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Petroleum is a non-renewable resource, and yet it is vital for our world. However, 

from the emission of greenhouse gasses from fuel production and utilization to the 

generation of non-degradable plastic waste that flows into the ocean, every step of 

petroleum processing damages the environment whether in the short or long term. 

Although biorefineries from crops have been developed as potential solutions to this 

problem, the biofuel cost is still unable to compete with the cost of petroleum-based 

fuel. One part of this study focused on the extraction of hydroxycinnamic acids, which 

are high value added co-products, from sugarcane, corn, and specifically Brassica 

carinata that has recently gained popularity among other cash crops due to its bio-jet 

fuel application. From sugarcane and corn crops, ferulic acid and p-coumaric acid were 

extracted in tandem. Meanwhile, sinapic acid was extracted from Brassica carinata 

meal. All of these hydroxycinnamic acids have been studied for their antioxidant and 

nutraceutical properties which can potentially be used for the natural 

additives/preservatives industry.  

Moreover, this study investigated several series of synthesized bioplastics that 

can be derived from megacrops, which allowed us to address two current plastic 



 

33 

problems: (1) most plastics are derived from non-renewable resources (petroleum and 

natural gas), and (2) most plastics are non-degradable. Several series of sinapic acid-

based polymers were obtained, such as polyalkylene sinapate, polyalkylene glycolate 

sinapate, and polyalkylene lactate sinapate. Additionally, several lignin-derived 

materials were utilized for polyvinyl acetal synthesis. Lastly, a modified Biginelli 

multicomponent reaction was applied to several renewable monomers creating a series 

of poly(dihydropyrimidinone) polymers. Most of these sustainable polymers displayed 

thermal properties that overlap those of current commodity plastics. 
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CHAPTER 1 
BIORENEWABLES FROM BRASSICA CARINATA BIOMILL* 

Background 

The present world is highly dependent on petroleum owing to its usage as fuels 

and precursors to synthesize a wide variety of essential products, such as olefins and 

aromatics for pharmaceuticals and plastics.1 As an inexpensive and highly efficient 

source of energy, petroleum oil dominates a third of the world energy consumption.2 

However, each step of petroleum production does a lot of harm to the environment. For 

example, the drilling process can potentially contaminate bodies of water with oil and 

drilling mud, and the refinery process emits volatile toxic organic compounds and 

greenhouse gasses.3 Additionally, petroleum oil tends to cause political and economic 

instability among the oil-rich countries, known as “the resource curse”.4 In most cases, 

oil producing countries suffer from the price variability of crude oil. In the worst-case 

scenario, it will bring an economic collapse to those oil revenue countries when these 

prices plummet.5 Moreover, as a finite resource, the decline of crude oil production will 

be inevitable as the demand for energy will also keep increasing over the years.6 

Consequently, this will result in the peak oil and the prices of the petroleum oil will rise 

to the point that it is unaffordable as a daily energy source.7 

For the past few decades, renewable energies have been fostered and 

developed as an alternative to the conventional energy from fossil fuels. One of the 

most readily available and reliable renewable energies in the market is biomass 

feedstock energy due to its high energy density and value-added by-products.8 Brassica 

                                            
* This work will be submitted to Green Chemistry as a perspective article. 
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carinata, commonly known as Abyssinian or Ethiopian mustard, is a sympatric 

speciation between B. nigra (black mustard) and B. oleracea (wild cabbage plants that 

include many common vegetables such as cabbage, broccoli, cauliflower, and kale).9 

Carinata has been cultivated in Ethiopia since around 4000 BC.10 The modern 

cultivation of the carinata crop has been seen as a potential oilseed crop globally, and it 

has been commercially grown in semi-arid climates such as in the southern Canadian 

prairie and the northern US plains.11 Some of the agronomic benefits of carinata 

include: large seed size, resistance to seed shattering, resistance to most pathologies, 

and low bird predation.12 Furthermore, it is not only heat and drought tolerant,13 but also 

frost tolerant.14 As a matter of fact, in recent years, carinata has been studied as a 

winter crop in the southern US (Mississippi, Alabama, Georgia, South Carolina, North 

Carolina, and Florida) and Uruguay.15 As a winter cash crop, carinata will add some 

economic and ecological benefits to the existing agricultural systems; it will increase the 

revenue of the commercial farms while promoting the health of soils via crop rotation.16  

The leaf of carinata is edible and a suitable source of micronutrients for 

humans.17 The seed contains 2536% oil, 3141% protein, and low fiber content 

according to a study by Warwick et al.,18 Furthermore, carinata contains several key 

chemicals that are unique to brassica species such as glucosinolates and sinapic acid. 

Comparing to other brassica species (B. juncea, B. napus, B. rapa), Brassica carinata 

has a higher meal protein content, but the oilseed is 3–10% less than those from other 

brassica species. Importantly, and a point often overlooked, is that carinata has a larger 

seed size; thus in some cases, it actually has a higher yield than other brassicas.19 On 

average, the oilseed primarily consists of inedible 42% erucic acid (C22:1) and other 
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common and edible fatty acids such as 8% oleic acid (C18:1), 16% linoleic acid (C18:2), 

13% linolenic acid (C18:3), 8% eicosenoic acid (C20:1), 3% nervonic acid (C24:1), 4% 

other unsaturated fatty acids, and 6% saturated fatty acids.18

 

Figure 1-1.  Biofuels and biorenewables from Brassica carinata 

In general, a safe and nutritional oilseed for humans’ consumption should not 

contain more than 2% erucic acid.20 A high exposure to erucic acid poses a potential 

risk of high blood cholesterol levels that will lead to myocardial lipidosis or heart 

disease.21 In order to fulfil the requirement of edible carinata seed oils, zero erucic acid 

carinata has been developed.22 However, high erucic acid carinata seed is prominent 

for the industrial application, particularly in the biofuel and biorenewables industries.23 At 

the same time, this will also avoid the highly criticized “food versus oil” problem which is 

problematic to the biofuel production from other megacrops, such as sugar, corn, or 

soybean crops.24 In addition to biofuel production, the meal and sinapic acid, from the 

post-oil extraction seed, is also essential to give the best environmental and economic 

impact for the non-food oil crop from B. carinata.25 Therefore, in regard to energy and 
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chemical production, the cultivation of B. carinata delivers a substantial prospect as an 

alternative to petroleum (Figure 1-1). 

Biofuels from Brassica carinata 

Erucic acid is a long, 22 carbon chain, monounsaturated omega-9 fatty acid. The 

length of its carbons chain contributes two things to biofuel production: (1) a higher 

energy density oil than those without erucic acid,26 and (2) production of a high-value 

biofuel product, particularly in jet fuel production.27 Jet fuel requires the long 

hydrocarbon chain mixtures to prevent the fuel to freeze when a jet reaches high 

altitude. The oil from Brassica carinata is readily processed into the advanced “drop-in” 

hydrocarbon biofuel since it has a high amount of long chain unsaturated fatty acids and 

a low amount of saturated fatty acids. Out of all of the biomass-based fuels, drop-in 

biofuels provide the best possible scenario for production and commercialization, due to 

the similarity of their chemical compositions and energy levels compared to their 

petroleum fuels counterpart.28 There is a potential of second generation bioethanol 

production from carinata via enzymatic pathways,29 however this might not be the most 

ideal case since ethanol has lower energy density compared to hydrocarbon fuels. 

The biomass-based jet fuel production has a great prospect in the global market. 

The International Air Transportation (IATA) suggested a goal to reduce the net aviation 

CO2 emissions of 50% by 2050 relative to 2005 levels by endorsing the development of 

sustainable alternative fuels for aviation. Similarly, the U.S. Air Force has pursued the 

consumption of bio-jet fuel to replace half of its petroleum-based jet fuel, which 

translates to 1.2 billion gallon of bio-jet fuel consumption per year.30 There were some 

attempts to substitute petroleum-based jet fuel with other sustainable energy resources, 

such as battery and solar power; however those alternatives lack energy for heavier 
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duties due to their much lower energy density compared to hydrocarbon-based fuels. As 

a non-food oil that contains high amounts of erucic acid (a long chain fatty acid), 

carinata is ultimately the best candidate for replacing petroleum-based jet fuel.  

At this time, one of the most commercially successful bio-jet fuels from carinata 

in the world market is ReadiJet®, a 100% drop-in bio-jet fuel. ReadiJet® is produced by 

Applied Research Associates (ARA) and Chevron Lummus Global (CLG) from 

Agrisoma’s carinata feedstock under the ResonanceTM brand name.31 The new 

technology, which is called as Biofuels Isoconversion (BIC), was introduced for the 

biofuel refinery process. In general, the steps in the process include: (1) hydrothermal 

clean-up (HCU) which removes metals and other impurities and hydrolyses to obtain 

free fatty acids, (2) catalytic hydrothermolysis (CH) converts the clean free fatty acids oil 

into crude hydrocarbon oil (paraffin, isoparaffin, cycloparaffin, and aromatics) by 

cracking, isomerization, and cyclization, (3) hydrotreating step hydrogenates the olefins 

and removes the oxygen, sulfur, nitrogen, and metal contents in the liquid fuel, (4) 

distillation separates the naphta, diesel, and jet fuel components based on the range of 

their boiling points.32 ReadiJet® is certified through the American Society for Testing 

and Materials (ASTM) for commercial use and Navy’s Military Specification (MILSPEC) 

for the operational use by the US Navy. In October 2012, the flight test by National 

Research Canada (NRC) using Readijet® in their Falcon 20 aircraft marked the world’s 

first flight that was fueled by 100% drop-in renewable fuel.33 In January 2018, Qantas 

Airways, partnered with Agrisoma and World Energy accomplished the world’s first US-

Australia bio-jet fuel flight (QF96) powered by 10% carinata-based jet fuel blend.34 Later 
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in September 2018, Agrisoma, World Energy, and United Airlines completed the longest 

transatlantic bio-jet fuel flight powered by 30% carinata-based jet fuel blend.35 

Biorenewables from Brassica carinata 

Currently, the estimated cost of jet fuel from B. carinata is up to US$0.60 per liter, 

meanwhile the jet fuel from petroleum costs US$0.40 per liter. Indeed, the production of 

carinata-based jet fuel is still too expensive to be profitable.36 However, the production 

revenue can still be increased by two pathways: blending with low value oil such as 

grease and used cooking oil; or producing carinata-based value added co-products.25 

The byproducts from biofuel refinery processes are highly useful as precursors for 

chemical industries. Some of the most common byproducts are glycerine, acetic acid, 

ethyl acetate, and n-paraffins. N-paraffins (linear alkanes) can be extracted from the jet 

fuel fraction and the process will also improve the properties of bio-jet fuel. At the same 

time, n-paraffins can potentially be used to synthesize linear alkyl benzene, which is one 

of main ingredients for detergent products with the global market production of 4.3 

million tonnes per year.37 The post-oil extraction carinata seeds contain high crude 

protein (40%) and low glucosinolates (28 mmol/kg); this carinata meal can be used as 

cattle feed, as suggested by DiLorenzo et al..38 According to the cost analysis study by 

Millar et al., carinata protein meal plays a crucial role with at least 34% of total revenue 

of B. carinata cultivation in addition to the biofuel production.36 Additionally, carinata 

meal can potentially be used for bio-plastics production by directly mixing the meal with 

10–30% glycerol via a compression molding process.39  

Erucic acid for biorenewables 

Oil seed with a high content of erucic acid can be directly used as a natural and 

biodegradable lubricant.40 In addition, there is a relatively big market for utilizing erucic 
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acid as a precursor for several industrial chemicals, such as behenic acid, behenyl 

alcohol, glyceryl behenate, erucamide, pelargonic acid, and brassylic acid. 

Commercially, behenic acid can be infused into a skincare formula due to its soothing 

and moisturizing properties for the skin.41 Behenyl alcohol exhibits antiviral activity 

against herpes simplex virus,42 and it is currently sold as a medication cream named 

Abreva® to treat cold sores caused by the herpes simplex virus.43 Glyceryl behenate 

finds a great application in drug delivery systems, such as the preparation of solid lipid 

nanoparticles as a drug carrier.44 About 33% of erucic acid production translates into the 

synthesis of erucamide,45 since erucamide serves as an indispensable plastic film 

additive, particularly as a slip-promoting agent. In other words, the presence of 

erucamide in the plastic films will prevent the layers of the film from being glued 

together and thus enable films to slide over each other.46  

Both pelargonic acid and brassylic acid can be obtained directly from oxidative 

cleavage via ozonolysis of erucic acid.47 Pelargonic acid is one of the least toxic 

herbicidal soaps48 and is sold under the brand name Scythe® which contains 57% 

pelargonic acid.49 In the market, brassylic acid is found in the form of its macrocyclic 

ester, ethylene brassylate, which has a strong pleasant odor and it is one of the most 

common musk compounds in the fragrance industry.50 As a matter of fact, the ethylene 

brassylate-based fragrance named Astrotrone® from DuPont was included in the 

“Children of Recovery” list, due to the product’s contribution promoting economic growth 

during the US recovery period, 1934–1935.51 Another potential application of brassylic 

acid is nylon 13,13 production which was studied to a scale-up level synthesis in the 

1970s.52 Some of the first polyamides that were synthesized and characterized were 
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nylon 13,13 (Tg = 41 C, Tm = 175 C), nylon 12,13 (Tg = 42 C, Tm = 175 C), nylon 

10,13 (Tg = 45 C, Tm = 176 C), nylon 8,13 (Tg = 46 C, Tm = 192 C), and nylon 6,13 

(Tg = 51 C, Tm = 208 C). Although their glass transition and melting temperatures are 

lower than that of nylon 6,6 (Tg = 54 C, Tm = 260 C), these nylons from brassylic acid 

showed promising results regarding their mechanical properties and hydrophobicity 

which could potentially be an alternative to current commodity nylons.53 Lastly, erucic 

acid can also be utilized in producing poly(3-hydroxyalkanoates), a biodegradable 

polymer (Tg = 46 C, Tm = 50 C) produced by Pseudomonas aeruginosa.54 

Glucosinolates 

Glucosinolates are biologically inactive and stable compounds that exist in many 

parts of the Brassicaceae species, such as stem, root, and seed. However, they 

generate active compounds, such as isothiocyanates, upon hydrolysis catalysed by 

myrosinase (thioglucoside glucohydrolase) as a plant self-defense mechanism.55 This 

mechanism contributes to the bitter flavor and pungency of Brassica vegetables (kale, 

mustard, and broccoli). Indeed, Brassicaceae species generally have high resistance to 

diseases and pests mainly due to the production of isothiocyanates, since 

isothiocyanates are potent natural pesticides against nematodes,56 bacteria, and 

fungi.57 In recent years, glucosinolates have been studied for their potential anticancer 

properties. This is most likely related to the induction of the glutathione S-transferase 

enzyme for the purpose of detoxification in the human digestive system. One study from 

Egner et al. found that the daily consumption of a broccoli sprout-derived beverage that 

is rich in glucoraphanin (4-methylsulfinylbutyl glucosinolate) increased the excretion of 

carcinogen and pollutant.58 Similarly, the therapeutic benefits of sinigrin (allyl 
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glucosinolate) abundant in wasabi and horse-radish have been widely studied, such as 

anticancer, antibacterial, antifungal, antioxidant, anti-inflammatory, wound healing 

properties, and biofumigation. 59 

For human consumption, there is no specific dietary recommendations for 

glucosinolates, although one study revealed that the daily consumption of 

glucosinolates can reach up to 46 mg per person in Germany.60 On the other hand, 

glucosinolates in the Brassica meal cause severe harmful effects to livestock, including 

hypothyroidism, growth retardation, organ damage, disruption in eating behavior, and 

even death. The limit intake of glucosinolate for pigs is 1 mmol/kg meal, for poultry is up 

to 4 mmol/kg meal, and for cows is up to 31 mmol/kg meal.61 In order to be utilized as 

animal feed, several benign extraction methods of glucosinolates in Brassica meals 

have been developed, for example: extraction of glucosinolates by water,62 ethanol 

75%,63 and methanol.64 Another effective method to reduce the level of glucosinolates is 

by baking the Brassica meal through the desolventizer-toaster (DT) process.65    

Sinapic acid 

Sinapic acid naturally exists in its choline ester form, sinapine, and it serves as 

an essential precursor of lignin and flavonoid synthesis in Brassicaceae species.66 The 

presence of sinapine is undesirable in animal feeds due to its tangy odour and bitter 

taste interfering with the livestock eating behavior. Conversely, sinapic acid and its 

derivatives are beneficial in human daily life since sinapic acid and its derivatives exhibit 

antioxidant, anti-inflammatory, anticancer, antimutagenic, antimicrobial, anti-anxiety, 

and antihyperglycemic properties.67,68,69,70,71,72 In the market, the lowest price of sinapic 

acid was recently US$550 per kg (Henan Tianfu Chemical Co., Ltd. via Alibaba.com), 

which makes it a high value added co-product for the B. carinata bio-refinery. Moreover, 
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since sinapic acid can be obtained from the waste of the carinata seed after oil 

extraction, the end cost of extracted sinapic acid can be much more inexpensive and 

thus more profitable. Due to its antioxidant properties, there is a potential for use as an 

alternative to current commercial preservatives in food, cosmetics, and pharmaceuticals 

such as butylatedhydroxytoluene (BHT) or butylatedhydroxyanisole (BHA). The BHT 

market is predicted to grow from US$250 million in 2018 to US$380 million (75 million 

kg) by 202573 despite the growing concern over its potential carcinogenic properties.74  

Several extraction methods for sinapine from Brassica seed meals have been 

developed, such as water, ethanol, alkaline hydrolysis,75,76,77 and ultrasound-assisted 

hydrolysis.70 The most recent work on extraction of sinapine was from Allais et al. where 

they used mustard residue of industrial production that mainly consisted of Brassica 

juncea (90%), resulting in more than 10 mg sinapic acid per gram of defatted and dried 

meal.78 According to Mailer et al., the overall range for sinapine in Brassica meals was 

from 5.2 to 16.2 mg/g, while the range of sinapine in B. carinata was from 8.5 – 14.5 

mg/g.79 As can be seen, the extraction methods and conditions of glucosinolates and 

sinapine are very similar; this theoretically can be done in tandem extracting both 

compounds together from the B. carinata meal. Consequently, the extraction of the B. 

carinata meal will increase the quality of the meal while isolating value added co-

products at the same time. 

Another potential market for sinapic acid is the synthesis of bioplastics as 

alternatives to petroleum-based plastics. The current global bioplastic production 

represents less than 1% of 348 million tonnes in annual plastic production. However, 

the global production of bioplastics is poised to rise 20% per year from 2018 to 2023, 
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equating to 2.6 million tonnes of bioplastics produced by 2023.80 As the demand for 

bioplastics will keep increasing over the years, bioplastics will make a good long-term 

investment for the economy and environmental benefits. There are several sinapic acid-

based polymers that have been made. First, a patent from Bezwada Biomedical, LLC 

introduced weak link moieties in sinapic acid-based biopolymers that are biodegradable 

for medical application.81 Second, Allais and co-workers synthesized norbornene 

dihydrosinapate via enzymatic catalysis Candida antartica Lipase B of norbornene and 

dihydrosinapic acid; then ring opening metathesis polymerization was performed, 

resulting in bioplastics with a Tg value up to 56 C.82 Last, the same group (Allais et al.) 

produced a sinapic acid-based bisphenol (syringaresinol) as a safer and renewable 

alternative to bisphenol A via laccase Trametes versicolor which was reacted with 

epichlorohydrin resulting in a syringaresinol with two epoxy moieties (diglycidyl ether of 

syringaresinol). This monomer was then polymerized with diamines (e.g. isophorone 

diamine) resulting in thermosets of bioplastics with the Tg is up to 126 C.83 

Results and discussion 

 

Figure 1-2.  Extraction and polymerization of sinapic acid from Brassica carinata 
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Our studies were part of Southeast Partnership for Advanced Renewables from 

Carinata (SPARC) program. SPARC is a collaboration of universities, institutions, and 

industries that focuses on B. carinata as a viable winter crop in the southeast US, 

resulting in a carinata centered fuels and renewables supply chain with national and 

global impact.15 In this study, we focused on extraction of sinapic acid from carinata 

meal using various conditions adapted from conventional methods of extracting sinapic 

acid and derivative compounds from Brassica feedstocks.73,74,75 Then, we continued 

with the synthesis of polyethylene sinapate and its congeners from the commercial 

sinapic acid that we purchased; the polymerization methods were adapted from the 

previous work by Miller et al. in polyethylene ferulate synthesis.84 Finally, we also 

attempted polymerization of polyethylene sinapate from extracted sinapic acid that was 

obtained directly from carinata meal (Figure 1-2).  

Extraction of sinapic acid from Brassica carinata meal 

The pellets of low glucosinolate and hexanes pre-washed Brassica carinata meal 

were obtained from Agrisoma Biosciences, Inc.; the same samples were used on cattle 

feed studies by DiLorenzo et al..38 Prior to the extraction of sinapic acid, the meal was 

pulverized using a coffee grinder in order to increase the surface area of the biomass. 

The extraction was then carried out by a simple hydrolysis step of the pulverized 

carinata meal in basic aqueous media, and followed by the liquid-liquid extraction using 

ethyl acetate (Figure 1-3). In the hydrolysis step, the solute was given enough energy in 

order to depolymerize the lignin material, which can be accomplished by heating or 

sonicating the solution. The basic solution of Brassica meal was stirred at 60 C for a 
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specified time, and the result from Table 6-1 suggested that increasing the amount of 

Brassica meal lowered the yield of extraction (entries 1, 4, and 5). 

 

Figure 1-3.  Basic aqueous hydrolysis and extraction of sinapic acid from carinata meal. 

One possible explanation was the large scale needed more energy and time in 

order to fully hydrolyse the meal. Another possible explanation was the amount of 

aqueous solvent that was used hindered the efficiency of sinapic acid to move to the 

ethyl acetate layer on a larger scale. Indeed, the extraction yield on a large scale can be 

improved by increasing the amount of stirring time as can be seen from entries 2 and 4, 

or entries 5 and 6. In addition, the yield can also be improved by increasing the 

temperature of hydrolysis to reflux the solution (entry 15). Meanwhile, ultrasound-

assisted hydrolysis in basic aqueous solution did not seem to help the hydrolysis step 

since it did not improve and even lowered the yield (entries 12, 13, and 14). According 

to the 1H-NMR, the extracted sinapic acid was fairly pure (Figure 1-3). Some peaks of 
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impurities in the 1.20–2.30 ppm region are usually identified as “brown substances” or 

Maillard compounds, which are commonly found in the extraction of phenolic acids from 

plant-based biomass; however these can be removed by using activated charcoal.85,86 

 

Figure 1-4.  Extraction and basic aqueous hydrolysis of sinapine. 

Alkali treated meal can potentially cause kidney failure to cattle;87 for this reason 

neutral alcohols were used as a green and safe alternative88 to wash the carinata meal 

to obtain sinapine solution, which can be further hydrolysed, separately, into sinapic 

acid. Methanol 70% (entry 15) and ethanol 95% (entry 16) were chosen due to their 

volatility, hence a relatively easy removal from the meal. Based on the 1H NMR, the 

alcohol solution showed some notable peaks of sinapine, such as 6H from two methoxy 

groups (3.80 ppm), 2H from the trans double bond (6.55 ppm, 7.61 ppm), and 2H from 

aromatic (7.03 ppm). The highest yield of 3.60% is obtained by ethanol 95% washing; 
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however it is also important to note that this method also amplifies the content of 

impurities in extracted sinapic acid (Figure 1-4). 

 

Synthesis of polyethylene sinapate and congeners 

 

Figure 1-5. Synthetic route of polyalkylene sinapate (blue, left) and polyethylene 
dihydrosinapate (orange, right) 

Previously, our research group published the synthesis of polyethylene ferulate, 

polyethylene coumarate, and their derivatives (Figure 1-2).84 Ferulic acid and p-

coumaric acid were used as the monomers to afford these biorenewable polymers with 

various thermal properties. Both monomers are hydroxycinnamic acids that can be 

obtained from lignocellulose materials, such as sugarcane and corn. One of the aims of 

this project is the continued pursuit of tunable thermal properties for biopolymers from 

sinapic acid, a distinct hydroxycinnamic acid that exists in the Brassicaceae plant family. 

Sinapic acid was then converted to hydroxyethylsinapic acid via a reaction of sinapic 
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acid and 2-chloroethanol. The reason for extending sinapic acid was to increase the 

nucleophilicity of monomers by providing a primary alcohol group instead of a phenolic 

group, thus increasing the reactivity of the monomers. Moreover, the methylene spacer 

would also provide some flexibility in the main chain of the synthesized polymers that 

could potentially increase the processability and tractability of the polymers. 

Hydroxyethyldihydrosinapic acid was made by subjecting the hydroxyethylsinapic acid 

into hydrogenation using Pd on carbon catalyst. This would provide a low Tg polymer 

due to the lower conformational barriers from the additional methylene spacers by 

hydrogenation of the double bond. In addition to the saturation, other flexible monomers 

were also made by introducing methylene spacers of different length by reacting sinapic 

acid with 3-chloro-1-propanol or 6-chloro-1-hexanol, resulting in hydroxypropylsinapic 

acid and hydroxyhexylsinapic acid monomers, respectively (Figure 1-5). 

Table 1-1.  Polymerization results for polyalkylene sinapates a 

Entry Polymer Yield 
(%) 

Mn b 
(Da) 

Mw 
b 

(Da) 
Đ b Tg c 

(C) 

T5% d 

(C) 

T50% e 

(C) 

1 

 

60.2 f f f 118 338 390 

2 

 

74.8 8,000 37,000 4.6 41 330 379 

3 

 

69.7 f f f 90 346 392 

4 

 

74.2 4,500 24,000 5.3 43 350 396 

aReaction conducted in neat conditions using 1 mol% Sb2O3; mixtures were melted with a temperature 
ramp from 150 °C – 250 °C for 4 hours, then 8 hours of dynamic vacuum at 250 °C, except as noted. See 
the experimental method for exact temperature profile. bObtained by GPC in HFIP at 40 °C versus PMMA 
standards. cDetermined by DSC. dTemperature reported upon 5% mass loss. eTemperature reported 
upon 50% mass loss. fPolymers were insoluble in GPC solvents 

 
Polyalkylene sinapates were synthesized using 1 mol% Sb2O3 as the typical melt 

polycondensation catalyst. The monomers were melted under a nitrogen atmosphere 
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and gradually heated from 150 C to 250 C for 4 hours. The byproduct from the 

polycondensation was water and the system was placed under dynamic vacuum for 6 

hours to remove the byproduct and thus increase the degree of polymerization. The 

polymers were melted and recovered from round bottom flask using a spatula. 

According to Table 1-1, the yield of recovered polymers was in the range of 60.2–

74.8%; the low Tg polymers were easier to recover and thus, had higher yield. The 

characterizable molecular weight of polymers was low; polyhexylene sinapate had a Mn 

value of 4,500 and dispersity index (Đ) of 5.3, and polyethylenedihydro sinapate had a 

Mn value of 8,000 and Đ of 4.6; meanwhile, the rest of the homopolymers that had high 

rigidity did not dissolve in the hexafluoroisopropanol (HFIP) for GPC characterization. 

On the other hand, the polymers exhibited excellent thermal properties, the 

temperature of 5% mass loss under nitrogen (T5%) was in the range of 330–350 C, and 

the temperature of 50% mass loss under nitrogen (T50%) was in the range of 379–396 

C. Additionally, there were structure-thermal property relationships among the 

polymers that can be assessed depending on the number of methylene spacers, such 

as the length of n carbons between alcohol and phenol or the hydrogenated double 

bond. These provided the conformational flexibility of polymers and thus lowered the Tg. 

Comparing to our previous reported work, the observed Tg of polyethylene sinapate was 

higher than the reported Tg of polyethylene ferulate and polyethylene coumarate, with 

the Tg values of 118 C, 113 C, and 109 C, respectively. Likewise, the Tg of 

polyethylenedihydro sinapate was also higher than the reported Tg of polyethylene 

dihydroferulate and polyethylene dihydrocoumarate, with Tg values of 41 C, 32 C, 24 

C, respectively.84 This was most likely due to the effect from conformational barriers 
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outweighing the free volume effect of the additional methoxy groups. This could mean 

that the polymers from Brassica generally have superior thermal properties due to the 

additional methoxy group of sinapic acid compared to ferulic acid and coumaric 

acidbased polymers that derive from lignocellulose biomass. 

Table 1-2.  Copolymerization results of the copoly(hydroxyethyldihydrosinapic 
acid/hydroxyethylsinapic acid) series  

Entry 

Monomer feed % SA b 
(mol
%) 

Yield 
(%) 

Mn c 
(Da) 

Đ c 
Tg d 

(C) 

TgFox 
e 

(C) 

T5% f 

(C) 
  

1 100 0 0 74.8 8,000 4.6 41 41 330 
2 90 10 9 80.5 14,000 6.3 43 44 341 
3 80 20 21 88.0 g g 48 48 338 
4 70 30 28 92.5 g g 53 50 336 
5 60 40 37 88.8 g g 57 54 335 
6 50 50 47 91.2 g g 65 59 339 
7 40 60 56 91.4 g g 71 65 332 
8 30 70 65 92.8 g g 77 71 333 
9 20 80 75 97 g g 89 80 324 
10 10 90 85 90.5 g g 95 92 332 
11 0 100 100 60.2 g g 118 118 338 

aReaction conducted in neat conditions using 1 mol% Sb2O3; mixtures were melted with a temperature 
ramp from 150 °C – 250 °C for 4 hours, then 8 hours of dynamic vacuum at 250 °C, except as noted. See 
the experimental method for exact temperature profile. bIncorporation of hydroxyethylsinapic acid and 
hydroxyethyldihydrosinapic acid in the copolymers was determined by 1H NMR. cObtained by GPC in 
HFIP at 40 °C versus PMMA standards. dDetermined by DSC. eCalculated by the Fox equation. 
fTemperature reported upon 5% mass loss. gPolymers were insoluble in GPC solvents. 
  

A series of controlled glass transition temperature copolymers was synthesized 

by taking advantage of the high Tg of polyethylene sinapate and the low Tg of 

polyethylene dihydrosinapate, particularly by employing different ratios of 

hydroxyethylsinapic acid (HESA) and hydroxyethyldihydrosinapic acid (HEHSA) 

monomers. Indeed, there was a positive correlation between the Tg of copolymers 

versus feed fraction of unsaturated monomer, as illustrated by Figure 1-6. 
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Figure 1-6. Comparison of glass transition temperatures for the 
copoly(hydroxyethyldihydrosinapic acid/hydroxyethylsinapic acid) series 
observed by Differential Scanning Calorimetry (light blue diamonds) to those 
calculated by the Fox equation (light grey circles). 

As tabulated in Table 1-2, the Tg values observed by Differential Scanning 

Calorimetry (DSC) were close to the Tg values predicted by the Fox equation for binary 

blend copolymers.89 The Tg range of the copolymer series is 41 C to 118 C, spanning 

the Tg values of several high demand commodity plastics, including polymethyl 

methacrylate (Tg = 105 C), polystyrene (Tg = 100 C), polyvinyl chloride (Tg = 82 C), 

polyethylene terephthalate (Tg = 67 C), and polylactic acid (Tg = 55 C). Similarly, the 

percentage of incorporated monomers feed was confirmed by the 1H NMR 

spectroscopy. The relative integration for the methylene peaks of the HEHSA moiety 



 

53 

(2.7 and 2.9 ppm) and the methylene peaks of both HEHSA and HESA moieties (4.2, 

4.3, 4.4, 4.5 ppm) were particularly used for determining the values given in Table 1-2.  

 

Synthesis of polyethylene sinapate from extracted sinapic acid 

 

Figure 1-7.  Comparison between polyethylene sinapate (PES) from extracted sinapic 
acid and from commercial petroleum based sinapic acid.  

The last part on this project was the synthesis of polyethylene sinapate using the 

extracted sinapic acid that we obtained directly from carinata meal. All of the obtained 

sinapic acid from various extraction methods was accumulated into a round bottom 
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flask; then the extracted sinapic acid was converted into hydroxyethylsinapic acid 

monomer. Then, the synthesized monomer was polymerized using the same protocol 

used for the initial polymer that we made from commercial sinapic acid, but with a 

smaller scale. The 1H NMR spectrum confirmed that the synthesized polymer was 

indeed the polyethylene sinapate. This polymer exhibited a T5% of 265 C and a Tg of 

128 C (Figure 1-7). The difference of thermal properties for this polymer use the 

polyethylene sinapate from commercial sinapic acid was probably due to the small scale 

reaction that we used; the small scale of the polymerization amplified the effects of the 

impurities and provided somewhat anomalous result. Still, this polymer is likely one of 

the first if not the first synthetic polymer made from Brassica carinata based sinapic 

acid. 

Conclusions 

As the future of petroleum becomes bleak, Brassica carinata brings an enormous 

number of opportunities as the future bio-refinery alternative. For farmers, carinata will 

increase incomes for its agronomic benefits, and has potential as a winter cash crop. 

For the transportation industry, carinata has one of highest non-food oil seed contents, 

which has been converted to advanced bio-jet fuel. For animal farm, the defatted seed 

can be used as the livestock meal due to its high protein and low fiber content. For the 

chemicals industry, carinata-based chemicals can provide great diversification of the 

chemical portfolio for human daily life products, including fragrance, skincare, 

pharmaceuticals, herbicides, preservatives, and bioplastics.  

In the current market, sinapic acid is a high value added co-product (US$550 per 

kg); therefore, the extraction of sinapic acid from the meal will greatly increase revenue 
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for the carinata biomill, while at the same time increasing the quality of the meal. If one 

acre of carinata plantation yields 1,800 kg of seed or 900 kg of meal,15 and the average 

yield of sinapic acid in the meal is 1.5%, then there is a possible additional value of 

US$7500 per acre from sinapic acid. However, the price of this extracted sinapic acid 

has a flexible true value and can be adjusted according to the demand of the market 

since this sinapic acid is initially a by-product from the low value product, carinata meal. 

As has been suggested by numerous studies6683 and this work, sinapic acid fits into the 

global preservatives and bioplastics market, which both will have an increasing demand 

in the future. 

By exploiting structure-property relationships, the synthesized polyalkylene 

sinapates showed excellent thermal stability and a wide range of glass transition 

temperatures that overlap with several current commodity plastics. Although the 

degradation studies on these polymers were not conducted, the structures’ similarity to 

that of lignin and polyesters suggested that there is a potential biodegradation pathway 

that can breakdown these polymers into non-toxic small molecules.90 In the most 

ambitious scenario, perhaps when every flight uses carinata-based jet fuel and the 

plantation of carinata covers millions of acres of land, then the carinata-based polymers 

will definitely enter the global market to replace current petroleum-based plastics. 

