 

Fourier-transform infrared spectroscopy (FTIR)). 

¶ Analysis of the CO2-responsiveness of the polymers using NMR analysis and conductivities 

measurements. 

¶ Preparation of polymer solutions to be used as basic coatings. 

¶ Calculate the viscosity of the polymer solutions using a viscometer.  

¶  Study the thermal stability of the polymers by thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC).  

¶ Calculate the work of adhesion using standard test ASTM D3359. 

¶ Explore the appearance of dried and cured polymer coatings. 

¶ Study the resistance of the polymer coating to organic solvents using standard test ASTM D4752. 

¶ Study the resistance of the polymer coating to water using standard test ASTM D870. 

¶ Calculate the water contact angle (WCA) of various substrates (glass, aluminum, paper) coated 

with polymer solutions.  

 

1.3 Thesis Organization 

This research project explored three main strategies to synthesize CO2-responsive bio-based 

polymers as illustrated in Figure 1.3. To investigate the properties of the novel materials designed in this 

project, a series of polymers were synthesized by varying two main factors: the content of the bio-based 

material present in the polymer and the ratio of alkyl to tertiary amine containing monomers. For each new 
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design, the physical and chemical properties were investigated to understand the aspects of polymer 

chemistry able to give desired performance. In the first strategy, a fatty acid-derived monomer was 

copolymerized with a CO2-responsive monomer. The second strategy explored adding the CO2-responsive 

moiety (tertiary amine) directly onto the fatty acid-derived monomer. The final strategy incorporated both 

strategy one and two; meaning that a copolymer was synthesized from two monomers, both containing a 

CO2-responsive moiety.  

 

 

 This thesis is organized and divided based on the aforementioned strategies and consists of six 

chapters outlined as follows:  

Chapter 1 is presented here and introduces the research motivation, the thesis outline, and the general 

objectives of this master thesis. 

Chapter 2 provides the relevant background on CO2- responsive polymers, bio-based polymers for binder 

applications, as well as techniques used to modify bio-based starting reagents into monomers. Finally, 

synthetic strategies to make bio-based CO2-responsive polymers are discussed. 

Figure 1.3. Illustration of the 3 main strategies used to synthesized CO2-responsive bio-based polymers.  
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Chapter 3 discusses the first strategy (Figure 1.3) used to synthesize bio-based CO2-responsive 

copolymers. This strategy explores synthesizing various bio-based monomers (DMA, MAED, HMPD) 

from lauric acid. To create the CO2-responsive copolymers, the bio-monomers were copolymerized with a 

CO2-responive monomer (DMAEMA).  

Chapter 4 covers the second strategy (Figure 1.3) used to synthesize bio-based CO2-responsive polymers. 

For this strategy, a tertiary amine (CO2-responsive moiety) was incorporated directly into the bio-based 

monomers derived from oleic acid.  

Chapter 5 details the synthesis of bio-based CO2-responsive monomers based on strategy 3 (Figure 1.3). 

The copolymers were synthesized from a bio-based monomer derived from oleic acid and containing a 

tertiary amine and a CO2-responsive monomer (DMAEMA).   

Chapter 6 presents a summary and highlights of this master research and offers recommendations for future 

work suggesting different approaches to modify bio-based reagents into monomers and then synthesize 

CO2-responsive copolymers with high content of bio-based materials. 
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Chapter 2 

Literature Review 

2.1 The Historical Development of Polymers as Binder Agents in Coatings  

 This section discusses the evolution of polymers used as binder agents in coating formulations 

throughout history. Exploring the historic events that have contributed to the design of polymer binders can 

help us understand the current challenges faced by the polymer industry as well as the direction we can 

pursue for the future. Figure 2.1 shows a timeline of the major historical events in the evolution of polymer 

binders.  

 

Figure 2.1. The timeline representing the main events in the evolution of polymers as binder agents in coating 

formulations.  
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2.1.1 Early Water-based Binders (2500 BC ï 14th century) 

 The first inks were invented in 2500 BC and were made primarily of lampblack and gelatin.1 

Lampblack is a black pigment acquired from the soot of burning pine trees and gelatin is a water soluble 

protein polymer extracted from donkey skins.1 The chemical structure of gelatin is shown in Figure 2.2.2 

Both ingredients were mixed to form a solid block that was later diluted with water to create the black inks.1 

These early inks were very permanent when used on absorbent materials, but on non-absorbent materials, 

they could be easily removed by rubbing the surfaces.1 In the third century BC, the art of fabric painting 

using water-based inks became popular in China3, and in the first century, printing on paper became a 

common practice.4  

 In the early printing days, the alphabet letters were carved into wooden block stamps. The stamps 

would be soaked in water-based inks and then pressed on a sheet of paper.3 Printing was almost entirely 

done using this technique throughout most of the early 14th century.5  

 

 

 

 

 

 

 

 

 

 

 

2.1.2 The First Oil -based Binders (1447-1900) 

 In 1447, Gutenberg invented the printing press which used metal blocks instead of wooden blocks 

for the alphabet letters.3 This led to major changes to the ink formulations because water-based inks were 

not suitable for Gutenbergôs printing press. The fluid nature of water meant that the ink would not adhere 

appropriately to the metal alphabet stamps.5 To fix this issue, water was replaced by vegetable oil (linseed 

Figure 2.2. The chemical structure of natural gelatin. Reprinted from Hayeeye et al.2 
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or walnut oil) creating oil-based ink formulas. Unlike the water-based inks, the oil-based inks could easily 

be transferred from the metal stamps to the paper without creating drips and smudges. The discovery that 

various vegetable oils could be heated and dried to form resistant coatings led to profound changes in the 

design of binder polymers. By the beginning of the 17th century, water-based printing inks were obsolete 

and replaced by oil-based inks.6   

 The process of heating vegetable oils to form a hard coating is called bodying of oil.7 At high 

temperatures of approximately 230 oC, the double bonds in an unsaturated oil can migrate and rearrange 

along the alkyl chain.7 Once a conjugated diene and a double bond are at proximity, ring closure via Diels-

Alder reaction occurs forming a six-membered ring (Figure 2.3).7 As more glycerides undergo vinyl 

polymerization, the viscosity of the oil increases as a result of the oil bodying process.3  

  

 

 

 

 

 

 

 

 

 

 

Figure 2.3. The Diels-Alder reaction occurring during the bodying of vegetable oils. Adapted from Leach, 

R. & Pierce, R.6 

 

 Gutenbergôs invention was revolutionary; instead of taking a month to produce a single printed 

book using traditional water-based inks, 500 copies could be printed in a week using the printing press.8  
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Gutenbergôs ink formula of simple pigments and oil binder polymers dominated the ink market for over 

300 years until the early 1900s where fossil-derived synthetic binders made their arrivals.  

2.1.3 The First Synthetic Binders (early 1900) 

 In the 20th century, new chemical industries associated with coal tar6 and petroleum hydrocarbons9 

made possible the introduction of synthetic materials. Organic solvents such as toluene and xylene were 

obtained from coal tar and several fossil-hydrocarbon chemicals were obtained from crude oil. With the 

expansion of knowledge in synthetic chemistry a wave of new binder polymers such as unsaturated 

polyester resins, epoxy resins, phenol/formaldehyde resins and others, marked their arrival. By the mid-20th 

century, the polymer industry was completely reliant on petroleum-derived chemicals.10 The next 

paragraphs provide a brief description and timeline of the most common synthetic binders produced 

between 1914 and 1950.  

Unsaturated polyester resins 

 Unsaturated polyester resins (also called solvent-based alkyd resins) were first introduced in 1914 

and since then have been widely used in coating formulations. These were mostly derived from natural 

polyunsaturated oils and mixed with organic solvents such as xylene and toluene.11  Figure 2.4 shows the 

chemical structures of a typical alkyd resin used in coatings.11 They were made in a two-step process as 

illustrated in Figure 2.5.  

 

 

 

 

 

 

 

 

Figure 2.4. Chemical structures of alkyd resin derived from various natural oils. R and Rô are different 

combination of these acids depending on the oil chosen (stearic acid, palmitic acid, oleic acid, linoleic 

acid, linolenic acid).  
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 Alkyd polymerôs properties such as gloss retention, film flexibility, adhesion and durability made 

them ideal binder polymers in paints and inks.12 The natural vegetable oils previously used in coatings were 

slowly being replaced by the newly formulated alkyd polymers. 

 

 

 

 

 

 

 

Figure 2.5. The synthetic route of alkyd polymer resins. 



14 

 

Epoxy resin 

 Epoxy materials were first used as polymeric binders in 1939 when the Devoe-Reynolds company 

synthesized an epoxydiane polymer as a binder agent.13 These air-drying epoxy coatings were made using 

bisphenol-A and epichlorohydrin14 and dissolved in a mixture of water and organic solvents.15 This process 

is illustrated in Figure 2.6.14 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Phenol-formaldehyde (PF) resin  

 In 1920, a new synthetic resin used in ink formulations was designed from phenol and 

formaldehyde.6 When phenol and formaldehyde undergo a condensation reaction, the phenol molecules 

become linked by methylene bridges forming three-dimensional crosslinks network as illustrated in Figure 

2.7.16 The phenol-formaldehyde (PF) resin were inexpensive and gave a high-temperature resistant coating 

due to its internal crosslinking network.17 Since 1920, a wide range of phenol-formaldehyde resins have 

been synthesized and used in many fields including lacquers, paints, inks and dyes.18  

 

Figure 2.6. The synthesis of epoxydiane polymer from epichlorohydrin and bisphenol-A. Adapted 

from Gannon, J. A.14   
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Polyurea/ polyurethane 

 The first polyurethane was developed in 1930 and the first polyurea used in coating applications 

was discovered in 1937 using hexane-1,6-diamine and hexane-1,6-diisocyanate.19 Their network is 

composed of hard (isocyanates-NCO) and soft (aliphatic polyols or polyamine OH/NH2) groups as shown 

in Figure 2.8.19 They quickly became popular in industrial applications due to their properties such as water, 

corrosion and abrasion resistance.20  

 

 

 

Figure 2.7. The condensation reaction for the formation of phenol-formaldehyde (PF) polymer. 

RAdapted from Leite et al.16 

Figure 2.8. The chemical structure of polyurea and polyurethane. Reprinted from Crescentini et al.19 
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2.1.4 Late 20th Century to 21st Century Binder Polymers 

 The beginning of the 20th century was heavily focused on economic growth and the development 

of new technologies. Despite the excellent performance of synthetic binder polymers, several events forced 

the industry to adopt new designs and modify their existing technology. The negative impacts of industrial 

processes on the environment and human health reached a critical level around the 1980ôs.10 For example, 

extensive research was conducted on some chemicals used heavily in polymer synthesis such as 

formaldehyde21  and bisphenol A (BPA).22 In 1987, the U.S. Environmental Protection Agency (EPA) 

classified formaldehyde as a probable human carcinogen23 and in 1999, the Canadian Environmental 

Protection Act (CEPA) identified bisphenol A as a toxic substance.22 It would take another decade to 

prohibit the use of  PBA in baby products.24  In light of those events, the polymer industry was obliged to 

find alternative reagents for PBA, formaldehyde and other chemicals deemed dangerous for human health. 

Common solvents used in industrial processes and commercial products were also scrutinized. Several 

studies confirmed that emissions from the organic solvents promoted smog formation and increased health 

risks in humans.25  In August 1999, the Government of Canada released the Environmental Code of Practice 

for the Reduction of Volatile Organic Compounds (VOCs) Emissions from the Commercial/Industrial 

Printing Industry urging companies to reduce the content of VOCs in their products.11 In the past few 

decades, the industry has progressed towards the development of water-based as well as solventless 

coatings.  

 Another major trend in polymer design is the ongoing efforts to replace petroleum-based polymers 

with bio-based polymers.26 Several events were responsible for initiating this trend. The first defining event 

was the oil crisis of 1970; the prices of crude oil saw a drastic increase creating a public awareness of the 

overdependence on petroleum.27 During this time, people grew concerns over oil supply believing that crude 

oil would eventually deplete. Although this fear was mostly media driven, this created the need for alternate 

source of hydrocarbons other than petroleum. Alongside the oil crisis, the second decisive factor was the 

growing public concern over waste accumulation, pollution and climate change.26,10 This lead to an 
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exploration of bio-based polymers as potential replacements for petroleum-based polymers since they often 

offer a smaller environmental footprint.28      

2.2 Bio-based Polymer 

 It is essential to take a moment to define some terminologies used throughout this research project. 

The term bio-based polymers is still relatively new and is often confused with terms such as biodegradable 

polymers or biopolymers.10 The common perception is that polymers made from renewable materials are 

always biodegradable; however, bio-based polymers are not necessarily biodegradable.29 Biopolymer is an 

umbrella term that covers a range of polymers, including bio-based polymers.30 Figure 2.9 shows the 

classification of biopolymers along with some examples of polymers in each category.   
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Category 1) natural polymers 

 This first category contains the naturally derived polymers whose polymeric material has been 

extracted directly from biomass.31 There are four major sources of natural polymers: carbohydrates, 

proteins, organic biopolymers and inorganic biopolymers. There has been growing interests in using natural 

polymers in medicine, given their biocompatibility with the human body.32,33 Synthetic polymers lack 

certain biological properties that can lead to adverse effects in applications such as prosthetics and tissue 

engineering.32   

Category 2) polymers from natural monomers 

 These polymers are derived from either biocatalysis or other synthetic methods using naturally 

occurring monomers. In biocatalysis, bacterial species are used to convert carbon sources into a diverse 

range of polymers including polysaccharides, polyesters, polyamides and polyphosphates.34 

Polyhydroxyalkanoates (PHAs) are a common example of a polyester produced by bacterial fermentation 

using carbon source feeds, i.e. cellulose, vegetable oils, organic waste and fatty acids.35  

Figure 2.9. The classification of biopolymers. 
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 The second subcategory is the bio-based polymers synthesized from natural monomers. In order to 

be labelled as a bio-based polymer at least one portion of the polymer must be produced from a raw material 

that originated from biomass feedstock.10 The other components of the polymer may still be produced from 

fossil-fuel based material (coal, petroleum, natural gas, shale oils, tar sands, and heavy oils). For example, 

polylactic acid (PLA) is a common polymer found in this category. PLA is a biodegradable polymer 

containing a monomer (lactic acid) derived from a renewable source.36  Industrially, lactic acid is produced 

by the carbohydrate fermentation of corn starch or sugar cane.37 Common polymers such as polybutylene 

succinate (PBS), polycaprolactone (PCL) are also found in this category. PBS is a biodegradable 

thermoplastic polyester synthesized through polycondensation of succinic acid and 1-4-butanediol. Both 

building blocks can be produced either from renewable feedstock such as glucose and sucrose via 

fermentation or from petroleum-based feedstocks. As we discussed previously, awareness to the harmful 

effects of petrochemical derived polymers have led industries to find greener alternatives.38 There are 

several instances where synthetic non-renewable polymers have been modified to a more environmentally-

friendly version. For example, in 2016, PTT MCC BioChem Co. synthesized PBS from renewable sources 

such as sugar cane and corn instead of using petroleum-based monomers.38  PBS has traditionally been a 

synthetic non-renewable polymer, however, this new version is now called a bio-based poly(butylene 

succinate) (Bio-PBS).38            

 The polymers synthesized in this research project are labelled as bio-based polymers since a portion 

of the polymers is synthesized directly from biomass feedstocks such as oleic acid and lauric acid.  

However, some synthetic reagents are used during the chemical conversion process of these natural fatty 

acids into CO2-responsive polymers.  

2.3 CO2-responsive Polymers 

 The technology used in this project is inspired by CO2-responsive materials like polymers, 

surfactants and hydrogels which have been developed over the last years in the research group of Philip 

Jessop.39ï43 CO2-responsive polymers are a class of materials that can change their chemical and/or physical 
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properties when exposed to a trigger.44 Although several potential triggers could be used, CO2 is deemed 

the ideal trigger since it is benign, inexpensive and abundant.45 When CO2 is dissolved in water,  bicarbonate 

ions and protons are formed as shown in the chemical equation below:46   

ὅὕ  Ὄὕ ᵶ Ὄ  Ὄὅὕ    

 A carbonated aqueous solution has a pH of around 3.9.47 When tertiary amines are placed in 

carbonated water, alkylammonium hydrogen carbonate ions are formed since the nitrogen reacts with the 

protons in solution. Interestingly, these amines can react reversibly with CO2 in the presence of water as 

shown in the chemical equation below:46  

Ὑὔ  ὅὕ  Ὄὕ ᵶ ὙὔὌ  Ὄὅὕ 

 Secondary and primary amines are avoided because they are converted to alkylammonium 

carbamate ions in carbonated water which are not as easily reversible as alkyl ammonium hydrogen 

carbonate ions.44 Carbamate salts can be easily avoided by selecting a tertiary amine that does not contain 

any N-H bonds.44 

ὙὔὌ  ὅὕ  Ὄὕ ᵶ ὙὔὌ Ὑὔὅὕ 

 

 This research project focuses on the synthesis of different bio-based polymers that contain a 

suitably basic nitrogen-containing building block. The nitrogen building block is the CO2-responsive 

moiety imparting the switchable behavior of the polymer. When a CO2-responsive polymer in aqueous 

solution is subjected to an ionizing trigger, such as CO2(g), the polymer may switch reversibly between two 

forms having opposing properties (hydrophilic to hydrophobic). CO2 reacts in the presence of water forming 

carbonic acid, which can protonate basic amines. The carbonated solution can be purged with a neutral gas 

(air or N2) or heated to remove the CO2 and consequently cause the polymer to revert to a neutral form. A 

non-ionic polymer is generated when the CO2-responsive moiety is neutral and an ionic polymer when the 

CO2-responsive moiety is protonated (Figure 2.10). 
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2.4. Water-based Coatings 

2.4.1 Definition 

 The novel polymers developed in this research project are intended to be used in water-based 

coatings. Coatings can be classified based on their mechanisms of hardening as shown in Table 2.1.28 Water-

based coatings fall into the solution/dispersions type, where the binder polymer adheres to the substrate 

upon the evaporation of the solvent.28  

 

 

 

 

 

 

Figure 2.10. Schematic representation of CO2-responsive polymer containing tertiary amine groups in 

carbonated water. The polymer exhibits two conflicting properties: a non-ionic form when the CO2-responsive 

moiety is neutral and an ionic form where the CO2-responsive moiety is protonated. 
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2.4.2 Composition of Water-based Coatings 

 Most industrial coating formulations contain four basic components: pigments, binder polymers, 

solvents and additives.48 The pie charts in Figure 2.11 illustrate the typical composition of standard 

commercial water-based paints and inks.  

 The binder polymers represent about 30 % of the total coating formulation and play a vital role in 

the performance of the water-based coatings. The polymer binder in coatings is an essential component 

used to impart adhesion, binds the pigment to the substate and provides a glossy finish to the dried film.49 

Binder polymers for water-based formulations can be natural or synthetic and they can be either suspended 

or dissolved in water.50 Figure 2.12 illustrates the differences between a solubilized binder polymer and a 

suspended binder polymer in waterborne black inks.51 In waterborne dispersions, the binder polymers are 

confined to a micelle, limiting its interactions with the pigment molecules. In this system, the insoluble 

polymer does not contribute to the wetting of the pigment.52 The scattering of the pigment is therefore 

achieved by dispersing agents (discussed in the next section).51 Polymers used in dispersion systems are 

typically long-chain polymers with a degree of polymerization between 150,000-200,000.52 Their role is to 

provide viscosity, hardness, water resistance and gloss to the final dried film.52  

Table 2.1. Overview of different type of adhesion technologies and mechanisms of hardening.28 
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 In solubilized systems, the dissolved binder polymers and pigment molecules are interacting and 

must therefore be compatible.51 The degree of polymerization for dissolved binder polymers is typically 

around 15 000.52 The role of the dissolved polymer is to increase the wettability of the pigment, provide 

color stability and resistance in the final cured film.52  

 

 In addition to the binder polymers and solvent, the other components of most coatings are pigments 

and additives. Pigments can be classified as either organic, inorganic or hybrid. Oxide compounds such as 

Figure 2.11. The pie charts demonstrating the typical composition of different types of water-based paints 

(left) and water-based inks (right).  

 

Figure 2.12. The stabilization of black ink in waterborne systems where the binder polymer is dissolved 

(left) and dispersed (right) in water. Reprinted from Papasso, T.M.51  
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titanium dioxide and iron oxide are typical examples of inorganic pigments.53 Organic pigments are 

incorporated for their coloristic properties, these include azopigments, polycyclic pigments, and 

anthraquinone pigments.54 Hybrid pigments are relatively recent and they can be synthesized from chelation 

between inorganic ions and organic compounds.55 Finally, to target a specific application, additives such as 

surfactants, dispersants, corrosion inhibitors, anti-mildew agents, crosslinkers and wetting agents are often 

added.  

