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Abstract 

The development of renewable energy and material sources is of utmost importance 

due to the finite supply of petroleum and environmental implications of petroleum 

processing. In this study, epoxy thermosets and thiol-ene elastomers were synthesized from 

bio-derived materials – phenolic acids and soybean oil.  

Elastomeric polymer films derived from thiol-ene chemistry are attracting an 

increasing commercial interest, due to their ease of preparation and superior physical 

properties. Plant-sourced phenolic acids offer the presence of multiple hydroxyl and 

carboxyl groups leads to ease of functionalization.  In this study, thiol-ene networks were 

synthesized through the photoinitiated reaction between allylated plant-based phenolic 

acids (salicylic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, gentisic acid and 

gallic acid) and a multifunctional thiol. Allylation of the phenolic acids proceeded to high 

conversion and yield, and high conversion of both thiol and allyl functional groups was 

observed in the thiol-ene network formation. The phenolic acids produced networks with 

high degrees of homogeneity and few defects, as evidenced by narrow glass transitions and 

consistency of their tensile behavior with the ideal elastomer model at low-to-moderate 

strains. This work developed fundamental relationships between the molecular structure of 

the phenolic acids and the physical properties of the resulting networks.  

Epoxy thermosets are widely applied in coatings, adhesives, automotive 

components, wind turbine blades and other applications, due to their superior chemical, 

electrical and heat resistance, adhesion and mechanical properties. However, these are 

crosslinked polymers within which all molecules are connected by covalent bonds, making 

it difficult to recycle them after their useful lifetime. In this study, epoxidized soybean oil 
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and epoxidized phenolic acid were employed to develop epoxy resins with degradability 

and high strength. Epoxy thermosets were synthesized containing epoxidized soybean oil 

and traditional petroleum-derived epoxy resin components (diglycidyl ether of bisphenol 

A [DGEBA] and methylene dianiline). Significant differences were observed in the 

hydrolytic degradation characteristics of the polymers in basic solutions. However, the 

flexible aliphatic chain of soybean oils decreased the glass transition temperature of the 

epoxy resins. As biorenewable monomers, plant-derived phenolic acids contain rigid 

aromatic rings which were expected to provide mechanical strength to the epoxy resins. 

Epoxidized phenolic acid were utilized to synthesize epoxy thermosets with an anhydride 

curing agent. The resulting epoxy resins exhibited thermal and mechanical behavior to 

traditional DGEBA-based epoxy resins.  
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1 Chapter 1 Introduction 

As petroleum is a finite resource and processing of petroleum oils leads to 

environmental emissions, current efforts in academia and industry promote the utilization 

of renewable resources for the derivation of polymers.1, 2 Diverse classes of biomass 

provide sustainable sources for polymers production. Many studies focus on the application 

of agriculture coproducts in polymers because of their abundance and low price, including 

nonfood sources of celluloses, lignin and natural rubber, and food sources of starches, sugar 

and vegetable oils.3 There are also a diversity of literature studies on utilizing components 

derived from plants for polymers with high performance, such as quercetin,4 rosin,5-8 

vanillin,9 and phenolic acids.10  The feedstocks are chemically modified to monomers with 

specific chemical structures and functional groups for incorporation into polymers. In order 

to replace commercial petroleum-derived monomers, important factors include designing 

polymers with comparable physical properties, maintaining low price and wide availability 

of the feedstock, and utilizing a manufacture procedure that is similar to established 

processes.  

Biodegradation of polymers after their intended use is attracting more attention 

recently due to concerns about the accumulation of polymers in the environment.11, 12 The 

polymers disposed in landfills slowly leak toxins, and in some cases reside in oceans, 

jeopardizing marine species.13 In general, crosslinked polymers such as thermosets and 

elastomers present a particular challenge, as they cannot be recycled at the end of their 

useful lifetime. The crosslinked network (Figure 1.1) of conventional thermosetting 

polymers contributes to its long-term use, excellent mechanical properties, but also 

resistance to degradation after its useful life.14 Presently, options for re-use of the material 
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include grinding up into small particulates to make fillers, or incineration. Introducing 

degradable cleavable points throughout the network is an attractive option for improving 

the (bio)degradability of a thermosetting material. Some studies have reported the use of 

the ester group15, 16 and the urethane group17, 18 in degradation of crosslinked polymers. 