 



 

56 

CHAPTER 2 
WEAK LINKS IN SINAPIC ACID-BASED POLYMERS† 

Background 

Global plastic production has continued to increase over the years due to the 

ever-growing demand and consumption of plastic materials. In 2017 alone, the world 

produced 348 billion kg of plastics which consisted of commodity plastics, engineering 

plastics, and high-performance plastics. Household commodity plastics made up to 90% 

of the entire plastics’ market share, including polyethylene terephthalate (PET, 7%), 

high-density polyethylene (HDPE, 15%), polyvinyl chloride (PVC, 16%), low-density 

polyethylene (LDPE, 17%), polypropylene (PP, 23%), and polystyrene (PS, 7%).91 In 

addition, about 40% of these commodity plastics were designed for single use 

packaging materials.92  This high dependence on plastics comes at two great costs to 

the environment: (1) most plastics are derived from non-renewable resources 

(petroleum and natural gas),93 (2) most plastics are non-degradable and plastics waste 

will keep accumulating over the years.94 One of the concrete solutions to these 

problems is the synthesis of bioplastic, which is either a bio-based or degradable 

plastic.95 Presently, there is a substantial untapped market for bioplastic development 

and production, as current bioplastics constitute only one percent of total global plastic 

production.80  Polylactic acid (PLA) is one of the most commercially successful bio-

based and biodegradable plastic,96 under the trade names of Ingeo® from 

NatureWorks97 and Luminy® from Total Corbion.98 PLA is synthesized from a ring-

opening polymerization of L-lactide obtained from the fermentation of corn, cassava, 

                                            
† This work will be submitted to Polymer Chemistry as a paper 
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sugarcane, or beet starch.96–98 One analogue of PLA is polyglycolic acid (PGA) a 

bioplastic under the trade name of Kuredux® from Kureha.99 Additionally, PGA is 

synthesized from a ring-opening polymerization of glycolide resembling the synthesis of 

PLA.100 Owing to their biocompatibility and biodegradability,101 both PLA and PGA have 

been manufactured for medical applications such as absorbable medical sutures.102,103 

Nevertheless, due to a higher demand of packaging bioplastics (65% of total bioplastics 

market in 2018),80 PLA has found a more lucrative market in packaging applications. 

104,105 Moreover, PLA and PGA have mechanical properties that are comparable to 

current commodity plastics.95–100 PLA exhibits a glass transition temperature (Tg) of 50 

C and a melting temperature (Tm) of 160 C,106 while PGA has a Tg of 35 C and a Tm 

of 231 C.107 Although PLA and PGA are semi-crystalline polymers that offer high Tm, 

for packaging applications high Tg amorphous biopolymers are still preferred due to 

their greater optical transparency, toughness, and susceptibility to hydrolysis.108 

Several studies have been carried out to increase the thermal properties of PLA 

and PGA by copolymerizing PLA or PGA with cyclic and aryl groups that can impede 

the conformational mobility of polymers. Baker and co-workers synthesized a series of 

substituted PLA and PGA to study the effect on their degradation and thermal 

properties. Two notable copolymers were poly(lactic acid-co-mandelide) with a Tg of 86 

C and poly(lactic acid-co-cyclohexyllactide) with a Tg of 73 C.109,110 In other study, 

Hillmyer et al. polymerized various spirolactide derivatives, including poly(isoprene-

lactide), poly(norbornane-lactide), and poly(cyclohexadiene-lactide), displaying Tg 

values of 77 C, 107 C, and 119 C, respectively.111 Comparatively, Vert et al. 

introduced a bulky ketal pendant group from gluconic acid into PGA and PLA 
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derivatives and substantially increased the Tg of those polymers.112,113 For instance, 

polymerization of 3-(1,2,3,4-tetraoxobutyldiisopropylidene)dioxane-2,5-dione 

(DIPAGYL) yielded poly-DIPAGYL with a Tg of 97 C.112 On the other hand, the 

copolymers of poly-DIPAGYL and PLA (70% lactide) exhibited a Tg of 73 C.113 There 

were also several studies on the copolymerization of PLA and PGA with PET (Tg = 67 

C) by Olewnik et al..114,115 They depolymerized post-consumer PET into bis(2-hydroxyl 

terephthalate) (BHET); then poly(lactic acid-co-ethylene terephthalate) (Tg = 60 C) was 

obtained by melt polymerization of BHET and L-lactic acid oligomers.113 Later, the same 

method was also utilized to produce poly(glycolic acid-co-ethylene terephthalate) with a 

Tm of 166 C; there was no reported Tg in this paper.115 For the past few decades, furan-

based polymers have been extensively studied as a greener alternative of PET plastic. 

Perhaps the most prevalent example is polyethylene furanoate (PEF) by Avantium116 

which unfortunately is not biodegradable.117 Recent work from Zhu and co-workers was 

the introduction of a weak link (glycolate moiety) into a furan-based polyester, 

particularly the copolyester of poly(glycolic acid-co-butylene furandicarboxylate) with a 

Tg up to 38 C.118 Lastly, in 2017, our group published a paper on copolymers of L-

lactide and bioaromatics (syringic acid, vanillic acid, ferulic acid, and coumaric acid-

based polymers) with Tg values ranging from 68 C to 107 C.119  
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Figure 2-1.  Polyethylene terephthalate (PET) alternatives from sinapic acid exhibit 
superior glass transition temperatures (Tg) vs. petroleum-based PET. 

In the Miller group, we valorize readily available biobased monomers to obtain 

high Tg and Tm plastics as alternatives to current commodity plastics. One particular 

renewable monomer that has recently caught our interest is sinapic acid. Sinapic acid is 

a naturally occurring substance in the Brassicaceae, or commonly known as the 

mustard plant family.120 The extractions of sinapic acid or its choline ester form, 

sinapine, from plants have been widely developed.78,79,121 ,122,123 There are two 

motivations behind this extraction development: (1) the presence of sinapic acid (in the 

form of sinapine) in the plant is anti-nutritional for animals, hence it is crucial to remove 
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sinapine from the mustard seeds used as livestock feed; however (2) for humans, 

sinapic acid is a high-value medicinal and supplementary product due to its antioxidant, 

anti-inflammatory, antibacterial, and antimutagenic properties.67,69,71,72 Although the 

current price of sinapic acid is still high (US$550 per kg), it is important to note that 

sinapic acid can be obtained from plant waste materials, particularly the post oil 

extraction of seed meal.78,79,121,122,123 Currently, under the SPARC (Southeast 

Partnership for Advanced Renewables from Carinata) project, Brassica carinata has 

been seen and studied as, arguably, the plant with the most potential for biofuel 

production.11,15 As a matter of fact, Applied Research Associates (ARA), partnering with 

Chevron Lummus Global (CLG) and Agrisoma, has produced a 100% drop-in bio-jet 

fuel, under the brand name ReadiJet®.31 As the demand of drop-in biofuel increases 

over the years, B. carinata may be capable of driving down the price of sinapic acid to 

be affordable enough as an abundant biorenewable resource for polymer synthesis.124 

Nevertheless, on a small scale industry, sinapic acid still contributes as a high-value 

added co-product from the Brassica carinata biorefinery. Up to this date, there are 

several published sinapic acid-based bioplastics, such as: (1) Bezwada Biomedical, 

LLC patented a series of degradable sinapic acid-based biopolymers for biomedical 

applications;81 (2) Allais et al. published a ring opening polymerization of norbornene 

dihydrosinapate (NDS) which yielded bioplastics with Tg values up to 56 C;82 (3) The 

same research group (Allais et al.) synthesized a sinapic acid-based bisphenol resulting 

a series of bioplastics with Tg values up to 126 C;83 (4) Our research group also 

recently contributed on our polyethylene sinapate (PES) series with Tg values ranging 

from 41 C to 118 C.123,124 Herein, we sought to install lactate and glycolate moieties 
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into sinapic acid-based polymers. Lactate and glycolate act as the weak links that 

facilitate the degradation of polymers while having tunable Tg owing to the presence of 

sinapic acid moiety in the main chain.  

Experimental 

Materials 

Sinapic acid was purchased from Henan Tianfu Chemical Co., Ltd. via 

Alibaba.com. Ferulic acid and p-coumaric acid were purchased from Nanjing Zelang 

Medical Technology Co., Ltd. via Alibaba.com. Methyl chloroacetate, 1,3-propanediol, 

and 1,9-nonanediol were purchased from Sigma Aldrich. Methyl 2-chloropropionate, 

and 1,6-hexanediol were purchased from Alfa Aesar. Ethylene glycol, 1,4-butanediol, 

1,5-pentanediol, 1,8-octanediol, and 1,10-decanediol were purchased from Acros 

Organics. Acetone, ethyl acetate, methanol, hydrochloric acid, sodium hydroxide, 

sodium iodide, sodium bicarbonate, sodium chloride, and potassium carbonate 

anhydrous were purchased from Fisher Chemical. Ethylenediamine was purchased 

from Honeywell Fluka. Ethanolamine and NMR solvents, including deuterated 

chloroform (CDCl3), and deuterated dimethyl sulfoxide (DMSO-d6) were purchased from 

Cambridge Isotope Laboratories. Polylactic acid (PLA) sample was obtained from 

dissolving “Eco cup” in dichloromethane and reprecipitated in hexanes (Mn = 12,000, Đ 

= 3.7). Seawater was obtained from Siesta Key, Florida (2716’31”N, 8233’9” W). All 

the chemicals, unless expressly mentioned, were utilized without further purification. 

Characterization 

Proton nuclear magnetic resonance (1H NMR) and carbon nuclear magnetic 

resonance (13C NMR) were recorded using an Inova 500 MHz spectrometer. Chemical 

shifts are reported in parts per million (ppm) downfield relative to tetramethylsilane 
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(TMS, 0.0 ppm). Coupling constants (J) are reported in Hertz (Hz). Multiplicities are 

reported using the following abbreviations: s, singlet; d, doublet; t, triplet; q, quartet; m, 

multiplet; br, broad. 

Thermogravimetric analyses (TGA) were measured under nitrogen with a TGA 

Q5000 (TA Instruments). About 5–7 mg of each sample were heated at 20 C/min from 

room temperature (25 C) to 600 C. 

Differential scanning calorimetry (DSC) thermograms were obtained with a DSC 

Q1000 (TA instruments). Typically 4–6 mg of a sample were massed and added to a 

sealed pan that passed through a heat-cool-heat cycle at 10 C min1. Reported data 

are from the second full cycle. The temperature ranged from 0 to 250 C. 

Gel permeation chromatography (GPC) was performed at 40 C using an Agilent 

Technologies 1260 Infinity Series liquid chromatography system with an internal 

differential refractive index detector, and a two Waters Styragel HR-5E columns (7.8 

mm i.d., 300 mm length, guard column 7.8 mm i.d., 25 mm length) using a solution of 

0.1% potassium triflate (K(OTf)) in HPLC grade hexafluoroisopropanol (HFIP, 

purchased from SynQuest Laboratories, Alachua, Florida) as the mobile phase flow rate 

of 0.5 mL min1. Calibration was performed with narrow polydispersity polymethyl 

methacrylate standards.  

Synthesis 

Sinapic acid was converted into methyl sinapate and then into its subsequent 

monomers. A series of homopolymers and copolymers was then synthesized by 

reacting with ethylene glycol and other longer chains of linear diols. The methods for 

dimethylglycolate sinapate (MGS), dimethylglycolate dihydrosinapate (MGHS), 
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dimethyllactate sinapate (MLS), dimethyllactate dihydrosinapate (MLHS), 

polyethyleneglycolate dihydrosinapate (PEGHS), polyethyleneglycolate sinapate 

(PEGS), polyethylenelactate dihydrosinapate (PELHS), and polyethylenelactate 

sinapate (PELS)  follow below and all other monomer syntheses are provided in 

Chapter 6. 

Synthesis of dimethylglycolate sinapate (MGS).  

 

A mixture of methyl sinapate (39.0 g, 0.164 mol), sodium iodide (1.55 g, 10.35 

mmol), and potassium carbonate (27.8 g, 0.202 mol) was suspended in 350 mL 

acetone. The solution was stirred and heated at reflux for 30 mins. Then, methyl 

chloroacetate (11.04 mL, 0.126 mol) was slowly added into the solution. The solution 

was then refluxed for 24 hours at reflux. Upon completion, the mixture was cooled down 

to room temperature, then acetone was removed by a rotatory evaporation. The 

resulting crude product was dissolved in 500 mL of ethyl acetate and washed with 2 x 

250 mL of 0.5 M sodium hydroxide solution, 2 x 150 mL of deionized water, and 150 mL 

of brine. The organic portion was dried over magnesium sulfate anhydrous and filtered, 

then ethyl acetate was removed by a rotatory evaporation resulting in white powder. 

35.37 g of dry white powder was obtained in 90.6% yield. 1H NMR (DMSO-d6) δ ppm 

3.68 (s, 2 H), 3.72 (s, 3 H), 3.80 (s, 6 H), 4.57 (S, 2 H), 6.67 (d, 1 H), 7.08 (s, 2 H), 7.59 

(d, 1 H). 13C NMR (DMSO-d6) δ ppm 51.4, 51.5, 56.2, 64.0, 106.1, 116.3, 128.1, 137.5, 

144.6, 152.3, 166.8, 168.2. 
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Synthesis of dimethylglycolate dihydrosinapate (MGHS).  

 

Dimethylglycolate sinapate (15.0 g, 0.048 mol) and 10% Pd on Carbon (1.03 g, 

0.967 mmol) were mixed in 225 mL of THF. The mixture was hydrogenated for 24 hours 

under 60 psi of H2 gas. The reaction was then vacuum filtered through a celite filter bed. 

The filtrate was dried by a rotary evaporator and diluted in ethyl acetate. The product 

was then precipitated upon addition of cold hexane and was isolated by gravity filtration. 

After drying under vacuum, 14.215 g of dry white powder was obtained in 94.16% yield. 

1H NMR (CDCl3) δ ppm 2.63 (t, 2 H), 2.79 (t, 2 H), 3.60 (s, 3 H), 3.68 (s, 3 H), 3.73 (s, 6 

H), 4.45 (s, 2 H), 6.54 (s, 2 H). 13C NMR (CDCl3) δ ppm 30.6, 34.9, 51.4, 51.5, 55.9, 

68.8, 105.5, 136.8, 152.1, 156.5, 169.2, 172.7. 

Synthesis of dimethyllactate sinapate (MLS).  

 

A mixture of methyl sinapate (39.0 g, 0.164 mol), sodium iodide (1.55 g, 10.35 

mmol), and potassium carbonate (27.8 g, 0.202 mol) was suspended in 350 mL 

acetone. The solution was stirred and heated at reflux for 30 mins. Then, methyl 2-

chloropropionate (14.36 mL, 0.126 mol) was slowly added into the solution. The solution 

was then refluxed for 3 days at reflux. Upon completion, the mixture was cooled down to 

room temperature, then acetone was removed by a rotatory evaporation. The resulting 

crude product was combined with 750 mL of 1 M hydrochloric acid solution. The acidic 

solution was then extracted with 2 x 350 mL of ethyl acetate. The organic portion was 
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washed with 2 x 250 mL of 1 M sodium hydroxide solution, 2 x 150 mL of deionized 

water, and 150 mL of brine. The organic portion was dried over magnesium sulfate 

anhydrous and filtered, then ethyl acetate was removed by a rotatory evaporation 

resulting in white powder. 26.748 g of dry white powder was obtained in 48.0% yield. 1H 

NMR (DMSO-d6) δ ppm 1.38 (d, 3 H), 3.65 (s, 3 H), 3.70 (s, 3 H), 3.78 (s, 6 H), 4.59 (q, 

1 H), 3.90 (t, 2 H), 6.67 (d, 1 H), 7.08 (s, 2 H), 7.60 (d, 1 H). 13C NMR (DMSO-d6) δ ppm 

18.1, 51.4, 51.5, 56.1, 76.3, 105.9, 117.2, 129.7, 137.0, 144.6, 152.6, 166.8, 171.4. 

Synthesis of dimethyllactate dihydrosinapate (MLHS).  

 

A mixture of methyl dihydrosinapate (17.339 g, 0.072 mol), sodium iodide (0.685 

g, 4.57 mmol), and potassium carbonate (12.277 g, 0.089 mol) was suspended in 200 

mL acetone. The solution was stirred and heated at reflux for 30 mins. Then, methyl 2-

chloropropionate (6.33 mL, 0.05552 mol) was slowly added into the solution. The 

solution was then refluxed for 2 days at reflux. Upon completion, the mixture was cooled 

down to room temperature, then acetone was removed by a rotatory evaporation. The 

resulting crude product was combined with 500 mL of 1 M hydrochloric acid solution. 

The acidic solution was then extracted with 2 x 250 mL of ethyl acetate. The organic 

portion was washed with 2 x 150 mL of 1 M sodium hydroxide solution, 2 x 100 mL of 

deionized water, and 100 mL of brine. The organic portion was dried over anhydrous 

magnesium sulfate and filtered; then ethyl acetate was removed by a rotatory 

evaporation resulting in a colorless oil. 14.97 g of colorless oil was obtained in 63.7% 

yield. 1H NMR (DMSO-d6) δ ppm 1.35 (d, 3 H), 2.63 (t, 2 H), 2.79 (t, 2 H), 3.60 (s, 3 H), 
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3.65 (s, 3 H), 3.72 (s, 6 H), 4.43 (q, 1 H), 6.53 (s, 2 H). 13C NMR (DMSO-d6) δ ppm 

18.0, 30.6, 34.9, 51.4, 51.5, 55.8, 76.4, 105.4, 133.4, 136.5, 152.4, 171.6, 172.7. 

Synthesis of polyethyleneglycolate dihydrosinapate (PEGHS).  

 

Dimethylglycolate dihydrosinapate (1.50 g, 4.803 mmol), ethylene glycol (0.358 

g, 5.764 mmol), and Sb2O3 (28.0 mg, 2 mol%) were loaded into a 50 mL round bottom 

flask. This flask was fitted with a bump trap and attached to the Schlenk line. The 

system was then purged with a nitrogen and vacuum three times. The mixture was 

melted under a nitrogen atmosphere at 160 C for 2 hours, at 180 °C for 16 hours, and 

at 200 C for 2 hours. Later, the system was placed under dynamic vacuum and was 

heated gradually from 200 C to 215 C for 5 hours to remove the condensation 

byproduct, thus increasing the degree of the polymerization. Once cool, the polymer 

was melted for removal from the flask and used without further purification. 1.306 g of 

polymer was obtained in 87.6% yield. 1H NMR (CDCl3) δ ppm 2.63 (t, 2 H), 2.88 (t, 2 H), 

3.81 (s, 6 H), 4.28 (t, 2 H), 4.41 (t, 2 H), 4.61 (s, 2 H), 6.40 (s, 2 H). 13C NMR (CDCl3) δ 

ppm 31.1, 35.7, 56.1, 62.4, 63.2, 69.3, 105.3, 132.6, 141.5, 152.6, 169.8, 176.0. 

Synthesis of polyethyleneglycolate sinapate (PEGS). 

 

Dimethylglycolate sinapate (1.50 g, 4.834 mmol), ethylene glycol (0.360 g, 5.801 

mmol), and Sb2O3 (28.2 mg, 2 mol%) were loaded into a 50 mL round bottom flask. This 

flask was fitted with a bump trap and attached to the Schlenk line. The system was then 
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purged with a nitrogen and vacuum three times. The mixture was melted under a 

nitrogen atmosphere at 180 C for 1 hour, and at 200 °C for 16 hours. Later, the system 

was placed under dynamic vacuum and was heated gradually from 200 C to 240 C for 

7 hours to remove the condensation byproduct, thus increasing the degree of the 

polymerization. Once cool, the polymer was melted for removal from the flask and used 

without further purification. 1.303 g of polymer was obtained in 87.5% yield. 1H NMR 

(CDCl3) δ ppm 3.87 (s, 6 H), 4.43, 4.49 (m, 4 H), 4.72 (d, 2 H), 6.35 (d, 1 H), 6.74 (s, 2 

H), 7.58 (d, 1 H). 13C NMR (CDCl3) δ ppm 56.0, 62.2, 62.4, 69.0, 105.1, 116.6, 129.7, 

137.9, 145.0, 152.5, 166.3, 168.8. 

Synthesis of polyethylenelactate dihydrosinapate (PELHS). 

 

Dimethyllactate dihydrosinapate (1.50 g, 4.60 mmol), ethylene glycol (0.2855 g, 

4.60 mmol), and Sb2O3 (27.82 mg, 2 mol%) were loaded into a 50 mL round bottom 

flask. This flask was fitted with a bump trap and attached to the Schlenk line. The 

system was then purged with a nitrogen and vacuum three times. The mixture was 

melted under a nitrogen atmosphere at 160 C for 2 hours, at 180 °C for 16 hours, and 

at 200 C for 2 hours. Later, the system was placed under dynamic vacuum and was 

heated gradually from 200 C to 215 C for 10 hours to remove the condensation 

byproduct, thus increasing the degree of the polymerization. Once cool, the polymer 

was melted for removal from the flask and used without further purification. 1.081 g of 

polymer was obtained in 72.5% yield. 1H NMR (CDCl3) δ ppm 1.53 (d, 3 H), 2.63 (t, 2 

H), 2.86 (t, 2 H), 3.78 (s, 6 H), 4.27, 4.37 (m, 4 H), 4.61 (s, 1 H), 6.38 (s, 2 H). 13C NMR 
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(CDCl3) δ ppm 18.4, 31.1, 35.6, 56.0, 62.16, 62.22, 77.1, 105.2, 134.3, 136.4, 152.9, 

172.0, 172.5. 

Synthesis of polyethylenelactate sinapate (PELS). 

 

Dimethyllactate sinapate (1.492 g, 4.60 mmol), ethylene glycol (0.2855 g, 4.60 

mmol), and Sb2O3 (26.82 mg, 2 mol%) were loaded into a 50 mL round bottom flask. 

This flask was fitted with a bump trap and attached to the Schlenk line. The system was 

then purged with a nitrogen and vacuum three times. The mixture was melted under a 

nitrogen atmosphere at 180 C for 3 hour, and at 200 °C for 16 hours. Later, the system 

was placed under dynamic vacuum and was heated gradually from 200 C to 240 C for 

6 hours to remove the condensation byproduct, thus increasing the degree of the 

polymerization. Once cool, the polymer was melted for removal from the flask and used 

without further purification. 1.163 g of polymer was obtained in 78.4% yield. 1H NMR 

(CDCl3) δ ppm 1.59 (m, 3 H), 3.86 (s, 6 H), 4.43, 4.52 (m, 4 H), 4.77 (m, 1 H), 6.35 (d, 1 

H), 6.81 (s, 2 H), 7.58 (d, 1 H). 13C NMR (CDCl3) δ ppm 18.5, 56.4, 61.7, 62.4, 78.5, 

105.1, 114.2, 128.3, 139.6, 144.8, 155.2, 167.2, 170.1. 

Accelerated hydrolysis experiment 

Effect of aqueous base solution. 0.1 g of PEGHS, PELHS, and PLA were 

placed in 12 mL of 1 M aqueous sodium hydroxide. These three vials were placed on a 

water bath at 80 C. After 12 hours the pH was neutralized, liquid-liquid extraction was 

performed using chloroform (3 x 10 mL), the organic layers were combined and 



 

69 

evaporated, and the remaining solids were dried and then dissolved in DMSO-d6 for 1H 

NMR and 13C NMR analysis and in HFIP for GPC analysis. 

Effect of aqueous acid solution. 0.1 g of PEGHS, PELHS, and PLA were 

placed in 12 mL of 1 M aqueous hydrochloric acid. These three vials were placed on a 

water bath at 80 C. After 12 hours the pH was neutralized and the remaining solids 

were dried and then dissolved in DMSO-d6 for 1H NMR and 13C NMR analysis and in 

HFIP for GPC analysis. 

Effect of deionized water and seawater. 30 mg of PEGHS, PELHS, and PLA 

were placed in 10 mL of deionized water and seawater. These six vials were placed on 

a water bath at 80 C. After 72 hours the remaining solids were washed with deionized 

water and were dried overnight, then the solids were dissolved in DMSO-d6 for 1H NMR 

and 13C NMR analysis and in HFIP for GPC analysis. 

Results and discussion 

Monomer design 

Sinapic acid is versatile in creating various sinapic acid-based monomers due to 

its functionality. In this work, the double bond was hydrogenated creating a saturated 

monomer. Furthermore, the phenol group was elaborated with alkanoate groups. For 

instance, synthesis of dimethylglycolate sinapate and dimethyllactate sinapate 

monomers involved methyl chloroacetate and methyl 2-chloropropionate. Methyl 

chloroacetate was converted into the glycolate moiety while methyl 2-chloropropionate 

was converted into the lactate moiety. It is noteworthy to mention that both haloester 

compounds can be derived from the byproducts, acetic acid and propionic acid, of 
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petroleum refinery processes.125 This synthesis pathway fits into the SPARC narration, 

as both haloester compounds can be produced from B. carinata biorefineries. 

 

Figure 2-2.  Synthesis of dimethylglycolate sinapate, dimethyglycolate dihydrosinapate, 
dimethyllactate sinapate, and dimethyllactate dihydrosinapate from sinapic 
acid, which can be extracted from carinata seed meal. 

As can be seen, diester monomers were used for polymerization instead of using 

diacid counterparts. The original approach was to synthesize the diacid monomers 

instead of diester form. In fact, there had been several attempts for polycondensation of 

synthesized diacids with several diols, but to no avail. The diacid monomers did not melt 

despite reaction temperatures up to 240 C. Meanwhile, the diols rapidly volatilized, and 

hence the polymerization was prevented. Since ester groups generally have a lower 

melting point than their carboxylic acid counterparts, diester monomers should melt and 

react more readily. Furthermore, the methanol byproduct generated by the 
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polycondensation reaction should be easier to remove than water (from the original 

approach) from the equilibrium;126 this suggests that diester monomers should be 

superior to the diacid monomers. 

 

Figure 2-3.  Synthetic route to copoly(ethyleneglycolate 
dihydrosinapate/ethyleneglycolate sinapate) (R = H), copoly(ethylenelactate 
dihydrosinapate/ethylenelactate sinapate) (R = Me), polyalkyleneglycolate 
sinapate (n = 2–10), and polyalkyleneglycolate dihydrosinapate (n = 2 and 6). 
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Table 2-1. Optimization study of polyhexyleneglycolate dihydrosinapate and 
polyhexyleneglycolate sinapate a 

Entry Polymer 
[Cat.] b 
(mol%) 

Tramp c 

(C) 

Yield 
(%) 

Mn d 
(Da) 

Đ d 
Tg e 

(C) 

T5% e 

(C) 

1 

 

1 160215 73.2 11,500 2.5 0 294 

2 

 

2 160215 82.0 15,200 2.4 4 295 

3 

 

2 160240 73.0 20,000 4.1 7 294 

4 

 

2 180215 70.1 5,800 2.9 32 289 

5 

 

2 180240 96.7 g g 49 301 

aReaction conducted in neat condition using dimethylglycolate sinapate or dimethylglycolate 
dihydrosinapate and 1,6-hexanediol; mixtures were melted with a temperature ramp under nitrogen then 
switch to a dynamic vacuum. See the experimental method for exact temperature profile. bConcentration 
of Sb2O3 as the catalyst. cTemperature ramp of polymerization. dObtained by GPC in HFIP at 40 °C 
versus PMMA standards. eDetermined by DSC. fTemperature reported upon 5% mass loss. gPolymers 
were insoluble in GPC solvents. 

 
Optimization of polymerization conditions 

Dimethylglycolate dihydrosinapate (MGHS), dimethylglycolate sinapate (MGS), 

and 1,6-hexanediol were selected as the monomers because of their homopolymers, 

polyhexyleneglycolate sinapate and polyhexyleneglycolate dihydrosinapatemost likely 

to be soluble in HFIP for molecular weight characterization by GPC. There were two 

parameters that were used for the optimization study: catalyst loading and temperature. 

Several studies from our group suggested that Sb2O3 was indeed the most suitable 

catalyst for high temperature (above 180 C) polycondensation 

reactions,84,119,126,127,128,129,130 so the optimization focused on the amount of catalyst 

loading needed (1 mol% versus 2 mol%) instead. Based on Table 1, 2 mol% Sb2O3 

(Table 2-1, entry 2) gave a better result than that from 1 mol% Sb2O3 (Table 2-1, entry 
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1) using the same temperature ramp (160 C  215 C). On the other hand, when the 

maximum temperature ramped to 240 C (Table 2-1, entry 3), there was a broadening 

of Đ to 4.1, although there was also an increased Mn (number average molecular 

weight) to 20,000 Da. Conversely, the polymerization of polyhexyleneglycolate sinapate 

yielded a low Mn (5,800 Da) when the maximum reaction temperature was 215 C 

(Table 2-1, entry 4). The polymerization seemed to be sluggish and the ramp 

temperature needed to be increased to have a lower viscosity mixture. For this reason, 

reaction temperature was ramped to 240 C (Table 2-1, entry 5), which was also the 

maximum temperature of the silicone oil bath before it degraded. The overall superior 

thermal properties indicated that this condition (entry 5) gave a better result than that 

from entry 4; the missing molecular weight data was only due to the insolubility of the 

polymer in HFIP for GPC characterization. 

Table 2-2.  Copolymerization results of copoly(ethyleneglycolate 
dihydrosinapate/ethyleneglycolate sinapate) series. a  

Entry 

Monomer feed % MGS 
b 

(mol
%) 

Yield 
(%) 

Mn c 
(Da) 

Đ c 
Tg d 

(C) 

T5% 
e 

(C) 

T50% 
f 

(C)   

1 100 0 0 87.6 16,600 2.6 33 289 360 
2 90 10 16 90.2 13,600 2.8 35 290 373 
3 80 20 26 86.3 9,600 2.7 36 284 365 
4 70 30 34 94.0 g g 42 265 266 
5 60 40 44 85.8 g g 49 287 392 
6 50 50 50 87.5 g g 52 286 397 
7 40 60 58 83.3 g g 58 289 415 
8 30 70 72 87.6 g g 65 292 412 
9 20 80 83 82.6 g g 69 290 418 
10 10 90 92 85.4 g g 74 292 414 
11 0 100 100 87.5 g g 85 291 424 

aReaction conducted with no solvent using 2 mol% Sb2O3; mixtures of dimethylglycolate sinapate or 
dimethylglycolate dihydrosinapate and ethylene glycol were melted with a temperature ramp under 
nitrogen, then switch to a dynamic vacuum. See the experimental method for exact temperature profile. 
bIncorporation of MGS in the copolymers was determined by 1H NMR. cObtained by GPC in HFIP at 40 °C 
versus PMMA standards. dDetermined by DSC. eTemperature reported upon 5% mass loss. fTemperature 
reported upon 50% mass loss. gPolymers were insoluble in GPC solvents, THF and HFIP. 
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Polymer synthesis 

Homopolymerization of polyethyleneglycolate dihydrosinapate (PEGHS) used the 

same condition as Table 2-1, entry 2. Meanwhile, homopolymerization of 

polyethyleneglycolate sinapate (PEGS) used the same condition as Table 2-1, entry 4.  

To accommodate the difference of melting points and reactivity, the copolymerization of 

saturated monomer and unsaturated monomer was conducted with different 

temperature ramps, depending on the feed ratio of the monomers employed. An excess 

amount (1.2 equivalents) of diols was typically used due to the high volatility of the diols 

at high temperature, compared to the other monomers. The mixtures were melted and 

stirred for 16 hours at 180 C – 200 C yielding a pre-polymer. Then, the polymerization 

was continued under dynamic vacuum conditions and a high temperature gradient to 

remove byproductssuch as methanol from the polycondensation and remaining 

unreacted diolsthus effectively increasing the molecular weight of polymer. All 

copolymerization results of PEGHS and PEGS with various monomer feed ratio were 

tabulated in Table 2-2. Based on 1H NMR, the percentage of incorporated monomers 

feed aligned with the feed fractions of the monomers employed, which confirmed by the 

plot of MGS monomer feed % versus incorporated mol% resulted in R2 = 0.9945. To 

enumerate, the ratio integration of four methylene protons for the MGHS repeat unit and 

six methoxy protons for both the MGHS and MGS unit were counted to determine the 

percentage of the MGHS portion in the copolymers. Furthermore, the overall 

satisfactory yields of 83–94% were obtained from the mass of recovered polymer. 
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Figure 2-4.  Glass transition temperatures observed and plotted for 
copoly(ethyleneglycolate dihydrosinapate/ethyleneglycolate sinapate). 

Homopolymerization of PEGHS (Table 2-2, entry 1) resulting polymer with high 

Mn of 16,600 g/mol and Đ (dispersity index) of 2.6. Comparatively, copolymers with the 

MGS:MGHS feed ratio of 90:10 and 80:20 resulted in polymers with Mn of 13,600 g/mol 

and 9,600 g/mol, respectively. The trend suggested that a higher percentage of 

unsaturated monomer yielded a higher molecular weight. One important point to 

remember is that this was only possible due to the lower viscosity and more 

homogeneous mixtures during polymerization, thus yielding a higher molecular weight 

polymers. Consequently, the temperature of the copolymerization needed to be 

adjusted according to the monomer feed ratio. In other words, copolymerization with a 
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higher percentage of unsaturated monomer (MGS) used a higher temperature to lower 

the viscosity during polymerization. The insolubility of the copolymers with MGS:MGHS 

feed ratio above 80:20 in HFIP prevented GPC analysis. 

The synthesized PEGS-PEGHS copolymers exhibited excellent thermal 

degradation temperatures. In particular, the highest temperature of 5% mass loss (T5%) 

was up to 292 C and the highest temperature of 50% mass loss (T50%) was up to 424 

C. PEGS and PEGHS have Tg values of 85 C and 33 C, respectively. Furthermore, a 

series of copolymers with Tg ranging from 33 C to 85 C was synthesized by employing 

different monomeric MGS:MGHS ratios. For the synthesized copolymers, as the MGS 

feed fraction increases from 0% to 100% with 10% increments, there was an observed 

positive linearity of Tg versus the increased MGS (unsaturated comonomer) contents in 

the copolymer. The plot confirmed this structure-property relationship; the saturated 

portion of copolymers in Figure 2-4 allowed this facile movement for long-range 

segmental motions of the polymer chains. Likewise, the unsaturated portion of 

copolymers limited the conformational mobility by increasing the conformational barriers 

Table 2-3.  Homopolymerization results of polyalkyleneglycolate sinapates. a 

 
Entry Length of diol (n) Yield (%) Tg d (C) T5% 

e (C) T50% f (C) 

1 2 87.5 85 291 424 
2 3 92.7 72 298 413 
3 4 99.0 61 298 391 
4 5 90.0 54 301 378 
5 6 96.7 49 301 378 
6 8 95.6 38 303 377 
7 9 91.5 31 302 374 
8 10 95.5 25 306 380 

aReaction conducted without solvent using 2 mol% Sb2O3; see the experimental method for exact 
temperature profile. bDetermined by DSC. cTemperature reported upon 5% mass loss. dTemperature 
reported upon 50% mass loss. 
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For another approach, MGS monomer was reacted with different length diols 

ranging from n = 2 to n = 10 (with the exception of n = 7), generating a series of 

polyalkyleneglycolate sinapate (PAGS). As shown in Table 3-3, the polymerization 

yields ranged was from 88% to 99%; however there was no molecular weight data on 

this series due to the insolubility of the polymers in HFIP.  The degradation 

temperatures T5% were as high as 306 C and T50% was as high as 424 C. The 

synthesized PAGS exhibited Tg values ranging from 25 C (n = 10) to 85 C (n = 2). 

Indeed, the length of methylene spacers affected the Tg of the polymers; PAGS with 

longer carbon chains exhibited lower Tg values as illustrated by Figure 2-5. The less 

polar PAGS created more spatial arrangements and lower aromatic content in the main 

chain, thus the macromolecular chain found it easier to fold and flow, lowering the Tg 

values for any additional methylene spacers. There were no observed melting 

temperatures (Tm) from the Differential Scanning Calorimetry (DSC), perhaps due to 

random copolymerization that occurred between head and tail of the monomer, 

decreasing the crystallinity of the polymers. There might be a possibility to increase the 

crystallinity by an annealing process for the long chain diol polymers to exhibit melting 

points, or by incorporating longer diols into the main chain of the polymer.  
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Figure 2-5.  Glass transition temperatures observed and plotted for 
polyalkyleneglycolate sinapates. 