2.4.3 Overcoming Challenges with Water-based Coatings 

 Water-based coatings are a promising solution as water is inexpensive and an environmentally 

friendly solvent,56 however, there are a number of challenges faced when using water-based coatings. These 

challenges are discussed below, as well as possible solutions to overcome those problems.  

Surface tension and wetting 

 The quality of a coating is determined in part by its ability to wet a surface effectively to create an 

even layer free of defects.57,58 Advance contact angle measurement can be done to evaluate the wettability 

of a coating. For an ideal wetting, the contact angle between the liquid coating and the substrate must be as 

low as possible.58  

 The relationship between the contact angle and the surface tension of the substrate, liquid coating 

and substrate-liquid interface is given by Youngôs equation: 

 

ÃÏÓ—   (Equation 2.1) 

 

where — is the Youngôs contact angle,  ‎ is the surface tension of the solid surface (substrate), ‎ is the 

surface tension of the liquid (coating) and ‎  is the interfacial tension between solid-liquid interface 

(coating-substrate).  
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 An idealized coating will have a contact angle close to zero with respect to the substrate. As we can 

infer from Youngôs equation, the contact angle is dependent on the surface tension of the liquid coating and 

the substrate.  

 The spreading coefficient is another calculation used to predict the probability to successfully wet 

a surface based on the differences between the surface tensions. For example, the spreading coefficient 

must be greater than zero for proper wetting to take place.  The spreading coefficient is defined as: 

 

Ὓ ‎ ‎ ‎ (Equation 2.2) 

 

where S is the spreading coefficient, ‎ȟ‎ , ‎ are the surface tension at the solid, solid-liquid and liquid, 

respectively.  

 A major difference between solvent-based coatings and waterborne coatings is the high surface 

tension of the liquid. Wetting of a surface happens only when the surface tension of the liquid is lower than 

the surface energy of the substrate (Figure 2.13).59 The surface tension of solvent-based coatings is generally 

between 25 to 35 mN/m and higher than 50 mN/m for water-based coatings.59 Organic solvents have a 

lower surface tension than water and can contribute easily to the wetting of the pigment and polymer binder 

onto a surface.57 
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 Wetting agents are common additives introduced to water-based coatings to overcome the problems 

of poor wetting. Wetting agents are chemicals that can induce a physical change at the surface of a liquid; 

more specifically, they are used to lower the surface tension of the aqueous phase to achieve good 

wetting.59,60 For example, Zolek-Tryznowska and Izdebska synthesized a performance additive for water-

based inks using a hyperbranched polyglycerol (BPG) surfactant. Their polymer was synthesized by ring-

opening polymerization of glycidol using 1-butanol (Figure 2.14).61 The polymer contained a hydrophobic 

butyl alkyl chain that interacted with the surface of the substrate and the hydrophilic hydroxyl end groups 

made the polymer hydrophilic and compatible with water-based inks.61 The authors found that the BPG 

enhanced the wettability, adhesion of the ink and dry rub resistance.61 

 

 

 

Figure 2.13. Schematic of liquid coating on solid surface. Good wetting is achieved when surface tension 

of the liquid coating is below the surface energy of the substrate (top). Poor wetting occurs when the liquid 

coating surface tension is above that of the substrate (below). Reprinted from Snyder, J. & Marcella, P.59 
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Dispersion 

 Dispersion of the pigment molecules in waterborne systems is also more challenging than in 

solvent-based systems.51 Pigment particles can interact with one another by dipole-dipole interactions, 

London-Van der Waals attractions, hydrogen bonding or induced dipole interactions.62 Dispersants are 

often used to overcome the attractive forces between pigment molecules by preventing their aggregation in 

aqueous systems (Figure 2.15).63  

 

 

The tendency of pigment particles to flocculate can be explained in terms of thermodynamics: 

W = ɔ Ŀ ȹA (Equation 2.3) 

where W is the work (energy) needed to increase the surface area between two phases (solvent and 

pigment), ɔ is the surface tension (force/length = energy/area) and ȹA is the increase in interfacial area.  

Figure 2.15. The process of deflocculation of pigments particles in solution with the aid of a dispersing agent. 

Reprinted from Fujitani, T.63 

Figure 2.14. The reaction scheme of anionic ring-opening polymerization of glycidol using 1-butanol. 

Reprinted from Ramirez, J. & Tumolva, T.60 
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 As seen from equation 2.3, the work (W) is proportional to the interfacial area (ȹA) and the surface 

tension (ɔ). Flocculation reduces the interfacial area (ȹA) between colloids providing a more stable 

system.64 As illustrated in Figure 2.16, the metastable state represents a system where the pigment particles 

are dispersed, and yet remain in an unfavorable thermodynamic state.65 The metastable state is maintained 

by dispersants, which provide electrostatic and steric stabilization between pigment particles in order to 

kinetically stabilize the metastable state.65  

 

 

Rheological properties 

 Another common challenge is to create a polymer binder that can be dissolved or dispersed in water 

and yet generate a water-resistant cured coating. Crosslinkers can be used to improve the toughness, water 

resistance and endurance of a water-based coatings.66 Some commonly used crosslinkers that have been 

studied extensively in the literature include polyaziridines, polycarbodiimides, polyisocyanates and silane 

crosslinkers (Figure 2.17).67 Each crosslinker has its own mechanism of action initiated by heat, pH 

Figure 2.16. The energy diagram of pigment particles in solution in metastable, unstable, and stable state. 

Reprinted from Muller, B.65 
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changes, pressure or radiation.68 For example, the crosslinking in a polyaziridine system is initiated by a 

change in pH. When this occurs, the aziridine group becomes protonated and facilitates the hydroxyl groups 

to open the aziridine three-membered ring resulting in a ɓ-aminoester bond.69 Alternatively, 

polyisocyanates form crosslinks when exposed to high temperature. The isocyanate crosslinkers are usually 

blocked by a specific molecule that dissociates at high temperature, triggering the bonding reaction with a 

hydroxyl groups.70 

 

 Other crosslinking technologies have been developed in recent years for water-based systems. For 

example, Yang et al. used the crosslinking approach to create a water-soluble adhesive polymer that became 

fully resistant to water once applied to a substrate.71 Their polymer design was inspired by marine mussels 

which are known to be able to attach themselves to most wet surfaces and withstand extreme mechanical 

impacts.72 Mussels adhere to surfaces by secreting a liquid protein that solidifies within minutes when 

triggered by alterations in the pH levels.71 The protein secretion is liquid at low pH and hardened upon 

contact with seawater (pH 8).71 The main crosslinking agent in the musselsô secretion is the amino acid 3,4-

dihydroxyphenylalanine (DOPA). The catechol moiety in DOPA forms crosslinks in various pathways 

when exposed to higher pH.71 Yang et al. used dopamine acrylamide (DAA-p) and 2-

Figure 2.17. Common crosslinkers and their mechanism of action. Reprinted from Harmsen et al.67 

 



30 

 

aminoethylmethacrylamide (AEMA) as their two water-soluble monomers to replicate the crosslinking 

mechanism found in mussels.71 The resulting polymer p(DAA-co-AEMA) was soluble at low pH (pH 2), 

but underwent rapid oxidative crosslinking when exposed to catechol at high pH (pH 11.5);71 the pH 

changed was prompted by the addition of NaIO4. The crosslinks triggered by the change in pH resulted in 

a water-insoluble p(DAA-co-AEMA) copolymer coating (Figure 2.18).71 

2.5 Synthesizing Monomers from Fatty Acids 

 Monomers contain a highly reactive double bond needed to synthesize polymers and are miscible 

in various organic solvents. Many of the monomers used in industrial applications are still derived from 

petrochemical feedstock, but in recent years efforts have been made to make polymer precursors from 

renewable sources.73 Figure 2.19 illustrates a few common example of monomers used to synthesize 

polymer binders in water-based coating formulations.48 In this research project, vegetable oils are used as 

precursors to synthesize bio-based monomers. Techniques such as esterification and acylation can be used 

to chemically convert fatty acids into acrylate and methacrylate types of monomers. These techniques are 

used throughout this research project and discussed in the next sections.   

Figure 2.18. Polymer synthesis by free radical polymerization of DAA and AEMA to generate a water-

soluble copolymer p(DAA-co-AEMA). The copolymer undergoes rapid oxidative crosslinking when 

catechol groups on DAA react with amines from AEMA. Reprinted from Yang et al.71  
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  In industry, copolymerization is often needed to obtain the required physical and mechanical 

properties in the final product. Table 2.2 shows examples of contributing characteristics provided by each 

type of monomers.52 Long-chain acrylates and methacrylates (R > 10) usually provide water resistance, 

flexibility and adhesion to the final coating. 

 

 

 

Figure 2.19. Common monomers used to synthesize polymers binder for water-based coatings. Reprinted 

from Kipphan H.48 

Table 2.2. Monomer types and their contributing properties in the final coating.52 
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2.5.1 Steglich Esterification 

 Steglich esterification is a widely-used synthetic method to convert carboxylic acids and alcohols 

into esters in high yields.74 This method was discovered in 1978 by Bernhard Neises and Wolfgang 

Steglich.75 Steglich esterification reaction requires a non-nucleophilic base dicyclohexylcarbodiimide 

(DCC) and a catalyst 4-dimethylaminopyridine (DMAP).76 DCC is a common coupling reagent used to 

synthesize amides and esters. The benefit of the Steglich esterification is that the reaction can be performed 

at relatively mild temperatures, and it allows the conversion of sterically hindered substrates into esters. 

The reaction mechanism of the Steglich esterification is shown in Figure 2.20. The first step of the reaction 

is to form O-acylisourea (4) by reacting carboxylic acid (1) with DCC (3).77 O-Acylisourea  can then 

undergo two paths: 1) react with DMAP to form acyl pyridinium (5) or 2) undergo intramolecular 

rearrangement to form N-acylurea by-product.77 Using a catalytic amount of DMAP can prevent the 

formation of by-product since DMAP reacts rapidly with O-acylisourea to form acyl pyridinium.77 This 

coupling reaction also generates dicyclohexylurea (DCU) as a by-product. The by-products of the Steglich 

esterification can be removed easily from the reaction mixture since DCU is insoluble in most organic 

solvents and can be filtered out.77 Finally, the last step is the reaction between acyl pyridinium and the 

alcohol (6) to form the ester product (7), reforming the DMAP catalyst as a result. Steglich esterification is 

used in Chapter 3, 4 and 5 to synthesize bio-based monomers.  
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2.5.2 Nucleophilic Acylation 

 Another common strategy to convert fatty acid into monomers is via nucleophilic acyl substitution. 

This technique is explored in Chapter 3 where anhydride monomers are formed when fatty acids react with 

acyl chloride in the presence of triethylamine (Figure 2.21). In the first step of the reaction, the base 

deprotonates the carboxylic acid (1), enhancing its nucleophilicity. The base also prevents the formation of 

hydrochloric acid by neutralizing the acid by-product. In the second step, the carboxylic acid carries a 

nucleophilic attack on the carbonyl carbon of the acyl chloride (2) to form the tetrahedral alkoxide 

intermediate (3). In the last step, the chloride is eliminated, and the carbonyl re-forms, creating the final 

anhydride product (4).  

Figure 2.20. The reaction mechanism of the Steglich esterification. A carboxylic acid (1) reacts with an 

alcohol (6) to create a new ester (7). 
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2.5.3 Glycidyl Methacrylate Esterification 

 Glycidyl methacrylate esterification is used to convert carboxylic acids into esters via epoxide ring-

opening. Capiel et al. used this method to synthesize monomers containing a reactive vinyl group.73 The 

mechanism of the glycidyl methacrylate esterification is presented in Figure 2.22. The fatty acid (1) acts as 

the nucleophile to promote the epoxide ring opening of the glycidyl methacrylate (2). The resulting ester 

product (3) contains an ethylenic monomer moiety and a hydroxyl functional group. This reaction is also 

based-catalyzed to increase the nucleophilicity of the carboxylic acid. This synthetic method is featured in 

Chapter 3 to synthesize bio-based monomers from lauric acid.  

Figure 2.21. The reaction mechanism of acyl substitution by nucleophilic addition-elimination. 
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2.6 Designing CO2-responsive Bio-based Polymers 

 When designing a bio-based CO2-reponsive polymer, there are two mandatory directives: 1) the 

new materials must be derived from bio-based starting reagents and, 2) the CO2-responsive polymers must 

contain a tertiary amine, which acts as the CO2-responsive moiety. Various strategies are used in this 

research project to incorporate the tertiary amine into the final polymer. The modification of bio-based 

monomers into CO2-responsive materials are discussed in the following section.  

2.6.1 Free Radical Copolymerization with a CO2-responsive Monomer 

 Copolymerization is a technique that adds more than one type of monomer to form a final polymer. 

In Chapter 3, the bio-based monomers are copolymerized with a CO2-responsive monomer DMAEMA to 

produce a final copolymer with dual properties. In the next paragraphs, we review the chemistry of free-

radical polymerization, which is a common polymerization method that involves three steps: initiation, 

propagation, and termination (Figure 2.23). 

 

Figure 2.22. The reaction mechanism of glycidyl methacrylate esterification. 
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Figure 2.23. The illustration of free radical polymerization steps. Adapted from Ravve, A.78 

 

 In the first step, a compound called the initiator generates free radicals when exposed to a stimulus 

(thermal, radiation). 78 The first polymers synthesized by free radical polymerization were produced in 1910 

by initiation with peroxy compounds.79 Nowadays, the most important classes of initiator are peroxy and 

azo compounds. In this research project, benzoyl peroxide (BPO) and azoisobutyronitrile (AIBN) are used 

as initiators for free radical polymerization (Figure 2.24). The selection of the initiator depends on the 

experimental conditions, in particular the temperature. AIBN is versatile, capable of initiating radicals in a 

variety of solvents80 and decomposes rapidly at temperature between 70-100 oC.81  
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 The initiator radicals abstract a hydrogen atom from the alkene on the monomers, which in turn 

initiates the second step, chain propagation (Figure 2.23-1). The polymer chains propagate by adding 

successive monomers units until their growth is stopped by termination. The propagation is governed by 

the concentration of the growing chains [MÅ] and the monomers [M].  The rate of monomer consumption 

is essentially the rate of the polymerization, expressed by equation 2.3:84  

 

Ὑ Ὧ ὓ ὓɆ  (Equation 2.3) 

where, Rp is the rate of polymerization, kp is the rate constant, [M]  and [MÅ] is the concentration of the 

monomer and growing chains, respectively.  

 In the case of a copolymer, the Mayo-Lewis equation describe rate of change of monomers 

concentration within the copolymer (i.e. the relative consumption rates of the two monomers):85 

   (Equation 2.4) 

 

where r1 and r2 are reactivity ratios, [M 1] and [M2] are the concentrations of monomers 1 and 2. The 

reactivity ratio represents the rate at which a monomer adds to the growing chain of the same monomer 

Figure 2.24. Azoisobutyronitrile (AIBN) initiator forming nitrile stabilized alkyl radical (top) and benzoyl 

peroxide (BPO) initiator forming alkoxyl radicals (bottom).  
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relative to the rate at which it adds on with a different monomer.85 The copolymer composition distribution 

of the final copolymer depends on the relative reactivity of each monomer and their initial concentration.84 

The chain growth is terminated when two radicals interact with one. Termination can occur by combination 

or disproportionation. In the case of combination, radicals on two growing chains combine to form a neutral 

chain (Figure 2.23-3a). In the case of disproportionation, a radical at the end of a growing chain abstracts a 

hydrogen atom from another growing chain, this leads to the formation of two neutral polymer segments, 

one with an unsaturated end and one with a saturated end (Figure 2.23-3b).  

2.6.2 Synthesis of Tertiary Amines Containing Fatty Acids  

 In Chapter 4 and 5, the CO2-responsive moiety (tertiary amine) is incorporated directly onto the 

fatty acid-derived monomers using two different synthetic routes as shown in Figure 2.25. In route 1 

(Chapter 4), the addition of an amine is achieved in two steps: halogenation, followed by substitution with 

an amine. In route 2 (Chapter 5), the double bond of oleic acid is converted to an epoxide, followed by ring 

opening with an aliphatic amine. The different synthetic methods are discussed below.  

 

 

Nucleophilic epoxide ring opening with aliphatic amines 

 Epoxidation of unsaturated fatty acids is an important organic reaction that has been used 

extensively in the literature to functionalize plant-based oils.86ï88 There are several approaches to synthesize 

Figure 2.25. The synthetic routes use to functionalized fatty acids into a CO2-responsive fatty acids.  
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epoxidized fatty acids, but the most commonly used method is the Prileshajev epoxidation reaction which 

uses peracetic acid and hydrogen peroxide.89 This method is used in Chapter 4 to convert oleic acid into 

epoxidized fatty acid.  The reaction mechanism of the Prileshajev epoxidation is shown in Figure 2.26.90    

 

 

 

 

 

 

 

 

 

 

 The ring opening reaction of epoxide with a nucleophile has been performed in the literature using 

several catalysts.91ï93 Typically, this type of reaction is carried out at high temperatures, but since excessive 

heat is not ideal for some functional groups, a variety of catalysts have been explored to promote the ring 

opening at room temperature. For example, Fagnou and Lautens used rhodium to catalyze the ring opening 

of vinyl epoxide using aromatic and aliphatic amines.94 The rhodium catalyst successfully reacted the 

epoxide with aromatic amines but failed when using aliphatic amines.94 They found that the aliphatic 

amines, being more basic than aromatic amines, caused the formation of a strong rhodium-amine complex, 

resulting in catalyst poisoning.94 Cu(OTf)2 and tin(III) triflates were also found to be an effective catalyst 

for epoxide ring opening with aromatic amines, but once again, they failed to catalyze the reaction with 

aliphatic amines.95 The literature evidence suggests that the aliphatic amines bonded with copper and tin 

triflate catalysts.95 Opening of epoxide by aliphatic amines was successfully performed using ZnCl2 

Figure 2.26. The reaction mechanism of the Prileshajev epoxidation of an alkene. Adapted from 

Abdulmalek et al.90 
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catalysts.96,97 ZnCl2 has the advantage of being an efficient and inexpensive metal halide.98 This catalyst is 

used in Chapter 4 and 5 to promote nucleophilic substitution. Although the exact mechanism is still 

undetermined, Eisavi et al. proposed the following mechanism for the epoxide activation using ZnCl2 

catalyst:98 

 

 

 

 

 

 

 

 As shown in Figure 2.27, the ZnCl2 forms a complex with the epoxide and can then undergo a SN1 

or SN2 reaction causing the opening of the epoxide ring.98 The complex proceeds by SN1 reaction if the 

carbocation is sufficiently stabilized by electronic factors and bulky groups.98 Otherwise, the SN2 reaction 

is favored and promotes the nucleophilic attack of the chloride.98  

Halogenation and substitution 

 The electrophilic halogen addition to an alkene is an especially useful synthetic method in organic 

chemistry. In Chapter 5, this synthetic method is used to add heavy halogens (chloride and bromine) to 

unsaturated fatty acids. Although there are several methods developed for the synthesis of organic iodides, 

the direct addition of hydroiodic acid (HI) to alkenes and alkynes is a well-known method. However, this 

method often suffers from drawbacks such as poor yields and side reactions due to the uncontrollable iodine 

liberation problem of the unstable hydroiodic acid.99 Alternative reactions suggest using molecular iodine 

(I2) instead of hydroiodic acid (HI). In the literature, numerous catalysts have been used for the 

hydroiodination of alkenes using molecular iodine such as Et3SiH/CuO.HBF4
100 and phosphorous acid 

Figure 2.27. The proposed mechanism of the epoxide ring opening catalyzed by ZnCl2.Reprinted from 

Eisavi et al.98  
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(H3PO3).99 This latter method is used in Chapter 5 for the iodination of oleic acid since phosphorous acid is 

inexpensive and non-toxic.99   
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Chapter 3 

Copolymers Synthesized from a CO2-responsive Monomer and a Bio-based 

Monomer 

 

 

3.1 Abstract 

 CO2-responsive polymers function by changing their physical and chemical properties reversibly 

in aqueous solution when exposed to an ionizing trigger, such as CO2(g). This thesis reports the synthesis 

and properties of novel CO2-responsive bio-based copolymers. These copolymers exhibit two forms of 

conflicting properties (hydrophobic/ hydrophilic) reversibly in aqueous solution in the presence of CO2(g), 

and vice versa when CO2(g) is removed. A novel CO2-responsive bio-based copolymer p(DMAEMA-co-

MAED) was synthesized from the copolymerization of two monomers: bio-based 2-(methacryloloxy)ethyl 

dodecanoate (MAED) and N,N-(dimethylamino)ethyl methacrylate (DMAEMA ), which acts as the CO2-

responsive moiety. MAED was synthesized by a Steglich esterification reaction. Infrared spectroscopy (IR), 

proton nuclear magnetic resonance spectroscopy (1H NMR) and gel permeation chromatography (GPC) 

were used for structural characterization. It was determined by 1H NMR spectroscopy that p(DMAEMA-
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co-MAED) copolymer contained 11 mol % of MAED. According to the GPC analysis, the number average 

molecular weight (Mn) of the copolymer was 23 kDa with a dispersity (Ð) of 1.67. Responsiveness of the 

copolymer to CO2(g) was evaluated by conductivity measurements in water. The thermal behavior of the 

synthesized copolymers was studied by differential scanning calorimetry (DSC) and thermogravimetric 

analysis (TGA). Several standard tests were used to study the properties (resistance to solvents and 

adhesion) of the new materials. The new synthesized copolymer exhibited a change in its physical and 

chemical properties when exposed to CO2 in aqueous solution. The incorporation of a long alkyl chain 

monomer (MAED) to pDMAEMA yields new copolymer materials that could find use in industrial 

applications such as coatings and adhesives.  