However, degradability may conflict with durability and longevity of the materials. As a 

result, disposable goods have attracted more attention for the development of 

biodegradable materials, which can be composted after one-time use. Nonetheless, for 

durable goods, it is highly attractive to study the stability at a mild condition and the 

(bio)degradation at an extreme condition in the development of biodegradable polymers.  

 

Figure 1.1: Structure of crosslinked network 

In this study, we aimed to develop crosslinked polymers from biomass sources 

(shown in Figure 1.2). We modified bio-based molecules to monomers and synthesized the 

resulting crosslinked polymers, focusing on two classes of materials: thiol-ene elastomers 

and epoxy thermosets derived from plant-based phenolic acids. Additionally, we explored 

the development of epoxy resins from soybean oil which undergo hydrolytic degradation, 

providing a route to (bio)degradable thermoset polymers.  

Strand: linear 
section within the 
network 

Junction: covalent bond 
that connects strands 
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Figure 1.2: Life cycle of polymers derived from biomass 

1.1 Thiol-Ene Elastomers 

Thiol-ene elastomers, which are traditionally derived from petrochemical-based 

thiol- and ene-containing monomers, are attractive materials for coatings and adhesives,19 

due to their ease of fabrication, low shrinkage and stress,20 and high degree of network 

homogeneity19, 21-23 relative to other elastomeric materials. The thiol-ene chemistry 

employed to synthesize these elastomeric films has many advantageous features including 

high conversion and yield, rapid reaction rates, solvent-free conditions, lack of water and 

oxygen sensitivity, lack of byproducts, and ability to impart spatial and temporal control 

over the reaction (in the case of photoinitiation).19, 21  

A diverse array of ene- and thiol-bearing molecules have been investigated for the 

preparation of thiol-ene networks,19, 21, 22 though they are predominantly derived from 

petroleum-sources. Biorenewable molecules are attractive replacements for the 

components of thiol-ene elastomers as mild reaction conditions are employed, and the 

ability to conduct solvent-free syntheses enhances their environmental benefit. Relatively 

few studies have reported the derivation of thiol-ene elastomeric films using biorenewable 
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components; some notable examples include the use of vegetable oils and their fatty 

acids,24-28 carbohydrates,29, 30 terpenes,31 and other plant-derived molecules.32, 33 Black et 

al. functionalized caster oil with acrylate, allyl and vinyl ether groups and observed that 

aging within one week increased the degree of crosslinking and enhance physical 

performance; however, the long fatty acid chains within the vegetable oil produced a low 

crosslinking density, which decreased the storage modulus of resulting thiol-ene 

elastomer.25 Furthermore, the use of acrylate monomers resulted in homopolymerization 

in addition to the thiol-ene curing.25 Additionally, sucrose was allylated29, 30 and quinic acid 

was acrylated32 to prepare thiol-ene elastomers. Sucrose and quinic acid contain rigid 

aromatic rings, which may potentially increase the strength and glass transition of the 

elastomer, but also contain many hydroxyl and carboxylic acid groups. It was necessary to 

develop a more complex synthetic procedure to protect some of the functional groups 

before functionalization, in order to obtain a difunctional or trifunctional monomer. 

Exploring biobased monomers for thiol-ene applications, with rigid chemical structures 

and varying functionality that do not require complex multistep synthetic procedures to 

prepare, is an open challenge.  

1.2 Epoxy Thermosets 

Epoxy resins are widely applied in composite, coating, adhesive, automotive, and 

other applications, due to their superior chemical, electrical and heat resistance, adhesion, 

and mechanical properties.34 Nowadays epoxy resins also play an important role in wind 

power, a renewable energy source and attractive alternative to fossil fuel.35 Traditional 

epoxy resins are derived from petroleum, which produces harmful environmental impacts 

when processed. Additionally, there are potential health impacts from residual monomers 
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and additives in polymers and traditional epoxy resins are derived from bisphenol A, a 

chemical that has received much attention due to negative health consequences.36 

Therefore, it is a worthwhile goal to fabricate sustainable epoxy resins from renewable, 

non-toxic feedstocks.  