 
Table 2-4.  Copolymerization results of the copoly(ethylenelactate 

dihydrosinapate/ethylenelactate sinapate) series. a  

Entry 

Monomer feed % MLS 
b 

(mol
%) 

Yield 
(%) 

Mn c 
(Da) 

Đ c 
Tg d 

(C) 

T5% 
e 

(C) 

T50% 
f 

(C)   

1 100 0 0 72.5 9,200 3.2 23 271 340 
2 70 30 32 77.4 g g 37 275 344 
3 50 50 48 83.1 g g 49 276 357 
4 30 70 65 80.8 g g 68 280 356 
5 0 100 100 78.4 g g 87 292 371 

aReaction conducted neat using 2 mol% Sb2O3; mixtures of dimethyllactate sinapate or dimethylactate 
dihydrosinapate and ethylene glycol were melted with a temperature ramp under nitrogen, then switch to 
a dynamic vacuum. See the experimental method for exact temperature profile. bIncorporation of 
dimethyllactate sinapate in the copolymers were determined by 1H NMR. cObtained by GPC in HFIP at 40 
°C versus PMMA standards. dDetermined by DSC. eTemperature reported upon 5% mass loss. 
fTemperature reported upon 50% mass loss. gPolymers were insoluble in GPC solvents. 
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Table 2-5.  Polymerization results of ferulic acid based polymers, p-coumaric acid-
based polymers, sinapic acid based-polyamide, and sinapic acid-based 
polyesteramide 

Entry Polymer 
Yield 
(%) 

Mn d 
(Da) 

Đ d 
Tg e 

(C) 

T5% e 

(C) 

T50% e 

(C) 

1 
 

67.1 f f 75 319 420 

2 
 

80.3 f f 58 327 401 

3 
 

73.6 f f 72 299 371 

4 
 

74.0 f f 67 319 386 

5 

 

68.4 5,800 4.7 56 282 338 

6 

 

61.4 2,500 7.0 108 268 395 

aReaction conducted using 2 mol% Sb2O3; mixtures of diesters monomers and ethylene glycol were 
melted with a temperature ramp under nitrogen, then switch to a dynamic vacuum. See the experimental 
method for exact temperature profile. bConcentration of Sb2O3 as the catalyst. bObtained by GPC in HFIP 
at 40 °C versus PMMA standards. cDetermined by DSC. dTemperature reported upon 5% mass loss. 
eTemperature reported upon 50% mass loss. fPolymers were insoluble in GPC solvents. 

 
A copolymer series of polyethylenelactate sinapate (PELS) and 

polyethylenelactate dihydrosinapate (PELHS) were also explored in this work. Inspired 

by copolymers series of PEGS and congeners mentioned above, different feed ratios of 

monomers were employed. In this scenario, monomers dimethyllactate sinapate 

(MLS):dimethyllactate dihydrosinapate (MLHS) feed of 100:0, 70:30, 50:50, 30:70, and 

0:100 were reacted with ethylene glycol, yielding 73–83% of recovered copolymers. 

Similar to the PEGS series, 1H NMR relative integration of the four methylene protons 

for MLHS repeat unit and the six methoxy protons for both the MLHS and MLS unit 

were used to determine the percentage of MLHS portion in the copolymers. 

Homopolymerization of MLHS gave PELHS with a Mn of 9,200 and Đ of 3.2; however, 

the rest of the series did not yield molecular weight GPC data due to the insolubility in 
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HFIP. The copolymer series exhibited degradation temperature T5% up to 292 C and 

T50% up to 371 C. In addition, the Tg values of the copolymers naturally were increased 

following the increased percentage of unsaturated monomer (MLS), ranging from 23 C 

to 87 C. Interestingly, comparing to the PEGS/PEGHS copolymers series on a low 

percentage of unsaturated monomer, PELS/PELHS copolymers exhibited lower Tg. 

Meanwhile, the Tg of both copolymers series on high percentage of unsaturated 

monomer were relatively the same as shown by Figure 2-6. Based on PLA (Tg = 50 

C)17 and PGA (Tg = 35 C),100,107 our initial expectation was PELHS (Tg = 23 C) would 

have a higher Tg than PEGHS (Tg = 33 C), due to the additional methyl group that 

normally raised the conformational energy barriers. However, the additional methyl 

group on PELHS actually seemed to cause a lower than expected Tg of PELHS, 

possibly by contributing to the free volume effect on the flexible polymer (PELHS) from 

saturated monomer (MLHS). One example was from the work of Heise et al. on the 

preparation of poly(4-methylcaprolactone) with a Tg of 68 C; meanwhile, the 

synthesized polycaprolactone exhibited Tg of 57 C.131 Interestingly, with an increased 

of unsaturated portion (MLS), the free volume effect from this additional methyl group of 

MLHS seemed to diminish, in addition to the negligible contribution raising its 

conformational energy. 
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Figure 2-6.  Comparison of glass transition temperatures between 
copoly(ethyleneglycolate dihydrosinapate/ethyleneglycolate sinapate) (light 
green circles) and copoly(ethylenelactate dihydrosinapate/ethylenelactate 
sinapate) (light orange squares). 

The effects of methoxy groups on the main chain can be investigated by 

comparing ferulic acid and p-coumaric acid. Ferulic acid and p-coumaric acid are 

hydroxycinnamic acids derived from lignocellulosic biomass; these have been 

extensively used in our group to synthesize bioplastics.84,119,127130 As tabulated in Table 

2-5, polyethyleneglycolate ferulate (PEGF), polyethyleneglycolate coumarate (PEGC), 

polyethylenelactate ferulate (PELF), and polyethylenelactate coumarate (PELC) were 

synthesized with yields of 67%, 80%, 74%, and 74%, respectively. These polymers 

showed T5% up to 327 C, and T50% up to 420 C. The obtained Tg of these polymers 
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confirmed the structure-property relationship. The methoxy group played a vital role in 

increasing the glass transition temperature of polymers, as can be seen from PEGS, 

PEGF, and PEGC that exhibited Tg values of 85 C, 75 C, and 58 C, respectively, and 

also from PELS, PELF, PELC that exhibited Tg values of 87 C, 72 C, and 67 C, 

respectively. Each additional methoxy group seems to raise conformational barriers and 

have a smaller effect on the free volume of the polymers. It is noteworthy to point out 

that the effect of the methyl group from the lactate moiety in unsaturated homopolymers 

was significant when there was no methoxy group. This was confirmed by the difference 

of Tg between PELC (67 C) and PEGC (58 C), which was 9 C. On the other hand, the 

existence of methoxy group in the main chain seemed to contribute more and 

overshadowed the effect of the methyl group from the lactate moiety. 

As can be seen, the prepared monomers from this work were an AA type 

monomer. A series of polyesters had been made by reacting with diols.  Furthermore, 

by reacting with a diamine or an alcoholamine, we extended the polymers’ scope into 

polyamide and polyesteramide, respectively. Dimethylglycolate dihydrosinapate was 

selected as the monomer and reacted with ethylenediamine and ethanolamine to yield 

polyethyleneglycolamide dihydrosinapamide (PEGAHSA) and polyethyleneglycolate 

dihydrosinapamide (PEGEHSA). Of course, the polyesteramide could be a mixture of 

polyethyleneglycolamide dihydrosinapate and PEGEHSA since the polymerization was 

a random polycondensation; PEGEHSA was used as a representative for both existing 

polyesteramides forms, for the sake of simplicity. Both synthesized polyamide and 

polyesteramide had a medium recovered yield 61% and 68% and a low Mn of 2,500 

g/mol and 5,800 g/mol, respectively. This was likely due to the extraordinarily high melt 
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viscosity during polymerization, thus impeding the polymer chains to grow further. 

Nevertheless, there was a significant increase of Tg for both polymers versus their 

polyester (PEGHS) counterparts. PEGAHSA and PEGEHSA exhibited Tg values of 108 

C and 56 C, respectively. Obviously, the presence of chain-chain interactions 

increased conformational barriers and also increased the rigidity of the polymers.  

Accelerated degradation studies 

Preliminary degradation studies were conducted on polyethyleneglycolate 

dihydrosinapate (PEGHS), polyethylenelactate dihydrosinapate (PELHS), and polylactic 

acid (PLA). These polymers were suspended into 1 M NaOH(aq), 1 M HCl (aq), 

deionized water (DIW), and seawater at 80 C. Heterogeneous degradation studies as a 

direct comparison between the two end spectra of pH used 1 M NaOH(aq) and 1 M 

HCl(aq). According to our visual observation in hot 1 M NaOH(aq) solution, PELHS 

degraded completely within 2 hours, then followed by PLA in 5 hours, and finally 

PEGHS degraded in 12 hours. Meanwhile, all of the samples in HCl solution did not fully 

degrade after 12 hours; PLA seemed to maintain its initial shape while PEGHS and 

PELHS became gel-like substances. Both basic and acidic media degraded the 

polymers which confirmed by GPC analysis. However, these polymers were degraded 

much faster in aqueous base due to the presence of hydroxy (OH) species saponifying 

the ester linkages. Furthermore, diacid monomers versions of dimethylglycolate 

dihydrosinapate (MGHS) and dimethyllactate dihydrosinapate (MLHS) were recovered 

from the degradation study in NaOH solution, as observed by 1H NMR analysis (Figure 

2-7). Interestingly, PLA was degraded significantly slower in hot acidic media than the 

synthesized PEGHS and PELHS.  
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Table 2-6.  Degradation studies of polyethyleneglycolate dihydrosinapate (PEGHS), 
polyethylenelactate dihydrosinapate (PELHS), and polylactic acid (PLA). 

Entry Polymer 
Mn I a 

(Da) 
%Mn NaOH 

b (%) 
%Mn HCl 

c (%) 
%Mn DIW 

d (%) 
%Mn Sea 

e (%) 

1 PEGHS 16,600 0 0.5 16.9 5.4 
2 PELHS 9,200 0 1.0 9.8 5.4 
3 PLA 12,000 0 77.5 37.5 43.3 

aInitial number average molecular weight. bPercentage of maintained Mn after hydrolysis in 80 C 1 M 

NaOH(aq) for 12 hours. cPercentage of maintained Mn after hydrolysis in 80 C 1 M HCl(aq) for 12 hours. 
dPercentage of maintained Mn after hydrolysis in 80 C deionized water for 72 hours. ePercentage of 

maintained Mn after hydrolysis in 80 C seawater for 72 hours. 

 

 

Figure 2-7.  Hydrolysis of polyethyleneglycolate dihydrosinapate and 
polyethyelenelactate dihydrosinapate generated glycolic sinapic diacid and 
lactic sinapic diacid as shown by 1H NMR 

 Based on HFIP GPC analysis, after 12 hours PLA maintained 77.5% of its Mn, on 

the other hand PEGHS and PELHS had 99.5% and 99.0% of their Mn degraded, 

respectively. The degradation studies in hot DIW and hot seawater media were 

conducted for 72 hours. Again, PEGHS and PELHS were more extensively hydrolysed 
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than PLA under both conditions. PLA maintained 37.5% and 43.3% of its Mn in hot DIW 

and seawater, respectively. PEGHS and PELHS showed a slightly better degradation in 

hot seawater than hot DIW. One possible explanation was the pH of seawater is slightly 

basic (pH = 8) versus DIW (pH = 6), thus providing more hydroxy species as hydrolytic 

agents. Additionally, PELHS showed the best degradation rate in all media; it seemed to 

be the free volume effect on methyl group played a vital role in providing spaces for all 

aqueous media to penetrate and hydrolyse the bulk polymer. 

Conclusions 

Polyethyleneglycolate sinapate and analogues were prepared from sinapic acid, 

a hydroxycinnamic acid that exists in the Brassicaceae plant family. The versatility of 

sinapic acid made it possible to create a series of diester monomers that readily reacts 

with diols via transesterification, yielding sinapic acid-based polymers with fine control of 

glass transition temperatures. There were several approaches in tuning glass transition 

temperatures, including: (1) copolymerization of saturated and unsaturated monomers, 

(2) addition of a methyl group in the monomer, (3) extension of methylene spacers by 

employing diols of varying length, (4) substitution of sinapic acid monomers with other 

hydroxycinnamic acid-based monomers, and (5) utilization of ethylenediamine or 

ethanolamine creating a polyamide or polyesteramide. The copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) and copoly(ethylenelactate 

dihydrosinapate/ethylenelactate sinapate) series exhibited Tg values ranging from 33 C 

to 85 C and from 23 C to 87 C, respectively. Furthermore, dimethylglycolate sinapate 

was polymerized with linear diols of various length (n = 210) created a 

polyalkyleneglycolate sinapate series with Tg ranging from 25 C (n = 10) to 85 C (n = 



 

86 

2). The effect of a methoxy group on the glass transition temperature was also 

investigated using ferulic acid and p-coumaric acid-based monomers; the presence of a 

methoxy group on the aromatic substituent apparently increased the Tg of the polymers. 

In addition, sinapic acid-based polyamide exhibited a high Tg value of 108 C which 

surpasses the Tg of polystyrene (95 C).  

The targeted polymers degraded more readily versus PLA. In particular, both 

polyethyleneglycolate dihydrosinapate and polyethylenelactate dihydrosinapate 

maintained only 5.4% of their initial Mn; meanwhile, PLA maintained 43.3% of its Mn 

after heteregeneous hydrolysis in 80 C seawater after 72 hours.  Although these 

temperatures would not naturally exist in an ocean surface environment, these 

preliminary accelerated degradation studies indicated a potential degradation in a sea 

environment. Moreover, the synthesized polymers were readily hydrolysed in 1 M NaOH 

aqueous medium into diacid monomers. This provides an opportunity for upcycling the 

degraded polymer under benign conditions, back to monomers which can be 

repurposed for repolymerization. 
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CHAPTER 3 
EXTRACTION OF HYDROXYCINNAMIC ACIDS FROM SUGARCANE AND CORN‡ 

Background 

Biomass feedstock-based fuels have gained interest over the years as a 

prospective alternative energy to replace petroleum-based fuel.8 Sugarcane and corn 

crops are currently the major biomass feedstocks for bioethanol, an alcohol-based 

biofuel, production. Currently, the United States (corn) and Brazil (sugarcane) are the 

two world’s largest bioethanol producers, representing 90% of global bioethanol 

production.132,133 Worldwide, sugarcane covers 65 million acres of land which Brazil 

accounts for 41% of its total.134 Besides bioethanol production, sugarcane contributes 

over 75% of global sugar production.135 After the extraction of sugar juice, the crop will 

generate a dry matter which is called as bagasse. This bagasse is mostly burned onsite 

as for energy production, but the pulp is actually useful for paper production.136 It is 

noteworthy to mention that sugarcane is also the highest yielding amongst other 

crops.137 On the other hand, corn (or maize according to the agricultural term) is the 

second most planted crop after wheat covering over 400 million acres of land. The 

largest corn plantation can be found in United States with over 90 million acres of corn 

crop area are planted annually.138 Although the ethanol production capacity of corn is 

lower than that of sugarcane (495 gal/acre vs 2105 gal/acre),133 corn crop has a more 

diversified portfolio than that of sugarcane owing to the presence of protein in corn that 

can meet demands for corn-based animal feed.139  

                                            
‡ This portion of work was submitted as a US Patent Application, Serial No. 16/374,262; filed April 3, 
2019.  
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As lignocellulose biomass, sugarcane and corn bioethanol processes generate 

lignin-rich waste. This lignin material contains hydroxycinammic acids, ferulic acid (FA) 

and p-coumaric acid (pCA), which can be harvested via a simple hydrolysis step. They 

occur in cell walls as the “glue-like” substances binding cell wall polymers through 

carboxylic and phenolic sites.140 The presence of these hydroxycinnamic acids in cell 

wall polymers affect the hardness of a plant, while at the same time provide growth to 

the living plants and give the biodegradability property to the dead plants.141,142 Both 

ferulic acid and p-coumaric acid display antioxidant, antimicrobial, anti-inflammatory and 

anti-cancer properties.143,144,145,146,147 As a matter of fact, some of the traditional herbal 

remedies to treat various diseases contain ferulic acid or p-coumaric acid, such as corn 

silk, dune wormwood, and Xanthium species.148,149,150 Ferulic acid, extracted from rice 

bran, has found its market in the dietary supplement industry.151 Moreover, due to its 

biocompatibility to the human body, ferulic acid has also secured some market shares in 

the pharmaceutical and cosmetic industries. Ferulic acid penetrates well into the skin 

and it facilitates the photostage inhibition, reducing wrinkles and discoloration of the 

skin.152 For these reasons, both ferulic acid and p-coumaric acid are definitely high 

value added co-products on biorefinery processes. 

Extraction of ferulic acid or p-coumaric acid have been extensively studied. 

Conventional extraction includes enzymatic,153 acidic,154 and alkaline 

extraction.155,156,157 Furthermore, several extraction methods have been developed to 

accelerate the extraction time, including pulsed-electric field,158 supercritical fluid,159 

sonication,160 and microwave-assisted extraction.161 Herein, we performed extraction of 

ferulic acid and p-coumaric acid on sugarcane bagasse, lignin paste, corn cob, corn 
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tassel, corn bran, and corn silk, adapting various existing methods. Our goals were 

obtaining the highest yield and finding the greatest time efficiency using the one 

parameter at a time strategy. This study also complements the ferulic acid and p-

coumaric acid-based polymer series that have been reported in our group.159161 

Experimental 

Materials 

Sugarcane bagasse and its dried lignin paste were donated from a local 

cellulosic bioethanol facility in Brazil. Corn tassel was obtained from a local farm in 

Indiana, US. Corn cob “Branch Gourmet” was purchased from a Publix store. Corn silk 

“Frontier co-op” was purchased from Amazon.com. Corn Bran was purchased from 

Honeyville. All samples were grounded into fine powders before use. Ethyl acetate, 

sodium hydroxide, sodium iodide, sodium bisulfite, charcoal® Norit SA3, and sodium 

chloride were purchased from Fisher Chemical. NMR solvents including deuterated 

chloroform (CDCl3) and deuterated dimethyl sulfoxide (DMSO-d6) were purchased from 

Cambridge Isotope Laboratories. All chemicals, unless expressly mentioned, were 

utilized without further purification. 

Characterization 

Proton nuclear magnetic resonance (1H NMR) and carbon nuclear magnetic 

resonance (13C NMR) were recorded using an Inova 500 MHz spectrometer. Chemical 

shifts are reported in parts per million (ppm) downfield relative to tetramethylsilane 

(TMS, 0.0 ppm). Coupling constants (J) are reported in Hertz (Hz). Multiplicities are 

reported using the following abbreviations: s, singlet; d, doublet; t, triplet; q, quartet; m, 

multiplet;, br, broad. 
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Extraction procedure 

Ferulic acid and p-coumaric acid were extracted via alkaline hydrolysis, such as 

using pressure, ultrasound, microwaves, and normal heat aqueous reflux at 100 C. The 

extraction of lignin paste follow below, and all other materials; sugarcane bagasse, corn 

cob, corn tassel, corn bran, and corn silk, are provided in Chapter 6. 

Reflux extraction 

2.00 g of dried lignin powder, and 50 mL of NaOH 0.5 M (aq) were loaded in a 

closed 100 mL round bottom flask. The reaction was conducted for 2 hours at 100 C. 

Upon completion, the solution was acidified to pH = 1 with 50 mL HCl 1 M (aq). The 

solids were filtered out and washed with DIW; then the remaining solution was extracted 

with 3 x 100 mL portions of ethyl acetate. The organic (ethyl acetate) portion was 

washed with copious amounts of water, followed by brine (saturated NaCl solution), and 

then dried over anhydrous MgSO4. The ethyl acetate was then removed by rotary 

evaporation leaving behind crude para-coumaric acid (pCA) and ferulic acid (FA). The 

identity and the purity of the product were confirmed by 1H NMR analysis. The 

extraction procedure, as given above, was repeated twice using the lignin solids from 

the previous extraction and two additional extractions were performed on lignin solids 

with heating for 20 hours and 24 hours. 

Pressurized extraction 

2.00 g of dried lignin powder, and 50 mL of NaOH 0.5 M (aq) were loaded in a 

closed 100 mL glass reactor vessel. The reaction was conducted for 2 hours at 150 C, 

resulting in an extra 20 psi from steam pressure. Upon completion, the solution was 

acidified to pH = 1 with 50 mL HCl 1 M (aq). The solids were filtered out and washed 
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with DIW; then the remaining solution was extracted with 3 x 100 mL portions of ethyl 

acetate. The organic (ethyl acetate) portion was washed with copious amounts of water, 

followed by brine (saturated NaCl solution), and then dried over anhydrous MgSO4. The 

ethyl acetate was then removed by rotary evaporation leaving behind crude para-

coumaric acid (pCA) and ferulic acid (FA). The identity and the purity of the product 

were confirmed by 1H NMR analysis. The extraction procedure, as given above, was 

repeated twice using the lignin solids from the previous extraction and two additional 

extractions were performed on lignin solids with heating for 16 hours and 18 hours. 

Ultrasound-assisted extraction 

2.00 g of dried lignin powder, and 50 mL of NaOH 0.5 M (aq) were sonicated in a 

100 mL round-bottom flask for 2 hours at room temperature. Upon completion, the 

solution was acidified to pH = 1 with 50 mL HCl 1 M (aq). The solids were filtered out 

and washed with DIW; then they were loaded in a 100 mL round-bottom flask for the 

next cycle of sonication. Meanwhile, the remaining solution was extracted with 3 x 100 

mL portions of ethyl acetate. The organic (ethyl acetate) portion was washed with 

copious amounts of water, followed by brine (saturated NaCl solution), and then dried 

over anhydrous MgSO4. The ethyl acetate was then removed by rotary evaporation 

leaving behind crude para-coumaric acid (pCA) and ferulic acid (FA). The identity and 

the purity of the product were confirmed by 1H NMR analysis. Then, the leftover lignin, 

and 50 mL of NaOH 0.5 M (aq) were sonicated in a 100 mL round-bottom flask for 5 

hours. The mixture was treated following the same procedure as mentioned above. The 

hydrolysis was repeated until there was no longer pCA and FA peaks in the 1H NMR 

analysis. 
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Microwave-assisted extraction 

2.00 g of dried lignin powder, and 50 mL of NaOH 0.5 M (aq) were loaded in a 

100 mL round bottom flask. The reaction was set on dynamic procedure with a power of 

50 Watts, maximum temperature of 90 C, and the total time was 15 mins. Upon 

completion, the solution was acidified to pH = 1 with 50 mL HCl 1 M (aq). The solids 

were filtered out and washed with DIW; then the remaining solution was extracted with 3 

x 100 mL portions of ethyl acetate. The organic (ethyl acetate) portion was washed with 

copious amounts of water, followed by brine (saturated NaCl solution), and then dried 

over anhydrous MgSO4. The ethyl acetate was then removed by rotary evaporation 

leaving behind crude para-coumaric acid (pCA) and ferulic acid (FA). The hydrolysis of 

leftover lignin solids was repeated for four more times using the same procedure as 

mentioned above. 

Results and discussion 

Sugarcane bagasse and lignin paste 

Sugarcane bagasse was harvested from post-extraction of sugar juice on 

sugarcane and fermentation to bioethanol in a biorefinery in Brazil. This bagasse 

usually ended up in a burner to generate power for a plant; however the production of 

bagasse outweight electricity needed for a plant which made accumulated bagasse an 

upstream waste. Similarly, lignin paste was obtained by removing cellulose and 

hemicellulose from the bagasse (lignocellulose material). This lignin paste was dried 

and formed into blocks. Therefore, the extraction of p-coumaric acid and ferulic acid that 

were trapped in the bagasse will potentially add some revenue to the bioethanol facility. 

Prior to the extraction, bagasse and lignin were grounded into fine powders in 

order to increase the surface area allowing solvent to penetrate into the material. The 
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hydrolysis step was performed in alkaline solution cutting and saponifying the network 

of phenolic ester crosslinks by hydroxy species. Upon addition of alkaline solution, the 

lignin paste became homogeneous, suggesting the deprotonation of lignin took place 

and made it soluble in water. Moreover, in order to find the optimized method for lignin 

depolymerization, various form of energy were investigated, including normal reflux at 

100 C, pressure in a glass reactor vessel, sonication, and microwaves, as can be seen 

from Figure 3-1. 

 

Figure 3-1. Simplified extraction flowchart for sugarcane bagasse and lignin paste 
resulting in p-coumaric acid and ferulic acid. 

After the hydrolysis step, acid solution was added into the mixture to protonate 

the hydrolysed p-coumaric acid and ferulic acid so that those hydroxycinammic acids 

were able to move into the organic layer during the extraction step. Furthermore, the 

acidification step also facilitated the precipitation of leftover lignin which then was 

removed by filtration. The filtration process could be accelerated by using centrifugation 

at 3500 rpm for 10 minutes. Centrifugation was especially useful for a large scale 
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extraction. On a large scale reaction, concentrated H3PO4 was used instead of 1 M HCl 

for the acidification process to minimize the volume of the aqueuous portion. 

Additionally, concentrated H3PO4 gave the best yield compared to any other 

concentrated acids tested. One possible reason was other concentrated acids, upon 

addition, burned the materials in solution thus lowered the yield of recovered products 

(see Chapter 6 for more information on the large scale extraction). Some chemical shift 

peaks in the 1H-NMR analysis that we regarded as the most important were 6.28 ppm 

(doublet) and 6.35 ppm (doublet) from vinylic of p-coumaric acid and ferulic acid, 

respectively. 

Table 3-1.  Iterative extraction results on dried lignin paste and sugarcane bagasse a 

Lignin paste b 

Entry 
Reflux c Pressurized d Ultrasound e Microwave f 

Yield 
g (%) 

pCA : FA 
h 

Yield 
g (%) 

pCA : FA 

h 
Yield 
g (%) 

pCA : FA 

h 
Yield 
g (%) 

pCA : FA 

h 

1 2.95 88 : 12 5.85 83 : 17 5.20 80 : 20 3.95 86 : 14 
2 3.90 84 : 16 2.50 74 : 26 4.70 86 : 14 3.50 84 : 16 
3 2.10 70 : 30 1.00 56 : 44 3.30 88 : 12 3.20 84 : 16 
4 i i 1.40 37 : 63 1.95 83 : 17 3.15 76 : 24 
5 i i 2.40 37 : 63 i i i i 

Total 8.95 82 : 18 13.15 66 : 34 15.15 84 : 16 13.80 83 : 17 

         

Sugarcane bagasse j 

Entry 
Reflux c Pressurized d Ultrasound e Microwave f 

Yield 
g (%) 

pCA : FA 

k 
Yield 
g (%) 

pCA : FA 

h 
Yield 
g (%) 

pCA : FA 

h 
Yield 
g (%) 

pCA : FA 

h 

6 4.55 k 7.80 76 : 24 4.00 67 : 33 2.70 74 : 26 
7 0.98 k 5.20 67 : 33 3.90 74 : 26 3.80 72 : 28 
8 2.95 k i i 3.20 100 : 0 2.75 66 : 34 
9 0.06 k i i i i i i 
10 i i i i i i i i 

Total 8.54 73 : 27 13.00 72 : 28 11.10 79 : 21 9.25 71 : 29 
aIterative extraction was performed until there were no longer observed pCA and FA in 1H-NMR spectrum. 
All extraction entries were only performed once. bLignin paste was dried and ground before use. cHeated 

at 100 C. dHydrolysis step in a glass reactor vessel. eUltrasound was from L&R sonicator water bath at 
23 kHz. fMicrowave reactor: CEM Discover S class, with attached reflux condenser. gCrude yield obtained 
from recovered solids. hp-coumaric acid (pCA) and ferulic acid (FA) that were observed from 1H-NMR, the 
total pCA : FA was calculated from the ratio of each steps. iNo observable pCA or FA. jSugarcane 
bagasse was grounded before use. kNMR analysis was skipped in each steps in order to save samples 
for purification, ratio pCA : FA was calculated from the ratio of purified samples.  
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As tabulated in Table 3-1, the extraction on lignin and bagasse resulted in crude 

percent yield ranging from 8.95 to 15.15% and from 8.54 to 13%, respectively. As can 

be seen, lignin paste yielded more than its bagasse counterparts; perhaps this was due 

to the existence of hemicellulose and cellulose which decreased the density of lignin in 

bagasse, thus lowering the yield of extraction, overall. Interestingly, lignin paste seemed 

to have a higher content of p-coumaric acid than sugarcane bagasse. Out of all 

methods, pressurized method gave the highest yield on the first extraction cycle. The 

general trend on the iterative extraction was the increase of ferulic acid composition for 

each extraction cycle. One highlighted method was the pressurized extraction on lignin 

paste. 

 

 

Figure 3-2.  Yield comparison on reflux, pressurized, ultrasound-assisted, microwave-
assisted extraction of lignin paste (blue) and sugarcane bagasse (orange). 

The bar chart on Figure 3-2 suggests that the highest yield on lignin extraction 

was obtained from the ultrasound method; meanwhile the highest yield on bagasse 
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extraction was obtained from pressurized method. On the other hand, a normal reflux 

(100 C) method gave the lowest yield for both lignin and bagasse extraction. Although 

microwave-assisted extraction was the fastest (15 minutes per extraction) out of all 

methods, it did not give the lowest yield.  

Corn bran, cob, silk, and tassel 

 

Figure 3-3.  Extraction of p-coumaric acid and ferulic acid from corn components (silk, 
tassel, bran, cob). 

Each component of corn was investigated for its ferulic acid and p-coumaric acid 

components as depicted by the simplified flowchart on Figure 3-3. The extraction 

procedure was adapted from the previous extraction on sugarcane materials where the 

mixtures were agitated in alkaline solution to hydrolyze the ester linkages on the 

lignocellulose, thus releasing hydroxycinnamic acids. In this case, ultrasound was 

selected as the extraction method, due to the less complicated set up for the hydrolysis 

step, in addition to the higher purity versus other methods based on 1H-NMR analysis. 

According to the results of the extractions, there was a higher percentage of 

ferulic acid in corn than in sugarcane. Table 3-2 suggested that corn bran gave the 
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highest yield of 4.3% which consisted of 94.3% ferulic acid and 5.7% p-coumaric acid. 

In corn cob, ferulic acid and p-coumaric acid existed together with a similar percentage 

of 55.4% and 44.6%, respectively. Furthermore, as can be seen from Figure 3-4, the 

exraction gave a relatively high 1H NMR purity of p-coumaric acid and ferulic acid. 

Interestingly, corn silk yielded exclusively ferulic acid with a yield of 2.3%. The only part 

of the corn components that afforded more p-coumaric acid than ferulic acid was corn 

tassel with 33.3% ferulic acid and 66.7% p-coumaric acid. 

Table 3-2.  Extraction results of ferulic acid and p-coumaric acid from corn bran, cob, 
silk and tassel. a 

Entry Corn component 
mass 

initial (g) 
mass 

product (g) 
Yield b (%) pCA : FA c 

1 Bran 2 0.085 4.30 6 : 94 
2 Cob 2 0.053 2.60 45 : 55 
3 Silk 2 0.046 2.30 0 : 100 
4 Tassel 2 0.023 1.20 67 : 33 

aExtraction was performed using an L&R sonicator water bath at 23 kHz. bCrude yield obtained from 
recovered solids. cp-coumaric acid (pCA) and ferulic acid (FA) that were observed by 1H-NMR. 

 

 

Figure 3-4.  1H NMR spectrum of commercial p-coumaric acid and ferulic acid and 
extracted p-coumaric acid (triangles) and ferulic acid (dots) from corn cob. 
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Conclusions 

Bioethanol is an alternative to petroleum-based fuels due to its low toxicity, 

acceptable energy density, and relatively lower overall carbon emission. In the present 

world, sugarcane and corn plantations contribute to the majority of global bioethanol 

production. As the total area for both plantations is more than 500 million acres, there 

are several products, mainly for food consumption, that meet the global demand. 

However, ferulic acid and p-coumaric acid have not been among them. Both substances 

provide proven benefits that potentially have a big market, such as the preservatives or 

bioplastics market. 

Our work investigated ferulic acid and p-coumaric acid that were contained in 

sugarcane and corn components. Lignin paste and sugarcane bagasse yielded up to 

15.15% and 13.0% respectively with the majority of them consisting of p-coumaric acid. 

Likewise, corn bran, cob, silk, and tassel afforded yields of 4.3%, 2.6%, 2.3%, and 1.2% 

with the majority of them consisted of ferulic acid, except for corn tassel that gave more 

p-coumaric acid than ferulic acid. Indeed, some of the brown substances (possibly wax 

material) were also extracted giving a coloration on the product, however this can be 

removed by utilizing charcoal, yielding a relatively pure hydroxycinnamic acids. 

The motivation of this study was to give an idea of the potential of upstream 

waste from sugarcane and corn creating co-products, which in the best scenario can 

increase the revenue of a bioethanol refinery. Of course, there are some potential area 

of improvements on this study. One example is utilizing a statistical approach as an 

analytical method for optimization, in particular response surface methodology (RSM). 

Such a sophisticated optimization model will definitely be beneficial for upscaling the 

extraction process.



 

99 

CHAPTER 4 
SUSTAINABLE POLYVINYL ACETALS FROM BIOAROMATIC ALDEHYDES§ 

Background 

The need for increasing the sustainability of packaging plastics is imminent. 

While commodity plastic production is ever increasing, recycling efforts are seemingly 

static.162  Global plastic production exceeds 300 billion kg per year, averaging more 

than 40 kg of plastic per person on planet Earth.163 Astonishingly, annual plastic 

production is approaching the mass of 5 billion humans. More alarming is that almost a 

third of all plastic waste reaches neither recycling facilities nor landfills, finding its final 

residency in the environment, including the oceans.164  Current efforts toward truly 

sustainable plastics must focus on two factors:  establishing renewability of the starting 

materials without a dependence on finite fossil fuels and identifying degradation 

pathways that operate under various environmental conditions.95 

Polyvinyl alcohol (PVA) is an interesting commercial polymer with combined 

production over 1.2 billion kg annually165 including its derivatives polyvinyl formal and 

polyvinyl butyral.166, The highest production water-soluble polymer in the world, PVA is 

usually manufactured via the polymerization of vinyl acetate in methanol followed by 

hydrolysis in the presence of sodium hydroxide.167  Vinyl acetate itself is synthesized by 

the reaction of acetic acid and ethylene in the presence of oxygen. Both starting 

materials can be obtained sustainably from bioethanol.168 Furthermore, a patent is 

available describing vinyl acetate manufacture from acetic acid exclusively.169 PVA itself 

is non-toxic,170,171 biodegradable,172,173,174 biocompatible,172,174,175 and inexpensive 

                                            
§ Reproduced from M. Rostagno, Shen, S., I. Ghiviriga, and S. A. Miller, Polym. Chem., 2017, 8, 5049–

5059 with permission from The Royal Society of Chemistry. 
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(~$2.23 per kilogram),176 making it a promising potential component of sustainable and 

degradable commodity plastics. 