3.2 Introduction  

 One of the overarching objectives of this work is developing a bio-based copolymer that exhibits 

physical and chemical changes in response to CO2(g). This chapter explores the first of the three main 

strategies for the synthesis of novel polymers as discussed in Chapter 1 (see section 1.3). The copolymers 

are composed of two different monomer units: the first monomer provides the bio-based requirement, and 

as such was synthesized from a biomass starting reagent. The second monomer contains a tertiary amine 

group and is the CO2-responsive moiety. Since there is a relationship between monomer structure and 

physical/chemical properties of the final polymer, the monomers were carefully selected based on their 

functional groups.  

 In this section, lauric acid was used as the biomass starting reagent. Lauric acid is a medium-chain 

fatty acid having 12 carbons and is the predominant fatty acid residing in triglycerides (45-53 %) found in 

coconut oil.1 The presence of the carbonyl allows these acyl groups to be chemically modified into acrylates 

and methacrylate monomers using various synthetic methods. Methacrylate monomers are commonly used 

to synthesize binder polymers. The methacrylate fatty acid monomers are expected to add chemical 

resistance, flexibility and adhesion to the final material.2 Many useful reactions can be used to convert fatty 

acids into valuable monomers with reactive double bonds for polymerization.2ï7 In this chapter, Steglich 
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esterification, glycidyl methacrylate esterification and acylation techniques were used to convert lauric acid 

into fatty acid methacrylate monomers. These synthetic techniques are explained in detail in Chapter 2 

(section 2.5) and summarized in Scheme 3..  

 

 

 

 

 

 

 

 

 

 The CO2-responsive moiety had to be carefully selected to ensure that the tertiary amine would 

undergo protonation and deprotonation upon the addition and removal of CO2(g) in water. The binder 

polymers synthesized were studied under standard atmospheric pressure (0.1 MPa) and room temperature 

(~25 oC). The ideal candidate should be mostly deprotonated in water under air (no CO2) and mostly 

protonated in water in the presence of CO2 under atmospheric pressure (0.1 MPa). Jessop et al.8-10 reported 

the ideal pKaH (pKaH = pKa of the conjugate acid) of a base in relation to the % protonation in water under 

air and at 0.1 MPa of CO2 at 25 oC. They confirmed that the pH of the solution must have the ability to 

alternate, upon addition and removal of CO2, below and above the system midpoint (the pH at which half 

Scheme 3.1. Reaction scheme of the available synthetic routes for providing suitable bio-based monomer 

for radical polymerization through reactive double bonds. Lauric acid 1 can be converted to: monomer 2 

by acylation reaction, monomer 3 by glycidyl methacrylate esterification reaction, or monomer 4 by 

Steglich esterification.  
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the switchable groups in the system are protonated).9 Figure 3.1 illustrates the percent protonation in the 

absence (under air) and presence of CO2 of bases with different pKaH as a function of concentration.10 The 

red dashed line represents the lowest percent protonation (5 %) under air and the solid blue line represent 

the highest percent protonation under CO2 (95 %).10  For the ideal CO2-responsive agent, the % protonation 

under air must be as low as possible and the % protonation under CO2 must be as high as possible. The 

ideal CO2-responsive agent would therefore have a pKaH between the red dashed line and solid blue line.10   

 In the present work, the amine-containing copolymer was placed in pure water and the changes in 

pH were brought by alternating cycles of CO2(g)/N2(g) purging.  The pH range of our system is therefore 

between 3.9 (low pH) to ~7.0 (high pH), without the presence of a switchable species with amine groups. 

In the presence of the copolymer, the pH range of the system changed to 6.0 to 8.5 at a concentration of 1 

mM of copolymer. In this study, N,N-dimethylaminoethyl methacrylate (DMAEMA) was selected as the 

CO2-responsive moiety. The homopolymer pDMAEMA has a pKaH between 7.0-7.5.11ï15 Small variations 

in the reported pKaH are expected as the polymer basicity depends on the concentration, composition, 

Figure 3.1. The % protonation of a base having different pkaH values as a function of concentration. 

The dashed lines represent the % protonation under air (no CO2) and the solid lines represent the % 

protonation under CO2 at 25 oC and 0.1 MPa CO2. Reprinted from Alshamrani et al.10  
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temperature and molecular weight.16 As the goal is to have a copolymer fully soluble in carbonated water, 

but be insoluble in neutral water, DMAEMA was an ideal candidate. 

 The CO2-responsiveness of DMAEMA is attributed to the presence of tertiary amine groups. The 

structure of the homopolymer pDMAEMA is shown in Figure 3.. These amines have the ability to protonate 

in water when exposed to CO2 and deprotonate reversibly when CO2 is removed (such as when the solution 

is purged with N2). Copolymers containing DMAEMA units have been used to synthesize pH-sensitive 

coatings18 and have been extensively studied as stimuli-responsive polymers in various fields.18ï20 However, 

pDMAEMA has poor thermal stability and high hydrophilicity in its cationic form, limiting its application 

as a coating.  

 

 The objective of this work is to develop a novel CO2-reponsive bio-based copolymer by combining 

a bio-base fatty acid monomer with a CO2-responsive monomer. In polymer synthesis, fatty acids are 

usually incorporated to provide flexibility, enhance hydrophobicity and pliability.21 Adding a fatty acid 

moiety to pDMAEMA could yield interesting features, while retaining the CO2-responsiveness of the native 

pDMAEMA homopolymer. This work aims to provide a foundation towards a comprehensive 

understanding of bio-based CO2-responsive polymers and give directions for further experimental 

developments.  

 

Figure 3.2. The chemical structure of polymeric amine poly(N,N-dimethylaminoethyl methacrylate) 

(pDMAEMA). 
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3.3 Experimental Methods and Materials 

3.3.1 Materials 

 Materials used in this study included the following: lauric acid (Aldrich, natural, Ó 98%, FCC, FG), 

N,N-dimethylaminoethyl methacrylate (DMAEMA , Aldrich, contains 700-1000 ppm monomethyl ether 

hydroquinone (MEHQ) as inhibitor, 98%), azobisisobutyronitrile (AIBN, Mil liporeSigma, 98%), benzoyl peroxide 

(BPO, Aldrich, Luperox A98, 97%), N,Nô-dicyclohexylcarbodiimide (DCC, Fluka, Ó 99%), 2-hydroxyethyl 

methacrylate (HEMA, Aldrich, Ó 99%), glycidyl methacrylate (GMA, Aldrich, contains 100 ppm 

monomethyl ether hydroquinone as inhibitor, 97%), triethylamine (Aldrich, Ó 99.5%), methacryloyl 

chloride (Aldrich, 97%, contains 200 ppm of monomethyl ether hydroquinone as stabilizer),                               

2-methylimidazole (Aldrich, 99%), sodium sulfate (Na2SO4, MilliporeSigma, Ó 99.0%),                                      

4-dimethylaminopyridine (DMAP, Alfa Aesar, Ó 99%), hydrochloric acid (HCl, Fisher, Certified ACS Plus, 

36.5 to 38.0%), sodium hydroxide (NaOH flakes, Alfa Aesar, 98%), silica (Silica flash, Silicycle, P60, 40-

63 ɛm, 60 Å), dichloromethane (DCM, Fisher, Ó 99.5%), n-hexane (Fisher, Ó 98.5%), methanol 

(MilliporeSigma, Ó 99.8%), diethyl ether (MilliporeSigma, anhydrous, Ó 99.0%, contains butylated 

hydroxytoluene (BHT) as inhibitor), tetrahydrofuran (THF, MilliporeSigma, anhydrous, Ó 99.9%, inhibitor 

free), toluene (Fisher, 99.5%) and dioxane (MilliporeSigma, anhydrous, 99.8%). Solvents were obtained 

from MilliporeSigma and Fisher and used as received. AIBN was purified by recrystallization in methanol. 

DMAEMA and glycidyl methacrylate were purified by prepacked column (MilliporeSigma, inhibitor 

remover column) to remove the initiator inhibitor (MEHQ 100~600 ppm). Unless otherwise stated, 

chemicals were used as received. 

3.3.2 Characterization Methods 

 The 1H NMR spectra were recorded on a Bruker Av-400 nuclear magnetic resonance (NMR) 

spectrometer at 400.30 MHz at room temperature. The measurements were carried out with an acquisition 

time of 3.95 s, 16 scans and a spectral window of 20.67 ppm at 25 oC. Tetramethylsilane was used as the 

internal reference for 1H NMR measurements conducted in various deuterated solvents (CDCl3, D2O).  
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Solid-state cross-polarization magic angle spinning carbon-13 nuclear magnetic resonance (CP/MAS 

13C{1H} NMR) was used for insoluble polymer samples. The solid-state spectra were recorded at 700 MHz 

with 12 kHz MAS.         

 Samples were dried under vacuum at 60 oC for 24 h prior to thermogravimetric analysis (TGA). 

TGA was performed on a TA instrument model Q500 TGA analyzer. The samples were equilibrated at      

30 oC under nitrogen flow at a constant heating rate of 10 oC/min up to 800 oC.   

 Differential scanning calorimetry (DSC) was performed using a TA instrument Q100 DSC to 

determine the glass transition temperatures (Tg). Prior to DSC testing, the polymers were heated and dried 

under vacuum oven at 60 oC. DSC samples were equilibrated at -80 oC under nitrogen flow at 50 ml/min. 

Three DSC cycles were performed starting at -80 oC and heating to 120 oC: 1) ramp at 10 °C/min to 120 

°C, isothermal for 3 min, 2) ramp at 10 °C/min to -80 °C, isothermal for 3 min, 3) ramp at 10 °C/min to               

120 °C.            

 Fourier-transform infrared spectroscopy (FTIR) measurements, with a total of 24 scans and a 

resolution of 4 cm-1, were conducted on a Bruker Alpha Fourier-transform infrared spectrometer. Two 

different FTIR sample techniques were used: Attenuated Total Reflectance infrared spectroscopy (ATR-

IR) for liquid samples and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) for rigid 

polymers. For DRIFTS analysis, the sample was prepared as follows; the rigid polymer was grounded into 

a fine powder (less than 10 microns) and mixed with potassium bromide (KBr) powder. The sample was 

then placed in a 7 mm pellet die assembly and pressed using a handheld laboratory hydraulic press with a 

force of 2.5 short tons.  

 Gel permeation chromatography (GPC) measurements were performed on a Waters GPC. The 

system consists of a Waters 2690 Separation Module with Waters Styragel 4.6 mm x 300 mm columns (HR 

0.5, HR 1, HR 3, and HR 4) kept at 40 °C coupled with a Waters 2414 differential refractive index detector 

(930 nm) operating at 35°C. THF was used as the eluent with a flow rate of 0.3 mL/min and an injection 

volume of 30 ɛL. The number- and weight-average molecular weights (Mn and Mw) and dispersity (ņ) data 
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are reported as poly(methyl methacrylate) (PMMA) and polystyrene (PS) equivalent. PS conventional 

calibration was established using Waters ACQUITY APC PS high MW calibration kit (Mw 266 ï 1760000 

Da). The calibration curve uses only the part of the kit that is within the exclusion limit of the column set 

(below 600000 Da). PMMA conventional calibration was established using Agilent PMMA EasyVials 

calibration kit (Mw 650 - 2161000). The calibration curve uses only the part of the kit that is within the 

exclusion limit of the column set (below 600000 Da).      

 Monomers samples were analyzed using an Orbitrap Velos Pro mass spectrometer (Thermo 

Scientific, Bremen, Germany) under positive mode coupled to a heated electrospray ionization (HESI) 

probe. The transfer capillary temperature was set to 170 °C. An ion spray voltage of 4.5 kV was applied to 

the HESI probe. Scans in the mass spectrometer (MS) were acquired at an orbitrap resolution of 60,000 for 

an m/z range from 50 to 2,000 m/e.         

 The contact angle was measured experimentally using a PC-connected USB camera microscope 

(Veho VMS004D) and ImageJ software. A drop of deionized water (DI) was placed on a coated surface 

and an optical image was taken. The contact angle is then calculated using DropAnalysis plugin in ImageJ. 

All contact angles were recorded at room temperature (~ 22 oC).      

 A transmitted light polarizing microscope (600x microscope) was employed to obtain images of 

some preliminary coatings on a glass substrate. 

3.3.3 Synthesis of Bio-based Monomers 

3.3.3.1 Synthesis of MAED via Steglich Esterification 

 Monomer 2-(methacryloloxy)ethyl dodecanoate (MAED) was synthesized by Steglich 

esterification of lauric acid and 2-hydroxyethyl methacrylate (HEMA) with dicyclohexylcarbodiimide 

(DCC) as a coupling reagent and 4-dimethylaminopyridine (DMAP) as a catalyst as shown in Scheme 3.2. 
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 Steglich esterification was chosen to add the methacrylate moiety to lauric acid thereby forming a 

monomer prior to radical polymerization. In a round bottom flask, under inert atmosphere, were added 

HEMA (6.5 g, 0.05 mol), lauric acid (10 g, 0.05 mol,) and DMAP (0.61 g, 0.005 mol) in dichloromethane 

(DCM) (40 mL). DCC (12.38 g, 0.06 mol) was dissolved in a minimum amount of DCM (20 ml) and added 

dropwise to the reaction mixture. The reaction mixture was stirred at room temperature for a week under 

argon. The mixture was filtered, and the filtrate collected in a separatory funnel. The organic solution was 

washed with 1 M hydrochloric acid (HCl) (2 x 20 mL), deionized water (DI) (2 x 20 mL) and 0.1 M NaOH 

(2 x 20 ml) solution. The organic layer was collected and dried over Na2SO4. The drying agent was removed 

by gravity filtration. The crude product was purified through column chromatography of basic silica using 

DCM as the solvent. The solvent was removed under reduced pressure to obtain the pure product (94 % 

yield). See Figure A.1-A.4 in Appendix A for the 1H NMR spectra of reactants and catalysts. MAED 

monomer was characterized by 1H NMR spectroscopy (Appendix A, Figure A.5), FTIR spectroscopy 

(Appendix, Figure A7), 13C NMR spectroscopy (Appendix, Figure A.6) and mass spectroscopy (Appendix, 

Figure A.8). 1H NMR, 400 MHz, 25 °C, CDCl3 (ŭ = ppm): 6.10 (s, 1H), 5.56 (s, 1H), 4.39 ï 4.25 (m, 4H), 

2.30 (t, J = 7.5 Hz, 2H), 2.00 ï 1.91 (s, 3H), 1.59 (q, J = 7.4 Hz, 2H), 1.25-1.06 (m, 16H), 0.85 (t, J = 6.7 

Hz, 3H). 13C NMR, 400 MHz, 25 °C, CDCl3 (ŭ = ppm): 173.53, 167.03, 135.94, 125.91, 77.29, 62.43, 

61.82, 53.39, 34.11, 33.93, 32.68, 31.87, 30.87, 29.57, 29.44, 29.41, 29.29, 29.23, 29.06, 26.34, 24.89, 

24.71, 22.64, 18.19, 14.05. IR (KBr): 3000-3600 (OïH), 2119 (C=C-H (terminal)), 1722 (C=O), 1150 (C-

O). ESI-MS (MeOH): 335.21768 (100, C18H32O4Na+; [M+Na]+; cal. 335.21928; æ = -4.769 ppm). 

 

Scheme 3.2. The synthetic route of 2-(methacryloloxy)ethyl dodecanoate (MAED) via Steglich 

esterification. 
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3.3.3.2 Synthesis of HMPD via Glycidyl Methacrylate Esterification 

 2-Hydroxy-3-(methacryloyloxy)propyl dodecanoate (HMPD) monomer was prepared by glycidyl 

methacrylate esterification according to a procedure described in the literature (Scheme 3.3).22 In a glass 

vessel equipped with a stir bar, lauric acid (1 g, 0.005 moles) and glycidyl methacrylate (GMA) (0.70 g, 

0.005 moles) were mixed with 2-methylimidazole catalyst (2 wt%, 0.034 g) for 5 h at 70 oC to afford a 

viscous colorless solution. The crude product was purified by column chromatography through basic silica 

using DCM as the solvent. The solvent was removed under reduced pressure to obtain the pure product 

(76% yield). See Figures A.9 and A.10 in Appendix A for 1H NMR spectra of the starting reagents,                  

2-methylimidazole and glycidyl methacrylate. The characterization of HMPD was done by 1H NMR 

spectroscopy (Appendix A, Figure A.11). The NMR spectral data obtained for HMPD were consistent with 

those available in the literature.22 1H NMR (400 MHz, CDCl3) ŭ 6.10 (s, 1H), 5.56 (s, 1H), 4.39 ï 4.25 (m, 

4H), 3.75 (m, 1H), 2.30 (t, J = 7.5 Hz, 2H), 1.91 (s, 3H), 1.59 (q, J = 7.4 Hz, 2H), 1.25-1.06 (m, 16H), 0.85 

(t, J = 6.7 Hz, 3H). 

 

3.3.3.3 Synthesis of DMA via Acylation 

 The monomer decanoic methacrylic anhydride (DMA) was synthesized using a modified literature 

procedure (Scheme 3.4).23 Lauric acid (1 equivalent, 1.1 g) and triethylamine (1.2 equivalent, 0.82 ml) were 

dissolved in 15 ml of ethyl ether in a three-neck flask (drying tube, dropping funnel, argon inlet). 

Scheme 3.3 The synthetic route of 2-hydroxy-3-(methacryloyloxy)propyl dodecanoate (HMPD) via 

glycidyl methacrylate esterification.  
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Methacryloyl chloride (1.2 equivalent, 58 ml) was dissolved in 6 ml of anhydrous ethyl ether in a 50 ml 

round-bottom flask equipped with a stir bar. Methacryloyl chloride was transferred to the dropping funnel 

and added dropwise to the solution at 0 oC under argon. The reaction was mixed for 1 h. The mixture was 

allowed to stir at room temperature for 24 h. The reaction mixture was filtered off to remove 

triethylammonium chloride salt and the organic layer collected. The organic layer was washed with 2 x 40 

ml of saturated aqueous Na2CO3 and dried with Na2SO4. The drying agent was removed by gravity filtration. 

Ethyl ether was removed by rotary evaporator to afford a viscous transparent solution (60 % yield). The 

product was stored under argon. The 1H NMR spectrum suggested that DMA underwent hydrolysis and 

that some impurities remained present in the sample after purification. The 1H NMR spectrum is presented 

and discussed in Appendix A, Figure A.15.  See Figure A.12 and A.13 in Appendix A for the 1H NMR 

spectrum of reactants and catalysts. Residual methacryloyl chloride peaks are observed in Figure A.15 (see 

Appendix, section A.12-A.15 for analysis). 1H NMR (400 MHz, CDCl3) ŭ 6.17 (s, 1H), 5.73 (s, 1H), 2.40 

(t, J = 7.5 Hz, 2H), 1.85 (s, 3H), 1.69 ï 1.56 (m, 2H), 1.27-1.20 (m, 16H), 0.81 (t, J = 6.7 Hz, 3H).   

 

 

 

 

 

Scheme 3.4. The synthetic route of decanoic methacrylic anhydride (DMA) via acylation. 