Prior studies have investigated sustainable replacements for traditional epoxy resins 

components. Sustainable small molecules have been utilized in epoxy resins, such as 

vegetable oils, 37-60 sugars,61, 62 rosin,7, 8, 63 and quercetin.4 The vegetable oil-containing 

epoxy resins exhibit a higher fracture toughness and impact strength, with a corresponding 

decrease in the glass transition temperature, due to a decrease in the crosslink density and 

increase in chain flexibility.37-45, 48, 50, 51 Isosorbide, a glucose-derived molecule, has 

attracted recent attention due to its rigid structure and the presence of hydroxyl groups 

which are amendable to conversion to the epoxide groups required for the epoxy resin 

synthesis. Though isosorbide-based epoxy resins have desirable attributes,61, 62, 64-67 they 

also exhibit significant water-uptake relative to conventional epoxy resins.62, 64 Natural 

polymers applied in epoxy resins includes cellulose,68 lignin,69 70 and natural rubber.71, 72 

Cellulose, a polysaccharide, is an abundant biosource for polymer preparation, including 

grass, wood and straw. Varma et. al modified cellulosic fibers by attaching pendant primary 

amine groups to form a curing agent for epoxy resins;68 however, the studies focused on 

filler applications of cellulose fibers within the epoxy resin matrix. 73-77 Nowadays, the 

diglycidyl ether of bisphenol A (DGEBA) is one of the most common commercial epoxy 

monomers for epoxy resins, which is petroleum-derived and of high mechanical strength, 

but brittle. Current research on bio-based epoxy resins is focused on developing an 
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alternative to DGEBA with comparable strength, modulus, and glass transition, as well as 

improved toughness.  

1.3 Plant-Derived Phenolic Acids as Feedstocks for Thermosets and Elastomers 

Phenolic acids are plant metabolites widely distributed in nature.78-81 They are often 

found in plant byproducts including the skins and seeds of fruits and vegetables.78-81 

Phenolic acids offer many advantages as biorenewable monomers: their rigid aromatic 

rings are expected to provide mechanical strength to the resulting polymers and the 

presence of multiple hydroxyl groups and carboxyl groups leads to ease of 

functionalization. Through the choice of phenolic acid, the number and relative placement 

of hydroxyl and carboxyl groups can be varied, which is expected to be a convenient 

method of tuning the physical properties of the resulting polymers. Though no known 

studies have used phenolic acids for the preparation of thiol-ene networks, a few prior 

studies have developed epoxy resins from phenolic acid-based feedstocks. Aouf et al. 

epoxidized gallic acid (containing four functional groups) and cured the epoxidized 

monomer with isophorone diamine to form an epoxy resin.10, 82 A few other studies focused 

on enhancing mechanical properties of gallic acid-based epoxy resins by incorporating 

graphene components.83-85 Fourcade et al. synthesized a multi-epoxide monomer from a 

polyol and 4-hydroxybenzoic acid.86 Additionally, salicylic acid was utilized to accelerate 

amine-epoxide reactions used to cure epoxy resins,87  and to improve the traditional epoxy 

resins as a modifier.78, 88-90 

1.4 Vegetable Oils as Feedstocks for Epoxy Resins 

Vegetable oils have a triglyceride structure (Figure 1.3), containing various fatty 

acids, such as stearic acid, palmitic acid, oleic acid, linoleic acid, linolenic acid and 
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ricinoleic acid.91  Epoxidized vegetable oil (EVO) is a derivative of vegetable oil obtained 

by converting the carbon-carbon double bonds on the fatty acid chain to an epoxide group. 

Common EVOs include epoxidized soybean oil (ESO), epoxidized linseed oil (ELO), 

epoxidized castor oil (ECO), and epoxidized palm oil.  