The condensation of PVA with formaldehyde or butyraldehyde yields polyvinyl 

formal (PVF) or polyvinyl butyral (PVB), respectively (Figure 4-1).  These polyvinyl 

acetals have been known and studied for many years and produced industrially since 

the 1930s.177  PVF occupies only a small part of the polyvinyl acetals market, with 

tradenames Vinylec® (Chisso)178 and Pioloform® (Kuraray),179 and has applications in 

coatings and insulation for electronics.177  PVB is known by several trademark names 

including Butvar® (Eastman),180 Butacite® (Dupont),181 and Mowital® (Kuraray).179 It 

has several specialty applications, including shatter-proof glass interlayering for 

vehicles, coatings, inks, binders and adhesives, and military applications.177,182  

 

Figure 4-1.  The acetalization of polyvinyl alcohol (PVA) with formaldehyde (R = H) or 
butyraldehyde (R = Pr) yields polyvinyl formal (PVF) or polyvinyl butyral 
(PVB), respectively. 

PVB demonstrates the facile structural modification of PVA, leading to quite 

different properties and applications.  In commercial PVB (Butvar), the typical level of 

acetalization is 80%, giving amorphous polymers with glass transition temperature (Tg) 

values ranging from 62–78 °C.183 This Tg range is suitable for the aforementioned 

applications, but higher Tg values would be desirable for the consideration of polyvinyl 

acetals for general packaging applications.  For example, a Tg value around 100 °C 

would match that of the highly versatile commodity plastic polystyrene (PS). 
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Synthetic approaches for the acetalization of PVA to PVB and PVF have been 

extensively studied in the literature, exploring methods in water184,185,186 and other 

solvents including ethanol182 or N-methylpyrrolidone.187 Beyond butyraldehyde and 

formaldehyde, a variety of aliphatic and aromatic aldehydes have been explored for the 

synthesis of polyvinyl acetals. These include condensation of PVA with furfural in 

dimethyl sulfoxide or water with acetalization around 55%,188 or 25% with a reported Tg 

of 87 °C.189 Alternatively, furfural and butyraldeyde can be incorporated into the same 

product.190 Another report describes a rather high level of acetalization with 

benzaldehyde (>90%) in a solution of dimethylformamide and dimethylsulfoxide; while a 

melting temperature (Tm) of 205 °C was reported, the Tg remained low at 70 °C.191  The 

aromatic pesticide 2,6-dichlorobenzaldehyde was attached to PVA with up to 68% 

efficiency, and its hydrolysis was studied in dioxane.192 In pursuit of cosmetic 

applications and evaluation of polymeric shininess, a collection of aliphatic and aromatic 

aldehydes was studied.  Most reactions were conducted in tetrahydrofuran and 

acetalization reached 80%, but no Tg values were reported for the formed polyvinyl 

acetals.193  Interestingly, the direct acetalization of polyvinyl acetate (the usual precursor 

to PVA) with butyraldehyde or other aldehydes can be accomplished in supercritical 

CO2. The other aldehydes include the aliphatics 3,3-dimethyl butyraldehyde or 

dodecylaldehyde, or the aromatics benzaldehyde (no Tg values determined) or 2,3,5,6-

tetrafluorobenzaldehyde (Tg of 58 °C with 60% acetalization and 33% remaining 

acetate).194 

In the past two decades, researchers have increasingly exploited naturally 

occurring aromatic molecules as building blocks for sustainable polymers.195 The 
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inclusion of such bioaromatics often confers improved thermal119,196,and mechanical 

properties.197  The aromatic components typically increase Tg values because of 

quadrupolar interactions, pi stacking, and increased conformational barriers. One 

approach is to incorporate the bioaromatic within the main-chain of the polymer.84,130 An 

alternative approach is to incorporate the bioaromatic onto the polymer as pendant 

groups, in a fashion similar to polystyrene.  An example is the polymerization of 

acrylates derived from bio-based phenolics such as guaiacol, creosol, 4-ethylguaiacol, 

vanillin,198 and syringol.199  Obtained Tg values were competitive with that of polystyrene 

(100 °C) starting at 92 °C for guaiacol but reaching 205 °C for syringol. The pendant 

bioaromatic strategy has also been reported for functionalized polyacrylamides; 

however, the attachment of vanillin decreased the Tg of polyacrylamide from 165 °C to 

101 °C.200 

While PVA-derived polyvinyl acetals bear side-chain acetals, main-chain 

polyacetals from bio-based monomers have been pursued recently with vigor.4  For 

example, crystalline aliphatic polyacetals have been synthesized from renewable α,ω-

diols and formaldehyde equivalents in pursuit of degradable polyethylene mimics.201,202 

A similar strategy provided semi-crystalline polyacetals of isosorbide (or its isomers) 

with Tm values up to 156 °C.203  Copolyacetals were also obtained employing both 

isosorbide and α,ω-diols, yielding materials with tunable degradability.204 Another 

interesting molecule used to prepare main-chain polyacetals is glycolaldehyde, which is 

readily obtained from the pyrolysis of lignocellulosic feedstocks. Dimerization of 

glycolaldehyde forms a cyclic bis-hemiacetal that can be polymerized via an 

acetalization step, yielding a crystalline thermoplastic material with a Tm near 80 °C.205 
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Finally, rather rigid polyacetals have been synthesized from bioaromatic dialdehydes 

(from, e.g, vanillin or syringaldehyde) and tetraols—including naturally occurring 

erythritol—providing acid-degradable materials with Tg values up to 159 °C.206,207 

 

Figure 4-2.  Polyvinyl alcohol (PVA) is herein condensed with bioaromatic aldehydes 
that are lignin-derived (HB, VV, SY), synthetic (EV), naturally occurring (OV, 
IV, SA, OA, PA, BZ, CI, CU), or glucose-derived (HMF). 

This study reports the synthesis of novel polyvinyl acetal/ polyvinyl alcohol 

copolymers obtained from the condensation of commercially available PVA with a 

collection of thirteen aldehydes that are either naturally occurring, biorenewable, and/or 

edible and non-toxic (Figure 4-2.).  Structure-property relationships are established 
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between the bioaromatic aldehyde and the polymeric glass transition temperature. 

Additionally, experiments are performed that reveal details of the rate and equilibrium 

position of acetal formation between PVA and vanillin.  Lastly, heterogeneous 

degradation studies demonstrate that polyvinyl vanillin acetals hydrolyze readily under 

acidic aqueous conditions at room temperature. 

Experimental 

Materials 

Sodium bicarbonate, sodium hydroxide, acetone, dimethyl sulfoxide (DMSO), N-

methyl-2-pyrrolidone (NMP) (VWR), para-toluenesulfonic acid (p-TSA), benzaldehyde, 

ortho-anisaldehyde, cuminaldehyde (Sigma-Aldrich), 4-hydroxybenzaldehyde, para-

anisaldehyde, salicylaldehyde (Acros Organics), syringaldehyde (Alfa Aesar), 

ethylvanillin (SAFC), ortho-vanillin (TCI), trans-cinnamaldehyde (Lancaster), isovanillin 

(Oakwood Chemical), vanillin (Borregaard Ind. Ltd. from Picea abies, Norway spruce), 

and hydroxymethylfurfural (HMF, Ench Industry Co. Ltd.), were purchased and used 

without further purification. Polyvinyl alcohol (PVA), with average molecular weight 

13,000–23,000 Da and 98% hydrolyzed, and PVA, with average molecular weight 

146,000–186,000 Da and 99+% hydrolyzed (Sigma-Aldrich), were ground before use. 

NMR solvent deuterated dimethyl sulfoxide (DMSO-d6, Cambridge Isotope 

Laboratories) was stored over activated 4 Å molecular sieves (Sigma-Aldrich). All other 

chemicals, unless expressly mentioned, were used as received. 

Characterization 

Proton nuclear magnetic resonance (1H NMR), carbon nuclear magnetic 

resonance (13C NMR), gradient Heteronuclear Multiple-Bond Correlation (gHMBC), 

gradient Heteronuclear Single Quantum Correlation (gHSQC), and gradient 
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Heteronuclear Single Quantum Coherence-Total Correlation Spectroscopy (gHSQC-

TOCSY) were recorded using an Inova 500 MHz spectrometer. Chemical shifts are 

reported in parts per million (ppm) downfield relative to tetramethylsilane (TMS, 0.0 

ppm) or residual proton in the specified solvent. Coupling constants (J) are reported in 

Hertz (Hz). Multiplicities are reported using the following abbreviations: s, singlet; d, 

doublet; t, triplet; q, quartet; m, multiplet; br, broad.  

Differential scanning calorimetry (DSC) thermograms were obtained with a DSC 

Q1000 (TA instruments). Typically 4–6 mg of a sample were massed and added to a 

sealed pan that passed through a heat-cool-heat cycle at 10 °C min-1. Reported data 

are from the second full cycle. The temperature ranged from 0 to 250 °C. 

Thermogravimetric analyses (TGA) were measured under nitrogen with a TGA 

Q5000 (TA Instruments). About 10–15 mg of each sample were heated and held at 100 

°C for 50–75 min.  Then, 5 mg portions of these samples were heated at 20 °C min-1 

from 25 to 600 °C.   

Gel permeation chromatography (GPC) was performed at 40 °C using an Agilent 

Technologies 1260 Infinity Series liquid chromatography system with an internal 

differential refractive index detector, and two Waters Styragel HR-5E columns (7.8 mm 

i.d., 300 mm length, guard column 7.8 mm i.d., 25 mm length) using a solution of 0.1% 

potassium triflate (K(OTf)) in HPLC grade hexafluoroisopropanol (HFIP) as the mobile 

phase at a flow rate of 0.5 mL min-1. Calibration was performed with narrow 

polydispersity polymethyl methacrylate standards. 

Polyvinyl acetal synthesis 

Polyvinyl alcohol, reported as 98% hydrolyzed polyvinyl acetate, with molecular 

weight averaging 13,000–23,000 Da, was condensed with thirteen aromatic aldehydes 
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to yield thirteen modified PVA polymers.  The method for polyvinyl vanillin acetal (PV-

VV-A) follows below and all other methods are provided in the ESI. 

Synthesis of polyvinyl vanillin acetal PV-VV-A. On a Schlenk line, a 250 mL 

round bottom flask (Flask A) was charged with 1.00 g (22.50 mmol) polyvinyl alcohol 

and 0.077 g (0.45 mmol) p-TSA. This flask was fitted with a bump trap and attached to 

the Schlenk line and the other openings were sealed with rubber septa. The system was 

evacuated and backfilled with nitrogen before injection of 7.5 mL of DMSO via syringe.  

Full dissolution was accomplished by heating to 90 C under nitrogen. A second 250 mL 

round bottom flask (Flask B) was charged with 4.45 g (29.25 mmol) vanillin. The flask 

was fitted with a bump trap and rubber septa were attached to the Schlenk line before 

evacuation and backfilling with nitrogen. Flask B was then injected with 5 mL of DMSO 

via syringe and stirring effected complete dissolution at room temperature.  This vanillin 

solution was then transferred to Flask A via syringe. The reaction was heated under 

nitrogen at 60 C for 2 hours.  The crude product was precipitated by adding the cooled 

reaction to 350 mL aqueous sodium bicarbonate. The precipitate was isolated by 

decanting, washed twice with 150 mL deionized water, and air dried overnight.  NMR 

analysis of the crude product (4.22 g, 169% yield) showed the presence of water and 

unreacted vanillin.  Purified product was obtained by dissolving 0.40 g of crude product 

in 15 mL of DMSO, stirring overnight, and reprecipitating in 350 mL of aqueous sodium 

bicarbonate.  The precipitate was isolated by decanting, washed twice with 150 mL 

deionized water, and air dried overnight.  The final product was obtained as a white 

powder in 19% purification yield (0.08 g). The isolated yield was 31.1% (purification was 

conducted on a fraction of the crude product, therefore isolated yield is based on 
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extrapolated numbers).   1H NMR (DMSO-d6) δ ppm 1.1–1.8 (m, –CH2–, 6.32 H), 3.26 

(br, OH, 1.65 H), 3.69 (m, –OCH3, 3 H), 3.90 (m, CH–OR, 3.36 H), 5.35, 5.56, 5.65 (m, 

–OCArHO–, 1H), 6.68, 6.76, 6.87 (m, Ar-H, 3 H) (see ESI, Fig. S47).  The small peak in 

the region 1.8–2.0 ppm was ignored since it belongs to the non-hydrolyzed acetyl –CH3 

groups.208 13C NMR (DMSO-d6)  ppm 37.6, 38.3, 44.6, 44.9, 46.3, 46.7, 56.1, 63.3, 

64.3, 73.1, 73.6, 100.5, 110.7, 115.3, 119.3, 130.9, 147.3, 147.5. The net reaction yield 

was computed to be 31%, which accounts for the incomplete acetalization of PVA, 

combined with mass loss during the purification steps.  By 1H NMR, the degree of 

acetalization was found to be 63.3%—meaning that 63.3% of the original PVA hydroxy 

groups are now acetals and 36.7% of the hydroxy groups remain free.  In the case of 

Figure 4-3, x = 0.633/2 = 0.317 and y = 0.367.  

 

Figure 4-3.  The acetalization of PVA with vanillin is catalysed by p-TSA and yields 
polyvinyl vanillin acetal (PV-VV-A) with 63.3% of the –OH groups converted 
to acetals.   

Kinetic studies 

Two kinetic studies were performed in order to understand the reaction timescale 

and the optimal reaction duration.  First, a small-scale, NMR reaction was conducted at 

room temperature with excess aromatic aldehyde; this allowed for in situ analysis of the 

timescale to reach equilibrium and the position of equilibrium. Second, a large-scale 



 

108 

reaction was conducted at 60 °C for 48 hours, during which sizeable aliquots were 

extracted and analyzed for extent of acetalization and polymer Tg. 

NMR kinetic study. Polyvinyl alcohol (~1 mg) was dissolved in 1 mL DMSO-d6.  

Then, an excess of vanillin (~15 mg) was added, ensuring at least a ten-fold excess of 

the aldehyde. The solution was transferred to an NMR tube and an initial 1H NMR 

spectrum was obtained to calculate the relative concentration of vanillin versus PVA. 

The sample was ejected from the NMR spectrometer and one crystal of p-TSA (<1 mg) 

was added to the NMR tube. 1H NMR spectra were taken continuously and entries 

recorded every 12 minutes for 1008 minutes (16.8 hours) at 25 °C.  

Large-scale kinetic study. This method is a larger scale version of the PV-VV-A 

synthesis described above.  In this case, Flask A contained 20.0 g (450 mmol) polyvinyl 

alcohol and 1.54 g (9.0 mmol) p-TSA dissolved in 150 mL of DMSO.  Flask B contained 

89.03 g (585 mmol) vanillin dissolved in 100 mL of DMSO.  After the solution from Flask 

B was transferred to Flask A via syringe, the reaction was heated and stirred under 

nitrogen at 60 C for 48 hours.  25 mL aliquots were extracted at T = 1, 2, 3, 4, 6, 8, 12, 

24, and 48 hours.  Each aliquot was precipitated and purified as described above for 

PV-VV-A. 

Hydrolysis experiments 

Long heterogeneous study. A long hydrolysis study was performed by placing 

10 mg of PV-VV-A in 10 mL of aqueous media:  buffers with pH 1, 2, 3, and 5; 

deionized water; and seawater.  These six vials were agitated on an orbital shaker at 

room temperature. Photographs were taken initially, every hour during the first day, 

daily during the first week, and weekly for the term of a month.  



 

109 

24 hour heterogeneous study. 30 mg of PV-VV-A were placed in 10 mL of 

aqueous media:  buffers with pH 1, 2, 3, 5, and deionized water.  These five vials were 

agitated on an orbital shaker at room temperature.  After 24 hours the pH was 

neutralized, water was evaporated, and the remaining solids were dissolved in DMSO-

d6 for 1H NMR analysis. 

Accelerated study. 0.4 g of purified PV-VV-A polymer were placed in 50 mL of 

1M aqueous hydrochloric acid and heated to reflux for 4 hours. After reaction, the free 

vanillin was extracted with diethyl ether (3 x 20 mL), the organic layers were combined 

and washed with brine, dried over MgSO4, and evaporated under reduced pressure, 

and the free vanillin was recovered. The aqueous layer was evaporated to recover PVA, 

which was subjected to NMR analysis to confirm that no vanillin acetal groups 

remained. 

Results and discussion 

Bioaromatic aldehydes employed 

Polyvinyl alcohol (PVA) was reacted with thirteen bioaromatic aldehydes to yield 

polyvinyl aromatic acetals.  The first three of Figure 4-2 are 4-hydroxybenzaldehyde 

(HB), vanillin (VV), and syringaldehyde (SY), which can be obtained from the pyrolysis 

of lignin.209,210 Ethylvanillin (EV), a synthetic analogue of vanillin, is not found in nature, 

but is used as a vanillin flavouring alternative.211 The next eight of Figure 4-2 are all 

naturally occurring aldehydes which can be extracted from different natural sources in 

small quantities and are generally used in the flavour and fragrance industry:211 ortho-

vanillin (OV),212 isovanillin (IV),213 salicylaldehyde (SA), ortho-anisaldehyde (OA), para-

anisaldehyde (PA), benzaldehyde (BZ), cinnamaldehyde (CI), and cuminaldehyde (CU).  

Finally, hydroxymethylfurfural (HMF) is an upstart biogenic platform molecule214 made 
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via the dehydration of hexoses, and has been particularly appealing as a precursor to 

polyethylene furanoate (PEF),215 a potential biorenewable replacement for polyethylene 

terephthalate (PET).216  

Acetalization optimization 

The reaction of PVA with vanillin was chosen as a model for optimizing the 

acetalization conditions.  Prior reported methods for the synthesis of polyvinyl acetals 

utilized water and/or ethanol,182 N-methylpyrrolidone (NMP) for polyvinyl butyral,187 

water for polyvinyl formal,186 dimethyl sulfoxide (DMSO) for polyvinyl furfural,188 among 

other examples.  Among the acid catalysts HCl, acetic acid, methane sulfonic acid, 

sulfuric acid, and para-toluene sulfonic acid, only the last two yielded appreciable 

polyvinyl acetal.  While sulfuric acid works only in NMP, p-TSA was effective in both 

NMP and DMSO. Different concentrations and ratios were explored as well, following 

guidance from the PVB example of Zhang and Yu.168  With vanillin, a similar excess of 

the aldehyde (2.6:1) gave optimal results.  Of the explored solvents ethanol, DMSO, 

and NMP, only the last two allowed a noticeable reaction, but DMSO was chosen since 

it is a considerably more benign solvent than NMP,217 and is a better solvent for vanillin 

as well.  As we have previously reported,206,207 drying agents can increase polymer 

molecular weight for acetalization polymerization by capturing evolved water.  To test 

the efficacy of this strategy for acetalization of PVA, drying agents were either added 

directly to the reaction (4 Å molecular sieves or MgSO4) or suspended in a porous bag 

above the reaction (MgSO4 or Na2SO4). Inclusion of a drying agent did not improve the 

% acetalization or polymer Tg, hence, drying agents were not employed for subsequent 

reactions. Additional details of the optimization study are available in the ESI. 
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Figure 4-4.  Acetalization of PVA with vanillin versus time measured by 1H NMR:  (a) 
acetal peak integration (5.4 ppm, arbitrary units) versus time over 17 hours; 
(b) NMR spectra cascade for the acetal region (5.2–5.7 ppm) and the 
methylene region (1.2–1.7 ppm) every 12 minutes for the first 3 hours, and 
every hour until the end of the experiment (16.8 hours). 

Kinetic studies 

Two different experiments were designed to understand the dependence of PVA 

acetalization with time. First, an experiment was prepared in an NMR tube with DMSO-

d6 saturated with PVA, a tenfold excess of vanillin, and a small crystal of p-TSA as the 

acid catalyst; this was monitored in the NMR spectrometer for about 17 hours at 25 °C 

(Figure 4-4). The peak observed near 5.4 ppm corresponds to the acetal proton, which 

originated as the aldehyde proton; this peak was compared to the broad multiplet at 

1.2–1.7 ppm, which corresponds to the backbone methylene protons.  Figure 4-4(a) 

plots the integration of the acetal peak over 17 hours. Acetalization occurs as soon as 

the catalyst is added, with half of the reaction accomplished in the first 12 minutes.  The 

reaction proceeds exponentially over the first 2 hours and reaches a plateau after 4 or 5 

hours. Figure 4-4(b) compares the growing acetal peaks (5.2–5.7 ppm) with the 

broadening methylene region (1.2–1.7 ppm). A substantial increase in the peak area at 
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5.4 ppm is easily seen within the first 5 spectra (first hour), while the upfield methylene 

peaks lose definition and broaden as the PVA yields to a copolymer of PVA and 

polyvinyl acetal having a mixture of methylene environments among free and reacted –

OH groups. The final NMR integration (T = 16.8 hours) showed an acetalization of 

70.8%. Under these conditions in an NMR tube, acetalization is facile, even without 

water removal.  At room temperature, equilibrium is reached after about 5 hours, but 

about 29% of the PVA hydroxy groups ultimately remain unreacted, even with a tenfold 

excess of vanillin. 

The second kinetic experiment was a large-scale reaction, conducted under 

conditions similar to bulk PVA acetalization. The reaction was performed on 20 grams of 

PVA at 60 °C over 48 hours, with p-TSA as the catalyst and 2.6 theoretical equivalents 

of vanillin.  Aliquots were extracted periodically and analyzed for % acetalization and 

polymer glass transition temperature (Tg).  Figure 4-5 plots the results of this study, 

where the % acetalization begins low (around 32%) after 1 hour, but subsequent 

aliquots show the increase of acetalization, reaching ~50% after just 2 hours and 

levelling in this range thereafter.  The Tg shows a similar time dependence. Lower Tg 

values of 134–136 °C are obtained in the first two hours of reaction. Thereafter, the Tg 

reaches a plateau in the range of 137–139 °C. Under the conditions of this large-scale 

reaction, equilibrium is mostly achieved after 2 hours.  
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Figure 4-5.  Glass transition temperature (°C, circles) and degree of acetalization (%, 
squares) vs. time measured for aliquots removed from the bulk acetalization 
of PVA with vanillin. 

Acetalization of PVA with bioaromatic aldehydes 

Table 4-1 compiles polymerization details and polymer characterization data for 

the reaction of PVA with thirteen different bioaromatic aldehydes.  The aforementioned 

kinetic studies on vanillin suggested that two hours should be a sufficient reaction time 

for other aldehydes as well.  This was true except for hydroxymethylfurfural and 

benzaldehyde, which gave low yields (<40%) for this duration; hence, these two 

aldehydes were reacted for 6 hours.  To ensure reaction homogeneity, the PVA and p-

TSA were dissolved in DMSO at 60 °C and the aldehyde solution was added via 

syringe.  The reaction was terminated by pouring the cooled, homogeneous reaction 

into saturated aqueous sodium bicarbonate solution.  These basic conditions 

neutralized the p-TSA catalyst and ensured the stability of the acetals in the presence of 

water.  The initially precipitated polymer was generally comingled with unreacted 

aldehyde, necessitating a dissolution/re-precipitation procedure.  
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As described below, the % acetalization was analyzed by NMR and the thermal 

properties were studied by DSC and TGA.  Gel permeation chromatography (GPC) in 

hexafluoroisopropanol (HFIP) was performed on several polyvinyl acetal samples, but 

showed little difference compared to the polyvinyl alcohol employed as starting material.  

Oddly, the number average molecular weight (Mn) and polydispersity index (PDI) values 

were unperturbed by substantial acetalization.  The homogeneity of the GPC results 

could be explained in two ways.  First, hydrolysis in the in HFIP solvent could occur to 

regenerate the original PVA, as has been invoked previously.207  Second, the mass 

added via acetalization could be counter-balanced by a smaller hydrodynamic volume.  

Logically, the hydrodynamic radius of pure PVA is large since hydrogen bonding with 

alcoholic solvent is pervasive; but the hydrodynamic radius is expected to shrink with 

increasing acetalization, as polymer hydrophobicity increases.  Therefore Table 4-1 

reports only calculated Mn values, starting with the measured Mn value of 22,300 for 

PVA and adding mass prescribed by the mass of the aldehyde (minus water) multiplied 

by the % acetalization.   

Structure and acetal determination by NMR 

Extensive NMR studies were performed on PV-VV-A.  Multiple 13C NMR signals 

appeared for the polymer backbone, but this multiplicity is ascribed to the atactic 

polymer stereochemistry, naturally present in the PVA starting material as well.218 

Assignments were made for all the observed peaks in the 1H and 13C NMR spectra. It 

was possible to quantify the acetal abundance by integrating peaks corresponding to 

the acetal hydrogen (–OCArHO–, 5.4–5.6 ppm), compared to all backbone methylene 

hydrogens (–CH2–, 1.1–1.8 ppm). For each incorporated aldehyde molecule, 4 

methylene PVA hydrogens are converted to polyvinyl acetal methylene hydrogens 
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because two –[CH2CHOH]– repeat units are required to generate the cyclic acetal.  

Thus, multiplying 4 by the quotient [acetal–H]/[total –CH2–] yields the percent 

acetalization on a molar basis.   

The acetal region is somewhat complicated by local stereochemistry.  In addition 

to a major peak near 5.4 ppm, a minor peak appears near 5.6 ppm.  In analogy to our 

previously reported main-chain polyacetals (derived from erythritol and dialdehydes),207 

the major acetal peak corresponds to –OCArHO– with aryl located equatorial and the 

minor peak corresponds to –OCArHO– with aryl located axial in the newly formed 6-

member ring.  Even though the minor 1H NMR peaks can be observed in all thirteen of 

the spectra from Table 4-1, they are more pronounced for entries 2, 5, and 7–12. There 

is no clear structure-property relationship regarding this stereochemical nuance. 

Level of acetalization 

For the reaction of PVA (Mn = 22,300) and vanillin at 60 °C, the maximum 

acetalization achieved was about 63% (Table 4-1, entry 1). Several studies are 

available discussing the kinetics of forming polyvinyl acetals from PVA and aldehydes or 

ketones.219,220 For irreversible 1,3 functionalization, the maximum theoretical 

acetalization possible is of 86.5%.221  The balance (13.5%) pertains to those isolated –

OH groups that remain unreacted because there is no neighboring –OH group for acetal 

formation.  However, this limit of 86.5% can be broken in cases of reversible 

functionalization, since de-acetalization can regenerate an –OH group next to a formerly 

stranded one.  For example, the reaction of PVA with formaldehyde can yield polymers 

with over 90% acetalization.222   

In the present case, acetalization is presumably reversible and the values 

approaching 75% are not a kinetic limit, but likely a thermodynamic limit.  Minimal steric 
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congestion in the aforementioned case of formaldehyde allows for a high degree of 

acetalization, with comparatively little mass added.  In contrast, two of the largest 

aldehydes in Table 4-1, syringaldehyde (SY) and cuminaldehyde (CU), yield the lowest 

level of acetalization, 54.1 and 57.6 %, respectively.   Fittingly, two of the smallest 

aldehydes in Table 4-1, benzaldehyde (BZ) and ortho-anisaldehyde (OA), yield the 

highest level of acetalization, 74.8 and 73.4 %, respectively.  Thus, it seems that 

voluminous aldehydes present steric bulk, blocking free –OH groups from reaction and 

lowering the level of acetalizaton.220  For the acetalization level of PVA with 

benzadehyde (BZ), literature values of 90%191 and 65%193 flank the value of 74.8% in 

Table 4-1 (entry 10).  One conclusion is that acetalization levels can vary considerably, 

but under comparable reaction conditions, smaller aldehydes add to PVA with a larger 

equilibrium constant.  Support for this conclusion is seen in Figure 4-6, which shows 

that the acetalization % is inversely proportional to the formula weight of the seven 

homologous benzaldehydes with increasing substitution (sterics) at the 3, 4, and 5 

positions. 

 

Figure 4-6.  For the seven homologous benzaldehydes with increasing substitution at 
the 3, 4, and 5 positions (X, Y, Z), the extent of acetalization (2x/[2x+y]) 
decreases with increasing sterics, as measured by the aldehyde molecular 
weight. 
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Table 4-1.  Polyvinyl acetals from polyvinyl alcohol (PVA) and 13 different aldehydes, 
along with isolated yield and characterization data.a 

Entry Aldehyde Yield (%) Acetal (%) Tg (C)b T95 (C)c Mn (Da)d 

0 None - None 75 222 22,300e 
1 

 

31.1 63.3 142 199 43,700 

2 
 

37.6 68.8 157 224 40,400 

3 

 

54.9 54.1 139 224 44,700 

4 

 

44.7 63.5 114 185 46,000 

5 

 

54.4 57.6 139 234 41,800 

6 

 

46.9 66.9 139 278 45,000 

7 

 

55.7 64.0 150 241 39,100 

8 

 

70.5 73.4 121 296 44,300 

9 
 

55.7 66.4 116 241 42,100 

10 
 

84.6 74.8 129 298 38,900 

11 
 

55.5 68.3 117 215 42,000 

12 
 

57.2 57.6 137 308 41,200 

13 
 

80.0 58.5 144 286 38,200 

14 none - None 70 120 146,000–
186,000g 

15 

 

64.4 73.8 145 235 310,000–
395,000 

aReaction conducted in dimethyl sulfoxide at 60° C for two hours (except as noted) with 2 mol% p-TSA.  
Ratio of [aldehyde]/[1,3-diol] = 2.6.  bDetermined by DSC.  cTemperature reported upon 5% mass loss by 
TGA.  dCalculated number average molecular weight (Mn) from initial Mn = 22,300 Da of PVA (or 146,000–
186,000 for entry 15) augmented by % acetalization as determined by 1H NMR.  eMn of PVA obtained by 
GPC in hexafluoroisopropanol (HFIP) at 40 °C versus PMMA standards.  fReaction conducted for 6 
hours.  gMn range, as reported by the manufacturer. 

 

Thermal properties 

Polyvinyl alcohol is a semi-crystalline, water-soluble polymer with relatively low 

Tg of 75 °C (Table 4-1, entry 0), and a high Tm of 230 °C, above its initial degradation 

temperature.166 By introducing pendent aromatic rings via acetalization, the Tg of PVA is 
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substantially increased. As graphed in Figure 4-7, the thirteen amorphous polyvinyl 

aromatic acetals exhibited Tg values ranging from 114 to 157 °C, offering an increase of 

39 to 82 °C versus PVA itself.  

 

Figure 4-7.  The glass transition temperature (Tg) of PVA is increased via acetalization 
(ranging from 54 to 75%) with bioaromatic aldehydes and the measured Tg 
value can be correlated to aldehyde structure and functionality.  Hydrogen 
bonding is key to high Tg values (139 to 157 °C). 

Polymer structure-property relationships can be assessed depending on the 

nature of the aldehyde attached to PVA. Aldehydes possessing a single hydroxy group 

showed remarkably higher Tg values than their counterparts bearing a methoxy group in 

the same position.  Specifically, the polymer from 4-hydroxybenzaldehyde (HB) showed 

a Tg of 157 °C—the highest of the entire series—whereas the polymer from para-

anisaldehyde (PA) showed a Tg of 116 °C, a 41 °C difference. The same effect is 

observed when comparing salicylaldehyde (SA) and ortho-anisaldehyde (OA) with Tg = 

150 and 121 °C respectively, a difference of 29 °C.  These stark differences can be 

attributed to pervasive hydrogen bonding with hydroxy groups from the aldehyde. With 

just ethereal aromatic groups, hydrogen bonding is limited to only the unreacted 
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hydroxy groups on the main chain.  The polymer from HMF also exhibits a high Tg of 

144 °C.  Although hydrogen bonding is fully available to this polymer, perhaps the free 

volume introduced by the flexible hydroxymethyl group is responsible for a lower Tg 

value compared to the phenolic alcohols HB and SA. 

The polymers derived from vanillin (VV), isovanillin (IV), o-vanillin (OV), and 

syringaldehyde (SY) exhibit similar Tg values in the range of 139 to 142 °C.  Although 

each of these possesses a phenolic hydroxy substituent, it is flanked by one or more 

methoxy groups in each case.  Thus, the somewhat diminished Tg values compared to 

HB and SA can be attributed to steric interference with hydrogen bonding and/or 

increased free volume originating with the conformationally flexible methoxy groups. 

Five polymers from Figure 4-7 have been created with aromatic aldehydes 

inherently incapable of hydrogen bonding:  cuminaldehyde (CU), benzaldehyde (BZ), 

ortho-anisaldehyde (OA), cinnamaldehyde (CI), and para-anisaldehyde (PA).  For 

these, the measured Tg ranges from 116 to 137 °C—all below the seven 

aforementioned polymers capable of hydrogen bonding via the pendent aromatic.  It is 

perhaps anomalous that the highest Tg member of this series is cuminaldehyde (CU) 

because an isopropyl group is not expected to increase the Tg compared to hydrogen 

substitution.  For example, the Tg of poly(4-isopropylstyrene)  (87 °C)223  is lower than 

that of unsubstituted polystyrene (100 °C).224 One explanation—which should be 

considered when comparing all polyvinyl acetals herein—is that the Tg is affected by 

hydrogen bonding of the unreacted PVA portion.  The polymer prepared with the 

smaller benzaldehyde (BZ) is 74.8 % acetalized, leaving unreacted only 25.2 % of the 

original hydroxy groups.  The polymer prepared with the larger cuminaldehyde (CU) is 
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only 57.6 % acetalized, leaving unreacted 42.4 % of the original hydroxy groups, the 

highest level in this series.  Thus, the comparatively high Tg of this polymer might be 

related to its high degree of hydrogen bonding among the unreacted main-chain 

hydroxy groups.  

Finally, note that the lowest Tg of the polyvinyl acetals in Figure 4-7 is from 

ethylvanillin (EV) (114 °C), markedly lower than that from vanillin (VV) (142 °C).  The 

induced free volume of an ethoxy group, compared to that of a methoxy group, is known 

to considerably diminish polymeric Tg values.206 

Effect of PVA molecular weight on polyvinyl acetal properties 

For creating the polymers of Table 4-1, entries 1–13, low molecular weight PVA 

(reported as 13,000–23,000 Da; measured as Mn = 22,300) was chosen to minimize 

problems related to polymer solubility and viscosity.  For comparison, a higher 

molecular weight polyvinyl acetal was prepared from vanillin and PVA having a 

sevenfold higher molecular weight (Table 4-1, entry 14, reported as 146,000–186,000 

Da).  Table 4-1, entry 15 labels this polymer as PV-VV-A* and provides comparative 

characterization data.  The higher molecular weight polymer has 73.8 % acetalization, 

about 10 % higher than the lower molecular weight version (63.3 %, Table 4-1, entry 1).  

The Tg value of 145 °C is merely 3 °C higher for PV-VV-A*, suggesting that the lower 

molecular weight analogue suitably reveals this thermal property.  

Heterogeneous degradation studies  

A heterogeneous degradation study was performed on polyvinyl vanillin acetal 

with 63.3 % acetalization (PV-VV-A, Table 4-1, entry 1) in aqueous buffers with pH = 1, 

2, 3, and 5, as well as deionized water and seawater.  Visual inspection confirmed the 

eventual dissolution of the three most acidic samples.  More acidic conditions effected 
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faster dissolution, with the sample at pH = 3 dissolving in 48 hours, the sample at pH = 

2 dissolving in 24 hours, and the sample at pH = 1 dissolving in 2 hours. Presumably 

the acetals were hydrolyzed to regenerate water-soluble polyvinyl alcohol. Although the 

samples were monitored for 12 weeks, no visual changes were noted after the initial 48 

hours.  Apparently, the samples in pH = 5 buffer, deionized water, and seawater did not 

hydrolyze substantially over this time. 

 

Figure 4-8.  Heterogeneous hydrolysis study of PV-VV-A with 54.0 % initial 
acetalization.  24-hour exposure to deionized water or pH = 5 aqueous buffer 
effected no hydrolysis, but hydrolysis was significant in more acidic aqueous 
media with residual acetalization of 28.4, 3.2, or 0.8 % for pH = 3, 2, or 1, 
respectively.  