 

3.3.4 Synthesis of Bio-based Polymers 

3.3.4.1 Synthesis of Homopolymer pMAED 

 The homopolymerization of MAED was performed using free radical polymerization with benzoyl 

peroxide (BPO) as an initiator at 90 oC (Scheme 3.5). The polymerization procedure was as follows: toluene 
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was placed in a two-neck round-bottom flask equipped with a stir bar. The solvent was flushed with nitrogen 

for 10 min before the monomer MAED was added. The monomer was then dissolved in toluene, making a 

20 wt% monomer solution and purged for an additional 15 min. The initiator BPO (1 mol %) was then 

dissolved in a minimum of toluene and added to the system. The round-bottom flask was placed in a pre-

heated oil bath at 90 oC. After 12 h, the polymerization mixture was added dropwise to cold methanol to 

precipitate the polymer. After separation by gravity filtration, the polymer was then washed three times 

with cold methanol. The solvent was removed under reduced pressure and the polymer dried in vacuum 

oven for 24 h at 65 oC. 1H NMR (400 MHz, CDCl3) ŭ 4.27-4.15 (m, 4H), 2.39 ï 2.30 (m, 2H), 2.0-1.97 (m, 

2H), 1.63 (m, 2H), 1.29-1.11 (m, 16H), 1.03 (s, 3H), 0.90 (t, J = 6.7 Hz, 3H). Mn (GPC) = 27 kDa, ņ (GPC)= 

1.8. The 1H NMR spectrum is shown in Appendix A, Figure A.16 and the GPC traces in Appendix Figure 

A.17. The monomer conversion was found to be 67.8 % (see Appendix A.18).  

 

 

 

 

 

3.3.4.2. Synthesis of Homopolymer pHMPD  

 The homopolymerization of HMPD was performed using free radical polymerization with benzoyl 

peroxide (BPO) as an initiator (Scheme 3.6). The polymerization procedure was as follows: toluene was 

Scheme 3.5. The synthetic route of homopolymer pMAED by free radical polymerization.  
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placed in a Schlenk tube equipped with a stir bar and flushed with nitrogen gas for 10 min. The monomer 

HMPD was then dissolved in toluene, making a 20 wt% monomer solution, and purged for an additional 

15 min. The initiator BPO (1 mol%) was then dissolved in a minimum of toluene and added to the system. 

The reaction mixture was mixed at 90 oC for 12 h under an inert atmosphere of N2. The crude polymer was 

precipitated in cold methanol and washed with excess cold methanol. The resulting polymer was isolated 

by gravity filtration and then dried in vacuum oven at 65 oC for 12 h. CP/MAS 13C{1H} NMR ŭ 176.89, 

172.74, 125.55, 60.49, 65.46, 45.90, 34.47, 30.97, 29.23, 23.96, 22.23, 16.95, 12.53 IR (CHCl3): 3200-3600 

(OïH), 1734 (C=O). The 13C NMR and FTIR spectrum of pHMPD are shown in Appendix A, Figure A.20 

and A.21, respectively. 

  

 

 

 

 

 

 

 

 

3.3.4.3 Synthesis of Copolymer p(DMAEMA-co-HMPD)   

 The copolymerization of HMPD and DMAEMA was performed using free radical polymerization 

with azobisisobutyronitrile (AIBN) as an initiator as illustrated in Scheme 3.7. The copolymerization was 

performed in bulk and in solution using dioxane as the solvent.  

Scheme 3.6. The synthetic route of homopolymer pHMPD by free radical polymerization 
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 Copolymers p(DMAEMA-co-HMPD) were prepared using different mole ratios of monomers and 

wt% of solvent as shown in Table 3.1. The monomers were first dissolved in the chosen solvent in a Schlenk 

flask equipped with a stir bar and purged with argon for 15 min. The initiator was then added, and the 

solution was stirred and purged for another 10 min. The reaction mixture was then placed in a pre-heated 

oil bath to initiate polymerization. The flask was heated in an oil bath at the selected temperature for 6 h 

under an inert atmosphere of argon with continuous stirring. The copolymer was precipitated in a ten-fold 

excess of n-hexane. p(DMAEMA-co-HMPD) was washed three times with n-hexane and dried under 

vacuum at 60 oC for 12 h to generate a solid resin. Copolymer p(DMAEMA-co-HMPD) with initial 

monomer feed mole ratio of 5:1 [DMAEMA: HMPD] was characterized by solid-state 13C{ 1H}  NMR 

spectroscopy (Appendix A, Figure A.23) and FTIR spectroscopy (Appendix A, Figure A.22-B). CP/MAS 

13C{1H} NMR ŭ 181.52-171.42, 68.56-60.11, 58.95-51.20, 45.32-41.36, 35.36-26.45, 25.87-20.52, 18.32-

10.20. IR (CHCl3): 3000-3600w (OïH), 1734s (C=O), 2773s (NC-H), 2855s (NC-H). 

 

Scheme 3.7. The synthetic route of copolymer p(DMAEMA-co-HMPD) by free radical polymerization. 
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3.3.4.4 Synthesis of Copolymer p(DMAEMA-co-MAED)  

 The copolymerization of MAED and DMAEMA was performed using free radical polymerization 

with azobisisobutyronitrile (AIBN) as an initiator as shown in Scheme 3.8.  

 

 A typical polymerization procedure was as follows: AIBN (1 mol%), MAED, DMAEMA  and 

dioxane (80 wt%) was introduced in a 100 ml Schlenk flask equipped with a stir bar. The flask was heated 

in an oil bath at 65 oC for 24 h under an inert atmosphere of argon with continuous stirring. The copolymer 

  
Table 3.1. Experimental conditions for copolymer p(DMAEMA-co-HMPD) with 1 

mol% AIBN for 6 h. 

  

    

  Entry  

Monomer feed mole 

ratio Solvent (wt%) Temperature (oC)   

  [DMAEMA] o:[HMPD] o   

  1 1:1  n/a 60   

  2 1:1 Dioxane (20) 70   

  3 1:1 Dioxane (80) 65   

  4 1:1 THF (80) 65   

  5 5:1 Dioxane (80) 65   

  6 5:1 Water (80) 65   

              

Scheme 3.8. The synthetic route of copolymer p(DMAEMA-co-MAED) by free radical polymerization.  
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was precipitated dropwise in a ten-fold excess of n-hexane and recovered by filtration. The recovered 

p(DMAEMA -co-MAED) was washed three times with n-hexane and dried under vacuum to generate a pure 

copolymer. This purification process was effective in removing the unreacted starting reagents. 1H NMR 

spectrometry confirmed the successful isolation and purification of p(DMAEMA-co-MAED) by 

precipitation. The copolymers were synthesized with different feed ratios of bio-based monomer MAED 

relative to DMAEMA. In this study, the short forms p(DMAEMA89-co-MAED11) and p(DMAEMA70-co-

MAED30) will refer to the copolymers with 11 mol % and 30 mol % of bio-based monomer MAED, 

respectively. p(DMAEMA 89-co-MAED11): 1H NMR (400 MHz, chloroform-d) ŭ 4.08 (m, 6H), 2.60 (m, 

2H), 2.22 (m, 8H), 1.84-1.75 (m, 6H), 1.27 (m, 16H), 1.07 (m, 6H) 0.90 (m, 3H). Mn (GPC) = 23 kDa, Mw 

(GPC) = 38, ņ (GPC) = 1.67. p(DMAEMA 70-co-MAED30): 1H NMR (400 MHz, chloroform-d) ŭ 4.19-3.99 

(m, 6H), 2.49 (m, 2H), 2.26-2.21 (m, 8H), 1.84-1.75 (m, 6H), 1.21 (m, 16H), 0.98-0.87 (m, 6H), 0.81 (m, 

3H). Mn (GPC) = 20 kDa, Mw (GPC) = 65, ņ (GPC) = 3.25. The 1H-NMR spectra are shown in Figure 3.7 

(section 3.4.2). The GPC traces are shown in Appendix A, Figure A.24. 

 

3.4 Results and Discussion 

3.4.1 Monomer Screening Tests 

 Prior to synthesizing the copolymers, the bio-based monomers HMPD, MAED and DMA (Figure 

3.3) were assessed for their ability to produce CO2-responsive bio-based copolymers. The screening tests 

examined two main factors: 1) the stability of the monomers in an aqueous environment and, 2) the ability 

of monomers to undergo polymerization.  

 

 

 

Figure 3.3 The structure of the bio-based monomers (HMPD, MAED, DMA) synthesized from lauric 

acid. 
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1) Stability of the monomers in aqueous environment  

 The monomers must remain stable in water since the final CO2-responsive copolymers are intended 

to be used in an aqueous environment. To test the hydrolysis theory further, the monomers were subjected 

to a submersion test. The procedure was as follows: 1) the monomers were stirred in water at room 

temperature for 12 h, 2) the water was removed by filtration and the collected monomers were dried under 

reduced pressure and placed in a vacuum oven at 65 oC overnight. The 1H NMR spectrum of monomers 

HMPD and MAED before and after submersion in water remained unchanged confirming their stability in 

water at the given experimental conditions. However, DMA monomer hydrolyzed completely after 12 h in 

water. The results of this submersion test are shown in Figure 3.4. The only peaks remaining in the 1H NMR 

spectrum are the peaks corresponding to dodecanoic acid. Since methacrylic acid is soluble in water, it was 

removed during the filtration, leaving only dodecanoic acid. This confirms that DMA monomer underwent 

a complete hydrolysis in water. As a result, DMA monomer was discarded as a potential monomer and will 

not appear in subsequent sections of this chapter. From the three original candidates (Figure 3.3), MAED 

and HMPD were selected for copolymer synthesis.  
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Figure 3.4. The 1H NMR spectrum (400 MHz, CDCl3) of DMA 1) before water submersion 2) after water 

submersion for 24 h. 
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2) Ability of monomers to polymerize (homopolymers synthesis) 

 The second important consideration for the synthesized monomers was to determine their reactivity 

towards polymerization. The synthesis of homopolymers pMAED and pHMPD was used to evaluate the 

reactivity of the monomers to free radical initiators and their ability to polymerize. The homopolymers were 

synthesized by free radical polymerization using BPO as an initiator. The free radical polymerization of 

MAED generated a white solid with a Mn, Mw and ņ of 27 kDa, 50 kDa and 1.8, respectively (GPC in 

Appendix, Figure A.17). The structure of pMAED was confirmed by 1H NMR spectroscopy (Appendix, 

Figure A.16.) The free radical polymerization of HMPD generated a rigid material that was insoluble in 

organic (toluene, acrylonitrile, THF, ethanol, methanol, DMF, chloroform, DMSO) and aqueous (deionized 

water, 2 M HCl, concentrated NaOH, carbonated water) solvents. The homopolymer pHMPD was 

characterized by FTIR spectroscopy (Appendix A, Figure A.21) and solid-state 13C{1H} NMR spectroscopy 

(Appendix A, Figure A.20). Solid-state 13C{ 1H} NMR spectroscopy was used to gain structural 

information, while avoiding problems with insolubility. A hypothesis for the observed insolubility of the 

resulting homopolymer will be discussed in Section 3.5.3.1.  

3.4.2 Characterization of Bio-based Copolymers 

3.4.2.1 p(DMAEMA -co-HMPD) 

 The copolymerization of DMAEMA and HMPD produced gels under different conditions and 

monomer feed ratios (Table 3.1, Section 3.3.4.3). The gels transformed into insoluble hard resins after 

drying in a vacuum oven at 60 oC for 12 h. The copolymers were tested for solubility in the following 

organic and aqueous solvents: toluene, acrylonitrile, THF, DMF, chloroform, ethanol, methanol, DMSO, 

DI water, 2 M HCl, concentrated NaOH and carbonated water. The copolymers were characterized by FTIR 

spectroscopy (Appendix A, Figure A.22) and solid-state 13C NMR spectroscopy (Appendix A, Figure 

A.23).  Solid-state NMR spectroscopy was used due to the insolubility of the copolymers in various 

solvents.  
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 Interestingly, changes in the weight percent of solvent used during polymerization led to slight 

differences in the copolymer p(DMAEMA-co-HMPD) physical characteristics. Table 3.2 summarizes the 

different experimental conditions and subsequent physical properties of the final dried copolymer. The 

copolymerôs elasticity increases as the wt% of solvent increased. In bulk, the copolymerization generated 

a rigid, transparent, and brittle material resistant to organic solvents and acids/bases. At 20 wt% of solvent 

the material was ductile and equally resistant to organic solvents and acids/bases. At 80 wt% of solvent, the 

copolymer generated was a transparent gel that swelled in solvent but remained insoluble. However, 

regardless of the slight differences in the physical properties obtained by varying the feed ratio of monomers 

to solvents, all p(DMAEMA-co-HMPD) copolymers synthesized were insoluble in the aforementioned list 

of solvents. 

 

a In neat (no solvent) 

b20 mol% dioxane (relative to monomer mass) 

c80 mol% of dioxane (relative to monomer mass)  

 

  
Table 3.2. The physical characteristics of copolymer p(DMAEMA-co-HMPD) synthesized 

from 1:1 monomer mol ratio [DMAEMA]0: [HMPD]0 using different wt.% of solvent. 

    Copolymer 1a Copolymer 2b Copolymer 3c 

  

Copolymer appearance 

 

 

 

  

Physical properties 

Very hard resin 

Clear 

Brittle 

Resistant to organic solvents 

Resistant to acid/bases 

Hard resin 

Clear 

Ductile 

Resistant to organic solvents 

Resistant to acid/bases 

Polymer gel 

Clear 

Stretches 

Swells in solvents 

Insoluble in organic solvents 

and acid/base 
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 A possible explanation for the formation of solvent resistant resins would be a tightly crosslinked 

network through transesterification reactions. Transesterifications occurring between the carbonyl and the 

hydroxyl groups would lead to crosslinks between polymer side chain as illustrated in Figure 3.5.27 

 

 

Figure 3.5. Illustration of transesterification reaction between the ester and hydroxyl groups leading to 

cross-links. Reprinted from Liu et al.27 

 

 Many industrial applications require polymers that are extensively crosslinked,27,28 which tend to 

produce polymers with a high degree of chemical and thermal resistance. However, for our purpose, 

crosslinking was undesirable since crosslinks render the polymer insoluble and therefore unusable as a CO2-

responsive material.  Since the transesterification between the side chain of the copolymer was a recurring 

issue, a similar monomer that does not contain hydroxyl groups was used to prevent unwanted crosslinking. 

MAED monomer is similar to HMPD but does not contain any hydroxyl groups. The structures of 

p(DMAEMA-co-HMPD) and p(DMAEMA-co-MAED) are compared in Figure 3.6. The copolymerization 

of MAED with DMAEMA (discussed in the next section) generated a copolymer that was soluble in various 

solvents. This is further evidence that the hydroxyl group was promoting crosslinking in the previous 

material. The HMPD monomer design was discarded and will not be discussed in the remaining sections 

of this chapter. However, it is worth mentioning that this type of crosslinked copolymer could be an 

interesting avenue of research for further studies on bio-based thermo-like materials.  
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3.4.2.2 p(DMAEMA -co-MAED)  

 The success of the copolymerization reaction of DMAEMA with MAED and the chemical structure 

of p(DMAEMA-co-MAED) was confirmed by 1H NMR spectroscopy (Figure 3.7) and GPC (Appendix A, 

Figure A.24). The polymer composition was calculated using 1H NMR spectroscopy and the percent 

conversion was calculated using two methods: 1H NMR spectroscopy and gravimetric analysis. Table 3.3 

summarizes the experimental data of the synthesized copolymers. Two copolymers were synthesized with 

different content of bio-based monomer relative to DMAEMA monomer: 11 mol% of MAED 

(p(DMAEMA 89-co-MAED11)) and 30 mol% MAED (p(DMAEMA70-co-MAED30)). 

Figure 3.6. The chemical structure of p(DMAEMA-co-HMPD) and p(DMAEMA-co-MAED). The ester 

and -OH groups on p(DMAEMA-co-HMPD) can undergo transesterification between the side chains 

leading to cross-links. p(DMAEMA-co-MAED) is lacking -OH groups preventing transesterification 

reactions between the side chains. 
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  Table 3.3. The experimental details and summary of the synthesized copolymers p(DMAEMA-co-MAED) using 1 mol% of AIBN (relative 

to monomer moles). 

  

    

  Monomer feed mole ratio Time 

(h) 

Composition (mol%)a Composition (wt%)b Mn  Mw  ņ   

  [DMAEMA] 0: [MAED] 0:  DMAEMA  MAED DMAEMA  MAED (kDa) (kDa)     

  10:1 12 89 11 80 20 23 38 1.67   

  7:3 24 70 30 54 46 20 65 3.25   

  a composition determined by 1H NMR analysis                   

  b estimated based on the mol% of each monomer                   
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1H NMR analysis 

 Before NMR analysis, the copolymer samples were dried under vacuum at 65 oC for 12 h. To 

characterize the copolymers, the 1H NMR spectra of p(DMAEMA89-co-MAED11) and p(DMAEMA70-co-

MAED30) (Figure 3.7-2 and 3.7-3) were compared with the spectrum of pDMAEMA (Figure 3.7-1). In the 

1H NMR spectra, characteristic signals corresponding to methylene protons (N-CH2, Hd) in the repeating 

units of pDMAEMA segments are observed at 2.58 ppm and the dimethyl protons (N-CH3, He) are 

observed at 2.17 ppm. signals at 1.2-1.3 ppm are assigned to the methylene protons in the long alkyl chain 

(-CH2-, Hh) of the MAED segment and peak at 0.90 ppm corresponds to the methyl end group (CH3, Hi) 

on the MAED segment, confirming the success of the copolymerization reaction.       
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Figure 3.7. 1H NMR spectrum (400 MHz, CDCl3) of 1) pDMAEMA, 2) p(DMAEMA 89-co-MAED11) 

and 3) p(DMAEMA 70-co-MAED30). 
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 The methyl groups on the polymer backbone (-CH3, Ha) appear as two peaks in the spectrum of 

pDMAEMA (Figure 2.7-1) but appear as a single peak in the spectrum of the copolymers (Figure 3.7-2 and 

3).  It is theorized that these observations are the result of tacticity. Homopolymers can be classified as 

isotactic, syndiotactic or heterotactic polymers based on the stereochemistry of repeat triad on the polymer 

chain (Figure 3.8).  

 

 

 

 

 

 

 

 

 

 

 

 Free radical polymerization techniques generally yield heterotactic (or atactic) polymers due to the 

uncontrolled nature of the reaction.29 The frequency of mm (isotactic), mr (heterotactic), and rr 

(syndiotactic) triads in polymer synthetized by free radical polymerization usually follows Bernoulli 

statistics : mm = 0.07, mr = 0.43, rr = 0.5.31  Niskanen et al. synthesized a atactic pDMAEMA by free 

radical polymerization and a isotactic pDMAEMA by anionic polymerization.29 The comparison of the 

methyl groups of isotactic pDMAEMA and atactic pDMAEMA is shown in Figure 3.9.29 The atactic 

pDMAEMA match well with the intensity predicted by Bernoulli calculations; the mr and rr peaks are 

shown, the intensity of the mm peak is too small to be observed. In the case of the copolymers p(DMAEMA -

Figure 3.8. Representation of m and r triads within polymer chains. 



77 

 

co-MAED), there is a reduced probability of obtaining a triad when the copolymer is present (less chance 

of obtaining a CH3 triad). As a result, the methyl groups on the polymer backbone (-CH3, Ha) appears as a 

single peak.  

 

 The second notable observation is the changes in the peaks associated with the methoxy protons 

O-CH2- (Hc) on the DMAEMA and MAED side chains. In Figure 3.7-1 and 2, the methylene protons Hc 

appear as a single peak and in Figure 3.7-3 the same protons appear as 3 distinctive peaks. The chemical 

environment within the copolymers with different weight percent of bio-based monomer are hypothesized 

to contribute to these observations. The methoxy protons in the copolymer with 30 mol% of MAED find 

themselves in a much more hydrophobic environment. Hydrophobic interactions of the non-polar MAED 

side chain may cause different microenvironments within the copolymer. The change in microenvironment 

would be more pronounced in the copolymer with higher content of hydrophobic MAED. It is suspected 

that the creation of different microenvironment caused the chemical shift variation of the methoxy protons 

resulting in 3 distinctive peaks for Hc. 