 

Figure 1.3: Chemical structure of a triglyceride. R1, R2, R3, are fatty acids 

In general, epoxy resins derived from EVOs exhibit lower glass transition temperatures 

and better flexibility.92 Previous research has indicated that even a small amount of the oil 

present in an epoxy resin can make the network more flexible.93,55 Many studies in the 

literature have focused on using vegetable oils as a substitute for traditional epoxy resin 

components. Espinoza-Perez et al. compared various curing agents in EVO/ epoxy phenol 

novolac system.49 Superior to other curing agents, bis(p-aminocyclohexyl) methane 

(PACM) composites showed only a slight reduction in the flexural modulus, when 

compared with PACM neat resins with 0% EVO.49 Tan and Chow found that the high 

concentration of catalyst 2-ethyl-4-methylimidazole increased the reaction conversion and 

crosslink densities of the thermally cured ESO.94 The DGEBA/ECO/N-benzylpyrazinium 

hexafluoroantimonate system exhibited maximum cure activation energy and initial 

decomposed temperature at 10 wt % ECO content.95 Both the impact strength and the 

fracture toughness were improved by blending ESO or ELO into an epoxy resin containing 

diglycidyl ether of bisphenol F/ methyltetrahydrophthalic anhydride.96 The adhesive lap 

shear strength and the impact strength of the DGEBA/ESO blend was significantly 
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improved by the addition of ESO.97 Altuna et al. indicated 40% ESO epoxy resins had the 

maximum impact strength and showed phase separation, as evidenced by scanning electron 

microscopy (SEM).51 However, it is also reported that the addition of ESO into epoxy 

resins decreased the glass transition, modulus and strength.93, 95, 98 

1.5 Degradable Thermoset Polymers 

The inherent ester groups on the triglyceride molecule have the potential to increase 

the degradability of epoxy resins. EVO is a triglyceride derivative with epoxide groups, 

which can participate into epoxy curing reaction. Hita et al. studied lipids degraded in soil 

and monitored their hydrolysis and oxidation.15 Shogren et al. examined the 

biodegradability through respirometry of various thermoset polymers prepared from 

EVOs.16 The ester linkage is also thermally cleavable. A series of epoxies with primary, 

secondary and tertiary esters were thermally degraded and it was observed that the 

polymers containing tertiary esters decomposed at lower temperatures than primary and 

secondary esters.99 

There are other strategies for the development of degradable crosslinked polymers. 

The urethane group is also a cleavable functional group. Poly(ester-urethane)s (PEUs) 

degraded at a significant rate under soil burial condition, and hydrolytic degradation rate 

of PEUs was large in in 3% and 10% NaOH solutions at 37 ◦C with 20% weight loss in 

two days.18 Literature by Li et al. indicates the polymer cured by the diepoxides with 

carbamate group started to decompose at lower temperature, between 200–300°C as 

compared with 350°C for the cured sample of the commercial cycloaliphatic epoxide.100 

Permanganate oxidation of the double bonds and cleavage of tertiary carbamate by strong 

acids can degraded the network.101 Buchwalter et al. introduced either acetal or ketal group 
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into the epoxy structure. These cured epoxy resins containing acetal/ketal linkage could be 

cleaved into small molecules by immersing the epoxies into hot acid solution.17 The high 

photosensitivity of polyethers on exposure to UV has been shown to result from the 

oxidizability of carbon atoms in the α position to the oxygen atoms.102 Tesoro and Sastri 

reported conventional epoxy resins cured with aromatic diamines containing disulfide 

linkages; by pulverizing the cured epoxies to powders and treating these powders with 

reagents to convert the disulfide linkages into thiols, the cured epoxies could be 

recycled.103,104 

1.6 Objectives of the thesis 

The specific aims of this research are as follows: 

1. Investigate Structure-Property Relationships of Sustainable Thiol-ene Networks 

derived from Phenolic Acids. 

 

Figure 1.4: Chemical structures of phenolic acids used in this study: a) salicylic acid (SA), 
b) 3-hydroxybenzoic acid (3HBA), c) 4-hydroxybenzoic acid (4HBA), d) 
gentisic acid (GenA), e) gallic acid (GalA). 

Five allylated phenolic acids (Figure 1.4) were investigated as components of thiol-

ene networks: difunctional molecules with varying placement of functional groups (ortho, 
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meta, and para) and molecules with varying number of functional groups (ranging from 2-

4). The thermal, mechanical, and structural properties of the thiol-ene networks were 

investigated. This work developed fundamental relationships between the functionality of 

the phenolic acids (number and placement of functional groups) and the physical properties 

of the resulting networks.  