A different PV-VV-A sample with 54.0 % acetalization was subjected to similar 

media (pH = 1, 2, 3, 5, and deionized water) on an orbital shaker for 24 hours, then 

neutralized, isolated, and analyzed by 1H NMR. The results shown in Figure 4-8 
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corroborate those from visual inspection noted above.  After 24 hours, no hydrolysis is 

observed in deionized water or at pH = 5; the level of acetalization is unchanged at 54.0 

%.  At pH = 3, about half of the initial acetals have hydrolyzed, yielding a polymer with 

28.4 % acetalization and a prominent peak corresponding to the aldehydic proton of 

free vanillin at 9.7 ppm.  Hydrolysis is quite advanced at pH = 2, for which residual 

acetalization is small at 3.2 %.  Lastly, the sample at pH = 1 has hydrolyzed almost 

completely; the acetal peak at 5.4 ppm indicates a meager 0.8 % residual acetalization.  

Note that PV-VV-A can be fully hydrolyzed back to polyvinyl alcohol (PVA) by refluxing 

in 1 M aqueous hydrochloric acid for four hours.  Although such conditions are 

uncommon in the environment, it is important to demonstrate the complete hydrolysis of 

high glass transition temperature polyvinyl aromatic acetals under initially 

heterogeneous conditions.  For example, the stomach pH of mammals, fish, and birds is 

suitably low to fully digest PV-VV-A into innocuous PVA and vanillin. 

Conclusions 

Polyvinyl acetals were prepared from polyvinyl alcohol (PVA) and sustainable 

aromatic aldehydes. PVA is an attractive ingredient since it is non-toxic, water soluble, 

biodegradable, and potentially biorenewable. Acetalization with thirteen benign aromatic 

aldehydes, including vanillin and hydroxymethylfurfural, markedly boosts the glass 

transition temperature (Tg) of PVA from 75 °C to the range of 114 – 157 °C, surpassing 

the key benchmark of 100 °C for polystyrene (PS).224 PVA acetalization was incomplete 

because of steric limitations and the equilibrium level (54 – 75 % acetalization) seemed 

inversely proportional to the size of the aldehyde employed. Another targeted property 

of these polyvinyl acetals is their susceptibility to hydrolytic degradation in aqueous 

media.  An aqueous buffer solution with pH = 5 showed no hydrolysis after 24 hours, but 
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more acidic media were effective.  Over this timeframe at pH = 1, hydrolysis was nearly 

complete with acetalization dropping from the initial 54.0 % to 0.8 %. 

With this work, we introduce a library of sustainable materials with excellent 

thermal properties and degradation behaviors.  In particular, the useful temperature 

range matches or exceeds that of many commodity plastics, encouraging their future 

investigation as substitutes for polyethylene terephthalate (PET), polyvinyl chloride 

(PVC), or polystyrene (PS).  Moreover, these polymers are designed for self-

remediation in the environment, hydrolyzing to degradable PVA and benign aromatic 

aldehydes.  Even though polyvinyl acetals have been known for more than 75 years and 

some are sold commercially, these are the first examples focused on sustainability and 

the utilization of renewable aromatic aldehydes. 
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CHAPTER 5 
RENEWABLE POLYMERS VIA THE BIGINELLI MULTICOMPONENT REACTION 

Background 

Throughout the history of organic chemistry, multicomponent reactions (MCRs) 

have already been studied due to their atom economical reactions, despite the 

complexity of the chemical composition that they present. In particular, MCRs generate 

a single compound by combining three or more starting materials in one-pot facile 

synthesis under mild conditions. Furthermore, the final products include the components 

of all starting materials as their scaffolds, which leads to the diversity of target 

molecules by merely changing the starting materials. Hence, in pharmaceutical 

chemistry, the discovery of drug molecules immediately underwent a massive growth 

since the first integration of MCRs with the combinatorial chemistry was developed.225  

Over the past few years, MCRs have been established as a novel method for 

polymerizations. The first group who integrated MCRs into polymer science was 

Crescenzi et al. in 1999. They performed the crosslinking of polysaccharides via IMCRs 

(isocyanide-based MCRs) resulting in the transparent networks with amide or aldehyde 

linkages between the cellulose chains.226 In 2003, the group of Wright reported 

sequential reactions of an Ugi-4CR (Ugi four-component reaction) of norbornenyl 

aldehydes or carboxylic acids and a ring-opening metathesis polymerization (ROMP) to 

obtain a highly functionalized polymer.227 However, the utilization of MCRs in the 

polymeric synthesis field was limited for nearly a decade, until Meier et al. brought the 

MCRs back into polymer chemistry in 2011. By integrating Passerini-3CR (the Passerini 

three-component reaction) and olefin metathesis to synthesize a polyester with amide 

side chain, there were three noteworthy discoveries that they successfully 
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demonstrated: (1) preparation of the monomers by the Passerini-3CR and then followed 

by acyclic diene metathesis (ADMET) polymerization, (2) synthesis of bifunctional 

monomers by self-metathesis and then followed by the direct polycondensation of the 

Passerini-3CR, (3) post-polymerization functionalization via grafting-onto strategy of the 

Passerini-3CR.228 It was believed that the successful work by Meier et al. has flourished 

the integration of MCRs in the polymer synthesis field.  

 

Figure 5-1.  Previous work on (a) conventional Biginelli reaction and (b) modified 
Biginelli reaction. 

This project was inspired by one of the famous named MCRs, the Biginelli 

reaction. In 1891, Biginelli employed small molecules such as benzaldehyde, 

ethylacetoacetate, and urea, yielding a dihydropyrimidinone (DHMP) compound that 

exhibited pharmacological activity.229 Furthermore, Hu et al. synthesized a derivative 

compound of DHMP, by substituting ethylacetoacetate (-ketoester) with a 

cyclopentanone (ketone).230 It is noteworthy to mention that cyclopentanone provides 

two nucleophilic sites whereas ethylacetoacetate has only one nucleophilic site for the 

Biginelli reaction. Previously, our group synthesized a series of high glass transition 

temperatures (Tg) polyacetal ethers utilizing dialdehyde monomers and sugar 
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molecules, such as erythritol.206 As we continue on our pursuit to obtain high glass 

transition temperature, sustainable polymers, this work utilized two nucleophilic sites 

from a ketone reacted with bioaromatic dialdehyde monomers creating sustainable poly-

DHMPs (polydihydropyrimidinones) series (Figure 5-1). 

Results and discussion 

Poly-DHMP analogue from cyclopentanone 

 

Figure 5-2.  Preliminary study: synthesis of dihydropyrimidinone (DHMP) analogue via a 
modified Biginelli reaction by Hu et al.230 

First of all, a preliminary study was conducted to find the most suitable conditions 

for polymerization by investigating various conditions to synthesize the DHMP 

analogue. This started by replicating the synthesis of DHMP compound from Hu et al. 

using ethanol as the solvent and vitamin B1 as the catalyst; a yield of 29% was 

obtained.230 Then, dimethylsulfoxide (DMSO) was selected as the alternative solvent 

because the polymerization could only be carried out in hot DMSO; dialdehyde 

monomers did not dissolve in hot ethanol. The Biginelli reaction that was carried under 

these conditions afforded 42% yield. Indeed, vitamin B1 was an attractive catalyst since 
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it is readily available in nature and gave an additional sustainability to the overall 

reaction. Vitamin B1 acts as a Lewis acid and promotes the Knoevenagel condensation 

step by activating the aldehyde carbonyl.231 However, vitamin B1 has a low stability at 

high temperatures, which some polymerizations require because of the high viscosity of 

polymer solutions at low temperature. For this reason, para-toluenesulfonic acid (pTSA) 

was used as an alternative option of Lewis acid catalyst; these reaction conditions gave 

a yield of 24%. 

 

Figure 5-3.  Synthesis of bioaromatic dialdehyde monomers. 

A series of dialdehyde monomers was inherited from a previous project on 

polyacetal ethers, including 4HB-2-4HB, van-2-van, syr-2-syr, evan-2-evan, 4HB-3-4HB, 

van-3-van, syr-3-syr, and evan-3-evan (Figure 5-3).206 These dialdehyde components 
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were relatively simple to synthesize utilizing dibromoalkane as the alkylene linker and 

under alkaline aqueuous media. Notice that all of the aromatic aldehydes were either 

readily available or derived from natural occurring compounds. Furthermore, these 

bioaromatic dialdehyde series allowed us to study the structure-property relationship of 

the synthesized polymer series due to the presence of different substituents (methoxy 

group versus ethoxy group) or the length of methylene spacers between aromatic 

groups while boosting the glass transition temperatures (Tg) at the same time. 

Table 5-1.  Optimization study of poly-DHMP from van-2-van, cyclopentanone, and 
urea. a 

 

Entry 
Vit B1 b 
(mol%) 

m prod. 
c (g) 

Yield 
(%) 

Mn d 
(Da) 

Mw d 
(Da) 

Đ d T5% e 

(C) 

1 6 0.78 92.9 13,000 58,500 4.5 262 
2 3 0.66 78.6 8,600 27,000 3.1 265 
3 1 0.40 47.3 1,800 3,800 2.2 242 

aReaction conducted in DMSO using various mol% of catalyst at 80 C for 24 hours. bVitamin B1HCl 
used as the catalyst. cMass of recovered product. dDetermined by HFIP GPC. eTemperature reported 
upon 5% mass loss. 

 

Polymerization optimization was performed using different amounts of catalyst, 

including 6 mol%, 3 mol%, and 1 mol% vitamin B1. The non-variable conditions were 10 

mL of DMSO for 24 hours at a relatively low temperature 80 C. The additional 

stoichiometry of cyclopentanone (2 mol eq.) and urea (2.4 mol eq.) was matched to the 

dialdehyde monomer (van-2-van), following the procedure from the synthesis of the 

DHMP small molecule where 1 mol eq. vanillin required 1 mol eq. cyclopentanone and 

1.2 mol eq. urea. According to our observation, for a concentration higher than 2 mmol 

van-2-van employed, the mixture started turning into a red-colored gel thus preventing 
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the stirring process. Another important observation is that the polymer solution in DMSO 

could be precipitated in water, but this caused a much higher water content in the 

polymer, interfering with the actual yield of polymerization. Acetone was a more 

desirable solvent to precipate the polymers, as it removed impurities including leftover 

DMSO and starting materials, in addition to the volatility, requiring less energy to dry the 

polymer samples. 

As tabulated in Table 5-1, the polymerization conditions that employed 6, 3, and 

1 mol% vitamin B1 afforded polymers with: number average molecular weight (Mn) of 

13,000, 8,000, and 2,000 Da; dispersity indices (Đ) of 4.5, 3.1, and 2.1; and yields of 

92.9%, 47.3%, and 78.6%, respectively. The temperature upon 5% mass loss (T5%) was 

up to 265 C; all of the T5% data were obtained after drying at 130 C under nitrogen for 

30 minutes in the TGA (thermogravimetric analysis) instrument. However, there were 

neither Tg nor Tm observed with DSC (differential scanning calorimetry) analysis of this 

polymer series. Consequently, the project shifted to a different type of ketone that also 

has two nucleophilic sites: dimethyl 3-oxoglutarate. 

Poly-DHMP analogue from dimethyl 3-oxoglutarate 

Dimethyl 3-oxoglutarate is a -ketoester that can be derived from citric acid 

which naturally exists in citrus fruits.232 The conditions of the reactions were adapted 

from the reaction using cyclopentanone above, except NMP (N-methyl-2-pyrrolidone) 

was used as the solvent, and 2 mol% pTSA as the catalyst. These changes were due to 

the polymerization using dimethyl 3-oxoglutarate requiring a much higher temperature 

than cyclopentanone (150 C versus 80 C). 
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Later, several polymerizations using different conditions were attempted (see 

Chapter 6). However, the Đ values of the synthesized polymers were broad. Our 

assumption was the high viscosity of the polymers in the solution after reaching a 

certain molecular weight size impeded the stirring process. Thus, a small additional 

amount of NMP (3 mL) was added after 20 hours of reaction in order to dilute the 

polymer and lower the viscosity of solution; then the reaction was continued for four 

more hours. This definitely solved the viscosity issue as the synthesized poly-DHMP 

from van-2-van had a Đ of 2.8 and a reasonably high Mn of 11,700 using this adaptation 

condition. 

Table 5-2.  Polymerization results of poly-DHMP analogues from bioaromatic 
dialdehyde monomers, dimethyl 3-oxoglutarate, and urea. a 

 

Entry Dialdehyde 
Yield 
b (%) 

Mn c (Da) Mw c (Da) Đ c T5% d 

(C) 

Tg e 

(C) 

1 4HB-2-4HB 48.6 8,400 55,600 6.8 261 f 

2 van-2-van 31.9 11,700 33,500 2.8 283 180 
3 syr-2-syr 34.3 14,500 49,200 3.4 272 198 
4 evan-2-evan 27.2 12,000 36,900 3.1 293 169 
5 4HB-3-4HB 40.5 8,400 33,400 4.0 245 f 
6 van-3-van 35.8 9,000 30,900 3.4 292 177 
7 syr-3-syr 16.3 13,600 37,200 2.7 283 194 
8 evan-3-evan 24.0 11,600 39,100 3.4 264 159 

aReaction conducted in NMP using 2 mol% pTSA at 80 C for 24 hours. bYield of recovered product. 
cDetermined by HFIP GPC. dTemperature reported upon 5% mass loss. eDetermined by DSC. 

 

Table 5-2 depicts a series of poly-DHMP analogues synthesized from dimethyl 3-

oxoglutarate, urea, and bioaromatic dialdehyde monomers. There is apparently some 

correlation between the aromatic substituents with the obtained Mn. The polymers 

derived from 4HB (4-hydroxybenzaldehyde) had the lowest Mn and broadest Đ; 
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particularly, 4HB-2-4HB had a Mn of 8,200 with a broad Đ of 6.8. As the number of 

methoxy groups increased, it seemed to also increase the obtained Mn, such as van-2-

van (Mn = 11,700) versus syr-2-syr (Mn = 14,500), and van-3-van (Mn = 9,000) versus 

syr-3-syr (Mn = 13,600). One possible explanation was the methoxy substituent acted as 

an electron donating group that activated the aromatic ring thus facilitating the 

polymerization reaction. 

The polymer series exhibited excellent thermal properties with T5% ranging from 

245 C to 293 C and Tg ranging from 159 C to 198 C. There was no observed Tg or 

Tm for polymers from 4HB-2-4HB and 4HB-3-4HB. This coincided with the reported 

work on polyacetal ethers, where there was also no observed Tg for 4HB-2-4HB 

polymers.7 On the other hand, the rest of the polymer series followed the logical 

structure–property relationship. Again, each additional methoxy group increased Tg by 

raising conformational energy barriers while ignoring its contribution to free volume. As 

a comparison, polymers from syr-2-syr (two methoxy groups per aromatic ring) and van-

2-van (one methoxy group per aromatic ring) displayed Tg values of 198 C and 180 C, 

respectively; the difference was 18 C. Meanwhile, the ethoxy group lowered the Tg of 

polymers due to the effect of free volume, as can be seen from the evan-2-evan 

polymer with a Tg of 169 C. Lastly, there was also an observable change of Tg for the 

additional methylene spacer. Indeed, the longer methylene spacers have more long 

range polymer mobility while providing additional flexibility to the main chain, thus 

lowering the overall Tg. Polymers from van-3-van (Tg = 177 C), evan-3-evan (Tg = 159 

C) ,and syr-3-syr (Tg = 194 C) exhibited lower Tg values versus their shorter 

methylene spacer counterparts. 
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Conclusions 

The concept of multicomponent reaction has existed since 1850, when Strecker 

introduced the well-known Strecker synthesis.233 Later, the Biginelli multicomponent 

reaction was published in 1891.229 Nevertheless, the application of multicomponent 

reaction to polymerization did not occur until much later in 1999.226 Multicomponent 

polymerization is indeed a versatile method of reacting small molecules, creating 

tunable polymer series. In this work, we produced a series of biorenewable polymers 

that displayed excellent thermal properties via a modified Biginelli reaction. 

The optimization study was directed by a viscosity observation, which resulted in 

the additional of a small amount of solvent that could facilitate the polymerization. This 

procedure was then applied to eight types of dialdehyde components that were used for 

polymer series from dimethyl 3-oxoglutarate. The synthesized polymer series had a 

decent number average molecular weight (Mn) ranging from 8,200 to 14,500 Da and a 

glass transition temperature (Tg) ranging from 159 C to 198 C. These thermal 

properties far surpass the current household commodity plastics for high temperature 

packaging application such as polystyrene (Tg = 100 C). However, further study on the 

mechanical properties and degradation studies are needed for these polymers in order 

to fully assess their viabilities as commodity plastics. 
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CHAPTER 6 
EXPERIMENTAL 

Chapter 1 

Materials 

Brassica carinata meal pellets were donated by Agrisoma Biosciences, Inc., 

Gatlineau, Quebec, and were ground before use. Sinapic acid was purchased from 

Henan Tianfu Chemical Co., Ltd. via Alibaba.com. 2-Chloroethanol and 3-chloropopanol 

were purchased from Acros Organics. 6-Chlorohexanol was purchased from Alfa Aesar. 

Ethyl acetate, sodium hydroxide, sodium iodide, and sodium chloride were purchased 

from Fisher Chemical. NMR solvents, including deuterated chloroform (CDCl3), 

deuterated dimethyl sulfoxide (DMSO-d6), and deuterated trifuloroacetic acid (TFA-d) 

were purchased from Cambridge Isotope Laboratories. All the chemicals, unless 

expressly mentioned, were utilized without further purification. 

Extraction 

Extraction of sinapic acid using base hydrolysis 

 

20 g of dried, ground, low-glucosinolate carinata meal, and 500 mL of 1 M NaOH 

(aq), were stirred in a 1 L Erlenmeyer flask for 48 hours at 60 °C. Upon completion, the 

solution was acidified to pH = 1 with 35 mL of concentrated H3PO4. The resulting 

mixture was centrifuged at 3500 rpm for 10 mins. The solids were filtered out, and the 

remaining solution was extracted with 3 x 100 mL portions of ethyl acetate. The organic 

(ethyl acetate) portion was washed with copious amounts of water, followed by brine 

(saturated NaCl solution), and then dried over anhydrous MgSO4. The ethyl acetate was 
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then removed by rotary evaporation leaving behind 0.322 g of fairly pure sinapic acid 

(SA) in 1.61% yield. 1H NMR (DMSO-d6) δ ppm 3.80 (s, 6 H), 6.41 (d, 1 H), 6.98 (s, 2 

H), 7.49 (d, 1 H), 8.89 (br. s., 1 H), 12.13 (br. s., 1 H). 13C NMR (DMSO-d6) δ ppm 56.1, 

106.1, 116.1, 123.8, 138.1, 144.8, 153.1, 168.0. 

Extraction of sinapic acid using sonication 

10 g of dried, ground, low-glucosinolate carinata meal, and 250 mL of 1 M NaOH 

(aq) were loaded into a 500 mL round bottom flask. The solution was then sonicated 

using the sonication water bath for 16 hours. Upon completion, the solution was 

acidified to pH = 1 with 35 mL of concentrated H3PO4. The resulting mixture was 

centrifuged at 3500 rpm for 10 mins. The solids were filtered out, and the remaining 

solution was extracted with 3 x 100 mL portions of ethyl acetate. The organic (ethyl 

acetate) portion was washed with copious amounts of water, followed by brine 

(saturated NaCl solution), and then dried over anhydrous MgSO4. The ethyl acetate 

was then removed by rotary evaporation leaving behind 0.105 g of fairly pure sinapic 

acid (SA) in 1.05% yield. 1H NMR (DMSO-d6) δ ppm 3.80 (s, 6 H), 6.41 (d, 1 H), 6.98 (s, 

2 H), 7.49 (d, 1 H), 8.90 (br. s., 1 H), 12.19 (br. s., 1 H). 

Extraction of sinapic acid using methanol 

4 g of dried and ground low-glucosinolate carinata meal, and 100 mL of 70% v/v 

MeOH/H2O, were stirred in a 250 mL Erlenmeyer flask for 2 hours at 60 °C. The solids 

were then filtered out using gravity filtration, and the solvents were then removed by 

rotatory evaporation leaving behind a brown oil. Based on 1H NMR (DMSO-d6) 

characterization, some notable peaks of the brown oil were 3.80 (s, 6 H), 6.55 (d, 1 H), 

7.03 (s, 2 H), 7.61 (d, 1 H), 8.04 (br. s., 0.43 H). After obtaining the brown oil, 50 mL of 



 

135 

0.5 M NaOH (aq) was added into the oil and the solution was transferred into a 100 mL 

Erlenmeyer flask. The solution was stirred for 2 hours at 60 °C. Upon completion, the 

solution was acidified with 1 M HCl until it reached pH = 1. The precipitates were filtered 

out using gravity filtration, and the remaining solution was extracted with 3 x 50 mL 

portions of ethyl acetate. The organic (ethyl acetate) portion was washed with copious 

amounts of water, followed by brine (saturated NaCl solution), and then dried over 

anhydrous MgSO4. The ethyl acetate was then removed by rotary evaporation leaving 

behind 60 mg of fairly pure sinapic acid (SA) in 1.5% yield. 1H NMR (DMSO-d6) δ ppm 

3.81 (s, 6 H), 6.43 (d, 1 H), 7.00 (s, 2 H), 7.50 (d, 1 H), 8.91 (br. s., 1 H), 12.15 (br. s., 1 

H). 

Extraction of sinapic acid using ethanol 

5 g of dried and ground low-glucosinolate carinata meal was placed in a thimble, 

and was then loaded into a main chamber of Soxhlet extractor apparatus. The Soxhlet 

extractor was fitted with a 250 mL round bottom flask containing 125 mL of 95% v/v 

EtOH/H2O. The Soxhlet extraction was performed by refluxing the solvent for 24 hours. 

Upon completion, the solvents were removed by rotary evaporation leaving behind a 

brown oil. Based on its 1H NMR (DMSO-d6) characterization, some notable peaks of the 

brown oil were 3.80 (s, 6 H), 6.55 (d, 1 H), 7.03 (s, 2 H), 7.61 (d, 1 H). After obtaining 

the brown oil, 50 mL of 0.5 M NaOH (aq) was added into the oil and the solution was 

transferred into a 100 mL Erlenmeyer flask. The solution was stirred for 2 hours at 60 

°C. Upon completion, the solution was acidified with 1 M HCl until it reached pH = 1. 

The precipitates were filtered out using gravity filtration, and the remaining solution was 

extracted with 3 x 50 mL portions of ethyl acetate. The organic (ethyl acetate) portion 
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was washed with copious amounts of water, followed by brine (saturated NaCl solution), 

and then dried over anhydrous MgSO4. The ethyl acetate was then removed by rotary 

evaporation leaving behind 0.18 g of fairly pure sinapic acid (SA) in 3.6% yield. 1H NMR 

(DMSO-d6) δ ppm 3.79 (s, 6 H), 6.41 (d, 1 H), 6.98 (s, 2 H), 7.49 (d, 1 H), 8.89 (br. s., 1 

H), 12.03 (br. s., 1 H). 

Monomer Synthesis 

Synthesis of hydroxyethylsinapic acid 

 

A mixture of sinapic acid (28.92 g, 0.129 mol) and sodium iodide (3.35 g, 0.022 

mol) was dissolved in 270 mL of 1.1 M NaOH (aq) solution. The solution was stirred and 

heated at 85 °C. After 30 minutes of heating, 2-chloroethanol (12.6 mL, 0.185 mol) was 

slowly loaded into the solution. The solution was then refluxed for 36 hours at 105 °C. 

Next, the solution was washed with ethyl acetate and the aqueous layer was acidified 

with concentrated hydrochloric acid until the desired product precipitated as a white 

powder. The product was isolated by gravity filtration, titurated with ethanol, and 

vacuum dried for 5 hours. 25.233 g of dry white powder was obtained in 74.03% yield. 

1H NMR (DMSO-d6) δ ppm 3.61 (t, 2 H), 3.81 (s, 6 H), 3.90 (t, 2 H), 4.56 (br. s., 1 H), 

6.53 (d, 1 H), 7.03 (s, 2 H), 7.53 (d, 1 H), 12.27 (br. s., 1 H). 13C NMR (DMSO-d6) δ ppm 

56.1, 60.2, 74.2, 105.8, 116.3, 128.7, 137.8, 144.2, 153.1, 167.7. 
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Synthesis of hydroxyethyldihydrosinapic acid 

 

Hydroxyethylsinapic acid (22.0 g, 0.083 mol) and 10% Pd on Carbon (1.77 g, 

0.00167 mol) were mixed in 78 mL of methanol and 145 mL of THF. The mixture was 

hydrogenated for 4 hours under 60 psi of H2 gas. The reaction was then vacuum filtered 

through a celite filter bed. The filtrate was dried by a rotary evaporator and dissolved in 

THF. The product was then precipitated upon addition of cold hexane and was isolated 

by gravity filtration. After drying under vacuum, 7.697 g of dry white powder was 

obtained in 35.51% yield. 1H NMR (CDCl3) δ ppm 2.68 (t, 2 H), 2.91 (t, 2 H), 3.72 (t, 2 

H), 3.85 (s, 6 H), 4.12 (t, 2 H), 6.45 (s, 2 H). 13C NMR (CDCl3) δ ppm 30.8, 35.3, 55.8, 

61.1, 74.9, 105.0, 134.5, 136.2, 152.9, 175.7. 

Polymer Synthesis 

Polyethylene sinapate 

 

Hydroxyethylsinapic acid (1.50 g, 5.7 mmol) and Sb2O3 (16.6 mg, 1 mol%) were 

loaded into a 50 mL round bottom flask. This flask was fitted with a bump trap and 

attached to the Schlenk line. The system was then purged with nitrogen and vacuum 

three times. The mixture was melted under a nitrogen atmosphere gradually from 200 

°C to 250 °C for 4 hours. Later, the system was placed under dynamic vacuum for 6 

hours to remove the condensation byproduct, thus increasing the degree of the 

polymerization. Once cool, the polymer was melted for removal from the flask and used 
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without further purification. 0.841 g of polymer was obtained in 60.2% yield. 1H NMR 

(CDCl3/TFA-d) δ ppm 3.87 (s, 6 H), 4.37 (t, 2 H), 4.52 (t, 2 H), 6.48 (d, 1 H), 6.79 (s, 2 

H), 7.67 (d, 1 H). 13C NMR (CDCl3/TFA-d) δ ppm 56.4, 63.0, 70.0, 105.6, 113.5, 115.8, 

134.3, 139.1, 153.6, 179.7. 

Polyethylene dihydrosinapate 

 

Hydroxyethyldihydrosinapic acid (1.00 g, 3.76 mmol) and Sb2O3 (11 mg, 1 mol%) 

were loaded into a 50 mL round bottom flask. This flask was fitted with a bump trap and 

attached to the Schlenk line. The system was then purged with nitrogen and vacuum 

three times. The mixture was melted under a nitrogen atmosphere gradually from 150 

°C to 200 °C for 4 hours. Later the system was placed under dynamic vacuum for 6 

hours to remove the condensation byproduct, thus increasing the degree of the 

polymerization. Once cool, the polymer was melted for removal from the flask and used 

without further purification. 0.702 g of polymer was obtained in 74.8% yield. 1H NMR 

(CDCl3) δ ppm 2.68 (t, 2 H), 2.91 (t, 2 H), 3.80 (s, 6 H), 4.17 (t, 2 H), 4.36 (t, 2 H), 6.43 

(s, 2 H). 13C NMR (CDCl3) δ ppm 31.3, 36.0, 56.1, 63.9, 70.8, 105.3, 134.9, 136.8, 

153.2, 172.8.  

Polypropylene sinapate 

 

Hydroxypropylsinapic acid (1.50 g, 5.3 mmol) and Sb2O3 (15.5 mg, 1 mol%) were 

loaded into a 50 mL round bottom flask. This flask was fitted with a bump trap and 
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attached to the Schlenk line. The system was then purged with nitrogen and vacuum 

three times. The mixture was melted under a nitrogen atmosphere gradually from 180 

°C to 220 °C for 5 hours. Later, the system was placed under dynamic vacuum for 8 

hours to remove the condensation byproduct, thus increasing the degree of the 

polymerization. Once cool, the polymer was melted to for removal from the flask and 

used without further purification. 0.979 g of polymer was obtained in 69.7% yield. 1H 

NMR (CDCl3) δ ppm 2.16 (m, 2 H), 3.88 (s, 6 H), 4.20 (t, 2 H), 4.51 (t, 2 H), 6.42 (d, 1 

H), 6.77 (s, 2 H), 7.66 (d, 1 H). 13C NMR (CDCl3) δ ppm 29.1, 56.2, 62.8, 70.2, 105.6, 

115.6, 130.1, 138.6, 146.1, 153.4, 166.7. 

Polyhexylene sinapate 

 

Hydroxyhexylsinapic acid (1.50 g, 4.62 mmol) and Sb2O3 (13.5 mg, 1 mol%) 

were loaded into a 50 mL round bottom flask. This flask was fitted with a bump trap and 

attached to the Schlenk line. The system was then purged with nitrogen and vacuum 

three times. The mixture was melted under a nitrogen atmosphere gradually from 155 

°C to 200 °C for 5 hours. Later, the system was placed under dynamic vacuum for 8 

hours to remove the condensation byproduct, thus increasing the degree of the 

polymerization. Once cool, the polymer was melted for removal from the flask and used 

without further purification. 1.173 g of polymer was obtained in 74.2% yield. 1H NMR 

(CDCl3) δ ppm 1.49 (m, 2 H), 1.55 (m, 4 H), 1.75 (m, 2 H), 3.87 (s, 6 H), 4.01 (t, 2 H), 

4.22 (t, 2 H), 6.34 (d, 1 H), 6.75 (s, 2 H), 7.60 (d, 1 H). 13C NMR (CDCl3) δ ppm 25.5, 

28.5, 29.8, 55.9, 64.3, 73.1, 105.1, 117.1, 129.5, 139.2, 144.3, 153.4, 166.8.  
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Copoly(hydroxyethyldihydrosinapic acid/hydroxyethylsinapic acid) [50:50] 

 

Hydroxyethyldihydroxysinapic acid (0.532 g, 2 mmol), hydroxyethylsinapic acid 

(0.528 g, 2 mmol), and Sb2O3 (12 mg, 1 mol%) were loaded into a 50 mL round bottom 

flask. This flask was fitted with a bump trap and attached to the Schlenk line. The 

system was then purged with nitrogen and vacuum three times. The mixture was melted 

under a nitrogen atmosphere gradually from 170 °C to 220 °C for 4 hours. Later, the 

system was placed under dynamic vacuum for 6 hours to remove the condensation 

byproduct, thus increasing the degree of the polymerization. Once cool, the polymer 

was melted for removal from the flask and used without further purification. 0.901 g of 

polymer was obtained in 91.2% yield. 1H NMR (CDCl3/TFA-d) δ ppm 2.75, 2.93 (m, 5.96 

H), 3.82, 3.89 (m, 18.01 H), 4.26, 4.33, 4.41, 4.52 (m, 11.15 H), 6.47 (m, 1.42 H), 6.51 

(d, 1 H), 6.82 (m, 2.05 H), 7.73 (d, 1 H). 13C NMR (CDCl3/TFA-d) δ ppm 31.1, 36.0, 

56.0, 64.6, 71.0, 105.6, 111.0, 113.3, 115.6, 134.0, 137.0, 152.7, 175.6. 
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Summary of Extraction Data 

Table 6-1.  Various extraction results. a 

Entry 
m carinata 

(g) 
[NaOH] 

(M) 
V solution 

(mL) 
Time (h) 

m sinapic 
acid (g) f 

Yield (%) 
g 

1 2 0.5 50 2 0.040 2.00 
2 10 1 250 2 0.131 1.31 
3 10 1 250 24 0.134 1.34 
4 10 1 250 24 0.153 1.53 
5 20 1 500 24 0.171 0.86 
6 20 1 500 48 0.322 1.61 
7 20 1 500 48 0.188 0.94 
8 20 1 500 48 0.185 0.93 
9 20 1 500 48 0.172 0.86 
10 20 1 500 48 0.183 0.92 
11 20 1 500 48 0.255 1.28 
12b 2 0.5 50 2 0.046 2.30 
13 b 2 0,5 50 2 0.026 1.30 
14 b 10 1 250 16 0.105 1.05 
15 c 10 2 250 20 0.253 2.53 
16 d 4 0.5 50 2 0.060 1.50 
17 e 5 0.5 50 2 0.180 3.60 

 aThe hydrolysis was performed in basic aqueous solution at 60 °C and stirred for a certain amount of 
time, as noted. bUltrasound-assisted hydrolysis in basic aqueous solution. CThe solution was heated to 
reflux at 117 °C. dCarinata was washed with 70% MeOH, and the dissolved portion was further used for 
the hydrolysis in basic aqueous solution at 60 °C and stirred for 2 hours. eCarinata was washed with 95% 
EtOH using Soxhlet apparatus, and the dissolved portion was further used for the hydrolysis in basic 
aqueous solution at 60 °C and stirred for 2 hours. fMass of recovered solid after the extraction. gPercent 
yield was from the mass of sinapic acid divided by the mass of carinata seed meal. 
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Chapter 2 

Polymer synthesis 

Copoly(ethyleneglycolate dihydrosinapate/ethyleneglycolate sinapate) [90:10] 

 

Dimethylglycolate dihydrosinapate (1.124 g, 3.60 mmol), dimethylglycolate 

sinapate (0.124 g, 0.40 mmol), ethylene glycol (0.298 g, 4.80 mmol), and Sb2O3 (23.3 

mg, 2 mol%) were loaded into a 50 mL round bottom flask. This flask was fitted with a 

bump trap and attached to the Schlenk line. The system was then purged with nitrogen 

and vacuum three times. The mixture was melted under a nitrogen atmosphere at 160 

C for 2 hours, at 180 °C for 16 hours, and at 200 C for 2 hours. Later, the system was 

placed under dynamic vacuum and was heated gradually from 200 C to 215 C for 5 

hours to remove the condensation byproduct, thus increasing the degree of 

polymerization. Once cool, the polymer was melted for removal from the flask and used 

without further purification. 1.119 g of polymer was obtained in 90.2% yield. 1H NMR 

(CDCl3) δ ppm 2.64, 2.88 (m, 84.53 H), 3.81, 3.87 (m, 150.09 H), 4.28, 4.41, 4.61, 4.70 

(m, 140.10 H), 6.35 (d, 2.39 H), 6.40 (s, 41.40 H), 6.75 (s, 3.52 H), 7.60 (d, 1 H). 13C 

NMR (CDCl3) δ ppm 31.1, 35.7, 56.1, 62.3, 63.0, 69.3, 105.2, 105.3, 112.5, 117.8, 

127.7, 129.4, 136.2, 137.9, 152.6, 160.8, 167.0, 169.7, 177.0. 