Figure 3.9. 1H NMR spectra of the methyl region of isotactic-rich (top) pDMAEMA and atactic pDMAEMA 

(bottom). Reprinted from Niskanen et al.29 
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Monomer conversion by 1H NMR analysis 

 The overall monomer conversion was calculated by 1H NMR spectroscopy using the crude 

polymerization mixture. Figure 3.10 illustrates the stacked 1H NMR spectra of DMAEMA (Figure 3.10 A), 

MAED (Figure 3.10 B) and the crude copolymerization mixture (Figure 3.10 C).  

 The crude copolymerization mixture still contains some unreacted monomers detected as alkene 

peaks at 6.0 and 5.4 ppm. The solvent peak (dioxane) is seen at 3.71 ppm. From the crude polymerization 

mixture (Figure 3.10-C), several peaks were chosen for the monomer conversion calculation. Peaks at 6.0 

and 5.4 ppm with a combined integration of 2.0 represent 2H atoms in the unreacted DMAEMA  monomer 

that was not incorporated in the final copolymer. The monomer conversion was found to be 40 % for 

DMAEMA calculated from the 1H-NMR spectrum of p(DMAEMA89-co-MAED11) (Appendix A, Figure 

A.25). The conversion of MAED could not be determined by 1H-NMR analysis since the residual monomer 

peaks of MAED were too small in the crude polymerization mixture. Equation 3.1 was used to find the 

percent conversion for DMAEMA. See Appendix A for calculations. Using the same equation, the 

DMAEMA monomer conversion was found to be 96 % for p(DMAEMA70-co-MAED30). 

Figure 3.10. Superimposed 1H NMR spectra (400 MHz, CDCl3) of A) DMAEMA, B) MAED C) crude 

polymerization mixture containing both copolymer and unreacted monomers. 
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Ϸ ὧέὲὺὩὶίὭέὲ
 

   
   (Equation 3.1) 

Monomer conversion by gravimetric analysis 

 The monomer conversion for p(DMAEMA89-co-MAED11) was also calculated by gravimetric 

analysis. The conversion was found to be 65 % when determined gravimetrically by using equation 3.2.  

 

Ϸ ὅέὲὺὩὶίὭέὲ 
 
 ὢ 

 
 ὢ ρππ    (Equation 3.2) 

 

where mMAED, mDMAEMA , mDioxane, mAIBN are the masses of MAED, DMAEMA, solvent and initiator 

respectively; and mwet, mdry, are the masses of the wet polymer and dried polymer, respectively.  

Samples from the crude polymerization reaction were withdrawn from the reaction mixture and cooled 

immediately in an ice bath to stop further polymerization. The copolymer was precipitated in excess hexane 

and dried in a vacuum oven at 60 oC for 12 h to obtain the pure dry polymer. Solving equation 3.3, the 

overall monomer conversion was found to be 65 %. 

Determination of copolymer composition by 1H NMR spectroscopy 

 The composition of the copolymer was calculated using 1H NMR spectroscopy and equation 3.3.  

Ϸ ὈὓὃὉὓὃ 
    Ⱦ

    Ⱦ    Ⱦ
   (Equation 3.3) 

 

 The peak integral of characteristic signals unique to both monomers were compared to obtain the 

ratio between DMAEMA and MAED units. Characteristic signals corresponding to methylene protons                       

(N-CH2-) in the repeating units of DMAEMA segments are observed at ~2.5 ppm. The signals between 1.2-

1.5 ppm are assigned to the methylene protons in the long alkyl chain of the MAED segment. As the quantity 

of AIBN was only 1 mol%, the composition of p(DMAEMA -co-MAED) was determined from the 

integration ratio of the resonance peaks of the methylene DMAEMA protons and the methylene protons of 
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MAED. The integration of the peaks of interest for p(DMAEMA89-co-MAED11) and p(DMAEMA70-co-

MAED30) are shown in Figure 3.11 and Figure 3.12. The calculations are presented in Appendix A.  

 

 

 The incorporation of MAED units was analogous with respect to the feed; when the initial molar 

feed ratio was 10:1 and 7:3 (DMAEMA: MAED), 11 mol% and 30 mol% of MAED was incorporated in 

the copolymer, respectively. The intensity of the MAED segment signal at around 1.5-1.3 ppm and the 

DMAEMA signal at around 2.5 ppm changes significantly upon the composition.  

Figure 3.11. 1H NMR spectrum (400 MHz, CDCl3) of p(DMAEMA89-co-MAED11) and the peaks of 

interest for determining the composition.   
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3.4.3 Physical and Chemical Properties  

 This section explores several physical and chemical properties of the various polymers synthesized 

as shown in Figure 3.13. Before these properties were measured, it was necessary to first determine the 

highest amount of bio-based content that could be incorporated into the copolymers. This was achieved by 

measuring the CO2-responsiveness of the copolymers that contained varying molar ratios of DMAEMA: 

MAED. In the second stage, the thermal behavior, coating appearance, adhesion strength, resistance to 

solvent and hydrophobicity were tested. To test some of these properties, a simple polymer solution was 

used to coat different substrates. The viscosity plays a key role in the wetting behavior and subsequently 

Figure 3.12. 1H NMR spectrum (400 MHz, CDCl3) of p(DMAEMA70-co-MAED30) and the peaks of 

interest for determining the composition. 



82 

 

the physical properties of the polymers. As a result, the polymer solutions were made to have similar 

viscosity in the range of 150-200 cps by adjusting their concentration in solution. 

Preparation of polymer solutions 

 The preparation of the polymer solutions involved determining each polymerôs preferred solvent 

for dissolution, weight percent, and viscosity (Table 3.4). The polymers p(DMAEMA89-co-MAED11) and 

pDMAEMA were dissolved in carbonated water to produce a basic coating formulation. However, the 

polymers p(DMAEMA70-co-MAED30) and pMAED were found to be insoluble in carbonated water. 

Therefore, they were dissolved in an organic solvent (toluene). To obtain solutions that had similar 

viscosities, the polymer loading was varied. The copolymer p(DMAEMA89-co-MAED11) was found to have 

a solubility limit of 13 wt% in carbonated water, which corresponded to a viscosity of 162.7 cp. At a 

concentration of 13 wt% or below in carbonated water, this copolymer exhibits ideal CO2-responsiveness 

(fully dissolves in carbonated water and 100 % recovery of the insoluble polymer after purging with 

nitrogen gas). The CO2-responsiveness of the copolymer will be discussed in more detail in Section 3.4.3.1. 

A polymer solution of similar viscosity at 163.2 cp was prepared containing 30 wt% pDMAEMA in 

carbonated water. Meanwhile, p(DMAEMA70-MAED30) and pMAED were dissolved in toluene at loadings 

Figure 3.13. The various physical and chemical properties tested and the corresponding sections. 
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of 25 wt% and 20 wt% with viscosities of 154.4 and 178.6 cp, respectively. These various polymer solutions 

were used to determine various physical and chemical properties (Sections 3.4.3.3 -3.4.3.7).  

 

  Table 3.4. The polymer solutions used in the physical and chemical properties testing.   

  Polymer Name Solvent Loading (wt. %) Viscosity    

        (Centipoise)   

  p(DMAEMA 89-co-MAED11)  Carbonated water 13 162   

            

  pDMAEMA Carbonated water 30 163   

            

  p(DMAEMA 70-co-MAED30) Toluene 25 154   

            

  pMAED  Toluene 20 178   

            

 

 The viscosity and density of the polymer solutions were measured and calculated as explained 

below. The viscosity was measured using a glass vacuum capillary viscometer tube according to the 

standard test ASTM D2171. The density of the polymer solution was calculated using equation 3.4: 

 ὈὩὲίὭὸώ έὪ ὴέὰώάὩὶ ίέὰόὸὭέὲ ʍ  
   

     
    (Equation 3.4) 

Where, ʍ is the density of the polymer solution, W1 is the mass of the standard vessel, W2 is the mass of 

the vessel and polymer solution and W3 is the mass of the vessel and water.   

The viscosity of the polymer solution was calculated as follows: 

ὠὭίὧέίὭὸώ έὪ ὰὭήόὭὨ ὲ   ὼ ὲ    (Equation 3.5) 

Where, ὲ is the viscosity of the polymer solution, ὲis the viscosity of water at RT ((ὲ) = 0.997 cp 

(standard value)), ʍ is the density of the polymer solution calculated with equation 3.4, ʍ is the density 

of water at RT ((”1) = 0.997 g /ml (standard value)), ὸ is the time needed for the polymer solution to travel 

through the capillary tube of the viscometer and ὸ is the time needed for water to travel through the 

capillary tube of the viscometer.  
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Types of substrates/ preparation of substrates 

 Three types of substrates were used in this study: aluminum metal sheets, Staples FSC-certified 

paper (92 % bright acid-free) and annealed glass as shown in Figure 3.14. The preparation of the substrates 

was only performed for the aluminum sheets and glass as it involved multiple washes with water and 

organic solvent. The substrates were first soaked in a dish liquid soap solution (Palmolive ultra strength) 

and scrubbed with a foam sponge. This was followed by a water rinse to remove all traces of soap, and then 

an acetone rinse. The substrates were air dried for 12 h, after which they were coated by applying the various 

polymer solutions with a paint brush (Bennet artist round brushes # 049-0798-8).  

3.4.3.1 CO2-responsiveness Measurements 

 The CO2-responsiveness of the various polymers was tested by electrical conductivity and 1H NMR 

spectroscopy. In addition to the pKaH (discussed in Section 3.2), the ratio of tertiary amines (protonatable 

sites) per carbon atoms in the polymer structure will play a critical role in the effectiveness of the switching. 

In this work, the copolymer studied was composed of both a non-CO2-responsive monomer (MAED) and 

a CO2-responsive monomer (DMAEMA). It was important to determine the greatest amount of MAED that 

Figure 3.14. The substrates used in this study, from left to right: aluminum metal sheets, paper, and 

annealed glass. 
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could be added to the copolymer before a decrease in the CO2-responsiveness occurred below an acceptable 

level (must be soluble in carbonated water at concentration Ó 10 wt% (w/v)).  

 For the NMR study, the copolymers were each mixed with deuterated water (D2O) and placed into 

two separate NMR tubes. For each of the copolymers, CO2(g) was introduced into one of the NMR tubes by 

bubbling the gas into the deuterated water for 1 h.  In the case of p(DMAEMA89-co-MAED11), the results 

suggested that the copolymer dissolves more readily in D2O when CO2(g) is present (Figure 3.15 A and B). 

Without CO2(g), no polymer peaks are present in the 1H NMR spectrum; demonstrating that the copolymer 

is insoluble in water in its neutral (non-protonated) form. The same test was performed with the copolymer 

p(DMAEMA 70-co-MAED30), which was found to be insoluble in D2O in both the presence and absence of 

CO2(g). This conclusion is based on the absence of copolymer peaks in the 1H NMR spectrum (Figure 3.15 

C and D). The visual observations of the solutions concurred with the NMR based conclusions; 

p(DMAEMA 70-co-MAED30) polymer did not appear to dissolve, and p(DMAEMA89-co-MAED11) formed 

a transparent solution in carbonated water.  

 

 The electrical conductivity test was used as a proof-of-concept study for the CO2-responsiveness 

of the copolymer p(DMAEMA 89-co-MAED11) in water. In an aqueous solution, the conductivity increases 

based on the number of ions in solution. As discussed in Chapter 2, the two chemical processes that generate 

Figure 3.15.  1H NMR spectrum (400 MHz) of A) p(DMAEMA 89-co-MAED11) in D2O, B) p(DMAEMA 89-

co-MAED11) in D2O with CO2, C) p(DMAEMA 70-co-MAED30) in D2O, and D) p(DMAEMA 70-co-

MAED30) in D2O with CO2. 
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ions are: 1) the dissociation of CO2 to produce hydrogen carbonate ions and protons and 2) the protonation 

of the amine generating alkylammonium hydrogen carbonate. The conductivity plot of carbonated water 

(no polymer present) confirmed that the effect of the chemical process 1 is negligible (Figure 3.16 B).  

 

 The conductivity test confirmed that p(DMAEMA89-co-MAED11) becomes ionic and dissolves in 

carbonated water. When CO2 is introduced into the water containing the copolymer, the conductivity 

increases. At a loading of 1 wt% in water, the copolymer was fully soluble after 25 min of mixing in 

carbonated water at room temperature (Figure 3.17). Upon the addition of N2(g) instead of CO2(g) into the 

solution, the conductivity gradually decreases over time. This effect is caused by the CO2(g) leaving the 

system and the polymer reverting to its neutral form, reducing the number of ions present and thus 

decreasing the conductivity of the solution. In the 1 wt% solution, it took approximately 30 min of bubbling 

N2(g) for the dissolved copolymer to be fully recovered in the form of a solid precipitate.  

Figure 3.16. Conductivity plot of A) p(DMAEMA89-co-MAED11) in carbonated water and B) carbonated 

water. 
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3.4.3.2 Thermal Analysis 

 

Thermal stability  

 Thermogravimetric analysis (TGA) of the polymers provided an indication of the thermal stability 

of the materials. Polymer samples were dried under reduced pressure and then kept at 60 oC in a vacuum 

oven for 12 h before conducting the analysis. All homo- and copolymers tested have an amorphous structure 

suggesting that the long polymer chains are randomly packed. The TGA analyses for all of the polymers 

show no noticeable weight loss around 100 oC, which confirm that the samples were fully dried prior to 

analysis (Figure 3.18). The TGA curves of the polymers in Figure 3.18 can be divided into two major 

decomposition stages: initial weight loss of about 27 % attributed to the onset of polymer side chain 

degradation, followed by a second weight loss of about 36 % corresponding to the polymer backbone 

degradation.  

 

Figure 3.17. Conductivity plot of 1 wt% p(DMAEMA89-co-MAED11) in water. The dashed line indicates the 

time when CO2 was replaced by N2 gas. The image on the right represents the appearance of the solution (1) 

with CO2, and (2) without CO2. 
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 To obtain quantitative information about the thermal behaviour of the polymers, a differential 

thermogravimetry (DTG) curve is generated as the first derivative of the weight loss with respect to the 

temperature (Figure 3.19). From the 1st derivative plot, the onset temperature (To), which denotes the 

temperature at which the weight loss begins and the peak temperature (Tp), which is when the 

decomposition occurs most rapidly can be determined. The first onset temperature (To1) occurred at 241 oC, 

285 oC and 337 oC, for pDMAEMA, p(DMAEMA89-co-MAED11) and p(DMAEMA70-co-MAED30) 

respectively; and the second onset temperature (To2) occurred at 350 oC, 380 oC and 408 oC for pDMAEMA, 

p(DMAEMA 89-co-MAED11) and p(DMAEMA70-co-MAED30), respectively. It is suspected that the first 

decomposition state is the loss of the side chains since the volatilization of pure lauric acid occurs around 

150-250 oC32, while the second thermal decomposition is suspected to be related to the degradation of the 

Figure 3.18. The thermogravimetric analysis of pDMAEMA (blue curve), p(DMAEMA89-co-MAED11) 

(red curve) and p(DMAEMA70-co-MAED30) (green curve). 
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polymer backbone. The copolymer TGA results were compared with the homopolymer pDMAEMA, which 

has a lower onset degradation temperature (To) than p(DMAEMA-co-MAED).  As the amount of bio-based 

content increases from 11 mol% in p(DMAEMA89-co-MAED11) to 30 mol% in p(DMAEMA70-co-

MAED30), the onset degradation temperature increases by 52 oC for the first decomposition and by 28 oC 

for the second decomposition, demonstrating that adding more bio-based monomer increases the thermal 

stability of the copolymer.  

 

 

Glass transition temperature (Tg) 

 The glass transition temperature (Tg) is an important feature of binder polymers since it is a measure 

of physical properties such as hardness. At temperatures below the Tg value, polymers are solid and rigid, 

while above Tg value, polymers are flexible and soft.33 For coatings that contain a dissolved polymer in 

Figure 3.19. The first derivative of the weight loss curve of polymers: pDMAEMA (blue curve), 

p(DMAEMA 89-co-MAED11) (red curve) and p(DMAEMA70-co-MAED30) (green curve), highlighting the 

peak of the first derivative (Tp) (indicates point of greatest change in weight loss). 
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solution, the Tg of the polymer should be high enough to provide a hard protective coating once it is dried. 

Meanwhile, for water-based dispersion coatings, the Tg of the polymer is directly related to the minimum 

film-formation temperature (MFFT).30 The MFFT is defined as the lowest temperature at which a polymer 

latex will coalesce on a substrate. In this case, a high Tg is required to provide a hard and protective coating, 

but a low Tg is required to ensure proper film formation at ambient temperature. This is one of the greatest 

challenges of water-based coating formulations and is known as the film formation dilemma.34 Common 

approaches to overcome this problem have included synthesizing low Tg binder polymers that will crosslink 

upon drying35 or adding temporary plasticizers36,37 during film formation to improve the mechanical 

properties of the coating. The Tgôs of the homopolymer pMAED and copolymers p(DMAEMA -co-MAED) 

were obtained using differential scanning calorimetry (DSC) (see DSC thermograms in Appendix A, Figure 

A.27-A.29). The Tg of pDMAEMA is known from the literature to be around 15.3 oC38 and the Tg of 

pMAED was determined to be -48.0 oC. The Tgôs of the copolymers with higher content of MAED are 

expected to be lower due to the higher content of long alkyl chain, increasing the mobility of the polymer 

chains (Table 3.5). Unexpectedly, the Tg values for p(DMAEMA89-co-MAED11) and p(DMAEMA70-co-

MAED30) were nearly identical, with values of -3.3 and -3.4 oC, respectively. The Fox equation was used 

to estimate the copolymer Tgôs and compare with the experimental values.  

The Fox equation: 

ȟ
 = 

ȟ
 + 

ȟ
  ( Equation 3.6) 

 

Where Tg,C is the glass transition temperature of the copolymer containing weight fractions of WA and WB 

of the monomer units A and B, for which the homopolymers have glass transition temperatures TgA and 

TgB, respectively.  

 The theoretical Tgôs were found to be -1.0 oC and -18.0 oC for p(DMAEMA89-co-MAED11) and 

p(DMAEMA 70-co-MAED30), respectively. The discrepancy between theoretical and experimental results 
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could be due to several factors. First, the DSC experiment was run with a minimum temperature of -80 oC. 

However, the instrument was unable to cool the samples enough to provide a good base line on the lower 

side of the glass transition. This was more apparent with pMAED and p(DMAEMA70-co-MAED30) (see 

Appendix A, Figure A.37-A.29.). Second, the Tg values were estimated automatically by the DSC software 

(Universal V4.3A TA instrument). Manual treatment of the data could provide more accurate results and is 

recommended for future work.   

  Table 3.5. Thermal properties (determined by TGA and DSC) of polymers   

  

Polymer 

To (oC) Tp (oC) To (oC) Tp (oC) Tg Experimental Tg Theoretical   

  1st stage 1st stage 2nd stage 2nd stage (oC) (oC)   

                

  pDMAEMA 241 317 350 421 15.3 -   

  

p(DMAEMA 89-co-

MAED11) 
285 333 380 445 -3.3 -1.0 

  

  

p(DMAEMA 70-co-

MAED30) 
337 376 408 484 -3.4 -18.0 

  
                  

 

3.4.3.3 Adhesion 

 The adhesion between polymer and substrates (glass and aluminium) was tested by the standard X-

cut tape test (ASTM D3359). This test measures the adhesive strength by testing the resistance of the 

polymer film to its mechanical removal from the substrate. The standard test ASTM D3359 describes two 

test methods: method A (X-cut) and method B (crosscut). Both tests are performed by making an incision 

into the coating with a sharp knife in a specific pattern (X pattern for method A and cross-cut lattice pattern 

for method B). A pressure sensitive tape is then applied to the coating and rapidly removed from the surface 

at an angle of 180o. The results are expressed as a rating corresponding to the damage observed to the coated 

substrate. In this study, method A was used on glass and aluminium substrate. The legend for the X-cut 

tape test is shown in Appendix A, Figure A.30. The adhesion properties were tested for several polymer 

solutions. As shown in Table 3.7, the concentration of polymer in solution varies depending on the type of 
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polymer and solvent used. Adjusting the wt% of polymeric material in solution was done to achieve the 

desired viscosity. The viscosity of a polymer solution is a crucial property that needs to be customized for 

the polymer solution to perform well as an adhesive.  A low viscosity is preferred as it promotes the wetting 

and complete coverage of the surface to prevent any voids.39 The viscosities of the polymer solutions used 

in this study were between 150-200 cps as discussed in Section 3.4.3. In the paint industry, the optimum 

viscosity is around 100 cps, which provides a paint that can be sprayed, brushed, or rolled onto a substrate. 

It was therefore crucial to keep the viscosity of the different polymer solutions within a specific range for 

comparative analysis and adequate performance.       