2. Develop Sustainable Epoxy Resins with Hydrolytic Degradability from Soybean Oil.  

The hydrolytic degradation of polymers of varying soybean oil content was 

explored using accelerated degradation in a basic medium. The degradability of epoxy 

resins containing diglycidyl ether of bisphenol A (DGEBA), epoxidized soybean oil (ESO), 

and a multifunctional amine, methylene dianiline (MDA), was probed through measuring 

the sample mass over time in a sodium hydroxide solution. Additionally, the curing 

reaction was monitored through differential scanning calorimetry (DSC). The glass 

transition temperature and thermal degradation properties were also characterized through 

DSC and thermogravimetric analysis. 

3. Develop Epoxy Resins with High Mechanical Performance from Bio-derived Phenolic 

Acids.  

Difunctional epoxidized phenolic acids were explored as replacements for DGEBA 

in epoxy resins, as their rigid aromatic rings were anticipated to produce polymers of high 

modulus and glass transition, similar to DGEBA-based epoxy resins. The functional groups 

(one hydroxyl group and one carboxyl group) were readily converted to epoxide groups. 

Difunctional molecules (as opposed to epoxidized phenolic acids with greater 

functionality10) were selected to mimic the functionality of the traditional DGEBA 

monomer.  This study explored the synthesis, thermal and mechanical properties of epoxy 
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resins derived from two difunctional phenolic acids: salicylic acid (SA) and 4-

hydroxybenzoic acid (4HBA). The physical properties of these biorenewable epoxy resins 

were benchmarked to that of a conventional DGEBA-based epoxy resin.  

1.7 Overview of this thesis 

In the following chapters, the dissertation is organized as outlined below: 

Chapter 2 describes the experimental methods used in this study. Detailed 

information on chemicals used, synthesis procedures and characterization techniques are 

included. The results of monomer modification (allylation and epoxidation) and polymer 

synthesis (thiol-ene click reaction and epoxy curing reaction) are discussed. 

Chapter 3 discusses the effect of functional group placement on thiol-ene networks 

from monohydroxybenzoic acids, each containing one carboxylic acid and one hydroxyl 

group: salicylic acid (ortho-HBA or SA), 3-hydroxybenzoic acid (meta-HBA or 3HBA) 

and 4-hydroxybenzoic acid (para-HBA or 4HBA).  

Chapter 4 discusses the effect of functional group number on thiol-ene networks 

from phenolic acids: the monohydroxybenzoic acids shown above (containing two 

functional groups), gentisic acid (GenA, with three functional groups), and gallic acid 

(GalA, with four functional groups). 

Chapter 5 presents the hydrolytic degradation of epoxy resins derived from soybean 

oil which contain degradable ester groups. The curing agent is 4,4'-methylenedianiline 

(MDA), in which the functional groups are not degradable.  

Chapter 6 investigates the thermal and mechanical properties of sustainable epoxy 

resins derived from SA and 4HBA. They are compared with a commercial epoxy resin, 

synthesized ying bisphenol A diglycidyl ether (DGEBA).  
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Chapter 7 provides a summary and conclusions of this research. An outlook of the 

challenges and future work is also discussed. 
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2 Chapter 2 Experimental Methods 

2.1 Modification of Phenolic Acids 

In this study, phenolic acids were modified in a two-step procedure prior to 

polymerization. Scheme 2.1 shows the general scheme for allylation followed by 

epoxidzation (SA is provided as an example). In the first step, hydroxyl and carboxyl 

groups on the phenolic acid are converted to allyl groups. The allylated phenolic acids were 

used to synthesize thiol-ene elastomers (Chapters 3 4). The allyl groups were then 

converted to epoxide groups, for the synthesis of epoxy resins (Chapter 6). 

 

Scheme 2.1 Modification of salicylic acid 

2.1.1 Synthesis of Allylated Phenolic Acids 

Allylation of the phenolic acids was conducted following literature procedures.10, 

105 Phenolic acid (10 g) was dissolved into 340 mL N,N-dimethylformamide (DMF, BDH, 

≥99.8%, ACS reagent) in a 1000 mL glass round bottom flask equipped with a rubber 

septum and a magnetic stirring bar. The temperature was maintained at 0 °C using an ice 

bath. Potassium carbonate (K2CO3, ≥99.0%, ACS reagent) was added to the flask (the 

molar ratio of K2CO3 to phenolic acid was 2.20 to 1.00 (for SA, 3HBA and 4HBA), 3.30 

to 1.00 (for GenA), and 4.40 to 1.00 (for GalA)). After 3 min of stirring, allyl bromide 