Copoly(ethyleneglycolate dihydrosinapate/ethyleneglycolate sinapate) [70:30] 

Dimethylglycolate dihydrosinapate (0.874 g, 2.80 mmol), dimethylglycolate 

sinapate (0.372 g, 1.20 mmol), ethylene glycol (0.298 g, 4.80 mmol), and Sb2O3 (23.3 

mg, 2 mol%) were loaded into a 50 mL round bottom flask. This flask was fitted with a 
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bump trap and attached to the Schlenk line. The system was then purged with nitrogen 

and vacuum three times. The mixture was melted under a nitrogen atmosphere at 170 

C for 1 hour, at 185 °C for 16 hours, and at 200 C for 2 hours. Later, the system was 

placed under dynamic vacuum and was heated gradually from 200 C to 220 C for 5 

hours to remove the condensation byproduct, thus increasing the degree of 

polymerization. Once cool, the polymer was melted for removal from the flask and used 

without further purification. 1.164 g of polymer was obtained in 94.0% yield. 1H NMR 

(CDCl3) δ ppm 2.63, 2.87 (m, 12.76 H), 3.80, 3.86 (m, 29.07 H), 4.27, 4.41, 4.60, 4.69 

(m, 26.74 H), 6.34 (d, 1.03 H), 6.40 (s, 6.18 H), 6.74 (s, 2.29 H), 7.60 (d, 1 H). 13C NMR 

(CDCl3) δ ppm 31.1, 35.6, 56.1, 62.2, 63.5, 69.3, 105.2, 105.3, 112.4, 120.8, 130.0, 

134.6, 136.5, 145.2, 152.6, 162.5, 169.2, 172.4, 177.0. 

Copoly(ethyleneglycolate dihydrosinapate/ethyleneglycolate sinapate) [50:50] 

Dimethylglycolate dihydrosinapate (0.6246 g, 2.0 mmol), dimethylglycolate 

sinapate (0.6206 g, 2.0 mmol), ethylene glycol (0.298 g, 4.80 mmol), and Sb2O3 (23.3 

mg, 2 mol%) were loaded into a 50 mL round bottom flask. This flask was fitted with a 

bump trap and attached to the Schlenk line. The system was then purged with nitrogen 

and vacuum three times. The mixture was melted under a nitrogen atmosphere at 170 

C for 1 hour, at 185 °C for 16 hours, and at 200 C for 2 hours. Later, the system was 

placed under dynamic vacuum and was heated gradually from 200 C to 225 C for 5 

hours to remove the condensation byproduct, thus increasing the degree of 

polymerization. Once cool, the polymer was melted for removal from the flask and used 

without further purification. 1.082 g of polymer was obtained in 87.5% yield. 1H NMR 

(CDCl3) δ ppm 2.63, 2.88 (m, 5.06 H), 3.81, 3.86 (m, 15.07 H), 4.32, 4.42, 4.61, 4.70 
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(m, 13.75 H), 6.34 (d, 0.89 H), 6.40 (s, 2.15 H), 6.74 (s, 1.97 H), 7.59 (d, 1 H). 13C NMR 

(CDCl3) δ ppm 31.0, 35.9, 56.4, 62.6, 64.1, 69.4, 105.50, 105.54, 113.4, 121.9, 130.4, 

134.8, 135.9, 144.8, 152.8, 162.5, 171.2, 174.2, 177.0. 

Copoly(ethyleneglycolate dihydrosinapate/ethyleneglycolate sinapate) [30:70] 

Dimethylglycolate dihydrosinapate (0.3748 g, 1.20 mmol), dimethylglycolate 

sinapate (0.8668 g, 2.80 mmol), ethylene glycol (0.298 g, 4.80 mmol), and Sb2O3 (23.3 

mg, 2 mol%) were loaded into a 50 mL round bottom flask. This flask was fitted with a 

bump trap and attached to the Schlenk line. The system was then purged with nitrogen 

and vacuum three times. The mixture was melted under a nitrogen atmosphere at 180 

C for 1 hour, at 190 °C for 16 hours, and at 200 C for 2 hours. Later, the system was 

placed under dynamic vacuum and was heated gradually from 200 C to 230 C for 5 

hours to remove the condensation byproduct thus increasing the degree of 

polymerization. Once cool, the polymer was melted for removal from the flask and used 

without further purification. 1.082 g of polymer was obtained in 87.6% yield. 1H NMR 

(CDCl3) δ ppm 2.65, 2.87 (m, 1.96 H), 3.81, 3.87 (m, 10.47 H), 4.28, 4.43, 4.61, 4.70 

(m, 9.53 H), 6.34 (d, 0.85 H), 6.40 (s, 1.13 H), 6.74 (s, 2.11 H), 7.59 (d, 1 H). 13C NMR 

(CDCl3) δ ppm 31.1, 35.6, 56.2, 62.4, 64.1, 69.2, 105.1, 105.3, 111.5, 116.8, 130.0, 

133.6, 137.9, 141.9, 152.6, 162.3, 167.1, 169.7, 178.1. 

Copoly(ethyleneglycolate dihydrosinapate/ethyleneglycolate sinapate) [10:90] 

Dimethylglycolate dihydrosinapate (0.1249 g, 0.40 mmol), dimethylglycolate 

sinapate (1.1171 g, 3.60 mmol), ethylene glycol (0.298 g, 4.80 mmol), and Sb2O3 (23.3 

mg, 2 mol%) were loaded into a 50 mL round bottom flask. This flask was fitted with a 

bump trap and attached to the Schlenk line. The system was then purged with nitrogen 
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and vacuum three times. The mixture was melted under a nitrogen atmosphere at 180 

C for 1 hour, and at 200 °C for 16 hours. Later, the system was placed under dynamic 

vacuum and was heated gradually from 200 C to 235 C for 7 hours to remove the 

condensation byproduct, thus increasing the degree of polymerization. Once cool, the 

polymer was melted for removal from the flask and used without further purification. 

1.054 g of polymer was obtained in 85.4% yield. 1H NMR (CDCl3) δ ppm 2.63, 2.88 (m, 

0.49 H), 3.81, 3.87 (m, 8.67 H), 4.32, 4.43, 4.61, 4.70 (m, 7.38 H), 6.35 (d, 0.85 H), 6.40 

(s, 0.46 H), 6.74 (s, 2.13 H), 7.56 (d, 1 H). 13C NMR (CDCl3) δ ppm 33.3, 38.0, 56.2, 

62.4, 63.8, 69.2, 105.3, 105.4, 112.5, 116.8, 130.0, 134.4, 138.2, 145.2, 152.7, 162.3, 

169.0, 172.3, 176.2. 

Polyhexyleneglycolate sinapate 

 

Dimethylglycolate sinapate (1.50 g, 4.834 mmol), 1,6-hexanediol (0.6856 g, 

5.801 mmol), and Sb2O3 (28.2 mg, 2 mol%) were loaded into a 50 mL round bottom 

flask. This flask was fitted with a bump trap and attached to the Schlenk line. The 

system was then purged with nitrogen and vacuum three times. The mixture was melted 

under a nitrogen atmosphere at 180 C for 1 hour, and at 200 °C for 16 hours. Later, the 

system was placed under dynamic vacuum and was heated gradually from 200 C to 

240 C for 7 hours to remove the condensation byproduct, thus increasing the degree of 

polymerization. Once cool, the polymer was melted for removal from the flask and used 

without further purification. 1.702 g of polymer was obtained in 96.7% yield. 1H NMR 

(CDCl3) δ ppm 1.43 (m, 4 H), 1.70 (m, 4 H), 3.87 (s, 6 H), 4.21 (m, 4 H), 4.68 (s, 2 H), 
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6.34 (d, 1 H), 6.75 (s, 2 H), 7.58 (d, 1 H). 13C NMR (CDCl3) δ ppm 19.4, 21.7, 24.5, 

27.1, 56.2, 61.7, 65.8, 69.3, 105.3, 112.5, 127.3, 141.7, 147.8, 156.8, 165.8, 168.2. 

Polyhexyleneglycolate dihydrosinapate 

 

Dimethylglycolate dihydrosinapate (1.50 g, 4.803 mmol), 1,6-hexanediol (0.6807 

g, 5.760 mmol), and Sb2O3 (28.0 mg, 2 mol%) were loaded into a 50 mL round bottom 

flask. This flask was fitted with a bump trap and attached to the Schlenk line. The 

system was then purged with nitrogen and vacuum three times. The mixture was melted 

under a nitrogen atmosphere at 160 C for 2 hours, at 180 °C for 16 hours, and at 200 

C for 2 hours. Later, the system was placed under dynamic vacuum and was heated 

gradually from 200 C to 215 C for 5 hours to remove the condensation byproduct, thus 

increasing the degree of polymerization. Once cool, the polymer was melted for removal 

from the flask and used without further purification. 1.442 g of polymer was obtained in 

82.0% yield. 1H NMR (CDCl3) δ ppm 1.36 (m, 4 H), 1.62, 1.67 (m, 4 H), 2.60 (t, 2 H), 

2.88 (t, 2 H), 3.81 (s, 6 H), 4.07 (t, 2 H), 4.18 (t, 2 H). 4.58 (s, 2 H), 6.40 (s, 2 H). 13C 

NMR (CDCl3) δ ppm 25.4, 28.5, 31.3, 35.9, 56.1, 64.4, 69.6, 105.2, 134.7, 136.6, 152.6, 

169.5, 172.8.  
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Copoly(ethylenelactate dihydrosinapate/ethylenelactate sinapate) [70:30] 

 

Dimethyllactate dihydrosinapate (1.0508 g, 3.22 mmol), dimethyllactate sinapate 

(0.4476 g, 1.38 mmol), ethylene glycol (0.2855 g, 4.60 mmol), and Sb2O3 (26.82 mg, 2 

mol%) were loaded into a 50 mL round bottom flask. This flask was fitted with a bump 

trap and attached to the Schlenk line. The system was then purged with nitrogen and 

vacuum three times. The mixture was melted under a nitrogen atmosphere at 170 C for 

2 hours, 185 °C for 15 hours, and at 200 C for 2 hours. Later, the system was placed 

under dynamic vacuum and was heated gradually from 200 C to 220 C for 5 hours to 

remove the condensation byproduct, thus increasing the degree of polymerization. 

Once cool, the polymer was melted for removal from the flask and used without further 

purification. 1.153 g of polymer was obtained in 77.4% yield. 1H NMR (CDCl3) δ ppm 

1.53 (m, 18.16 H), 2.63, 2.86 (m, 20.10 H), 3.79, 3.84 (m, 44.36 H), 4.31, 4.38, 4.61, 

4.76 (m, 32.39 H), 6.32 (m, 1.06 H), 6.39 (m, 9.61 H), 6.73 (m, 2.10 H), 7.59 (d, 1 H). 

13C NMR (CDCl3) δ ppm 18.3, 29.2, 34.7, 56.1, 62.2, 63.0, 68.9, 73.9, 103.1, 105.2, 

115.1, 123.8, 127.7, 137.0, 139.6, 141.6, 157.0, 166.2, 167.1, 173.2. 

Copoly(ethylenelactate dihydrosinapate/ethylenelactate sinapate) [50:50] 

Dimethyllactate dihydrosinapate (0.7506 g, 2.30 mmol), dimethyllactate sinapate 

(0.7459 g, 2.30 mmol), ethylene glycol (0.2855 g, 4.60 mmol), and Sb2O3 (26.82 mg, 2 

mol%) were loaded into a 50 mL round bottom flask. This flask was fitted with a bump 

trap and attached to the Schlenk line. The system was then purged with nitrogen and 

vacuum three times. The mixture was melted under a nitrogen atmosphere at 170 C for 
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2 hours, 185 °C for 15 hours, and at 200 C for 2 hours. Later, the system was placed 

under dynamic vacuum and was heated gradually from 200 C to 225 C for 5 hours to 

remove the condensation byproduct, thus increasing the degree of polymerization. 

Once cool, the polymer was melted for removal from the flask and used without further 

purification. 1.236 g of polymer was obtained in 83.1% yield. 1H NMR (CDCl3) δ ppm 

1.54 (m, 7.55 H), 2.62, 2.88 (m, 8.14 H), 3.79, 3.84 (m, 23.58 H), 4.31, 4.38, 4.61, 4.74 

(m, 15.05 H), 6.32 (m, 1.06 H), 6.39, 6.42 (m, 4.13 H), 6.73 (m, 2.32 H), 7.59 (d, 1 H). 

13C NMR (CDCl3) δ ppm 19.6, 30.2, 36.6, 56.0, 62.4, 63.8, 68.8, 73.7, 103.3, 105.5, 

114.4, 122.8, 125.7, 137.9, 139.8, 143.3, 157.1, 165.7, 166.2, 172.6. 

Copoly(ethylenelactate dihydrosinapate/ethylenelactate sinapate) [30:70] 

Dimethyllactate dihydrosinapate (0.4504 g, 1.38 mmol), dimethyllactate sinapate 

(1.0443 g, 3.22 mmol), ethylene glycol (0.2855 g, 4.60 mmol), and Sb2O3 (26.82 mg, 2 

mol%) were loaded into a 50 mL round bottom flask. This flask was fitted with a bump 

trap and attached to the Schlenk line. The system was then purged with nitrogen and 

vacuum three times. The mixture was melted under a nitrogen atmosphere at 180 C for 

2 hours, at 190 °C for 15 hours, and at 200 C for 2 hours. Later, the system was placed 

under dynamic vacuum and was heated gradually from 200 C to 230 C for 5 hours to 

remove the condensation byproduct, thus increasing the degree of polymerization. 

Once cool, the polymer was melted for removal from the flask and used without further 

purification. 1.20 g of polymer was obtained in 80.8% yield. 1H NMR (CDCl3) δ ppm 1.53 

(m, 2.60 H), 2.62, 2.86 (m, 2.89 H), 3.79, 3.84 (m, 12.35 H), 4.38, 4.50, 4.63, 4.75 (m, 

7.90 H), 6.35 (m, 0.67 H), 6.39 (m, 1.73 H), 6.73 (m, 2.07 H), 7.59 (d, 1 H). 13C NMR 
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(CDCl3) δ ppm 18.6, 27.9, 34.2, 54.3, 60.1, 62.2, 68.3, 73.4, 103.2, 105.4, 115.5, 123.5, 

126.8, 137.7, 141.1, 142.3, 157.1, 166.2, 167.1, 173.0. 

Polyethyleneglycolate ferulate 

 

Dimethylglycolate ferulate (1.33 g, 4.745 mmol), ethylene glycol (0.3534 g, 5.694 

mmol), and Sb2O3 (27.7 mg, 2 mol%) were loaded into a 50 mL round bottom flask. This 

flask was fitted with a bump trap and attached to the Schlenk line. The system was then 

purged with nitrogen and vacuum three times. The mixture was melted under a nitrogen 

atmosphere at 180 C for 1 hour, and at 200 °C for 16 hours. Later, the system was 

placed under dynamic vacuum and was heated gradually from 200 C to 240 C for 7 

hours to remove the condensation byproduct, thus increasing the degree of 

polymerization. Once cool, the polymer was melted for removal from the flask and used 

without further purification. 0.886 g of polymer was obtained in 67.1% yield. 1H NMR 

(CDCl3) δ ppm 3.90 (s, 3 H), 4.43, 4.52 (m, 4 H), 4.70, 4.77 (d, 2 H), 6.31 (m, 1 H), 6.80 

(m, 1 H), 7.05 (m, 2 H), 7.58 (m, 1 H). 13C NMR (CDCl3) δ ppm 55.9, 62.6, 63.0, 65.9, 

110.5, 110.6, 113.5, 122.2, 128.6, 144.9, 149.2, 149.6, 166.6, 168.3. 

Polyethyleneglycolate coumarate 

 

Dimethylglycolate coumarate (1.33 g, 5.315 mmol), ethylene glycol (0.3959 g, 

6.378 mmol), and Sb2O3 (31.0 mg, 2 mol%) were loaded into a 50 mL round bottom 

flask. This flask was fitted with a bump trap and attached to the Schlenk line. The 
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system was then purged with nitrogen and vacuum three times. The mixture was melted 

under a nitrogen atmosphere at 180 C for 1 hour, and at 200 °C for 16 hours. Later, the 

system was placed under dynamic vacuum and was heated gradually from 200 C to 

240 C for 7 hours to remove the condensation byproduct, thus increasing the degree of 

polymerization. Once cool, the polymer was melted for removal from the flask and used 

without further purification. 1.059 g of polymer was obtained in 80.3% yield. 1H NMR 

(CDCl3) δ ppm 4.46 (m, 4 H), 4.63, 4.70 (m, 2 H), 6.30 (m, 1 H), 6.90 (m, 2 H), 7.46 (m, 

2 H), 7.61 (m, 1 H). 13C NMR (CDCl3) δ ppm 62.6, 64.9, 68.7, 114.9, 115.6, 127.9, 

129.8, 144.8, 159.4, 166.7, 168.3. 

Polyethylenelactate ferulate 

 

Dimethyllactate ferulate (1.50 g, 5.10 mmol), ethylene glycol (0.3166 g, 5.10 

mmol), and Sb2O3 (26.82 mg, 2 mol%) were loaded into a 50 mL round bottom flask. 

This flask was fitted with a bump trap and attached to the Schlenk line. The system was 

then purged with nitrogen and vacuum three times. The mixture was melted under a 

nitrogen atmosphere at 180 C for 3 hours, and at 200 °C for 16 hours. Later, the 

system was placed under dynamic vacuum and was heated gradually from 200 C to 

240 C for 6 hours to remove the condensation byproduct, thus increasing the degree of 

polymerization. Once cool, the polymer was melted for removal from the flask and used 

without further purification. 1.098 g of polymer was obtained in 73.6% yield. 1H NMR 

(CDCl3) δ ppm 1.62, 1.67 (m, 3 H), 3.87 (s, 3 H), 4.37, 4.47 (m, 4 H), 4.85 (m, 1 H), 6.29 

(m, 1 H), 6.81 (m, 1 H), 7.03 (m, 2 H), 7.59 (m, 1 H). 13C NMR (CDCl3) δ ppm 18.5, 
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56.0, 61.9, 62.8, 73.6, 110.8, 115.0, 115.8, 122.2, 128.7, 145.0, 149.0, 150.0, 166.7, 

171.4. 

Polyethylenelactate coumarate 

 

Dimethyllactate coumarate (1.50 g, 5.67 mmol), ethylene glycol (0.3519 g, 5.67 

mmol), and Sb2O3 (33.0 mg, 2 mol%) were loaded into a 50 mL round bottom flask. This 

flask was fitted with a bump trap and attached to the Schlenk line. The system was then 

purged with nitrogen and vacuum three times. The mixture was melted under a nitrogen 

atmosphere at 180 C for 3 hours, and at 200 °C for 16 hours. Later, the system was 

placed under dynamic vacuum and was heated gradually from 200 C to 240 C for 6 

hours to remove the condensation byproduct, thus increasing the degree of 

polymerization. Once cool, the polymer was melted for removal from the flask and used 

without further purification. 1.10 g of polymer was obtained in 74.0% yield. 1H NMR 

(CDCl3) δ ppm 1.58, 1.65 (m, 3 H), 4.37, 4.45 (m, 4 H), 4.83 (m, 2 H), 6.33 (m, 1 H), 

6.86 (m, 2 H), 7.42 (m, 2 H), 7.58 (m, 1 H). 13C NMR (CDCl3) δ ppm 18.4, 61.7, 62.7, 

72.3, 115.3, 115.6, 127.6, 129.8, 144.7, 159.2, 166.6, 171.3. 

Polyethyleneglycolate dihydrosinapamide (polyesteramide) 

 

Dimethylglycolate dihydrosinapate (1.50 g, 4.803 mmol), ethanolamine (0.3521 

g, 5.764 mmol), and Sb2O3 (28.0 mg, 2 mol%) were loaded into a 50 mL round bottom 
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flask. This flask was fitted with a bump trap and attached to the Schlenk line. The 

system was then purged with nitrogen and vacuum three times. The mixture was melted 

under a nitrogen atmosphere at 150 C for 2 hours, at 160 C for 3 hours, at 180 °C for 

16 hours, and at 200 C for 2 hours. Later, the system was placed under dynamic 

vacuum and was heated gradually from 200 C to 215 C for 5 hours to remove the 

condensation byproduct, thus increasing the degree of polymerization. Once cool, the 

polymer was melted for removal from the flask and used without further purification. 

1.017 g of polymer was obtained in 68.4% yield. 1H NMR (DMSO-d6) δ ppm 2.63, 2.89 

(m, 4 H), 3.59 (m, 2 H), 3.82 (m, 6 H), 4.20 (m, 2 H), 4.47 (m, 2 H), 6.42 (s, 2 H), 7.90 

(m, 0.66 H). 13C NMR (DMSO-d6) δ ppm 31.1, 35.7, 37.8, 56.0, 63.2, 72.7, 105.1, 112.4, 

135.0, 137.0, 152.1, 170.3, 172.4. 

Polyethyleneglycolamide dihydrosinapamide (polyamide) 

 

Dimethylglycolate dihydrosinapate (1.50 g, 4.803 mmol), ethylene diamine 

(0.3464 g, 5.764 mmol), and Sb2O3 (28.0 mg, 2 mol%) were loaded into a 50 mL round 

bottom flask. This flask was fitted with a bump trap and attached to the Schlenk line. 

The system was then purged with nitrogen and vacuum three times. The mixture was 

melted under a nitrogen atmosphere at 100 C for 1.5 hours, at 120 C for 1.5 hours, at 

140 C for 1 hour, at 160 C for 1 hour, at 180 °C for 16 hours, and at 200 C for 2 

hours. Later, the system was placed under dynamic vacuum and was heated gradually 

from 200 C to 215 C for 5 hours to remove the condensation byproduct, thus 
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increasing the degree of polymerization. Once cool, the polymer was melted for removal 

from the flask and used without further purification. 0.910 g of polymer was obtained in 

61.4% yield. 1H NMR (DMSO-d6) δ ppm 2.31, 2.36 (m, 2 H), 2.66, 2.75 (m, 2.20 H), 

3.77 (m, 6 H), 4.24, 4.33 (m, 2 H), 6.54 (m, 2 H), 7.99 (m, 1.53 H). 13C NMR (DMSO-d6) 

δ ppm 31.4, 33.5, 37.0, 50.6, 55.8, 71.8, 105.3, 134.0, 137.7, 151.9, 168.6, 171.5. 
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Chapter 3 

Large scale extraction 

10.00 g of dried lignin powder, 250 mL of NaOH 2 M (aq) and 100 mg of NaHSO3 

were stirred in a 500 mL round-bottom flask for 20 hours at reflux temperature under a 

nitrogen atmosphere. Upon completion, the resulting dark brown solution was allowed 

to cool to room temperature. In order to precipitate the unreacted lignin, the solution 

was acidified to pH = 1 with concentrated H3PO4. The resulting mixtures were 

centrifuged at 3500 rpm for 10 mins. The solids were filtered out, and the remaining 

solution was extracted with 3 x 100 mL portions of ethyl acetate. The organic (ethyl 

acetate) portion was washed with copious amounts of water, followed by brine 

(saturated NaCl solution), and then dried over anhydrous MgSO4. The ethyl acetate was 

then removed by rotary evaporation leaving behind crude para-coumaric acid (pCA). 

The crude pCA could be further purified by recrystallization from water. First, the crude 

product was dissolved in minimum amount of ethanol before adding hot boiling water 

little by little until the solution became cloudy. The remaining solution was refrigerated 

overnight until the pCA precipitated. Solvent reduction by rotatory evaporation may also 

help to precipitate the product. High purity of pCA was obtained by filtration and drying. 

The identity and the purity of the product were confirmed by 1H NMR analysis. 

Corn Silk 

2.00 g of dried and grounded corn silk and 50 mL of NaOH 0.5 M (aq) were 

sonicated in a 100 mL round-bottom flask for 2 hours at room temperature. Upon 

completion, the solution was acidified to pH = 1 with 50 mL HCl 1 M (aq). The solids 

were filtered out and washed with DIW. Meanwhile, the remaining solution was 

extracted with 3 x 100 mL portions of ethyl acetate. The organic (ethyl acetate) portion 
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was washed with copious amounts of water, followed by brine (saturated NaCl solution), 

and then dried over anhydrous MgSO4. The ethyl acetate was then removed by rotary 

evaporation leaving behind crude ferulic acid (FA) (mass = 0.046 g, yield = 2.3%). The 

identity and the purity of the product were confirmed by 1H NMR analysis. 

Corn Bran 

2.00 g of dried and grounded corn bran and 50 mL of NaOH 0.5 M (aq) were 

sonicated in a 100 mL round-bottom flask for 2 hours at room temperature. Upon 

completion, the solution was acidified to pH = 1 with 50 mL HCl 1 M (aq). The solids 

were filtered out and washed with DIW. Meanwhile, the remaining solution was 

extracted with 3 x 100 mL portions of ethyl acetate. The organic (ethyl acetate) portion 

was washed with copious amounts of water, followed by brine (saturated NaCl solution), 

and then dried over anhydrous MgSO4. The ethyl acetate was then removed by rotary 

evaporation leaving behind crude ferulic acid (FA) (mass = 0.085 g, yield = 4.3%). The 

identity and the purity of the product were confirmed by 1H NMR analysis 

Corn Cob 

2.00 g of dried and grounded corn cob and 50 mL of NaOH 0.5 M (aq) were 

sonicated in a 100 mL round-bottom flask for 2 hours at room temperature. Upon 

completion, the solution was acidified to pH = 1 with 50 mL HCl 1 M (aq). The solids 

were filtered out and washed with DIW. Meanwhile, the remaining solution was 

extracted with 3 x 100 mL portions of ethyl acetate. The organic (ethyl acetate) portion 

was washed with copious amounts of water, followed by brine (saturated NaCl solution), 

and then dried over anhydrous MgSO4. The ethyl acetate was then removed by rotary 

evaporation, leaving behind crude p-coumaric acid (pCA) and ferulic acid (FA) (mass = 
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0.0527 g, yield = 2.6%). The identity and the purity of the product were confirmed by 1H 

NMR analysis. 

Corn Tassel 

2.00 g of dried and grounded corn tassel and 50 mL of NaOH 0.5 M (aq), were 

sonicated in a 100 mL round-bottom flask for 2 hours at room temperature. Upon 

completion, the solution was acidified to pH = 1 with 50 mL HCl 1 M (aq). The solids 

were filtered out and washed with DIW. Meanwhile, the remaining solution was 

extracted with 3 x 100 mL portions of ethyl acetate. The organic (ethyl acetate) portion 

was washed with copious amounts of water, followed by brine (saturated NaCl solution), 

and then dried over anhydrous MgSO4. The ethyl acetate was then removed by rotary 

evaporation leaving behind crude p-coumaric acid (pCA) and ferulic acid (FA) (mass = 

0.023 g, yield = 1.15%). The identity and the purity of the product were confirmed by 1H 

NMR analysis. 

Purification using activated carbon 

140 mg of crude product and 5 mL of acetone were added to a 100 mL beaker. 

Then, 25 mL of warm HCl pH 3 (aq) was added to the beaker slowly while heating on a 

hotplate, resulting a dark-brown solution. The dark-brown solution was heated for 15 

mins at 80 C to remove acetone from the solution. A pea-size amount of activated 

carbon (charcoal) was added to the solution and the solution was stirred for 1 hour at 80 

C. The charcoal was filtered out by gravity filtration and washed with 10 mL of HCl pH 

3 (aq), resulting in a light yellow filtrate. Then, the filtrate was extracted with 2 x 10 mL 

portions of ethyl acetate. The organic (ethyl acetate) portion was washed with 15 mL of 

water, followed by brine (saturated NaCl solution), and then dried over anhydrous 
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MgSO4. The ethyl acetate was then removed by rotary evaporation leaving behind an 

off white powder (mass = 59 mg, purification yield = 42.1%). The identity and the purity 

of the product were confirmed by 1H NMR analysis (See Figure C-14). 

 

Figure 6-1. Comparison of crude product and purified product using activated charcoal. 
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Chapter 4 

Synthesis of polyvinyl vanillin acetal PV(VV)A.  

This technique was performed in the Schlenk line. Two 250 mL three necked 

round-bottom flasks (flask A and flask B) were used. Flask A was added with 1.00 g 

(22.50 mmol) PVA and 0.077 g (0.45 mmol) p-TSA. The system was purged under a 

nitrogen atmosphere and under vacuum three times. Flask A was injected with 7.5 mL 

of DMSO, and then heated to 90 C under nitrogen to dissolve the mixture completely. 

Meanwhile, flask B was added with 4.45 g (29.25 mmol) vanillin. The system was 

purged under alternating nitrogen and vacuum. Flask B was injected with 5 mL of 

DMSO using a syringe through the septum and then the system was stirred under 

nitrogen until vanillin dissolved completely. When the contents from both flasks were 

homogeneous, the solution from flask B was transferred to flask A using a syringe. The 

reaction was heated under nitrogen at 60 C for 2 hours. The crude product was 

precipitated in 350 mL aqueous sodium bicarbonate. The precipitate was washed twice 

with 150 mL deionized water, isolated by decantation and air dried overnight. The crude 

product was obtained in 169% yield (4.22 g). The purified product was obtained by 

dissolving 0.40 g of crude product in 15 mL of DMSO, stirring overnight and 

reprecipitating in 350 mL of aqueous sodium bicarbonate. The precipitate was washed 

twice with 150 mL deionized water, isolated by decantation and air dried overnight. The 

final product was obtained as a powder in 18.8% purification yield (0.08 g). The overall 

reaction yield was 31.1%. The degree of acetalization was found to be of 63.3% from 

NMR. 1H NMR (DMSO-d6) δ ppm 1.44 (m, 6.32 H), 3.26 (m, 1.65 H), 3.69 (m, 3 H), 3.90 

(m, 3.16 H), 5.35, 5.56, 5.65 (m, 1 H), 6.68, 6.76, 6.87 (m, 3 H). The small peak at in the 
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region 1.8–2.0 ppm was not incorporated into the integration since it belongs to non-

hydrolized acetyl –CH3 groups. Methoxy peaks at 3.9 ppm were considered to be for 3 

H, even though the integration was bigger in most cases due to the overlap with –OH 

peaks from PVA. 13C NMR (DMSO-d6)  ppm 37.6, 38.2, 44.5, 45.0, 46.2, 46.7, 56.0, 

73.0, 73.5, 100.6, 110.8, 115.4, 119.4, 130.5, 147.52, 147.56. 

Synthesis of polyvinyl ortho-vanillin acetal PV(OV)A.  

This product was synthesized using the same procedure as for PV(VV)A. Flask A 

was added with 1.00 g (22.50 mmol) PVA, 0.077 g (0.45 mmol) p-TSA and 7.5 mL 

DMSO. Flask B was added with 4.46 g (29.25 mmol) OV and 5 mL DMSO. Contents of 

flask B were transferred to flask A. The reaction was heated under nitrogen at 60 C for 

2 hours. The crude product was obtained in 233% yield (5.82 g). The purified product 

was obtained in a similar fashion to PV(VV)A, 0.40 g were utilized. The final product 

was obtained as a powder in 23.8% purification yield (0.10 g). The overall reaction yield 

was 54.4%. 1H NMR (DMSO-d6)  ppm 1.44 (m, 6.94 H), 3.77 (s, 3 H), 3.96 (m, 3.47 H), 

5.74, 6.02 (m, 1 H), 6.73, 6.89, 6.97 (m, 3 H), 8.58 (br, s, 1 H), showing a degree of 

acetalization of 57.6%. 13C NMR (DMSO-d6)  ppm 36.4, 37.0, 42.4, 44.1, 44.6, 46.1, 

55.9, 62.9, 63.7, 72.7, 73.4, 96.1, 111.7, 118.5, 119.1, 125.6, 143.7, 147.4. 

Synthesis of polyvinyl isovanillin acetal PV(IV)A.  

This product was synthesized using the same procedure as for PV(VV)A. Flask A 

was added with 1.00 g (22.50 mmol) PVA, 0.077 g (0.45 mmol) p-TSA and 7.5 mL 

DMSO. Flask B was added with 4.45 g (29.25 mmol) IV and 5 mL DMSO. Contents of 

flask B were transferred to flask A. The reaction was heated under nitrogen at 60 C for 

2 hours. The crude product was obtained in 201% yield (5.01 g). The purified product 
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was obtained in a similar fashion to PV(VV)A, 0.40 g were utilized. The final product 

was obtained as a powder in 23.7% purification yield (0.10 g). The overall reaction yield 

was 46.9%. 1H NMR (DMSO-d6)  ppm 1.46 (m, 5.98 H), 3.73 (s, 3 H), 3.93 (m, 2.99 H), 

4.42 (m, 1.42 H), 5.38, 5.56, 5.67 (m, 1 H), 6.82 (m, 3 H), 8.99 (br, s, 1 H), showing a 

degree of acetalization of 66.9%. 13C NMR (DMSO-d6)  ppm 37.1, 37.8, 43.9, 44.6, 

46.3, 46.9, 55.6, 62.7, 64.5, 72.3, 73.0, 99.8, 111.5, 113.5, 117.1, 131.9, 146.0, 147.7. 

Synthesis of polyvinyl syringaldehyde acetal PV(SY)A.  

This product was synthesized using the same procedure as for PV(VV)A. Flask A 

was added with 1.00 g (22.50 mmol) PVA, 0.077 g (0.45 mmol) p-TSA and 7.5 mL 

DMSO. Flask B was added with 5.33 g (29.25 mmol) SY and 5 mL DMSO. Contents of 

flask B were transferred to flask A. The reaction was heated under nitrogen at 60 C for 

2 hours. The crude product was obtained in 141% yield (3.99 g). The purified product 

was obtained in a similar fashion to PV(VV)A, 0.40 g were utilized. The final product 

was obtained as a powder in 39.8% purification yield (0.16 g). The overall reaction yield 

was 54.9%. 1H NMR (DMSO-d6)  ppm 1.44 (m, 7.39 H), 3.27 (m, 2.63 H) 3.68 (m, 6 H), 

3.92 (m, 3.69 H), 4.34 (m, 1H), 5.36, 5.62 (m, 1 H), 6.61 (s, 2 H), showing a degree of 

acetalization of 54.1%. 13C NMR (DMSO-d6)  ppm 37.2, 37.9, 44.0, 44.5, 45.8, 46.3, 

56.0, 62.9, 63.8, 72.8, 73.3, 100.2, 103.8, 129.5, 135.7, 147.6. 

Synthesis of polyvinyl ethylvanillin acetal PV(EV)A.  

This product was synthesized using the same procedure as for PV(VV)A. Flask A 

was added with 1.00 g (22.50 mmol) PVA, 0.077 g (0.45 mmol) p-TSA and 7.5 mL 

DMSO. Flask B was added with 4.87 g (29.25 mmol) EV and 5 mL DMSO. Contents of 

flask B were transferred to flask A. The reaction was heated under nitrogen at 60 C for 
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2 hours. The crude product was obtained in 212% yield (5.64 g). The purified product 

was obtained in a similar fashion to PV(VV)A, 0.40 g were utilized. The final product 

was obtained as a powder in 21.4% purification yield (0.09 g). The overall reaction yield 

was 44.7%. 1H NMR (DMSO-d6)  ppm 1.29 (s, 3 H), 1.46 (m, 6.31 H), 3.42 (m, 2.24 H), 

3.90 (m, 2 H), 3.95 (m, 3.15 H), 4.33 (br, s, 1 H), 5.36, 5.59, 5.65 (m, 1 H), 6.72, 6.79, 

6.88 (m, 3H), showing a degree of acetalization of 63.4%. 13C NMR (DMSO-d6)  ppm 

14.8, 37.1, 37.8, 44.0, 44.6, 45.8, 46.2, 63.0, 63.9, 72.5, 73.1, 73.8, 100.0, 111.8, 115.0, 

118.9, 130.0, 146.3, 147.5. 

Synthesis of polyvinyl benzaldehyde acetal PV(BZ)A.  

This product was synthesized using a similar procedure to PV(VV)A. Flask A was 

added with 1.00 g (22.50 mmol) PVA, 0.077 g (0.45 mmol) p-TSA and 7.5 mL DMSO. 