 The X-cut tape test revealed that the coating has excellent adhesion properties scoring 5A (no 

peeling or removal) on glass and aluminium substrate for both pDMAEMA and p(DMAEMA89-co-

MAED11). The homopolymer pMAED scored 3A on glass and 0A on aluminium. Table 3.6 summarize the 

different polymer solutions and their adhesion rating. 

  Table 3.6. The summary of the polymerôs solution and their adhesion rating   

  Polymer Polymer 

loading (wt%) 

Mn (kDa) Viscosity (cp) Adhesion rating*   

        Glass Aluminum    

  

p(DMAEMA 89-co-

MAED11)a 
13 23 162.7 5A 5A 

  

  p(DMAEMA)a 30 43 163.2 5A 5A   

  pMAEDb 25 28 178.6 3A 0A   

  
a 

polymer in carbonated water             

  
b 

polymer in toluene             

  
*  In accordance with standard test ASTM D3359           
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 The adhesion failure of the homopolymer pMAED occurred in two different modes: cohesive and 

adhesive failure. Figure 3.20 illustrates both type of failures obtained during the X-cut tape test. The 

cohesive failure occurs within the polymer layer, leaving the coating on both the substrate as well as the 

tape. A cohesive failure indicates that the polymer forms a stronger bond with the substrate than within 

itself. Adhesive failure occurs when the polymer coating fails at the substrate; completely transferring the 

polymer from the substrate onto the tape.  

 The homopolymer pDMAEMA contains reactive polar groups such as carbonyls and amines. These 

polar groups appear to increase the wettability of the polymer and consequently their adhesion to metal and 

glass. The homopolymer pMAED also contains carbonyl groups, however, the presence of the long 

hydrophobic tail decreases its ability to interact with a polar substrate and form cohesive bonds. Both 

pDMAEMA and p(DMAEMA 89-co-MAED11) performed similarly on the X-cut tape test, suggesting that 

adding 11 mol% of MAED to DMAEMA did not change the adhesion strength of the copolymer. The 

MAED monomer provides improvement in several mechanical properties including heat stability, organic 

solvent resistance, hydrophobicity and gloss/shine (discussed in the next sections). However, it failed to 

Figure 3.20. Illustration of the adhesion mode of failure of pMAED on aluminum substrate.  
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promote adhesion mainly due to the presence of the hydrophobic alkyl chain. A polar polymer provides 

better adhesive properties, even though the mechanical properties may be less desirable. 

3.4.3.4 Coating Appearance 

 This section will explore the appearance of the pure (unadulterated) coatings. It is important to note 

that unlike a final industrial coating formulation, these basic coatings do not contain any additives. The 

observations made in this section are therefore about coatings prepared using the crude, basic copolymer 

solutions. To observe the appearance of p(DMAEMA-co-MAED) as a coating, a glass microscopic slide 

(50 ɛm thick) was coated with the copolymer solution using a paint brush (Bennet artist round brushes # 

049-0798-8). Microscopic images reveal that large bubbles appear immediately after the polymer solution 

is applied to the glass slide (Figure 3.21-A).  

 

 

 This is likely caused by the evaporation of CO2(g) as the coating dries in open air. This effect is less 

pronounced when the coating is applied on porous substrate such as paper. Upon drying, some 

imperfections remain visible as the presence of small bumps (Figure 3.21-B). Methods that might improve 

the performance of carbonated water-based formulations will be discussed in Chapter 6.  

Figure 3.21. Solution of 13 wt% p(DMAEMA89-co-MAED11) in carbonated water coated on microscopic 

glass slide (50 um thick) A) immediately after coating B) after drying for 24 h in open air. 
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3.4.3.5 Resistance to Organic Solvents 

 

Solvent Rub Test ASTM D4752 ï paper substrate 

 The resistance of the coatings was evaluated by solvent rub test ASTM D4752. Typically, this test 

is performed using methyl ethyl ketone (MEK) as the solvent, but in this study, THF, toluene and 

isopropanol were used instead. Polymer solutions of A) 13 wt% p(DMAEMA89-co-MAED11) in carbonated 

water, B) 30 wt% pDMAEMA in carbonated water and C) 20 wt% of pMAED in toluene were coated on 

paper (Staples FSC-certified 92 % bright acid-free). To make the coating more visible, a drop of 

triarylmethane dye (Brilliant Blue FCF) was added to the polymer solutions. Table 3.7 summarizes the 

polymer solutions used for the solvent rub test ASTM D4752.  

 

            

  Table 3.7. Polymer solutions used for solvent rub test ASTM D4752.     

  
Polymer 

Wt% of polymer 

in solution 
M n (kDa) Viscosity (cp) 

  

  A) pDMAEMA  30a 23 163   

  B) pMAED 20b 43 178   

  C) p(DMAEMA 89-co-MAED11) 13a 65 162   

  
a
In carbonated water         

  
b
In toluene         

            
 

 The coating was rubbed with a Kimwipe saturated with the appropriate organic solvent (THF, 

toluene, isopropanol). As displayed in Figure 3.22-A, the coating containing only pDMAEMA was more 

easily wetted by the organic solvents and resulted in ñbleedingò of the coating. Wetting spots and rubbing 

holes on the substrate became visible. The pMAED coating showed resistance to the organic solvents 

(Figure 3.22-B).  The paper coated with pMAED was shiny and glossy. The test revealed that the coating 

containing 11% of MAED also showed resistance to the rub test for all organic solvents tested, however, 

the glossy appearance was lost compared to pMAED (Figure 3.22-C).  
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3.4.3.6 Resistance to Aqueous Solvent 

 

Resistance to aqueous solvent test: ASTM D870 

 When waterborne systems are used for coatings and adhesives, water resistance is a prominent 

consideration in the coating industry. When a solution of p(DMAEMA89-co-MAED11) dissolved in 

carbonated water is applied to a substrate, the CO2(g) should evaporate as the coating dries, leaving a neutral 

copolymer behind. Ideally, this dried coating should be resistant to water. The resistance to aqueous solvent 

was tested by standard immersion test ASTMD 870. Substrates (metal and glass) were coated with the 

appropriate solution of polymer using a paint brush (Bennet artist round brushes # 049-0798-8), dried and 

cured for 24 h at room temperature. The coated substrates were then submerged in deionized water at            

24 oC for 5 h.  As shown in Figure 3.23, the homopolymer pMAED, being insoluble in water, was successful 

in the immersion test; it remained firmly attached to the substrate. However, both pDMAEMA and 

Figure 3.22. Solvent Rub Test using THF, toluene and isopropanol solvents on paper coated with A) 30 wt% 

of pDMAEMA in carbonated water, B) 20 wt% pMAED in toluene. C) 13 wt% p(DMAEMA-co-MAED) in 

carbonated water. 
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p(DMAEMA 89-co-MAED11) detached from the substrate when submerged in water. The addition of             

11 mol % of MAED was not enough to render the copolymer resistant to water.   

3.4.3.7 Hydrophobicity  

 The hydrophobicity is an important property for binder polymers. A hydrophobic coating (contact 

angle Ó 90Ǔ) acts as a water repellant that resist wetting. The hydrophobicity of the different polymer 

solutions was tested by water contact angle (WCA) on three substrates: aluminum sheets, glass slides, and 

paper. The substrates were coated with the appropriate polymer solution with a paint brush (Bennet artist 

round brushes # 049-0798-8). The coated substrates were allowed to air dry at room temperature for 24 h. 

Once the coating was dried, the water contact angles of a 50 ʈl water droplet on the polymer-coated 

substrates were measured to analyze the effect of adding MAED to the hydrophobicity of the various 

coatings. All experiments were performed at ambient temperature. Figure 3.24 shows some of the images 

obtained during the water contact angle measurements.  

 

Figure 3.23. Images from the immersion test ASTMD 870. The coated A) glass substrates, B) aluminum 

substrates are submerged in water below the dashed line. The substrates are coated with three type of 

polymer solutions: pDMAEMA, pMAED and p(DMAEMA89-co-MAED11). Only pMAED remained 

attached to the substrates after the immersion test.  
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 Three trials of ten replicates (3 X 10) each were done for each coated substrate recording both the 

right and left angle. Table 3.9 shows the average contact angle for all the trials. The data are plotted in 

Figure 3.25. All data were presented as mean ± S.E.M. One-way ANOVA test was used to analyze the 

differences across the different trials. The mean values within the three trials were significantly different 

for pDMAEMA on aluminum substrate (F =8.7, Fcrit = 3.3), p(DMAEMA89-co-MAED11) on glass substrate 

(F =12.2, Fcrit = 3.35) and pMAED on paper substrate (F = 5.07, Fcrit = 3.3). The ANOVA test data are 

presented in the Appendix A, Figure A.31-A.39. 

 

 

Figure 3.24. The water contact angle (WCA) test on three substrates: aluminum, paper, and glass, coated 

with A) pDMAEMA, B) p(DMAEMA 89co-MAED11) and C) pMAED 
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Table 3.8. Summary of water contact angles of three different polymer solutions on aluminum, glass, and 

paper substrate.   

  
Polymer 

Wt% of 

polymer in 

solution 

Viscosity (cp) 
Contact angle (deg)   

  Aluminum  Glass Paper Paper (corrected)   

  pDMAEMA  30a 160 51 ± 9 50 ± 10 48 ± 7 61 ± 7   

  
p(DMAEMA89-co-

MAED11)  
13a 160 62 ± 10 60 ± 11 61 ± 9 82 ± 10   

  pMAED 26b 145 79 ± 10 87 ± 15 98 ± 10 N/A   

  
a
In carbonated water               

  
b
In toluene               
 

 

 

 As expected, pDMAEMA is a hydrophilic coating with a WCA of 51 o, 50 o and 48 o on aluminum, 

glass, and paper substrate, respectively. The copolymer p(DMAEMA89-co-MAED11) has a higher contact 

angle compared to pDMAEMA for all substrates. The increased hydrophobicity of the copolymer is due to 

the higher content of bio-based monomers containing long-chain alkyl groups. However, adding 11 mol% 

Figure 3.25. Water contact angle measurements on coated aluminum, glass and paper. The error bars 

represent the SDs of measurements.  
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of MAED did not satisfy the criterion for being hydrophobic (WCA > 90 o). The pMAED coating on paper 

is the only polymer coating that satisfied the hydrophobic criterion due to its WCA of 98 o.  

The roughness of the paper substrate should increase the contact angles, which could be confirmed with 

these observations as the paper coated with pMAED resulted in a higher contact angle than the aluminum 

and glass substrates. However, the contact angle for pDMAEMA and p(DMAEMA89-co-MAED11) was 

lower on paper substrate than on aluminum and glass substrates. This was due to the porous structure of 

cellulose paper that can be easily wetted by hydrophilic solutions. The paper coated with the hydrophilic 

polymer solution pDMAEMA and p(DMAEMA89-co-MAED11) was rapidly wetted by the water drop 

(Figure 3.26).  

 

 

 

 

Figure 3.26. Illustrations of WCA test on paper substrate. Wetting of the paper occurs with substrates coated 

with pDMAEMA (top sample) and p(DMAEMA89-co-MAED11) (middle sample). pMAED (bottom sample) is 

a hydrophobic coating; no wetting is observed. 
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 To obtain accurate data prior to the wetting of the paper, the value at time zero was extrapolated 

from the plot of WCA vs time for p(DMAEMA) and p(DMAEMA 89-co-MAED11) on paper as shown in 

Figure 3.27. The contact angles obtained from this calculation are presented in Table 3.9 as paper 

(corrected) angles.  

 

 

 

3.5 Conclusions 

 This was the first report of the synthesis and characterization of CO2-responsive bio-based 

copolymers. A central property of the CO2-responsive bio-based copolymers is the ability to fully dissolve 

in carbonated water, while reverting to an insoluble form when CO2 is removed. In this study, the 

copolymerization of two monomers was investigated: the first monomer was bio-based (MAED), and the 

second monomers was CO2-responsive (DMAEMA) . In industry, polymer binders and resins are often 

copolymerized from various monomers to make a product that has certain unique physical properties. Each 

monomer being responsible for the development of specific properties within the final copolymer. This 

research demonstrated that p(DMAEMA-co-MAED) with a mole ratio of 89:11 (DMAEMA: MAED) was 

Figure 3.27. The plot of contact angle as a function of time for the WCA test on paper substrates coated 

with A) pDMAEMA, B) p(DMAEMA 89-co-MAED11). 
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able to completely dissolve in carbonated water and became insoluble in water when CO2 was removed. 

When compared to the homopolymer pDMAEMA, the addition of MAED increased the thermal stability 

and hydrophobicity of the copolymer. However, incorporation of 11 mol% (20 wt%) of bio-based content 

to pDMAEMA did not increase the water resistance of the final copolymer, nor does it make a copolymer 

that is completely bio-based. The crosslinking approach could be a viable tactic to enhance the water-

resistance of the material, which will be discussed in further details in Chapter 6. These new bio-based CO2-

responsive copolymers could find applications in several products including, but not limited to, inks, 

adhesives, and paints.  
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Chapter 4 

 CO2-responsive Bio-based Homopolymers Derived from Oleic Acid 

 

4.1 Abstract  

Natural fatty acids have proven to be a promising option as a renewable bio-based alternative to 

petroleum-based polymers. This research highlights the synthesis of homopolymers derived from naturally 

occurring unsaturated fatty acids (oleic acid). In addition to the high content of bio-based materials, the 

polymers are designed to be responsive to CO2. Stimuli-responsive polymers that exhibit reversible changes 

in their chemical/physical properties when exposed to a trigger are useful in many applications. This chapter 

explores the synthesis of the bio-based CO2-responsive homopolymer poly(-(methacryloyloxy)ethyl-9-

(diethylamino)-10-octadecanoate) (pDEAMAEO). The methacrylate moiety was first added to oleic acid via 

Steglich esterification to generate bio-based monomers. Using free radical polymerization, an oleic acid-

based homopolymer was synthesized. The tertiary amine groups (CO2-responsive moiety) were added post-

polymerization by first converting the internal unsaturated bond to an epoxide, followed by ring opening 
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using diethylamine. The newly synthesized bio-based CO2-responsive homopolymer could find use in 

coatings, adhesives, and latex applications.  

4.2 Introduction 

This chapter represents a preliminary assessment of strategy 2 (see Chapter 1, Section 1.3) used to 

synthesize amine-functionalized fatty acid homopolymers for the purpose of creating CO2-responsive 

materials. Tertiary amine methacrylate monomers are commonly used in the literature to synthesize CO2-

responsive polymers.1,2 Tertiary amines are suitable functional groups since they can react selectively with 

CO2 in the presence of water causing a drastic change in the charge and hydrophilicity of the polymer. 

Common examples of stimuli-responsive homopolymers are poly(2-(Dimethylamino)ethyl methacrylate) 

(pDMAEMA), poly(2-(Diethylamino)ethyl methacrylate) (pDEAEMA), poly((diisopropylamino)ethyl 

methacrylate) (pDPAEMA) and poly((N-morpholino)ethyl methacrylate) (pMEMA) (the monomer for 

which are shown in Figure 4.1) which exhibit changes in their chemical/physical properties due to the 

protonation/deprotonation of the amines.3   

 

In addition to containing a tertiary amine, the polymers synthesized in this research project must 

also be produced from natural fatty acids. Plant oils are an important class of organic compounds because 

Figure 4.1. The structure of common monomers used to synthesize stimuli-responsive homopolymer. 
Adapted from Hu et al.3  
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they are renewable, biodegradable and generally inexpensive.4 In Chapter 3, lauric acid (C:12) was used to 

synthesize bio-based polymers. In the subsequent chapters, including this one, oleic acid (C:18) was used 

as the bio-based starting reagent since it provides an unsaturated bond (C=C) that allows for further 

functionalization. Oleic acid has been used industrially in a multitude of applications such as lubricants4, 

synthetic rubbers5, surfactants6, adhesives7 and protective coatings.8 The inclusion of long chain fatty acid 

groups in binder polymers has been shown in the literature to improve the flexibility, hydrophobicity and 

strength of coatings.9 Studies have also shown that oleic acid-derived binder polymers can also provide 

protection against hydrolysis.10 The long hydrophobic fatty acid chains provide a protective environment 

for the ester groups against hydrolysis by providing steric hindrance.10 Stability against hydrolysis is a 

desirable feature in binders that contain ester groups since the materials in this research project are intended 

to be used as waterborne coatings. Additionally, fatty acid derived polymers are typically transparent, which 

can be useful in applications that require a clear coating.9   

With strategy 2, a tertiary amine (CO2-responsive moiety) is incorporated directly into the bio-

based homopolymer derived from oleic acid. The amine is added by chemical modifications of the 

unsaturated C=C bond of oleic acid. It was theorized that the hydrophobic environment surrounding the 

amine embedded in the polymer may interfere with its protonation when placed in carbonated water. For 

this reason, we choose functionalization by epoxidation to provide a hydroxyl (OH) functional group near 

the tertiary amine. Theoretically, the hydroxyl groups could provide a slightly more hydrophilic 

environment surrounding the basic amine aiding in the protonation of the nitrogen. As discovered in Chapter 

3, the presence of hydroxyl (OH) and ester (-OR-C=O) groups in the monomers is undesirable as it may 

lead to crosslinking during polymerization. To avoid possible crosslink formation, the functionalization of 

the fatty acid was conducted post-polymerization. Figure 4.2 illustrates the synthetic pathway used to 

synthesize a tertiary amine-containing homopolymer derived from oleic acid.  

A single basic amine per side chain (1 N: 18 C) might not be enough to render the homopolymer 

water soluble in carbonated water. However, a polymer dispersion in water could be potentially achieved. 
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A polymer dispersion consists of polymeric particles suspended in water. Water-based dispersion coatings, 

such as latex paints, are commonly used in industry. Fatty acids-derived monomers has been used 

extensively in the literature to synthesize latex binders.11ï14  Incorporation of a long alkyl chain ( Ó C12) 

have generated latex binders with better chemical resistance, low flammability and high modulus.15  In latex 

paints, the binder polymers are dispersed as colloids in an aqueous phase (see Chapter 2, Section 2.4.2). In 

this scenario, the polymer dispersion in water is expected to be stable in the presence of CO2 and result in 

coagulation and precipitation upon the removal of CO2.  

 

4.3 Experimental Methods and Materials 

4.3.1 Materials 

Materials used in this study included the following: oleic acid (MilliporeSigma, technical grade, 

90%), 4-dimethylaminopyridine (DMAP, Alfa Aesar, Ó 99%),  N,Nô-dicyclohexylcarbodiimide (DCC, 

Figure 4.2. The synthetic routes to homopolymer pDEAMAEO from oleic acid. The final polymer product is 

expected to produce a 50:50 mixture of isomers. 
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Fluka, Ó 99%), 2-hydroxyethyl methacrylate (HEMA, MilliporeSigma, Ó 99%), dichloromethane (DCM, 

Fisher, Ó 99.5%), hydrochloric acid (Fisher, Certified ACS Plus, 38.0%), sodium hydroxide (NaOH flakes, 

Alfa Aesar, 98%), silica (Silica flash, Silicycle, P60, 40-63 ɛm, 60 Å), benzoyl peroxide (BPO, MilliporeSigma, 

Luperox, 98.9%), toluene (Fisher, 99.5%), methanol (Sigma, Ó 99.8%), p-toluenesulfonic acid (Alfa Aesar, 

98%), formic acid (Alfa Aesar, 96+%), hydrogen peroxide (H2O2, (MilliporeSigma, 30 wt% in H2O), 

diethylamine (MilliporeSigma, Ó 99.5%), ZnCl2  (MilliporeSigma, Ó 99.9%), NaHCO3  (Alfa Aesar, 99.5%). 

Reagents were obtained from MilliporeSigma, Fisher and Alfa Aesar and used as received. 

4.3.2 Characterization Methods 

 The 1H NMR spectra were recorded at room temperature on a Bruker AV-400 nuclear magnetic 

resonance (NMR) spectrometer at 400.30 MHz. The measurements were carried out with an acquisition 

time of 3.95 s, 16 scans and a spectral window of 20.67 ppm at 25 oC. Tetramethylsilane was used as the 

internal reference for 1H NMR spectra for samples in deuterated chloroform (CDCl3).  

 Gel permeation chromatography (GPC) measurements were performed on a Waters GPC.  The 

system consists of a Waters 2690 Separation Module with Waters Styragel 4.6 mm x 300 mm columns (HR 

0.5, HR 1, HR 3, and HR 4) kept at 40 °C coupled with a Waters 2414 differential refractive index detector 

(930 nm) operating at 35°C. THF was used as the eluent with a flow rate of 0.3 mL/min and an injection 

volume of 30 ɛL. The number- and weight-average molecular weights (Mn and Mw) and dispersity (ņ) data 

are reported as poly(methyl methacrylate) (PMMA) and polystyrene (PS) equivalent. PS conventional 

calibration was established using Waters ACQUITY APC PS high MW calibration kit (Mw 266 ï 1760000 

Da). The calibration curve uses only the part of the kit that is within the exclusion limit of the column set 

(below 600000 Da). PMMA conventional calibration was established using Agilent PMMA EasyVials 

calibration kit (Mw 650 - 2161000). The calibration curve uses only the part of the kit that is within the 

exclusion limit of the column set (below 600000 Da).       

 Fourier transform infrared (FTIR) spectra were collected on a Bruker Alpha FTIR base 

spectrometer using a diffuse reflectance (DRIFTS) accessory. For DRIFTS analysis, the sample was 
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prepared as follows; the rigid polymer was grounded into a fine powder (less than 10 microns) and mixed 

with potassium bromide (KBr) powder. The sample was then placed in a 7 mm pellet die assembly and 

pressed using a handheld laboratory hydraulic press with a force of 2.5 short tons.   

 Differential scanning calorimetry (DSC) was performed using a TA instrument Q100 DSC to 

determine the glass transition temperatures (Tg). Prior to DSC testing, the polymers were heated and dried 

under vacuum oven at 60 oC. DSC samples were equilibrated at -80 oC under nitrogen flow at 50 ml/min. 

Three DSC cycles were performed starting at -80 oC and heating to 120 oC: 1) ramp at 10 °C/min to                    

120 °C, isothermal for 3 min, 2) ramp at 10 °C/min to -80 °C, isothermal for 3 min, 3) ramp at 10 °C/min 

to 120 °C. 

4.3.3 Synthesis of Homopolymer pDEAMAEO  

4.3.3.1 Step 1- Synthesis of Monomer MAEO  

 Monomer 2-(methacryloyloxy)ethyl oleate (MAEO, 1H NMR spectrum in Appendix B, Figure 

B.1)) was synthesized by Steglich esterification as shown in Scheme 4.1. Oleic acid (10 g, 0.035 moles), 

DMAP (0.427 g, 0.0035 moles) and HEMA (4.61 g, 0.035 moles) were dissolved in 500 ml of DCM in a 

two necked flask with a stir bar and nitrogen inlet. The reagents were mixed at room temperature (22 oC) 

under an inert atmosphere until fully dissolved in DCM. In a separate beaker, DCC (8.66 g, 0.042 moles) 

was dissolved in a minimum amount of DCM (40 ml). The DCC solution was then added dropwise to the 

reaction mixture. The reaction was allowed to mix at room temperature for 24 h. The reaction mixture was 

then filtered to remove the by-product dicyclohexylurea (white solid residue). The organic layer was 

washed with 2 x 20 ml of 1 M HCl aqueous solution, 2 x 20 ml DI water and 2 x 20 ml of 10 wt% NaOH 

aqueous solution. The organic phase was dried over Na2SO4 and then concentrated in a rotary evaporator 

to a transparent oil. The crude oil was then purified by column chromatography using silica gel as the 

stationary phase and DCM as the eluent. The solvents were evaporated under reduced pressure to afford 

the pure product (55 % yield). 1H NMR, 400 MHz, 25 °C, CDCl3 (ŭ = ppm): 0.8 ppm (3H, t, 6.6 Hz,); 1.20 

ppm (20H, m); 1.5 ppm (2H, m); 1.85 ppm (3H, s); 1.9 ppm (4H, m); 2.26 ppm (2H, t, 5.9 Hz); 4.23 ppm 
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(4H, m); 5.5 ppm (1H, s); 5.25 ppm (2H, m); 6.1 (1H, s). The assignment of peaks in the 1H NMR spectrum 

agrees with previous results reported in the literature for oleic acid methacrylate.16 

 

 

 

 

 

 

 

4.3.3.2 Step 2 ï Synthesis of Homopolymer pMAEO 

 The homopolymer poly(2-(methacryloyloxy)ethyl oleate) (pMAEO, 1H NMR spectrum in Appendix 

B, Figure B.2) was performed by free radical polymerization techniques using benzoyl peroxide (BPO) as 

the initiator (Scheme 4.2). The monomer MAEO (127 mmol, 50 g) was dissolved in toluene (135 mL) and 

placed in a Schlenk tube equipped with a stir bar. The solution was flushed with N2 gas for 10 min. The 

initiator BPO (0.25 mmol, 0.61 g) was then dissolved in a minimum amount of toluene and added to the 

Schlenk tube. The solution was purged with N2 gas for an additional 10 min. The Schlenk tube was placed 

in a pre-heated oil bath at 90 °C and stirred at this temperature for 12 h. The reaction mixture was cooled 

at room temperature. The polymerization mixture was then added dropwise to cold methanol to precipitate 

the polymer. After separation by gravity filtration, the polymer was then washed three times with cold 

methanol. The polymer was dried in a vacuum oven for 5 h at 80 °C. 1H NMR, 400 MHz, 25 °C, CDCl3 (ŭ = 

ppm): 0.8 ppm (3H, m,); 0.9 ppm (3H, m); 1.2 ppm (20H, m); 1.5 ppm (4H, m); 1.9 ppm (4H, m); 2.26 ppm 

(2H, m); 4.0 ppm (2H, m); 4.2 (2H, m); 5.2 ppm (2H, m).  The 1H NMR spectrum of pMAEO is in good 

agreement with literature values.16 

Scheme 4.1 The synthetic route to 2-(methacryloyloxy)ethyl oleate (MAEO) via Steglich esterification. 
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4.3.3.3 Step 3 - Synthesis of Epoxidized pMAEO 

 The homopolymer pMAEO (20.5 mmol, 8.13 g), formic acid solution (60 wt% in H2O, 20.5 mmol, 

1.57 g), p-toluenesulfonic acid (p-TsOH, 0.68 mmol, 0.12 g) and toluene (50 mL) were placed into a           

250 mL round bottom flask equipped with a magnetic stirrer and reflux condenser. The reaction mixture 

was stirred and heated to 50 °C. A hydrogen peroxide solution (H2O2, 30 wt% in H2O, 24 mmol, 2.72 g) 

was added dropwise to the reaction mixture. After complete addition of hydrogen peroxide, the reaction 

mixture was slowly heated up to 65 °C and was stirred at this temperature for 9 h. The reaction mixture was 

cooled down to room temperature. The polymerization mixture was then added dropwise to cold methanol 

to precipitate the epoxidized polymer. After separation by gravity filtration, the polymer was then washed 

repeatedly with cold methanol. The product was dried in a vacuum oven at 60 oC for 24 h. 1H NMR,             

400 MHz, 25 °C, CDCl3 (ŭ = ppm): 0.8 ppm (3H, m,); 0.9 ppm (3H, m); 1.2 ppm (24H, m); 1.4-1.5 ppm 

(4H, m); 2.2 ppm (2H, m); 2.8 ppm (2H, m); 4.2 (2H, m); 4.1 ppm (2H, m).  Similar NMR assignments 

were previously reported in the literature.16 The 1H NMR spectrum of epoxidized pMAEO is presented in 

Appendix B, Figure B.3. A glass transition temperature (Tg) of ~ -46 oC was determined by differential 

scanning calorimetry (Appendix B, Figure B.4).  

Scheme 4.2. The synthetic route to homopolymer poly(2-(methacryloyloxy)ethyl oleate) (pMAEO) via free 

radical polymerization. 
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4.3.3.4 Step 4 - Synthesis of pDEAMAEO  

 The CO2-responsive polymer poly(2-(methacryloyloxy)ethyl-9-(diethylamino)-10-octadecanoate) 

(pDEAMAEO) was prepared using three different synthetic methods as shown in Table 4.1. The general 

synthetic procedure was as follows: epoxidized pMAEO (100 % epoxidized, 821.23 g/mol) was dissolved 

in a solvent in a two-neck round-bottom flask equipped with a reflux condenser. The solution was purged 

with N2 gas for 15 min. Diethylamine and ZnCl2 were added to the flask and the reaction mixture was stirred 

at the target temperature for 12 h. After the reaction was completed, deionized water (DI) was added to the 

reaction mixture causing the product to precipitate. The resulting precipitate was isolated from the reaction 

mixture by vacuum filtration. To remove the catalyst ZnCl2 and the unreacted amine, successive washes 

using 2 X 50 ml of aqueous acidic solution (HCl, pH 4), 2 X 50 ml of saturated NaHCO3 solution,                       

2 X 50 ml of 1.0 M NaOH solution, and finally 3 X 50 ml of deionized water were used. The purified 

product was then placed in a vacuum oven overnight at 85 oC. The conversion of epoxidized pMAEO to 

pDEAMAEO was only partially successful. Section 4.4 explores the attempted synthetic methods 1-3 used 

to synthesize pDEAMAEO. In response to this, the analysis generates explanations, hypotheses, and 

guidance on how this synthetic step could be improved and achieved. pDEAMAEO (~63 % conversion ï 

Scheme 4.3. The synthetic route to epoxidized pMAEO (Epox.pMAEO). 

 

 

.  
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method 3): 1H NMR, 400 MHz, 25 °C, CDCl3 (ŭ = ppm): 0.8 (6H, t, 6.5 Hz,); 0.9 ppm (6H, t,7.1 Hz); 1.1-

1.3 ppm (24H, m); 1.3-1.6 ppm (4H, m); 2.2 ppm (2H, m); 2.4 ppm (1H, m); 2.6 (1H, m); 2.8 ppm (6H, m), 

4.0 (2H, m); 4.2 (2H, m).  IR (KBr): 3000-3500 (OïH), 2900-3000 (-CH3, -CH2) 1737 (C=O), 1170 (C-O). 

The FTIR spectrum is presented in Appendix B Figure B.6. 

 

 

 

 

 

 

 

 

 

 

a Reagents were heated/refluxed for 12 h using 1 mol of ZnCl2 (relative to moles of polymer epox. pMAEO) 

 

 

              

  Table 4.1 The experimental conditions for the synthesis of pDEAMAEOa   

  
Method 

Mole ratio 
Temperature (oC) Solvent 

  

  Epox. pMAEO Diethylamine   

  1 1 5 120 Bulk   

  2 1 5 55 Acetonitrile   

  3 1 10 80 (1 h) 65 (11 h) Toluene   

              

Scheme 4.5 The synthetic route of poly(2-(methacryloyloxy)ethyl-9-(diethylamino)-10-octadecanoate) 

(pDEAMAEO). 
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4.4 Results and Discussion 

  As shown in Table 4.1, pDEAMAEO was prepared using three different synthetic procedures, 

referred to as methods 1, 2 and 3. Each method is discussed below, including the rationale behind the 

experimental conditions and the results obtained. The justification for using ZnCl2 as a catalyst for the 

aminolysis is explained in Chapter 2, Section 2.6.2.  

4.4.1 Method 1: Reaction Performed in Neat at 120 oC  

 Method 1 was inspired by the work of Biswa et al. on the ring opening of epoxidized soybean oil 

using different amines.17 They found that the most successful conditions to promote their experiment was 

to react the epoxidized oil with excess amine without solvent at 90 oC.17 In the case of epoxidized pMAEO, 

in solventless conditions, the lowest temperature possible was 120 oC since the polymer is a solid below 

this temperature.           

 During the reaction, epoxidized pMAEO gradually darkened from a white to a light-brown color 

as it mixed with excess diethylamine at 120 oC. Figure 4.3 shows the appearance of epoxidized pMAEO 

and the final polymer pDEAMAEO obtained from method 1. One possible explanation for the change in 

color is that the amines reacted with oxygen leading to the formation of amine-oxide (N-oxide) 

intermediates. The N-oxide intermediates can rearrange and decompose into a variety of products.18 

Common products from the rearrangement of N-oxide intermediates include azomethine (Figure 4.4-1) by 

expulsion of water and N,N-diethylhydroxylamine (Figure 4.4-2) by hydrogen-migration.18 It is 

recommended for future experiments involving free amines to conduct the reaction under inert conditions 

to avoid oxidation.  
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 The sample of pDEAMAEO obtained from method 1 was stirred in deuterated chloroform (CDCl3) 

overnight and the solution was filtered into an NMR tube for analysis. Some of the brown substance swelled 

in solvent but was not entirely soluble in CDCl3. Presumably, the insoluble portion of the polymer was 

crosslinked, although no NMR spectra were obtained for the insoluble material to acquire further chemical 

information. The 1H NMR spectrum of the soluble portion of the polymer is shown in Figure 4.7. The peak 

representative of the epoxide group at 2.8 ppm is not present in the spectrum. This could be evidence that 

the ring opening reaction went to completion or that the alkyl chain decomposed and/or crosslinked forming 

the insoluble material. The latter scenario is more likely since several peaks expected for pDEAMAEO are 

Figure 4.3. The appearance of epoxidized pMAEO (left) and pDEAMAEO (right). Homopolymer 

pDEAMAEO was synthesized using method 1 (neat, 120 oC). The darkening of the polymer reflects the 

oxidation of the amine.  

Figure 4.4. Formation of N,N-diethylhydroxylamine (1) and N-ethylethanimine (2) from the oxidation 

of secondary amine. Adapted from Slagle et al.18 
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not present in the spectrum, including peaks at 1.5 ppm (CH2-CH2-C=O, H10) and 2.2 ppm (CH2-C=O, 

H8). The 1H NMR spectrum shows five distinctive peaks at 0.7 ppm, 1.2 ppm, 1.3 ppm, 2.2 ppm and 2.9 

ppm. The dominant resonance peaks in the 1H NMR spectrum are between 1.2-1.3 ppm, these could be 

assigned to a long alkyl chain (H2), in agreement with the starting material. The peak at 0.7 ppm is 

consistent with the peak of the methyl groups on the polymer backbone (H11) and side chain (H1). The 

peaks at 2.2 ppm and 2.9 ppm are new emerging peaks not associated with the starting material or product. 

These peaks are suspected to be by-products of the degradation and cleavage of bonds in the side chain. 

 The integration of the NMR peaks was compared to gain additional insight into the structure of the 

polymer product. If the side chains remain intact (no cleavage or thermal degradation), the ratio of the 

integration of peaks H9:{ H1+H11} should be 4:6 (= 0.66). The ratio of peak H9:{H1+H11} from the NMR 

spectrum was found to be 2.4/11.9 (= 0.2), which suggests hydrolysis of the ester bonds. Thermal 

decomposition and hydrolysis would be facilitated in neat at high temperature conditions. From the 1H 

NMR spectrum, although a definitive conclusion cannot be reached, it was apparent that the peaks obtained 

show degradation of the product and possibly crosslinks resulting in some insoluble material.   

 The structure of 2-diethylaminoethanol was used to predict the chemical shift of the amine peaks 

in the 1H NMR spectrum of pDEAMAEO. Based on the 1H NMR spectrum in Figure 4.6, the amine peaks 

should occur around 2.5 ppm (Hc, N-CH2-CH3) and 0.9 ppm (Hd, N-CH2-CH3). There are no such peaks 

and no evidence of either the amine group of the desired product or unreacted diethylamine in the 1H NMR 

spectrum of pDEAMAEO (Figure 4.5). As discussed above, it is speculated that some free amine underwent 

oxidation. The oxidized amine and the unreacted diethylamine would have been removed during the 

aqueous wash.  

 



121 

 

 

 

Figure 4.6 1H NMR spectrum (400 MHz, CDCl3) of 2-diethylaminoethanol. 

 

 

 

Figure 4.5 The 1H NMR spectrum (400 MHz, CDCl3) of pDEAMAEO obtained from method 1. 

0 MHz, CDCl3) of pDEAMAEO from method 1.  
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4.4.2 Method 2: Reaction Performed in Acetonitrile at 55 oC  

 Since the polymer structure was proven to be sensitive to heat, the next two methods were 

conducted at lower temperatures. Consequently, a solvent (toluene or acetonitrile) was used to dissolve the 

epoxidized pMAEO. The dissolved polymer was then treated with reagents (ZnCl2, diethylamine) and heat 

(55 oC). Figure 4.7 shows the 1H NMR spectrum of pDEAMAEO obtained from method 2. Based on the 

results, the experimental conditions were deemed to be too mild to promote the ring opening of the epoxide 

with diethylamine. This was confirmed by the presence of the epoxide peaks at 2.8 ppm and the absence of 

the amine peaks between 2.4-3.0 ppm (H3, H4, H5) and at 0.9 ppm (H6).  

   

 

 The emergence of the peaks at 5.5 ppm and 6.1 ppm are consistent with an alkene functional group. 

The alkenes could have been produced by the nucleophilic ring opening of the epoxide followed by a 

subsequent alcohol elimination step (dehydration). There are two possible nucleophiles available during the 

Figure 4.7 The 1H NMR spectrum (400 MHz, CDCl3) of pDEAMAEO from method 2. 
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experiment: diethylamine (during reflux) and hydroxide ion (during purification). Figure 4.8 shows the 

products formed by the different pathways using both nucleophiles. The epoxide ring opening using 

hydroxyl would produce a dihydroxyl group (1) and the ring opening with the amine would produce a 

diethylamino group (2). The subsequent dehydration of the dihydroxyl group would produce three different 

products 3, 4, and 5 and the dehydration of the diethylamino group would produce products 6 and 7.  

 

 The expected NMR chemical shifts were used to determine which compound formed during the 

reaction. Table 4.2 shows the predicted peaks for compound 3-7. Compounds 6 and 7 would produce a 

single peak in the alkene region (4-6 ppm) and are therefore unlikely based on the NMR peaks in Figure 

4.9. Compound 5 would generate an enol that would rearrange quickly into a more stable keto group. 

Compound 5 would therefore not generate peaks in the 5-6 ppm region and can also be safely eliminated 

as a possible option. The absence of amine peaks in the NMR spectrum (Figure 4.9, H3-H6) suggests that 

the nucleophilic ring opening was not carried out by the amine. Products 6 and 7 are therefore confidently 

Figure 4.8 The product of epoxide ring opening with nucleophilic hydroxide and diethylamine producing 

dihydroxyl (1) and diethylamino group (2). The subsequent elimination reaction would yield products 3-7. 

Ha and Hb are nonequivalent protons.  
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eliminated as viable possibilities. Since the ring opening by diethylamine failed during the reaction, the 

epoxide groups remained available to react with other nucleophiles. Theoretically, the ring opening could 

have occurred during the liquid-liquid extraction using sodium hydroxide (NaOH). After the purification 

steps, the product was dried in a vacuum oven at 85 oC. A dihydroxyl group might have been susceptible 

to elimination when exposed to heat. Compounds 3 and 4 are likely scenarios since they would yield two 

peaks in the 1H NMR spectrum at around 5.7 ppm and 6.0 ppm consistent with the peaks observed in         

Figure 4.9. 

  

 

 

 

 

 

 

4.4.3 Method 3: Reaction Performed at 65-80 oC in Toluene 

 As seen with method 2, the presence of the epoxide and alkene groups is almost certainly due to 

the use of mild conditions, failing to promote the ring opening with diethylamine. To increase the rate of 

reaction, the heat was increased from 55 oC (method 2) to 80 oC for the first hour and 65 oC for the remainder 

of the reaction time. The solvent was also changed from acetonitrile to toluene. Toluene was found to be a 

suitable solvent for epoxidized pMAEO and has a higher boiling point than acetonitrile (acetonitrile              

bp = 82 oC, toluene bp = 110 oC). The 1H NMR spectrum of pDEAMAEO obtained from method 3 is shown 

in Figure 4.9.  

          

  

Table 4.2. The predicted 1H NMR peaks for the products obtained from 

the epoxide ring opening with nucleophilic hydroxide or diethylamine 

followed by dehydration   

  

  Compound Ha Hb   

  3 5.7 ppm 6.0 ppm   

  4 4.2 ppm 5.6 ppm.   

  5 2.3 ppm n/a   

  6 5.5 ppm n/a   

  7 4.2 ppm n/a   
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 The presence of peaks at 2.8 ppm (H5, N-CH2-CH3), 2.4-2.5 ppm (H3 and H4, -CH-OH and -CH-

N) and 0.9 ppm (H6, CH3-CH2-N) suggest that the amine is present in the final polymer. The first important 

consideration was to determine the percent conversion of epoxide into diethylamino groups. The epoxide 

peaks would appear at around 2.7-3 ppm, overlapping with the amine protons H5, making it impractical to 

calculate conversion using the reactant and product integral ratio. To evaluate the number of side chains 

that contained an amine, the integral ratio of the peaks H6:H9 and H6:{H1+H11} were used instead. If 

every side chain contains an amine, the integral ratio of peaks H6:H9 and H6:{H1+H11} should be 6:4 

and 1:1, respectively. The calculated ratio for H6:H9, H6:{H1+H11} were found to be 3.6:4 and 3.6:5.6, 

respectively. The theoretical and experimental integral ratios are summarized in Table 4.3. Based on the 

integral ratio, the average conversion was calculated to be approximately 63 %. Obtaining a higher percent 

conversion might be challenging given the steric hindrance during the chemical modification of polymers. 