Flask B was added with 3.10 g (29.25 mmol) BZ and 5 mL DMSO. Contents of flask B 

were transferred to flask A. The reaction was heated under nitrogen at 60 C for 6 

hours. The crude product was obtained in 218% yield (4.32 g). The purified product was 

obtained in a similar fashion to PV(VV)A, 0.40 g were utilized. The final product was 

obtained as a powder in 39.4% purification yield (0.158 g). The overall reaction yield 

was 84.6%. 1H NMR (DMSO-d6)  ppm 1.54 (m, 5.35 H), 4.06 (m, 2.68 H), 4.50 (m, 

0.85 H), 5.50, 5.76 (m, 1 H), 7.37 (m, 5 H), showing a degree of acetalization of 74.8%. 

13C NMR (DMSO-d6)  ppm 37.0, 37.7, 42.2, 43.9, 44.3, 47.2, 62.3, 68.2, 72.5, 73.1, 

99.6, 126.1, 127.9, 128.3, 139.1. 

Synthesis of polyvinyl 4-hydroxybenzaldehyde acetal PV(HB)A. 

This product was synthesized using the same procedure as for PV(VV)A. Flask A 

was added with 1.00 g (22.50 mmol) PVA, 0.077 g (0.45 mmol) p-TSA and 7.5 mL 



 

162 

DMSO. Flask B was added with 3.58 g (29.25 mmol) HB and 5 mL DMSO. Contents of 

flask B were transferred to flask A. The reaction was heated under nitrogen at 60 C for 

2 hours. The crude product was obtained in 166% yield (3.59 g). The purified product 

was obtained in a similar fashion to PV(VV)A, 0.40 g were utilized. The final product 

was obtained as a powder in 22.9% purification yield (0.09 g). The overall reaction yield 

was 37.6%. 1H NMR (DMSO-d6)  ppm 1.47 (m, 5.81 H), 3.88, 3.99, 4.33 (m, 2.91 H), 

5.40, 5.60, 5.68 (m, 1 H), 6.70 (s, 2 H), 7.19 (s, 2 H), 9.47 (br, s, 1 H), showing a degree 

of acetalization of 68.8%. 13C NMR (DMSO-d6)  ppm 37.6, 38.4, 44.7, 45.0, 46.3, 46.7, 

63.1, 64.3, 72.8, 73.4, 100.4, 115.0, 127.6, 130.4, 157.8. 

Synthesis of polyvinyl salicylaldehyde acetal PV(SA)A.  

This product was synthesized using the same procedure as for PV(VV)A. Flask A 

was added with 1.00 g (22.50 mmol) PVA, 0.077 g (0.45 mmol) p-TSA and 7.5 mL 

DMSO. Flask B was added with 3.58 g (29.25 mmol) SY and 5 mL DMSO. Contents of 

flask B were transferred to flask A. The reaction was heated under nitrogen at 60 C for 

2 hours. The crude product was obtained in 245% yield (5.29 g). The purified product 

was obtained in a similar fashion to PV(VV)A, 0.40 g were utilized. The final product 

was obtained as a powder in 23.2% purification yield (0.09 g). The overall reaction yield 

was 55.7%. 1H NMR (DMSO-d6)  ppm 1.44 (m, 6.25 H), 3.79, 3.96, 4.27, 4.42 (m, 3.12 

H), 5.70, 5.98 (m, 1 H), 6.77 (s, 2 H), 7.10 (s, 1 H), 7.32 (s, 1 H), 9.32 (br. s, 1 H), 

showing a degree of acetalization of 64.0%. 13C NMR (DMSO-d6)  ppm 37.1, 37.9, 

44.2, 44.5, 45.8, 46.2, 62.8, 63.7, 72.6, 73.3, 96.0, 115.4, 118.6, 125.1, 127.3, 129.3, 

154.4. 
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Synthesis of polyvinyl para-anisaldehyde acetal PV(PA)A. 

This product was synthesized using the same procedure as for PV(VV)A. Flask A 

was added with 1.00 g (22.50 mmol) PVA, 0.077 g (0.45 mmol) p-TSA and 7.5 mL 

DMSO. Flask B was added with 3.99 g (29.25 mmol) PA and 5 mL DMSO. Contents of 

flask B were transferred to flask A. The reaction was heated under nitrogen at 60 C for 

2 hours. The crude product was obtained in 166% yield (3.85 g). The purified product 

was obtained in a similar fashion to PV(VV)A, 0.40 g were utilized. The final product 

was obtained as a powder in 33.8% purification yield (0.14 g). The overall reaction yield 

was 55.7%. 1H NMR (DMSO-d6)  ppm 1.46 (m, 6.02 H), 3.74 (s, 3 H), 4.02 (m, 3.01 H), 

4.43 (m, 1 H), 5.46, 5.64, 5.75 (m, 1 H), 6.88 (s, 2 H), 7.32 (s, 2 H), showing a degree of 

acetalization of 66.4%. 13C NMR (DMSO-d6)  ppm 37.0, 37.7, 42.3, 44.5, 45.8, 46.2, 

55.1, 62.8, 63.9, 72.4, 73.0, 99.7, 113.2, 127.4, 131.6, 159.2. 

Synthesis of polyvinyl ortho-anisaldehyde acetal PV(OA)A. 

This product was synthesized using the same procedure as for PV(VV)A. Flask A 

was added with 1.00 g (22.50 mmol) PVA, 0.077 g (0.45 mmol) p-TSA and 7.5 mL 

DMSO. Flask B was added with 3.98 g (29.25 mmol) OA and 5 mL DMSO. Contents of 

flask B were transferred to flask A. The reaction was heated under nitrogen at 60 C for 

2 hours. The crude product was obtained in 155% yield (3.60 g). The purified product 

was obtained by dissolving 0.40 g of crude product in 15 mL of DMSO, stirring overnight 

and reprecipitating in 350 mL of methanol, and isolated by decantation and air dried 

overnight. The final product was obtained as a powder in 58.6% purification yield (0.24 

g). The overall reaction yield was 70.5%. 1H NMR (DMSO-d6)  ppm 1.49 (m, 5.43 H), 

3.72 (s, 3 H), 3.93 (m, 1.72 H), 4.29 (m, 0.97 H), 5.70, 5.97 (m, 1 H), 6.93 (m, 2 H), 7.29 
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(m, 1 H), 7.43 (m, 1 H), showing a degree of acetalization of 73.7%. 13C NMR (DMSO-

d6)  ppm 36.3, 36.9, 42.0, 42.1, 43.8, 44.2, 55.5, 62.9, 68.4, 72.7, 73.4, 95.3, 111.1, 

120.1, 126.9, 127.0, 129.7, 156.2. 

Synthesis of polyvinyl cuminaldehyde acetal PV(CU)A. 

This product was synthesized using the same procedure as for PV(VV)A. Flask A 

was added with 1.00 g (22.50 mmol) PVA, 0.077 g (0.45 mmol) p-TSA and 7.5 mL 

DMSO. Flask B was added with 4.33 g (29.25 mmol) CU and 5 mL DMSO. Contents of 

flask B were transferred to flask A. The reaction was heated under nitrogen at 60 C for 

2 hours. The crude product was obtained in 158% yield (3.88 g). The purified product 

was obtained by dissolving 0.40 g of crude product in 15 mL of DMSO, stirring overnight 

and reprecipitating in 350 mL of deionized water. The precipitate was stirred with 15 mL 

ethanol overnight, isolated by decantation and air dried overnight. The final product was 

obtained as a powder in 36.7% purification yield (0.15 g). The overall reaction yield was 

57.2%. 1H NMR (DMSO-d6)  ppm 1.07, 1.16 (s, 6H), 0.74–1.77 (m, 6.94 H), 2.81 (m, 1 

H), 3.93 (m, 3.47 H), 5.46, 5.65, 5.74 (m, 1 H), 7.26 (m, 4 H), showing a degree of 

acetalization of 57.6%. 13C NMR (DMSO-d6)  ppm 23.8, 33.2, 37.6, 38.1, 41.5, 42.0, 

43.5, 44.6, 62.7, 64.2, 73.0, 73.3, 99.9, 125.7, 126.1, 136.9, 148.6. (Peaks at 18.6 and 

56.0 come from leftover ethanol). 

Synthesis of polyvinyl cinnamaldehyde acetal PV(CI)A. 

This product was synthesized using the same procedure as for PV(VV)A. Flask A 

was added with 1.00 g (22.50 mmol) PVA, 0.077 g (0.45 mmol) p-TSA and 7.5 mL 

DMSO. Flask B was added with 3.86 g (29.25 mmol) CI and 5 mL DMSO. Contents of 

flask B were transferred to flask A. The reaction was heated under nitrogen at 60 C for 
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2 hours. The crude product was obtained in 243% yield (5.52 g). The purified product 

was obtained in a similar fashion to PV(VV)A, 0.40 g were utilized. The final product 

was obtained as a powder in 23.1% purification yield (0.09 g). The overall reaction yield 

was 55.5%. 1H NMR (DMSO-d6)  ppm 1.46 (m, 5.86 H), 3.94 (m, 2.94 H), 4.44 (m, 

1.30 H), 5.15, 5.43 (m, 1 H), 6.23 (s, 1 H), 6.68 (s, 1 H), 7.36 (m, 5 H), showing a 

degree of acetalization of 68.3%. 13C NMR (DMSO-d6)  ppm 37.1, 37.9, 44.0, 44.5, 

45.9, 46.2, 62.8, 63.9, 72.0, 72.8, 99.6, 126.6, 128.1, 128.7, 132.2, 135.7. 

Synthesis of polyvinyl phenylacetaldehyde acetal PV(PH)A. 

This product was synthesized using the same procedure as for PV(VV)A. Flask A 

was added with 1.00 g (22.50 mmol) PVA, 0.077 g (0.45 mmol) p-TSA and 7.5 mL 

DMSO. Flask B was added with 3.51 g (29.25 mmol) PH and 5 mL DMSO. Contents of 

flask B were transferred to flask A. The reaction was heated under nitrogen at 60 C for 

2 hours. The crude product was obtained in 186% yield (3.97 g). The purified product 

was obtained in a similar fashion to PV(VV)A, 0.40 g were utilized. The final product 

was obtained as a powder in 39.1% purification yield (0.16 g). The overall reaction yield 

was 71.8%. 1H NMR (DMSO-d6)  ppm 1.46 (m, 13.50 H), 2.80 (m, 2 H), 3.77 (m, 5.80 

H), 4.25, 4.46, 4.68 (m, 5.02 H), 5.02 (m, 1 H), 7.23 (m, 5 H), showing a degree of 

acetalization of 29.6%. 13C NMR (DMSO-d6)  ppm 38.5, 38.9, 40.8, 44.0, 44.4, 48.0, 

49.5, 62.9, 64.0, 72.1, 72.7, 101.0, 104.0, 126.2, 127.9, 129.1, 129.9, 138.4. (Peaks 

from leftover phenylacetaldehyde are still present; futher purification are needed). 

Synthesis of polyvinyl floramelon acetal PV(FL)A. 

This product was synthesized using the same procedure as for PV(VV)A. Flask A 

was added with 1.00 g (22.50 mmol) PVA, 0.077 g (0.45 mmol) p-TSA and 7.5 mL 
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DMSO. Flask B was added with 5.62 g (29.25 mmol) FL and 5 mL DMSO. Contents of 

flask B were transferred to flask A. The reaction was heated under nitrogen at 60 C for 

2 hours. The crude product was obtained in 241% yield (7.09 g). The purified product 

was obtained in a similar fashion to PV(VV)A, 1.00 g were utilized. The final product 

was obtained as a powder in 24.5% purification yield (0.26 g). The overall reaction yield 

was 58.3%. 1H NMR (DMSO-d6)  ppm 0.90 (d, 3 H), 1.46 (m, 5.19 H), 2.21, 2.66 (m, 2 

H), 3.79 (m, 2 H), 4.21 (m, 1 H), 5.91 (m, 2 H), 6.64 (m, 3 H), showing a degree of 

acetalization of 77.1%. 13C NMR (DMSO-d6)  ppm 12.7, 35.5, 37.0, 37.5, 44.1, 44.6, 

45.8, 46.2, 47.2, 62.6, 63.2, 72.5, 72.8, 100.7, 108.0, 109.3, 121.9, 132.8, 145.2, 145.5, 

147.2. (Peaks from floramelon are still present; further purification are needed). 

Synthesis of polyvinyl hydroxymethylfurfural acetal PV(HMF)A. 

This product was synthesized using the same procedure as for PV(VV)A, except 

the reaction time was of 6 hours. Flask A was added with 1.00 g (22.50 mmol) PVA, 

0.077 g (0.45 mmol) p-TSA and 7.5 mL DMSO. Flask B was added with 4.33 g (29.25 

mmol) HMF and 5 mL DMSO. Contents of flask B were transferred to flask A. The 

reaction was heated under nitrogen at 60 C for 6 hours. The crude product was 

obtained in 158% yield (3.88 g). The purified product was obtained in a similar fashion 

to PV(VV)A, 0.40 g were utilized. The final product was obtained as a powder in 37.4% 

purification yield (0.16 g). The overall reaction yield was 80.0%. 1H NMR (DMSO-d6)  

ppm 1.44 (m, 6.84 H), 3.79 (m, 1.26 H), 3.97 (s, 2 H), 4.43 (m, 3.42 H), 5.24 (br. s, 1 H), 

5.52, 5.77 (m, 1 H), 6.26 (m, 2 H), showing a degree of acetalization of 58.5%. 13C NMR 

(DMSO-d6)  ppm 37.0, 37.9, 39.9, 43.8, 44.1, 44.4, 46.3, 55.6, 61.5, 62.5, 72.4, 73.4, 

94.8, 107.3, 108.2, 150.5, 155.0. 
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Chapter 5 

Materials 

All of the dialdehyde monomers (4HB-2-4HB, 4HB-3-4HB, van-2-van, van-3-van, 

syr-2-syr, syr-3-syr, evan-2-evan, evan-3-evan) were inherited from alumni (Dr. 

Alexander Pemba and Dr. Mayra Rostagno) of previous projects. Vitamin B1-HCl was 

purchased from TCI. Dimethyl sulfoxide (DMSO), para-toluenesulfonic acid (p-TSA), 

cyclopentanone, and dimethyl 3-oxoglutarate from Sigma-Aldrich. N-methyl-2-

pyrrolidone (NMP) was purchased from VWR. Acetone was purchased from Fisher 

Chemical. NMR solvents, including deuterated chloroform (CDCl3) and deuterated 

dimethyl sulfoxide (DMSO-d6) were purchased from Cambridge Isotope Laboratories. 

All the chemicals, unless expressly mentioned, were utilized without further purification. 

Poly-DHMP analogue from van-2-van and cyclopentanone 

The polymerizations were typically carried out in a round bottom flask and 

connected to a reflux condenser under nitrogen. 2 mmol of van-2-van, 4 mmol of 

cyclopentanone, 4.8 mmol of urea, 6 mol% of vitamin B1.HCl, and 10 mL of DMSO 

were charged to a 50 mL round bottom flask. The mixture was then stirred for 24 hours 

at 80 C. Upon completion, the reaction was poured into 150 mL cold acetone, then 

stirred for 30 minutes to yield an orange powder precipitate. The precipitate was filtered 

by gravity filtration, and the resulting orange powder was collected on a watch glass to 

dry in the hood overnight. 0.7812 g of polymer was obtained in 93% yield. The identity 

of the polymer was confirmed by 1H NMR analysis. 
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Poly-DHMP analogue from 4HB-2-4HB and dimethyl 3-oxoglutarate 

The polymerizations were typically carried out in a round bottom flask and 

connected to a reflux condenser under nitrogen. 2 mmol of 4HB-2-4HB, 4 mmol of 

dimethyl 3-oxoglutarate, 4.8 mmol of urea, 2 mol% of pTSA, and 10 mL of NMP were 

charged to a 50 mL round bottom flask. The mixture was stirred for 20 hours at 150 C. 

Later, 3 mL of NMP was added to the mixture, and it was stirred for another 4 hours. 

Upon completion, the reaction was poured into 150 mL cold acetone, then stirred for 30 

minutes to yield an orange powder precipitate. The precipitate was filtered by gravity 

filtration, and the resulting orange powder was collected on a watch glass to dry in the 

hood overnight. 0.4382 g of polymer was obtained in 49% yield. The identity of the 

polymer was confirmed by 1H NMR analysis. 

Poly-DHMP analogue from van-2-van and dimethyl 3-oxoglutarate 

The polymerizations were typically carried out in a round bottom flask and 

connected to a reflux condenser under nitrogen. 2 mmol of van-2-van, 4 mmol of 

dimethyl 3-oxoglutarate, 4.8 mmol of urea, 2 mol% of pTSA, and 10 mL of NMP were 

charged to a 50 mL round bottom flask. The mixture was stirred for 20 hours at 150 C. 

Later, 3 mL of NMP was added to the mixture, and it was stirred for another 4 hours. 

Upon completion, the reaction was poured into 150 mL cold acetone, then stirred for 30 

minutes to yield an orange powder precipitate. The precipitate was filtered by gravity 

filtration, and the resulting orange powder was collected on a watch glass to dry in the 

hood overnight. 0.326 g of polymer was obtained in 32% yield. The identity of the 

polymer was confirmed by 1H NMR analysis. 
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Poly-DHMP analogue from syr-2-syr and dimethyl 3-oxoglutarate 

The polymerizations were typically carried out in a round bottom flask and 

connected to a reflux condenser under nitrogen. 2 mmol of syr-2-syr, 4 mmol of 

dimethyl 3-oxoglutarate, 4.8 mmol of urea, 2 mol% of pTSA, and 10 mL of NMP were 

charged to a 50 mL round bottom flask. The mixture was stirred for 20 hours at 150 C. 

Later, 3 mL of NMP was added to the mixture, and it was stirred for another 4 hours. 

Upon completion, the reaction was poured into 150 mL cold acetone, then stirred for 30 

minutes to yield an orange powder precipitate. The precipitate was filtered by gravity 

filtration, and the resulting orange powder was collected on a watch glass to dry in the 

hood overnight. 0.3918 g of polymer was obtained in 34% yield. The identity of the 

polymer was confirmed by 1H NMR analysis. 

Poly-DHMP analogue from evan-2-evan and dimethyl 3-oxoglutarate 

The polymerizations were typically carried out in a round bottom flask and 

connected to a reflux condenser under nitrogen. 2 mmol of evan-2-evan, 4 mmol of 

dimethyl 3-oxoglutarate, 4.8 mmol of urea, 2 mol% of pTSA, and 10 mL of NMP were 

charged to a 50 mL round bottom flask. The mixture was stirred for 20 hours at 150 C. 

Later, 3 mL of NMP was added to the mixture, and it was stirred for another 4 hours. 

Upon completion, the reaction was poured into 150 mL cold acetone, then stirred for 30 

minutes to yield an orange powder precipitate. The precipitate was filtered by gravity 

filtration, and the resulting orange powder was collected on a watch glass to dry in the 

hood overnight. 0.2926 g of polymer was obtained in 27% yield. The identity of the 

polymer was confirmed by 1H NMR analysis. 
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Poly-DHMP analogue from 4HB-3-4HB and dimethyl 3-oxoglutarate 

The polymerizations were typically carried out in a round bottom flask and 

connected to a reflux condenser under nitrogen. 2 mmol of 4HB-3-4HB, 4 mmol of 

dimethyl 3-oxoglutarate, 4.8 mmol of urea, 2 mol% of pTSA, and 10 mL of NMP were 

charged to a 50 mL round bottom flask. The mixture was stirred for 20 hours at 150 C. 

Later, 3 mL of NMP was added to the mixture, and it was stirred for another 4 hours. 

Upon completion, the reaction was poured into 150 mL cold acetone, then stirred for 30 

minutes to yield an orange powder precipitate. The precipitate was filtered by gravity 

filtration, and the resulting orange powder was collected on a watch glass to dry in the 

hood overnight. 0.376 g of polymer was obtained in 40% yield. The identity of the 

polymer was confirmed by 1H NMR analysis. 

Poly-DHMP analogue from van-3-van and dimethyl 3-oxoglutarate 

The polymerizations were typically carried out in a round bottom flask and 

connected to a reflux condenser under nitrogen. 2 mmol of van-3-van, 4 mmol of 

dimethyl 3-oxoglutarate, 4.8 mmol of urea, 2 mol% of pTSA, and 10 mL of NMP were 

charged to a 50 mL round bottom flask. The mixture was stirred for 20 hours at 150 C. 

Later, 3 mL of NMP was added to the mixture, and it was stirred for another 4 hours. 

Upon completion, the reaction was poured into 150 mL cold acetone, then stirred for 30 

minutes to yield an orange powder precipitate. The precipitate was filtered by gravity 

filtration, and the resulting orange powder was collected on a watch glass to dry in the 

hood overnight. 0.3759 g of polymer was obtained in 36% yield. The identity of the 

polymer was confirmed by 1H NMR analysis. 
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Poly-DHMP analogue from syr-3-syr and dimethyl 3-oxoglutarate 

The polymerizations were typically carried out in a round bottom flask and 

connected to a reflux condenser under nitrogen. 2 mmol of syr-3-syr, 4 mmol of 

dimethyl 3-oxoglutarate, 4.8 mmol of urea, 2 mol% of pTSA, and 10 mL of NMP were 

charged to a 50 mL round bottom flask. The mixture was stirred for 20 hours at 150 C. 

Later, 3 mL of NMP was added to the mixture, and it was stirred for another 4 hours. 

Upon completion, the reaction was poured into 150 mL cold acetone, then stirred for 30 

minutes to yield an orange powder precipitate. The precipitate was filtered by gravity 

filtration, and the resulting orange powder was collected on a watch glass to dry in the 

hood overnight. 0.190 g of polymer was obtained in 16% yield. The identity of the 

polymer was confirmed by 1H NMR analysis. 

Poly-DHMP analogue from evan-3-evan and dimethyl 3-oxoglutarate 

The polymerizations were typically carried out in a round bottom flask and 

connected to a reflux condenser under nitrogen. 2 mmol of evan-3-evan, 4 mmol of 

dimethyl 3-oxoglutarate, 4.8 mmol of urea, 2 mol% of pTSA, and 10 mL of NMP were 

charged to a 50 mL round bottom flask. The mixture was stirred for 20 hours at 150 C. 

Later, 3 mL of NMP was added to the mixture, and it was stirred for another 4 hours. 

Upon completion, the reaction was poured into 150 mL cold acetone, then stirred for 30 

minutes to yield an orange powder precipitate. The precipitate was filtered by gravity 

filtration, and the resulting orange powder was collected on a watch glass to dry in the 

hood overnight. 0.2657 g of polymer was obtained in 24% yield. The identity of the 

polymer was confirmed by 1H NMR analysis. 
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APPENDIX A 
SUPPLEMENTARY INFORMATION FOR CHAPTER 1 

TGA Spectra 

 
Figure A-1.  TGA Thermogram of polyethylene dihydrosinapate (Table 1-1, Entry 2 and 

Table 1-2, Entry 1) 

 
 

 
Figure A-2.  TGA Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [90:10] (Table 1-2, Entry 2) 
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Figure A-3.  TGA Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [80:20] (Table 1-2, Entry 3) 

 
 

 
Figure A-4.  TGA Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [70:30] (Table1-2, Entry 4) 
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Figure A-5.  TGA Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [60:40] (Table 1-2, Entry 5) 

 
 

 
Figure A-6.  TGA Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [50:50] (Table S3, Entry 6) 
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Figure A-7.  TGA Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [40:60] (Table 1-2, Entry 7) 

 
 

 
Figure A-8.  TGA Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [30:70] (Table 1-2, Entry 8) 
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Figure A-9.  TGA Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [20:80] (Table 1-2, Entry 9) 

 
 

 
Figure A-10.  TGA Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [10:90] (Table 1-2, Entry 10) 
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Figure A-11.  TGA Thermogram of polyethylene sinapate (Table 1-1, Entry 1 and Table 

1-2, Entry 11) 

 
 

 
Figure A-12. TGA Thermogram of polypropylene sinapate (Table 1-1, Entry 3) 

 
 
 
 
 



 

178 

 

 
Figure A-13.  TGA Thermogram of polyhexalene sinapate (Table 1-1, Entry 4) 

 
 

 
Figure A-14.  TGA Thermogram of polyethylene sinapate from extracted sinapic acid. 
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DSC Spectra 

 

 
Figure A-15.  DSC Thermogram of polyethylene dihydrosinapate (Table 1-1, Entry 2 

and Table 1-2, Entry 1) 

 
 

 
Figure A-16. DSC Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [90:10] (Table 1-2, Entry 2) 
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Figure A-17. DSC Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [80:20] (Table 1-2, Entry 3) 

 
 

 
Figure A-18. DSC Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [70:30] (Table 1-2, Entry 4) 
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Figure A-19.  DSC Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [60:40] (Table 1-2, Entry 5) 

 
 

 
Figure A-20.  DSC Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [50:50] (Table 1-2, Entry 6) 
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Figure A-21.  DSC Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [40:60] (Table 1-2, Entry 7) 

 
 

 
Figure A-22.  DSC Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [30:70] (Table 1-2, Entry 8) 

 
 
 



 

183 

 
 

 
Figure A-23.  DSC Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [20:80] (Table 1-2, Entry 9) 

 
 

 
Figure A-24.  DSC Thermogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [10:90] (Table 1-2, Entry 10) 
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Figure A-25.  DSC Thermogram of polyethylene sinapate (Table 1-1, Entry 1) 

 
 

 
Figure A-26.  DSC Thermogram of polypropylene sinapate (Table 1-1, Entry 3) 
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Figure A-27.  DSC Thermogram of polyhexalene sinapate (Table 1-1, Entry 4) 

 
 

 
Figure A-28.  DSC Thermogram of polyethyelen sinapate from extracted sinapic acid. 
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GPC Spectra 

 

 
Figure A-29.  GPC Chromatogram of polyethylene dihydrosinapate (Table 1-1, Entry 2 

and Table 1-2, Entry 1). 

 

 
Figure A-30.  GPC Chromatogram of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [90:10] (Table 1-2, Entry 2). 
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Figure A-31.  GPC Chromatogram of polyhexalene sinapate (Table 1-1, Entry 4). 
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NMR Spectra 

 

 
Figure A-32.  1H NMR Spectrum of commercial sinapic acid. 

 
 

 
Figure A-33.  1H NMR Spectrum of extracted sinapic acid from base hydrolysis. 

 
 

 
Figure A-34.  1H NMR Spectrum of extracted sinapic acid from sonication. 
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Figure A-35.  1H NMR Spectrum of extracted sinapine from MeOH hydrolysis 

 
 

 
Figure A-36.  1H NMR Spectrum of extracted sinapic acid from MeOH hydrolysis. 

 
 

 
Figure A-37.  1H NMR Spectrum of extracted sinapine from EtOH hydrolysis. 
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Figure A-38.  1H NMR Spectrum of extracted sinapic acid from EtOH hydrolysis. 

 
 

 
Figure A-39.  1H NMR Spectrum of combined extracted sinapic acid for polymerization. 

 
 

 
Figure A-40.  1H NMR Spectrum of hydroxyethylsinapic acid. 
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Figure A-41.  1H NMR Spectrum of hydroxyethyldihydrosinapic acid. 

 
 

 
Figure A-42.  1H NMR Spectrum of hydroxypropylsinapic acid. 

 
 

 
Figure A-43. 1H NMR Spectrum of hydroxyhexylsinapic acid 
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Figure A-44.  1H NMR Spectrum of hydroxyethylsinapic acid from extracted sinapic acid 

 
 

 
Figure A-45. 1H NMR Spectrum of polyethylene dihydrosinapate (Table 1-1, Entry 2 and 

Table 1-2, Entry 1) 

 
 

 
Figure A-46.  1H NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [90:10] (Table 1-2, Entry 2) 
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Figure A-47.  1H NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [80:20] (Table 1-2, Entry 3) 

 
 

 
Figure A-48.  1H NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [70:30] (Table 1-2, Entry 4) 

 
 

 
Figure A-49. 1H NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [60:40] (Table 1-2, Entry 5) 
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Figure A-50. 1H NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [50:50] (Table 1-2, Entry 6) 

 
 

 
Figure A-51. 1H NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [40:60] (Table 1-2, Entry 7) 

 
 

 
Figure A-52. 1H NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [30:70] (Table 1-2, Entry 8) 
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Figure A-53.  1H NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [20:80] (Table 1-2, Entry 9) 

 
 

 
Figure A-54.  1H NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [10:90] (Table 1-2, Entry 10) 

 
 

 
Figure A-55.  1H NMR Spectrum of polyethylene sinapate (Table 1-2, Entry 1 and Table 

1-2, Entry 11) 
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Figure A-56.  1H NMR Spectrum of polypropylene sinapate (Table 1-2, Entry 3) 

 
 

 
Figure A-57.  1H NMR Spectrum of polyhexalene sinapate (Table 1-2, Entry 4). 

 
 

 
Figure A-58. 1H NMR Spectrum of polyethylene sinapate from extracted sinapic acid. 
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Figure A-59. 13C NMR Spectrum of commercial sinapic acid 

 
 

 
Figure A-60. 13C NMR Spectrum of extracted sinapic acid 

 
 

 
Figure A-61. 13C NMR Spectrum of hydroxyethylenesinapic acid 
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Figure A-62. 13C NMR Spectrum of hydroxyethylenedihydrosinapic acid 

 
 

 
Figure A-63. 13C NMR Spectrum of hydroxypropylenesinapic acid 

 
 

 
Figure A-64. 13C NMR Spectrum of hydroxyhexalenesinapic acid 
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Figure A-65. 13C NMR Spectrum of hydroxyethylenesinapic acid from extracted sinapic 

acid 

 
 

 
Figure A-66. 13C NMR Spectrum of polyethylene dihydrosinapate (Table 1-1, entry 2, 

Table 1-2, entry 1). 

 
 

 
Figure A-67. 13C NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [90:10] (Table 1-2, Entry 2) 
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Figure A-68.  13C NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [80:20] (Table 1-2, Entry 3) 

 
 

 
Figure A-69.  13C NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [70:30] (Table 1-2, Entry 4) 

 
 

 
Figure A-70.  13C NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [60:40] (Table 1-2, Entry 5) 
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Figure A-71.  13C NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [50:50] (Table 1-2, Entry 6) 

 
 

 
Figure A-72.  13C NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [40:60] (Table 1-2, Entry 7) 

 
 

 
Figure A-73. 13C NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [30:70] (Table 1-2, Entry 8) 
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Figure A-74. 13C NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [20:80] (Table 1-2, Entry 9) 

 
 

 
Figure A-75.  13C NMR Spectrum of copoly(hydroxyethyldihydrosinapic 

acid/hydroxyethylsinapic acid) [10:90] (Table 1-2, Entry 10) 

 
 

 
Figure A-76.  13C NMR Spectrum of polyethylene sinapate (Table 1-1, entry 1 and Table 

1-2, entry 11) 
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Figure A-77.  13C NMR Spectrum of polypropylene sinapate (Table 1-2, entry 3). 

 
 

 
Figure A-78.  13C NMR Spectrum of polyhexalene sinapate (Table S2, entry 4). 

 
 

 
Figure A-79.  13C NMR Spectrum of polyethylene sinapate from extracted sinapic acid. 

. 
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APPENDIX B 
SUPPLEMENTARY INFORMATION FOR CHAPTER 2 

TGA Spectra 

 

 
Figure B-1.  TGA Thermogram of polyethyleneglycolate dihydrosinapate (Table 

2-2, entry 1) 

 

 
Figure B-2.  TGA Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [90:10] (Table 2-2, entry 
2). 
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Figure B-3.  TGA Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [80:20] (Table 2-2, entry 
3). 

 

 
Figure B-4.  TGA Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [70:30] (Table 2-2, entry 
4). 
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Figure B-5.  TGA Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [60:40] (Table 2-2, entry 
5) 

 

 
Figure B-6.  TGA Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [50:50] (Table 2-2, entry 
6). 
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Figure B-7.  TGA Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [40:60] (Table 2-2, entry 
7) 

 

 
Figure B-8.  TGA Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [30:70] (Table 2-2, entry 
8). 
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Figure B-9.  TGA Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [20:80] (Table 2-2, Entry 
9) 

 

 
Figure B-10.  TGA Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [10:90] (Table 2-2, entry 
10). 
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Figure B-11.  TGA Thermogram of polyethyleneglycolate sinapate (Table 2-2, 

entry 11). 

 

 
Figure B-12.  TGA Thermogram of polypropyleneglycolate sinapate (Table 2-3, 

entry 2) 
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Figure B-13.  TGA Thermogram of polybutyleneglycolate sinapate (Table 2-3, 

entry 3). 

 

 
Figure B-14.  TGA Thermogram of polypentyleneglycolate sinapate (Table 2-3, 

entry 4) 
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Figure B-15. TGA Thermogram of polyhexyleneglycolate dihydrosinapate (Table 

2-1, entry 2). 

 

 
Figure B-16.  TGA Thermogram of polyhexyleneglycolate sinapate (Table 2-3, 

entry 5). 
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Figure B-17. TGA Thermogram of polyoctyleneglycolate sinapate (Table 2-3, 

entry 6) 

 

 
Figure B-18.  TGA Thermogram of polynonyleneglycolate sinapate (Table 2-3, 

entry 7). 
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Figure B-19.  TGA Thermogram of polydecyleneglycolate sinapate (Table 2-3, 

entry 8). 

 

 
Figure B-20.  TGA Thermogram of polyethylenelactate dihydrosinapate (Table 2-

4, entry 1). 
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Figure B-21. TGA Thermogram of copoly(ethylenelactate 

dihydrosinapate/ethylenelactate sinapate)  [70:30] (Table 2-4, entry 2) 

 

 
Figure B-22. TGA Thermogram of copoly(ethylenelactate 

dihydrosinapate/ethylenelactate sinapate)  [50:50] (Table 2-4, Entry 3) 
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Figure B-23.  TGA Thermogram of copoly(ethylenelactate 

dihydrosinapate/ethylenelactate sinapate)  [30:70] (Table 2-4, entry 4) 

 
 

 
Figure B-24. TGA Thermogram of polyethylenelactate sinapate (Table 2-4, entry 

5) 
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Figure B-25.  TGA Thermogram of polyethyleneglycolate ferulate (Table 2-5, 

entry 1). 

 

 
Figure B-26.  TGA Thermogram of polyethyleglycolate coumarate (Table 2-5, 

entry 2) 
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Figure B-27.  TGA Thermogram of polyethylenelactate ferulate (Table 2-5, entry 

3). 

 

 
Figure B-28.  TGA Thermogram of polyethylenelactate coumarate (Table 2-4, 

entry 4). 
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Figure B-29.  TGA Thermogram of polyethyleneglycolate dihydrosinapamide 

(polyesteramide) (Table 2-5, entry 5). 

 

 
Figure B-30. TGA Thermogram of polyethyleneglycolaamide dihydrosinapamide 

(polyamide) (Table 2-5, entry 6). 
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DSC Spectra 

 

 
Figure B-31.  DSC Thermogram of polyethyleneglycolate dihydrosinapate (Table 

2-2, entry 1). 