Chapter 6 offers several modifications to this synthetic route to improve and achieve a higher percent 

conversion.  

Figure 4.9 The 1H NMR spectrum (400 MHz, CDCl3) of pDEAMAEO from method 3.  
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 The second concern was the potential hydrolysis of the ester groups. The terms ñouterò and ñinnerò 

esters are used to indicate the different ester groups based on their positions relative to the polymer 

backbone, as shown in Figure 4.12. 

 

 

 The hydrolysis of the outer ester groups would generate a polymer consistent with the structure of 

poly(2-hydroxyethyl methacrylate) (pHEMA), as the long alkyl chain of the polymer would be lost. The 

labelled 1H NMR spectrum of pHEMA is shown in Figure 4.13.19 According to the literature, the proton 

peak CH2-OH (d) has a chemical shift at around 3.5 ppm in DMSO-d6 (Figure 4.11).19 Most values are 

reported in DMSO-d6 since it is the preferred solvent for pHEMA. Hou et al. also synthesized pHEMA via 

atom transfer radical polymerization and found that the methylene peaks of O-CH2-CH2-OH (Figure 4.13- 

c and d) appear between 3.86-4.23 ppm in CDCl3.20 In the 1H NMR spectrum of pDEAMAEO (Figure 

            

  
Table 4.3 The calculated percent conversion of epoxidized pMAEO into pDEAMAEO  

    

  Signals ratio  
Theoretical integral ratio 

(based on 100 % conversion) 
Experimental integral ratio  % Conversion   

  H6:H9  1.5 0.9 60   

  H6: {H1:H11} 1 0.65 65   
            

Figure 4.10. The outer and inner ester groups present in pDEAMAEO. 
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4.11), there are no triplets below 4 ppm that would correspond to methylene protons adjacent to the 

hydroxyl (d). There is therefore no evidence from the 1H NMR spectrum that the outer ester groups 

hydrolyzed during the reaction.   

 

 

 

 

 

 

 

 

 

 

 

 In the case of the inner ester groups, the ratio of the integration of H9:{H1+H11} would be             

4:6 = 0.66 if no hydrolysis occurred. The integral ratio of H9:{ H1+H11}  was found to be 4:5.56 = 0.45. 

This could be indicative of a small amount of hydrolysis. Alternatively, the ratio of H7:H10 could have 

been used, but due to the overlapping of the peaks, the accuracy of this ratio was questionable. In the 1H 

NMR spectrum of the monomer (Figure 4.2), the methylene proton H7 has a distinctive peak at 1.65 ppm. 

According to the literature, the peaks H10 on pMMA occurs between 1.58-2.17 ppm.21 Due to the similarity 

in structure between pMMA and pDEAMAEO, the H10 are likely to occur in the same location. Despite 

the two distinctive peaks in this region, it became impossible to distinguish which peaks belong to H7 and 

H10 respectively. These results indicate that the hydrolysis of the inner ester groups was negligible.  

 

 

 

Figure 4.11 The 1H NMR spectrum of pHEMA. Reprinted from Gao et al.11 
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4.4.4 CO2-responsiveness  

 The CO2-responsiveness of pDEAMAEO obtained from method 3 (~63 % conversion) was tested 

by 1H NMR analysis. A solution of 1 wt% of polymer in deuterated water (D2O) was prepared and placed 

into two separate NMR tubes. CO2(g) was bubbled into one of the NMR tubes for 1 h. The results of this 

preliminary test are compared in Figure 4.14. The polymer pDEAMAEO was found to be insoluble in D2O 

in both the presence and absence of CO2(g). This conclusion is based on the absence of polymer peaks in the 

1H NMR spectrum.  The visual observations of the solutions (Figure 4.12) concurred with the NMR based 

conclusions: the polymer did not appear to dissolve in both deionized and carbonated water. The lack of 

solubility could be due to two possible factors: 1) inability of the amine to protonate in the presence of 

carbonated water, or 2) the charged side chains did not allow the polymer pDEAMAEO to dissolve in 

carbonated water. We theorize that the latter scenario is more accurate. To confirm this hypothesis, future 

work could aim at confirming if the amine is protonated in carbonated water.  Chapter 6 explores several 

recommendations to improve the solubility of pDEAMAEO in carbonated water.  

 

 

 

Figure 4.12. 1H NMR spectrum (400 MHz, D2O) of A) pDEAMAEO in D2O, B) pDEAMAEO in D2O after 

bubbling CO2 for 1 h. The image on the right represents the appearance of the 1 wt% of pDEAMAEO in water (A) 

without CO2 (B) with CO2 
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4.5 Conclusions 

 The feasibility of synthesizing a CO2-responsive bio-based homopolymer derived from oleic acid 

poly(2-(methacryloyloxy)ethyl-9-(diethylamino)-10-octadecanoate) (pDEAMAEO) using strategy 2 was 

explored in this chapter. The synthesis route for pDEAMAEO consisted of a four-step reaction. Oleic acid 

was first converted to a monomer via Steglich esterification and polymerized by free radical polymerization 

techniques. The results obtained confirmed that the unsaturated C=C internal bond of the oleate side chain 

was preserved during the polymerization. Tertiary amines (CO2-responsive moiety) were added post-

polymerization by converting the internal unsaturated bond into an epoxide and performing a ring opening 

with an aliphatic amine. The presence of the hydroxyl groups on the polymer side chain was believed to 

play an important role on the hydrophilicity of the homopolymer.     

 Three different experimental conditions were used for the last synthesis reaction step (epoxide ring 

opening with an amine). It was determined that heat played a significant role in the outcome of the 

experiment. Reacting the epoxidized homopolymer pMAEO with excess amine in the presence of ZnCl2 at 

80 oC was determined to be the most promising method. Based on NMR analysis, the conversion of epoxide 

to diethylamino groups was found to be approximately 63 %. No hydrolysis was observed, suggesting that 

the hydrophobic alkyl side chain may be acing as a barrier to the hydrolysis of ester groups. The results 

obtained in this research indicate the viability of converting unsaturated fatty acids into tertiary amines-

containing polymers using strategy 2 (Chapter 1, subsection 1.3). However, the charged side chains did not 

allow the polymer pDEAMAEO to dissolve in carbonated water. Alternative modifications to improve the 

solubility of this type of polymer will be discussed in Chapter 6.  
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Chapter 5 

Copolymer Synthesized from a CO2-responsive Monomer and a CO2-

responsive Bio-based Monomer 

 

 

 

5.1 Abstract 

This chapter describes preliminary experiments towards exploring CO2-responsive materials using 

amine-functionalized fatty acids based on strategy 3 (see Chapter 1, section 1.3). The bio-based monomers 

2-(methacryloyloxy)ethyl 9-(dimethylamino)octadecanoate (DMAMAEO) and 2-(methacryloyloxy)ethyl 

9-(diethylamino)octadecanoate (DEAMAEO) were designed to be derivatives of naturally occurring fatty 

acids incorporating a polymerizable head group and a tertiary amine-containing tail group. The unsaturated 

bonds of oleic acid were successfully halogenated by bromine and iodine. The halogenated fatty acids were 

converted to monomers by Steglich esterification. The attachment of tertiary amines groups was attempted 

by nucleophilic substitution (SN2) of the halogens with aliphatic amines. When the nucleophilic substitution 

was carried out at 65 oC in the presence of a metal catalyst, a low conversion of reagents to product                  

(Ò 30 %) was achieved. However, the nucleophilic substitution proved not to be feasible at temperatures 
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above 55 oC without hydrolyzing the ester groups of the monomers. This chapter uncovers the challenges 

and limitations of the selected synthetic route and aims to provide a better understanding of the structure-

reactivity of bio-based monomers.  

5.2 Introduction  

This chapter explores the last of the 3 main strategies used to synthesize novel polymers as 

discussed in Chapter 1. To synthesize a CO2-responsive polymer, a functional group with CO2-

responsiveness is required. Although CO2-responsivess is not exclusive to nitrogen-containing compounds, 

tertiary amines have been studied extensively in the literature as the main CO2-switchable groups.1ï5  

Strategy 3 combines aspects of both strategies 1 and 2. Similarly to strategy 1, a copolymer is synthesized 

using DMAEMA as the comonomer, and similarly to strategy 2, a fatty acid is functionalized with a tertiary 

amine (see Chapter 1, Section 1.3). Consequently, the copolymers presented this chapter are made using 

two different monomer units: a tertiary amine-containing fatty acid monomer (DMAMAEO/DEAMAEO) 

and a tertiary amine methacrylate monomer (DMAEMA).  Importantly, this method is expected to display 

CO2-responsiveness owing to the protonation of tertiary amine groups of DMAEMA and 

DMAMAEO/DEAMAEO under CO2 stimulation. Strategy 3 allows for the highest nitrogen-to-carbon 

(N:C) ratio compared to strategies 1 and 2 since the copolymer was synthesized from two monomers both 

containing a tertiary amine. 

In Chapter 4, the syntheses of tertiary amine-containing fatty acid monomers were achieved by 

epoxidation of unsaturated bonds, followed by ring opening using aliphatic amines. These modifications 

were performed post-polymerization to avoid undesirable crosslinks induced by the presence of the 

hydroxyl groups. Transesterification reactions occurring between carbonyls and hydroxyl groups lead to 

crosslinks between polymer side chain (see Chapter 3, Section 3.4.2). However, when using strategy 3, it 

was necessary to synthesize a tertiary amine-functionalized monomer prior to the copolymerization with 

DMAEMA. This synthetic route was therefore modified to generate fatty acid-derived monomers without 

hydroxyl functional groups. The proposed synthetic pathway is illustrated in Figure 5.1. The tertiary amines 
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were incorporated into the fatty acid-derived monomer in a two-step synthesis: halogenation of the 

unsaturated C=C bond (Figure 5.1-step 1) followed by nucleophilic substitution (SN2) with an aliphatic 

secondary amine (Figure 5.1-step 3). The last step was the copolymerization of the amine-fatty acid 

monomer (DMAMAEO/DEAMAEO) with DMAEMA by free radical polymerization to generate poly(N,N-

dimethylaminoethyl methacrylate-co-2-(methacryloyloxy)ethyl 9-(diethylamino)octadecanoate) (p(DMAEMA -

co-DEAMAEO)) (Figure 5.1-step 4). The amount of bio-based material in the final product could be 

modified by controlling the ratio of DMAEMA and DMAMAEO/DEAMAEO.   

 

In this work, we present the challenges encountered with the synthesis of CO2-switchable 

copolymers and offers possible prospects for future research. To the best of our knowledge, no similar work 

has been reported in the literature thus far.    

Figure 5.1 The synthetic routes of copolymers p(DMAEMA-co-DMAMAEO) and p(DMAEMA-co-

DEAMAEO) from oleic acid. The final polymer is expected to produce a 50:50 mixture of isomers. 
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5.3 Experimental Methods and Materials 

5.3.1 Materials 

 Materials used in this study included the following: oleic acid (MilliporeSigma, technical grade 

90%), 4-dimethylaminopyridine (DMAP, Alfa Aesar, Ó 99%),  N,Nô-dicyclohexylcarbodiimide (DCC, 

Fluka, Ó 99%), 2-hydroxyethyl methacrylate (HEMA, MilliporeSigma, Ó 99%), hydrobromic acid (HBr, 

Sigma-MilliporeSigma, 33 wt% in acetic acid), iodine (I2, MilliporeSigma, Ó 99.99%), phosphorus acid 

(H3PO4, MilliporeSigma, 99 %), silica (silica flash, Silicycle, P60, 40-63 ɛm, 60 Å), n-hexane 

(MilliporeSigma, >95%), magnesium sulfate (Mg2SO4, MilliporeSigma, Ó 99.99 %), zinc chloride (ZnCl2, 

MilliporeSigma, Ó 99.9%), anhydrous sodium sulfate (Na2SO4, Fisher), sodium thiosulfate (Na2S2O3, 

Mil liporeSigma, reagent plus 99%), hydrochloric acid (Fisher, Certified ACS Plus, 38.0%), sodium 

hydroxide (NaOH flakes, Alfa Aesar, 98%), diethylamine (MilliporeSigma, 2.0 M in THF), 

dichloromethane (DCM, Fisher, 99.5%), toluene (Fisher, 99.5%), tetrahydrofuran (THF, MilliporeSigma, 

Ó 99.0%). Unless otherwise stated, chemicals were used as received. 

5.3.2 Characterization Methods 

 NMR spectra were recorded on a Bruker AV-400 nuclear magnetic resonance (NMR) spectrometer 

at 400.30 MHz at room temperature. The measurements were carried out with an acquisition time of 3.95 

s, 16 scans and a spectral window of 20.67 ppm at 25 oC. Tetramethylsilane was used as the internal 

reference for NMR measurements, while the solvent was deuterated chloroform (CDCl3).  

 Fourier-transform infrared spectroscopy (FTIR) measurements, with a total of 24 scans and a 

resolution of 4 cm-1, were conducted on a Bruker Alpha Fourier-transform infrared spectrometer. 

Attenuated Total Reflectance infrared spectroscopy (ATR-IR) was used for liquid samples. 

 Monomers were analyzed using an Orbitrap Velos Pro mass spectrometer (Thermo Scientific, 

Bremen, Germany) under positive mode coupled to a heated electrospray ionization (HESI) probe. The 

transfer capillary temperature was set to 170 °C. An ion spray voltage of 4.5 kV was applied to the HESI 
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probe. Scans in the mass spectrometer (MS) were acquired at an orbitrap resolution of 60,000 for an m/z 

range from 50 to 2,000 m/e. 

5.3.3 Synthesis of Copolymers p(DMAEMA-co-DMAMAEO) and p(DMAEMA -co-DEAMAEO)  

5.3.3.1 Step 1- Synthesis of Halogenated Fatty Acids  

 The first step in the synthetic route was to develop fatty acids possessing carbon-halogen covalent 

bonds. Oleic acid was used as the starting material since the unsaturated C=C bond on the fatty acid acts as 

a good nucleophile and allows for the incorporation of halogens. Bromine and iodine were used to 

halogenate oleic acid. Bromination was the preferred method, since this technique is less labor extensive 

than iodination and has been successfully demonstrated in the literature with good yield.6  However, in the 

third step of the synthesis (Figure 5.1, step 3), the nucleophilic substitution of the bromine for the amine 

did not go to completion. In an attempt to increase the yield of the substitution step, iodine was used instead 

of the bromo counterparts (discussed further in Section 5.4). 

Hydrohalogenation by HBr addition 

The synthesis of 9(10)-bromooctadecanoic acid mixed isomers was conducted using a modified 

literature procedure.6 Oleic acid (4.0 g, 0.01 mol) was dissolved in n-hexane solvent (20 mL). The solution 

was placed in a 250 mL conical flask equipped with a stir bar and a stopper. Hydrogen bromide solution 

(10 ml, 33 wt% of HBr in acetic acid) was added to the reaction mixture dropwise. The flask was sealed 

immediately after the addition of HBr using the stopper. The mixture was stirred for 60 min at room 

temperature. Deionized water (150 ml) was added into the flask to extract the unreacted acid. The solution 

was transferred to a separatory funnel and the water layer was discarded. The organic layer was washed 

with deionized water several times until the organic layer became neutral. The neutral organic layer was 

collected and evaporated to dryness. The product was further dried in a vacuum oven at 60 °C for 24 h to 

afford the dried pure product (94 % yield). 1H NMR, 400 MHz, 25 °C, CDCl3 (ŭ = ppm): 0.8 (3H, t, J = 6.8 

Hz,); 1.2-1.5 ppm (22H, m); 1.6 ppm (2H, m); 1.8 ppm (4H, m); 2.3 ppm (2H, t, J = 7.5 Hz); 4.0 (1H, m). 
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These values were consistent with the literature values.6 The 1H NMR spectrum of 9(10)-

bromooctadecanoic acid is presented in Appendix C, Figure C.1-B. 

 

 

 

 

 

 

 

 

Hydrohalogenation by I2/H3PO3 addition 

Oleic acid (10.0 g, 0.035 moles) and iodine (I2, 17.9 g, 0.07 moles) were dissolved in 100 ml of 

toluene in a 500 mL two-neck round-bottom flask equipped with a magnetic stir bar and a nitrogen inlet. 

The mixture was deoxygenized with nitrogen gas for 10 min after dissolution. Phosphorous acid (H3PO3, 

6.85 g, 85 wt% in H2O, 0.07 moles) was added dropwise to the reaction mixture. The flask was then 

immersed in a preheated oil bath at 60 oC and the reaction mixture was stirred for 12 h under a constant 

flow of nitrogen gas. After heating, the solution was allowed to cool at room temperature. The reaction 

mixture was transferred to a larger round-bottom flask (1000 ml) for the purification step. A 500 ml aqueous 

solution of 5 % (w/v) sodium thiosulfate (Na2S2O3) was added to the reaction mixture and stirred for 1 h. 

After stirring, the solution was set aside to allow the layers to separate. The top organic phase appeared as 

Scheme 5.1 The synthetic route of 9(10)-bromooctadecanoic acid mixed isomers by HBr addition. 



139 

 

a reddish-black color due to the presence of unreacted iodine. The reaction mixture was quenched by three 

additions of Na2S2O3(s) (3 X 15 g Na2S2O3(s)) to remove the excess iodine from the organic phase. After the 

quenching with Na2S2O3, the organic layer changed from a reddish-black to a light-brown color as the 

excess iodine migrated to the aqueous phase. The organic phase was then transferred to a separatory funnel 

and washed with 250 ml of a 5 % (w/v) Na2S2O3 aqueous solution. This step was repeated until the aqueous 

phase showed complete transparency ensuring that the excess iodine was fully extracted from the organic 

phase. The organic layer was dried with MgSO4(s) to remove excess water and the drying agent was removed 

by filtration. The product was purified by column chromatography using silica gel as the stationary phase 

and toluene as the mobile phase. The solvents were then removed by rotary evaporation to afford the pure 

product (40 % yield). 1H NMR, 400 MHz, 25 °C, CDCl3 (ŭ = ppm): 0.8 (3H, t, J = 6.6 Hz,); 1.1-1.4 ppm 

(22H, m); 1.5 ppm (2H, m); 1.8 ppm (4H, m); 2.3 ppm (2H, t, J = 7.5 Hz); 4.0 (1H, m). The 1H NMR 

spectrum of 9(10)-iodooctadecanoic acid mixed isomers (Appendix C, Figure C.2) is in good agreement 

with literature values.7  
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5.3.3.2 Step 2-Synthesis of Halogenated Monomer (MAEBOD/ MAEIOD) 

 Halogenated monomers 2-(methacryloyloxy)ethyl 9(10)-bromooctadecanoate (MAEBOD) and                   

2-(methacryloyloxy)ethyl 9(10)-iodooctadecanoate (MAEIOD) were synthesized by Steglich esterification 

(Scheme 5.3). In a round bottom flask equipped with a stir bar were added 2-hydroxyethyl methacrylate 

(HEMA) (10 mol), halogenated fatty acid (10 mol), 4-dimethylaminopyridine (DMAP) (1 mol) and 

dichloromethane (DCM) (100 ml). Dicyclohexylcarbodiimide (DCC) (12 mol) was dissolved in a minimum 

amount of DCM and added dropwise to the reaction mixture. The reaction mixture was stirred at room 

temperature for 24 h under argon. The mixture was filtered, and the filtrate collected in a separatory funnel. 

The organic solution was washed with 1 M hydrochloric acid (HCl) aqueous solution (2 x 20 mL), deionized 

water (DI) (2 x 20 mL) and 0.1 M NaOH aqueous solution (2 x 20 ml). The organic layer was collected and 

dried over Na2SO4. The drying agent was removed by gravity filtration. The crude product was purified 

through column chromatography of basic silica using DCM as the eluent. The solvent was removed under 

reduced pressure to obtain the pure product (MAEIOD = 64 % yield, MAEBOD = 78 % yield).  MAEBOD 

Scheme 5.2 Synthetic route of 9(10)-iodooctadecanoic acid mixed isomers by I2/H3PO3 addition. 