 

 
Figure B-32.  DSC Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [90:10] (Table 2-2, entry 
2). 
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Figure B-33.  DSC Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [80:20] (Table 2-2, entry 
3) 

 
 

 
Figure B-34.  DSC Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [70:30] (Table 2-2, entry 
4) 
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Figure B-35.  DSC Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [60:40] (Table 2-2, entry 
5) 

 
 

 
Figure B-36.  DSC Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [50:50] (Table 2-2, entry 
6) 
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Figure B-37.  DSC Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [40:60] (Table 2-2, entry 
7) 

 
 

 
Figure B-38.  DSC Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [30:70] (Table 2-2, entry 
8) 
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Figure B-39.  DSC Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [20:80] (Table 2-2, entry 
9) 

 

 
Figure B-40.  DSC Thermogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [10:90] (Table 2-2, entry 
10). 
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Figure B-41.  DSC Thermogram of polyethyleneglycolate sinapate (Table 2-2, 

entry 11) 

 
 

 
Figure B-42.  DSC Thermogram of polypropyleneglycolate sinapate (Table 2-3, 

entry 2) 

 
 
 
 
 



 

225 

 

 
Figure B-43.  DSC Thermogram of polybutyleneglycolate sinapate (Table 2-3, 

entry 3) 

 
 

 
Figure B-44.  DSC Thermogram of polypentyleneglycolate sinapate (Table 2-3, 

entry 4) 
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Figure B-45.  DSC Thermogram of polyhexyleneglycolate dihydrosinapate (Table 

2-1, entry 2) 

 
 

 
Figure B-46.  DSC Thermogram of polyhexyleneglycolate sinapate (Table 2-3, 

entry 5) 
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Figure B-47. DSC Thermogram of polyoctyleneglycolate sinapate (Table 2-3, 

entry 6) 

 
 

 
Figure B-48.  DSC Thermogram of polynonyleneglycolate sinapate (Table 2-3, 

entry 7) 
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Figure B-49.  DSC Thermogram of polydecyleneglycolate sinapate (Table 2-3, 

entry 8). 

 
 

 
Figure B-50. DSC Thermogram of polyethylenelactate dihydrosinapate (Table 2-

4, entry 1) 
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Figure B-51.  DSC Thermogram of copoly(ethylenelactate 

dihydrosinapate/ethylenelactate sinapate)  [70:30] (Table 2-4, entry 2) 

 
 

 
Figure B-52.  DSC Thermogram of copoly(ethylenelactate 

dihydrosinapate/ethylenelactate sinapate)  [50:50] (Table 2-4, entry 3) 

 
 
 
 
 



 

230 

 

 
Figure B-53.  DSC Thermogram of copoly(ethylenelactate 

dihydrosinapate/ethylenelactate sinapate)  [30:70] (Table 2-4, entry 4 

 
 

 
Figure B-54.  DSC Thermogram of polyethylenelactate sinapate (Table 2-4, entry 

5) 
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Figure B-55.  DSC Thermogram of polyethyleneglycolate ferulate (Table 2-5, 

entry 1) 

 
 

 
Figure B-56.  DSC Thermogram of polyethyleglycolate coumarate (Table 2-5, 

entry 2) 
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Figure B-57.  DSC Thermogram of polyethylenelactate ferulate (Table 2-5, entry 

3) 

 
 

 
Figure B-58.  DSC Thermogram of polyethylenelactate coumarate (Table 2-5, 

entry 4) 
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Figure B-59.  DSC Thermogram of polyethyleneglycolate dihydrosinapamide 

(polyesteramide) (Table 2-5, entry 5) 

 
 

 
Figure B-60.  DSC Thermogram of polyethyleneglycolamide dihydrosinapamide 

(polyamide) (Table 2-5, entry 6) 
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GPC Spectra 

 

 
Figure B-61.  GPC Chromatogram of polyethyleneglycolate dihydrosinapate 

(Table 2-2, entry 1). 

 
 

 
Figure B-62.  GPC Chromatogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [90:10]  (Table 2-2, Entry 
2) 
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Figure B-63.  GPC Chromatogram of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [80:20] (Table 2-2, Entry 
2) 

 
 

 
Figure B-64.  GPC Chromatogram of polyhexyleneglycolate dihydrosinapate 

(Table 2-1, Entry 2) 
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Figure B-65.  GPC Chromatogram of polyethylenelactate dihydrosinapate (Table 

2-4, Entry 1). 

 
 

 
Figure B-66.  GPC Chromatogram of polyethyleneglycolate dihydrosinapamide 

(polyesteramide) (Table 2-5, entry 5) 
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Figure B-67 . GPC Chromatogram of polyethyleneglycolamide 

dihydrosinapamide (polyamide) (Table 2-5, entry 6). 
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NMR Spectra 

 

 
 
Figure B-68.  1H NMR Spectrum of dimethylglycolate sinapate. 

 
 

 
Figure B-69.  1H NMR Spectrum of dimethylglycolate dihydrosinapate. 

 
 

 
Figure B-70.  1H NMR Spectrum of dimethyllactate sinapate. 
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Figure B-71.  1H NMR Spectrum of dimethyllactate dihydrosinapate. 

 
 

 
Figure B-72.  1H NMR Spectrum of dimethylglycolate ferulate. 

 
 

 
Figure B-73.  1H NMR Spectrum of dimethyllactate ferulate. 
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Figure B-74.  1H NMR Spectrum of dimethylglycolate coumarate. 

 
 

 
Figure B-75.  1H NMR Spectrum of dimethyllactate coumarate. 

 
 

 
Figure B-76.  1H NMR Spectrum of polyethyleneglycolate dihydrosinapate (Table 

2-2, entry 1). 
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Figure B-77.  1H NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [90:10] (Table 2-2, entry 
2) 

 

 
Figure B-78.  1H NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [80:20] (Table 2-2, entry 
3) 

 
 

 
Figure B-79.  1H NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [70:30] (Table 2-2, entry 
4) 
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Figure B-80. 1H NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [60:40] (Table 2-2, entry 
5) 

 
 

 
Figure B-81.  1H NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [50:50] (Table 2-2, entry 
6) 

 
 

 
Figure B-82. 1H NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [40:60] (Table 2-2, entry 
7) 
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Figure B-83.  1H NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [30:70] (Table 2-2, entry 
8) 

 
 

 
Figure B-84.  1H NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [20:80] (Table 2-2, entry 
9) 

 
 

 
Figure B-85.  1H NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [10:90] (Table 2-2, entry 
10) 
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Figure B-86.  1H NMR Spectrum of polyethyleneglycolate sinapate (Table 2-2, 

entry 11) 

 
 

 
Figure B-87. 1H NMR Spectrum of polypropyleneglycolate sinapate (Table 2-1, 

entry 2) 

 
 

 
Figure B-88. 1H NMR Spectrum of polybutyleneglycolate sinapate (Table 2-3, 

entry 3). 

 
 
 



 

245 

 
 

 
Figure B-89.  1H NMR Spectrum of polypentyleneglycolate sinapate (Table 2-3, 

entry 4) 

 
 

 
Figure B-90.  1H NMR Spectrum of polyhexyleneglycolate sinapate (Table 2-3, 

entry 5) 

 
 

 
Figure B-91. 1H NMR Spectrum of polyhexyleneglycolate dihydrosinapate (Table 

2-1, entry 1) 
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Figure B-92.  1H NMR Spectrum of polyoctyleneglycolate sinapate (Table 2-3, 

entry 6) 

 
 

 
Figure B-93.  1H NMR Spectrum of polynonyleneglycolate sinapate (Table 2-3, 

entry 7) 

 
 

 
Figure B-94.  1H NMR Spectrum of polydecyleneglycolate sinapate (Table 2-3, 

entry 8) 
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Figure B-95.  1H NMR Spectrum of polyethylenelactate dihydrosinapate (Table 2-

4, entry 1). 

 
 

 
Figure B-96.  1H NMR Spectrum of copoly(ethylenelactate 

dihydrosinapate/ethylenelactate sinapate) [70:30] (Table 2-4, entry 2). 

 
 

 
Figure B-97.  1H NMR Spectrum of copoly(ethylenelactate 

dihydrosinapate/ethylenelactate sinapate) [50:50] (Table 2-4, entry 3) 
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Figure B-98.  1H NMR Spectrum of copoly(ethylenelactate 

dihydrosinapate/ethylenelactate sinapate)  [30:70] (Table 2-4, entry 4) 

 
 

 
Figure B-99.  1H NMR Spectrum of polyethylenelactate sinapate (Table 2-4, entry 

5). 

 
 

 
Figure B-100.  1H NMR Spectrum of polyethyleneglycolate ferulate (Table 2-5, 

entry 1). 
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Figure B-101.  1H NMR Spectrum of polyethyleneglycolate coumarate (Table 2-5, 

entry 2) 

 
 

 
Figure B-102.  1H NMR Spectrum of polyethylenelactate ferulate (Table 2-5, entry 

3) 

 
 

 
Figure B-103.  1H NMR Spectrum of polyethylenelactate coumarate (Table 2-5, 

entry 4) 
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Figure B-104.  1H NMR Spectrum of polyethyleneglycolate dihydrosinapamide 

(polyesteramide) (Table 2-5, entry 5) 

 
 

 
Figure B-105.  1H NMR Spectrum of polyethyleneglycolamide dihydrosinapamide 

(polyamide) (Table 2-5, entry 6). 
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Figure B-106.  13C NMR Spectrum of dimethylglycolate sinapate 

 
 

 
Figure B-107.  13C NMR Spectrum of dimethylglycolate dihydrosinapate 

 
 

 
Figure B-108.  13C NMR Spectrum of dimethyllactate sinapate 
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Figure B-109.  13C NMR Spectrum of dimethyllactate dihydrosinapate 

 
 

 
Figure B-110.  13C NMR Spectrum of dimethylglycolate ferulate 

 
 

 
Figure B-111.  13C NMR Spectrum of dimethyllactate ferulate 
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Figure B-112.  13C NMR Spectrum of dimethylglycolate coumarate 

 
 

 
Figure B-113.  13C NMR Spectrum of dimethyllactate coumarate 

 
 

 
Figure B-114.  13C NMR Spectrum of polyethyleneglycolate dihydrosinapate 

(Table 2-2, entry 1) 
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Figure B-115.  13C NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [90:10] (Table 2-2, entry 
2) 

 
 

 
Figure B-116.  13C NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [80:20] (Table 2-2, entry 
3). 

 
 

 
Figure B-117.  13C NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [70:30] (Table 2-2, entry 
4) 
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Figure B-118.  13C NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [60:40] (Table 2-2, entry 
5) 

 
 

 
Figure B-119.  13C NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [50:50] (Table 2-2, entry 
6) 

 
 

 
Figure B-120.  13C NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate) [40:60] (Table 2-2, entry 
7) 
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Figure B-121.  13C NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [30:70] (Table 2-2, entry 
8) 

 
 

 
Figure B-122.  13C NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [20:80] (Table 2-2, entry 
9) 

 
 

 
Figure B-123.  13C NMR Spectrum of copoly(ethyleneglycolate 

dihydrosinapate/ethyleneglycolate sinapate)  [10:90] (Table 2-2, entry 
10) 
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Figure B-124.  13C NMR Spectrum of polyethyleneglycolate sinapate (Table 2-2, 

entry 11) 

 
 

 
Figure B-125. 13C NMR Spectrum of polypropyleneglycolate sinapate (Table 2-3, 

entry 2) 

 
 

 
Figure B-126. 13C NMR Spectrum of polybutyleneglycolate sinapate (Table 2-3, 

entry 3). 
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Figure B-127.  13C NMR Spectrum of polypentyleneglycolate sinapate (Table 2-3, 

entry 4) 

 
 

 
Figure B-128.  13C NMR Spectrum of polyhexyleneglycolate sinapate (Table 2-3, 

entry 5) 

 
 

 
Figure B-129. 13C NMR Spectrum of polyhexyleneglycolate dihydrosinapate 

(Table 2-1, entry 2) 
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Figure B-130. 13C NMR Spectrum of polyoctyleneglycolate sinapate (Table 2-3, 

entry 6) 

 
 

 
Figure B-131.  13C NMR Spectrum of polynonyleneglycolate sinapate (Table 2-3, 

entry 7). 

 
 

 
Figure B-132.  13C NMR Spectrum of polydecyleneglycolate sinapate (Table 2-3, 

entry 8) 
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Figure B-133.  13C NMR Spectrum of polyethylenelactate dihydrosinapate (Table 

2-4, entry 1) 

 
 

 
Figure B-134.  13C NMR Spectrum of copoly(ethylenelactate 

dihydrosinapate/ethylenelactate sinapate) [70:30] (Table 2-4, entry 2) 

 
 

 
Figure B-135.  13C NMR Spectrum of copoly(ethylenelactate 

dihydrosinapate/ethylenelactate sinapate) [50:50] (Table 2-4, entry 3) 
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Figure B-136.  13C NMR Spectrum of copoly(ethylenelactate 

dihydrosinapate/ethylenelactate sinapate)  [30:70] (Table 2-4, entry 4) 

 
 

 
Figure B-137.  13C NMR Spectrum of polyethylenelactate sinapate (Table 2-4, 

entry 5) 

 
 

 
Figure B-138.  13C NMR Spectrum of polyethyleneglycolate ferulate (Table 2-5, 

entry 1) 
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Figure B-139.  13C NMR Spectrum of polyethyleneglycolate coumarate (Table 2-

5, entry 2) 

 
 

 
Figure B-140.  13C NMR Spectrum of polyethylenelactate ferulate (Table 2-5, 

entry 3) 

 
 

 
Figure B-141.  13C NMR Spectrum of polyethylenelactate coumarate (Table 2-5, 

entry 4) 
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Figure B-142.  13C NMR Spectrum of polyethyleneglycolate dihydrosinapamide 

(polyesteramide) (Table 2-5, entry 5) 

 
 

 
Figure B-143.  13C NMR Spectrum of polyethyleneglycolamide 

dihydrosinapamide (polyamide) (Table 2-5, entry 6) 
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APPENDIX C 
SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

NMR Spectra 

 
Figure C-1.  1H NMR spectrum of crude product from large scale extraction on 

lignin paste. 

 

 
Figure C-2.  1H NMR spectrum of recrystalized product from large scale 

extraction on lignin paste. 

 

 
Figure C-3.  1H NMR spectrum of 1st cycle product from reflux extraction on lignin 

paste (Table 3-1, entry 1). 
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Figure C-4.  1H NMR spectrum of 2nd cycle product from reflux extraction on 

lignin paste (Table 3-1, entry 2). 

 
 

 
Figure C-5.  1H NMR spectrum of 3rd cycle product from reflux extraction on lignin 

paste (Table 3-1, entry 3). 

 
 

 
Figure C-6.  1H NMR spectrum of 1st cycle product from pressurized extraction on 

lignin paste (Table 3-1, entry 1). 
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Figure C-7.  1H NMR spectrum of 1st cycle product from ultrasound extraction on 

lignin paste (Table 3-1, entry 1). 

 
 

 
Figure C-8.  1H NMR spectrum of 1st cycle product from microwave extraction on 

lignin paste (Table 3-1, entry 1). 

 
 

 
Figure C-9.  1H NMR spectrum of 1st crop purified product from reflux extraction 

on sugarcane bagasse (Table 3-1, entry 6–9). 
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Figure C-10.  1H NMR spectrum of 2nd crop purified product from reflux extraction 

on sugarcane bagasse (Table 3-1, entry 6–9). 

 
 

 
Figure C-11.  1H NMR spectrum of 1st cycle product from pressurized extraction 

on sugarcane bagasse (Table 3-1, entry 6). 

 
 

 
Figure C-12.  1H NMR spectrum of 1st cycle product from ultrasound extraction 

on sugarcane bagasse (Table 3-1, entry 6). 
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Figure C-13.  1H NMR spectrum of 1st cycle product from microwave extraction 

on sugarcane bagasse (Table 3-1, entry 6). 

 
 

 
Figure C-14.  1H NMR spectrum of purified product from ultrasound extraction on 

lignin paste using activated charcoal. 

 
 

 
Figure C-15.  1H NMR spectrum of product from corn bran extraction(Table 3-2, 

entry 1) 
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Figure C-16.  1H NMR spectrum of product from corn cob extraction(Table 3-2, 

entry 2) 

 
 

 
Figure C-17.  1H NMR spectrum of product from corn silk extraction(Table 3-2, 

entry 3) 

 
 

 
Figure C-18.  1H NMR spectrum of product from corn tassel extraction(Table 3-2, 

entry 4) 
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APPENDIX D 
SUPPLEMENTARY INFORMATION FOR CHAPTER 4 

TGA Spectra 

 
Figure D-1.  TGA Thermogram of PV-VV-A (Table 4-1, entry 1). 

 
 

 
Figure D-2.  TGA Thermogram of PV-HB-A (Table 4-1, entry 2). 
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Figure D-3.  TGA Thermogram of PV-SY-A (Table 4-1, entry 3). 

 
 

 
Figure D-4.  TGA Thermogram of PV-EV-A (Table 4-1, entry 4). 
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Figure D-5.  TGA Thermogram of PV-OV-A (Table 4-1, entry 5). 

 
 

 
Figure D-6.  TGA Thermogram of PV-IV-A (Table 4-1, entry 6). 
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Figure D-7.  TGA Thermogram of PV-SA-A (Table 4-1, entry 7). 

 

 
Figure D-8.  TGA Thermogram of PV-OA-A (Table 4-1, entry 8). 
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Figure D-9.  TGA Thermogram of PV-PA-A (Table 4-1, entry 9). 

 

 
Figure D-10.  TGA Thermogram of PV-BZ-A (Table 4-1, entry 10). 
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Figure D-11.  TGA Thermogram of PV-CI-A (Table 4-1, entry 11). 

 

 
Figure D-12.  TGA Thermogram of PV-CU-A (Table 4-1, entry 12). 
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Figure D-13.  TGA Thermogram of PV-HMF-A (Table 4-1, entry 13). 

 

 
Figure D-14.  TGA Thermogram of PVA High MW (Table 4-1, entry 14). 
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Figure D-15.  TGA Thermogram of PV-VV-A High MW (Table 4-1, entry 15). 
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DSC Spectra 

 
 

 
Figure D-16.  DSC Thermogram of PV-VV-A (Table 4-1, entry 1). 

 
 

 
Figure D-17.  DSC Thermogram of PV-HB-A (Table 4-1, entry 2). 
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Figure D-18.  DSC Thermogram of PV-SY-A (Table 4-1, entry 3). 

 
 

 
Figure D-19.  DSC Thermogram of PV-EV-A (Table S1, Entry 4). 
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Figure D-20.  DSC Thermogram of PV-OV-A (Table 4-1, entry 5). 

 
 

 
Figure D-21.  DSC Thermogram of PV-IV-A (Table 4-1, entry 6). 
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Figure D-22.  DSC Thermogram of PV-SA-A (Table 4-1, entry 7). 

 
 

 
Figure D-23.  DSC Thermogram of PV-OA-A (Table 4-1, entry 8). 
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Figure D-24.  DSC Thermogram of PV-PA-A (Table 4-1, entry 9). 

 
 

 
Figure D-25.  DSC Thermogram of PV-BZ-A (Table 4-1, entry 10). 
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Figure D-26.  DSC Thermogram of PV-CI-A (Table 4-1, entry 11). 

 
 

 
Figure D-27.  DSC Thermogram of PV-CU-A (Table 4-1, entry 12). 
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Figure D-28.  DSC Thermogram of PV-HMF-A (Table 4-1, entry 13). 

 
 

 
Figure D-29.  DSC Thermogram of PVA High MW (Table 4-1, entry 14). 
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Figure D-30.  DSC Thermogram of PV-VV-A High MW (Table 4-1, entry 15) 
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GPC Spectra 

 

 
Figure D-31.  GPC Chromatogram of PVA (Table 4-1, entry 0). 

 
 

 
Figure D-32.  GPC Chromatogram of PV-VV-A (Table 4-1, entry 1). 
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Figure D-33.  GPC Chromatogram of PV-HB-A (Table 4-1, entry 2). 

 
 

 
Figure D-34.  GPC Chromatogram of PV-SY-A (Table 4-1, entry 3). 
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Figure D-35. GPC Chromatogram of PV-EV-A (Table 4-1, entry 4). 

 
 

 
Figure D-36. GPC Chromatogram of PV-OV-A (Table 4-1, entry 5). 
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Figure D-37.  GPC Chromatogram of PV-IV-A (Table 4-1, entry 6). 

 
 

 
Figure D-38.  GPC Chromatogram of PV-SA-A (Table 4-1, entry 7). 
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Figure D-39.  GPC Chromatogram of PV-OA-A (Table 4-1, entry 8). 

 
 

 
Figure D-40.  GPC Chromatogram of PV-PA-A (Table 4-1, entry 9). 
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Figure D-41.  GPC Chromatogram of PV-BZ-A (Table 4-1, entry 10). 
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NMR Spectra 

 

 
Figure D-42.  1H NMR Spectrum PV-VV-A (Table 4-1, entry 1). 

(DMSO-d6)  ppm 1.1-1.8 (m, 6.32 H), 3.26 (m, 1.65 H), 3.69 (m, 3 H), 3.90 (m, 
3.36 H), 5.35, 5.56, 5.65 (m, 1 H), 6.68, 6.76, 6.87 (m, 3 H). 
 

 
Figure D-43.  1H NMR Spectrum PV-HB-A (Table 4-1, entry 2). 

(DMSO-d6)  ppm 1.1-1.8 (m, 5.81 H), 3.88, 3.99, 4.33 (m, 4.86 H), 5.40, 5.60, 
5.68 (m, 1 H), 6.70 (s, 2 H), 7.19 (s, 2 H), 9.47 (br, s, 1 H) 
 

 
Figure D-44.  1H NMR Spectrum PV-SY-A (Table 4-1, entry 3). 

(DMSO-d6)  ppm 1.1-1.8 (m, 7.39 H), 3.27 (m, 2.63 H) 3.68 (m, 6 H), 3.92 (m, 
4.35 H), 4.34 (m, 1H), 5.36, 5.62 (m, 1 H), 6.61 (s, 2 H). 
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Figure D-45.  1H NMR Spectrum PV-EV-A (Table 4-1, entry 4). 

(DMSO-d6)  ppm 1.29 (s, 3 H), 1.1-1.8 (m, 6.30 H), 3.42 (m, 2.23 H), 3.90 (m, 2 
H), 3.95 (m, 3.86 H), 5.36, 5.59, 5.65 (m, 1 H), 6.72, 6.79, 6.88 (m, 3H). 
 

 
Figure D-46.  1H NMR Spectrum PV-OV-A (Table 4-1, entry 5). 

 (DMSO-d6)  ppm 1.1-1.8 (m, 6.95 H), 3.77 (s, 3 H), 3.90-4.5 (m, 3.27 H), 5.74, 
6.02 (m, 1 H), 6.73, 6.89, 6.97 (m, 3 H), 8.58 (br, s, 1 H). 
 

 
Figure D-47.  1H NMR Spectrum PV-IV-A (Table 4-1, entry 6). 

(DMSO-d6)  ppm 1.1-1.8 (m, 5.98 H), 3.73 (s, 3 H), 3.93 (m, 2.96 H), 4.42 (m, 
1.42 H), 5.38, 5.56, 5.67 (m, 1 H), 6.82 (m, 3 H), 8.99 (br, s, 1 H). 
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Figure D-48.  1H NMR Spectrum PV-SA-A (Table 4-1, entry 7). 

(DMSO-d6)  ppm 1.1-1.8 (m, 6.25 H), 3.79, 3.96, 4.27, 4.42 (m, 4.24 H), 5.70, 
5.98 (m, 1 H), 6.77 (s, 2 H), 7.10 (s, 1 H), 7.32 (s, 1 H), 9.32 (br. s, 1 H). 
 

 
Figure D-49. 1H NMR Spectrum PV-OA-A (Table 4-1, entry 8).  

(DMSO-d6)  ppm 1.1-1.8 (m, 5.45 H), 3.72 (s, 3 H), 3.93 (m, 1.72 H), 4.29 (m, 
0.97 H), 5.70, 5.97 (m, 1 H), 6.93 (m, 2 H), 7.29 (m, 1 H), 7.43 (m, 1 H). 
 

 
Figure D-50.  1H NMR Spectrum PV-PA-A (Table 4-1, entry 9).  

(DMSO-d6)  ppm 1.1-1.8 (m, 6.02 H), 3.74 (s, 3 H), 4.02 (m, 3.29 H), 4.43 (m, 
1.02 H), 5.46, 5.64, 5.75 (m, 1 H), 6.88 (s, 2 H), 7.32 (s, 2 H). 
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Figure D-51.  1H NMR Spectrum PV-BZ-A (Table 4-1, entry 10). 

(DMSO-d6)  ppm 1.1-1.8 (m, 5.35 H), 4.06 (m, 2.61 H), 4.50 (m, 0.85 H), 5.50, 
5.76 (m, 1 H), 7.37 (m, 5 H). 
 

 
Figure D-52.  1H NMR Spectrum PV-CI-A (Table 4-1, entry 11).  

 (DMSO-d6)  ppm 1.1-1.8 (m, 5.86 H), 3.94 (m, 2.94 H), 4.44 (m, 1.30 H), 5.15, 
5.43 (m, 1 H), 6.23 (s, 1 H), 6.68 (s, 1 H), 7.36 (m, 5 H). 
 

 
 
Figure D-53.  1H NMR Spectrum PV-CU-A (Table 4-1, entry 12).  

(DMSO-d6)  ppm 1.07, 1.16 (m, 6H), 1.1–1.8 (m, 6.94 H), 2.81 (m, 1 H), 3.93 
(m, 3.20 H), 5.46, 5.65, 5.74 (m, 1 H), 7.26 (m, 4 H). 
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Figure D-54.  1H NMR Spectrum PV-HMF-A (Table 4-1, entry 13).  

 (DMSO-d6)  ppm 1.1-1.8 (m, 6.84 H), 3.79 (m, 1.26 H), 3.97 (s, 2 H), 4.43 (m, 
4.39 H), 5.24 (s, 1 H), 5.52, 5.77 (m, 1 H), 6.26 (m, 2 H). 
 

 
Figure D-55.  1H NMR Spectrum PV-VV-A* High MW (Table 4-1, entry 15) 

(DMSO-d6)  ppm 1.1-1.8 (m, 5.42 H), 3.30 (m, 2.40 H), 3.72 (m, 3 H), 3.90 (m, 
3.48 H), 5.38, 5.59, 5.66 (m, 1 H), 6.71, 6.78, 6.88 (m, 3 H). 
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Figure D-56.  13C NMR Spectrum of PV-VV-A (Table 4-1, entry 1). 

(DMSO-d6)  ppm 37.6, 38.2, 44.5, 45.0, 46.2, 46.7, 56.0, 63.3, 64.1, 73.0, 73.5, 
100.6, 110.8, 115.4, 119.4, 130.5, 147.52, 147.56. 
 

 
Figure D-57.  13C NMR Spectrum of PV-HB-A (Table 4-1, entry 2). 

(DMSO-d6)  ppm  37.6, 38.4, 44.7, 45.0, 46.3, 46.7, 63.1, 64.3, 72.8, 73.4, 
100.4, 115.0, 127.6, 130.4, 157.8. 
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Figure D-58.  13C NMR Spectrum of PV-SY-A (Table 4-1, entry 3). 

(DMSO-d6)  ppm 37.2, 37.9, 44.0, 44.5, 45.8, 46.3, 56.0, 62.9, 63.8, 72.8, 73.3, 
100.2, 103.8, 129.5, 135.7, 147.6. 
 

 
Figure D-59.  13C NMR Spectrum of PV-EV-A (Table 4-1, entry 4). 

(DMSO-d6)  ppm 14.8, 37.1, 37.8, 44.0, 44.6, 45.8, 46.2, 63.0, 63.9, 72.5, 73.1, 
73.8, 100.0, 111.8, 115.0, 118.9, 130.0, 146.3, 147.5. 
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Figure D-60.  13C NMR Spectrum of PV-OV-A (Table 4-1, entry 5). 

(DMSO-d6)  ppm 36.4, 37.0, 42.4, 44.1, 44.6, 46.1, 55.9, 62.9, 63.7, 72.7, 73.4, 
96.1, 111.7, 118.5, 119.1, 125.6, 143.7, 147.4. 
 

 
Figure D-61.  13C NMR Spectrum of PV-IV-A (Table 4-1, entry 6). 

(DMSO-d6)  ppm 37.1, 37.8, 43.9, 44.6, 46.3, 46.9, 55.6, 62.7, 64.5, 72.3, 73.0, 
99.8, 111.5, 113.5, 117.1, 131.9, 146.0, 147.7. 
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Figure D-62.  13C NMR Spectrum of PV-SA-A (Table 4-1, entry 7). 

(DMSO-d6)  ppm  37.1, 37.9, 44.2, 44.5, 45.8, 46.2, 62.8, 63.7, 72.6, 73.3, 96.0, 
115.4, 118.6, 125.1, 127.3, 129.3, 154.4. 
 

 
Figure D-63.  13C NMR Spectrum of PV-OA-A (Table 4-1, entry 8) 

(DMSO-d6)  ppm 36.3, 36.9, 42.0, 42.1, 43.8, 44.2, 55.5, 62.9, 68.4, 72.7, 73.4, 
95.3, 111.1, 120.1, 126.9, 127.0, 129.7, 156.2. 
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Figure D-64.  13C NMR Spectrum of PV-PA-A (Table 4-1, entry 9). 

(DMSO-d6)  ppm 37.0, 37.7, 42.3, 44.5, 45.8, 46.2, 55.1, 62.8, 63.9, 72.4, 73.0, 
99.7, 113.2, 127.4, 131.6, 159.2. 
 

 
Figure D-65.  13C NMR Spectrum of PV-BZ-A (Table 4-1, entry 10). 

(DMSO-d6)  ppm 37.0, 37.7, 42.2, 43.9, 44.3, 47.2, 62.3, 68.2, 72.5, 73.1, 99.6, 
126.1, 127.9, 128.3, 139.1. 
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Figure D-66.  13C NMR Spectrum of PV-CI-A (Table 4-1, entry 11). 

(DMSO-d6)  ppm 37.1, 37.9, 44.0, 44.5, 45.9, 46.2, 62.8, 63.9, 72.0, 72.8, 99.6, 
126.6, 128.1, 128.65, 128.75, 132.2, 135.7. 
 

 
 
Figure D-67.  13C NMR Spectrum of PV-CU-A (Table 4-1, entry 12). 

(DMSO-d6)  ppm 23.8, 33.2, 37.6, 38.1, 41.5, 42.0, 43.5, 44.6, 62.7, 64.2, 73.0, 
73.3, 99.9, 125.7, 126.1, 136.9, 148.6 (18.6, 56.0 are from leftover ethanol). 
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Figure D-68.  13C NMR Spectrum of PV-HMF-A (Table 4-1, entry 13). 

(DMSO-d6)  ppm 37.0, 37.9, 43.8, 44.1, 44.4, 46.3, 55.6, 61.5, 62.5, 72.4, 73.4, 
94.8, 107.3, 108.2, 150.5, 155.0. 
 

 
Figure D-69.  13C NMR Spectrum of PV-VV-A* (Table 4-1, entry 15). 

(DMSO-d6)  ppm. 37.1, 38.7, 44.0, 44.4, 46.2, 46.8, 55.4, 62.7, 63.1, 72.5, 73.1, 
100.2, 110.2, 115.0, 118.9, 129.5, 147.3, 147.7 
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APPENDIX E 
SUPPLEMENTARY INFORMATION FOR CHAPTER 5 

TGA Spectra 

 
Figure E-1.  TGA thermogram of poly-DHMP analogue from van-2-van and 

cyclopentanone (Figure 5-1, entry 1). 

 

 
Figure E-2.  TGA thermogram of poly-DHMP analogue from 4HB-2-4HB and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 1). 
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Figure E-3.  TGA thermogram of poly-DHMP analogue from van-2-van and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 2). 

 

 
Figure E-4.  TGA thermogram of poly-DHMP analogue from syr-2-syr and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 3). 

 
 
 



 

306 

 
 

 
Figure E-5.  TGA thermogram of poly-DHMP analogue from evan-2-evan and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 4). 

 
 

 
Figure E-6.  TGA thermogram of poly-DHMP analogue from 4HB-3-4HB and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 5). 
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Figure E-7.  TGA thermogram of poly-DHMP analogue from van-3-van and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 6). 

 
 

 
Figure E-8.  TGA thermogram of poly-DHMP analogue from syr-3-syr and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 7). 
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Figure E-9.  TGA thermogram of poly-DHMP analogue from evan-3-evan and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 8). 
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DSC Spectra 

 
 

 
Figure E-10.  DSC thermogram of poly-DHMP analogue from van-2-van and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 2). 

 
 

 
Figure E-11.  DSC thermogram of poly-DHMP analogue from syr-2-syr and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 3). 



 

310 

 
 

 
Figure E-12.  DSC thermogram of poly-DHMP analogue from evan-2-evan and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 4). 

 
 

 
Figure E-13.  DSC thermogram of poly-DHMP analogue from van-3-van and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 6). 
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Figure E-14.  DSC thermogram of poly-DHMP analogue from syr-3-syr and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 7). 

 
 

 
Figure E-15.  DSC thermogram of poly-DHMP analogue from evan-3-evan and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 8). 
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GPC Spectra 

 

 
Figure E-16.  GPC chromatogram of poly-DHMP analogue from 4HB-2-4HB and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 1). 

 
 

 
Figure E-17.  GPC chromatogram of poly-DHMP analogue from van-2-van and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 2). 
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Figure E-18.  GPC chromatogram of poly-DHMP analogue from syr-2-syr and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 3). 

 
 

 
Figure E-19.  GPC chromatogram of poly-DHMP analogue from evan-2-evan and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 4). 
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Figure E-20.  GPC chromatogram of poly-DHMP analogue from 4HB-3-4HB and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 5). 

 
 

 
Figure E-21.  GPC chromatogram of poly-DHMP analogue from van-3-van and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 6). 
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Figure E-22.  GPC chromatogram of poly-DHMP analogue from syr-3-syr and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 7). 

 
 

 
Figure E-23.  GPC chromatogram of poly-DHMP analogue from evan-3-evan and 

dimethyl 3-oxoglutarate (Figure 5-2, entry 8). 
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NMR Spectra 

 
Figure E-24.  1H NMR spectrum of van-2-van. 

 

 
Figure E-25.  1H NMR spectrum of poly-DHMP analogue from van-2-van and 

cyclopentanone (Table 5-1, entry 1). 

 

 
Figure E-26.  1H NMR spectrum of poly-DHMP analogue from 4HB-2-4HB and 

dimethyl 3-oxoglutarate (Table 5-2, entry 1). 
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Figure E-27.  1H NMR spectrum of poly-DHMP analogue from van-2-van and 

dimethyl 3-oxoglutarate (Table 5-2, entry 2). 

 

 
Figure E-28.  1H NMR spectrum of poly-DHMP analogue from syr-2-syr and 

dimethyl 3-oxoglutarate (Table 5-2, entry 3). 

 

 
Figure E-29.  1H NMR spectrum of poly-DHMP analogue from evan-2-evan and 

dimethyl 3-oxoglutarate (Table 5-2, entry 4). 
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Figure E-30.  1H NMR spectrum of poly-DHMP analogue from 4HB-3-4HB and 

dimethyl 3-oxoglutarate (Table 5-2, entry 5). 

 

 
Figure E-31.  1H NMR spectrum of poly-DHMP analogue from van-3-van and 

dimethyl 3-oxoglutarate (Table 5-2, entry 6). 

 

 
Figure E-32.  1H NMR spectrum of poly-DHMP analogue from syr-3-syr and 

dimethyl 3-oxoglutarate (Table 5-2, entry 7). 
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Figure E-33.  1H NMR spectrum of poly-DHMP analogue from evan-3-evan and 

dimethyl 3-oxoglutarate (Table 5-2, entry 8). 
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