(97%) was added dropwise with a syringe (the molar ratio of allyl bromide to phenolic acid 

was 2.20 to 1.00 (for SA, 3HBA and 4HBA), 3.30 to 1.00 (for GenA), and 4.40 to 1.00 (for 

GalA). The solution was stirred at room temperature for 48 h. Next, 340 mL distilled water 

was added into the solution. The solution was mixed with an equivalent volume of ethyl 
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acetate (BDH, ≥99.5%, ACS grade) and a separatory funnel was used to recover the ethyl 

acetate phase which contained the product. The remaining aqueous phase was extracted 

two additional times with ethyl acetate (the volume of ethyl acetate was equal to the 

aqueous phase volume in each extraction). The organic phase containing the allylated 

phenolic acid was washed with an equivalent volume of saturated brine and purified 

through drying with magnesium sulfate (BDH, ≥99.0%, anhydrous reagent grade) followed 

by distillation using a rotary evaporator to remove ethyl acetate. DMF was removed from 

the allylated phenolic acid through drying in a vacuum oven at 50 C, until the NMR peaks 

associated with DMF (7.96 ppm, 2.94 ppm, 2.78 ppm) were not observed. 

 

Scheme 2.2 Allylation of SA 

The 1H NMR spectrum of allylated SA is shown in Figure 2.1.106, 107 No peaks are 

detected at 13.93 (carboxyl group in SA) and 11.27 (hydroxyl group in SA) ppm, indicating 

the disappearance of the hydroxyl and carboxyl groups. The peaks located in the region of 

4-6 ppm correspond to the allyl groups in the allylated SA. The ratio of the peak area 

associated with the CH2-O protons on the allyl group (4.58-4.69 ppm) to the peak area 

associated with the aromatic protons (6.80-7.90 ppm) should theoretically be 2:4 if there is 

complete conversion of the carboxyl and hydroxyl groups to allyl groups. Using the data 

shown in, this ratio is 4.04:4.00, which is very close to the theoretical prediction. The 

reaction conversion was calculated to be 99.5%, using the integrals of peaks associated 

with aromatic protons. Allylated SA was isolated in an 84% yield. The 4-hydroxybenzoic 
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acid (4HBA), gentisic acid (GenA) and gallic acid (GalA) were allylated following the 

same procedures. The ratio of the peak area associated with the CH2-O protons on the allyl 

group to the peak area associated with the aromatic protons is very close to the theoretical 

prediction from complete conversion. These results are summarized in Table 2.1. 

Table 2.1: 1H NMR Characterization of Phenolic Acid Allylation 

Phenolic acid Conversiona 
Peak area of CH2O on allyl group : 

peak area of aromatic protonsb 
Yield 

SA 99.5% 4.04:4.00 (4:4) 84% 
3HBA 99.4% 4.12:4.00 (4:4) 77% 
4HBA 99.6% 4.00:4.00 (4:4) 88% 
GenA 97.5% 6.06:3.00 (6:3) 78% 
GalA 100% 8.10:2.00 (8:2) 80% 

aWithin error of 1H NMR measurement 
bTheoretical ratio is given in parentheses  
 

Allyl (2-allyloxy)benzoate (referred to as “allylated SA” in this manuscript): 1H 

NMR (400 MHz, DMSO-d6, ppm): δ 7.65 (dd, J = 7.7, 1.8 Hz, 1H), 7.50 (ddd, J = 8.5, 7.4, 

1.8 Hz, 1H), 7.12 (dd, J = 8.5, 0.6 Hz, 1H), 7.00 (ddd, J = 7.7, 7.4, 0.6 Hz, 1H), 6.04-5.93 

(m, 2H), 5.44 (ddt, J = 17.3, 1.9, 1.9 Hz, 1H), 5.37 (ddt, J = 17.2, 1.7, 1.7 Hz, 1H), 5.24-

5.20 (m, 2H), 4.72 (ddd, J = 5.3, 1.7, 1.3 Hz, 2H), 4.61 (ddd, J = 4.7, 1.9, 1.3 Hz, 2H). 13C 

NMR (100 MHz; DMSO-d6): δ 165.4, 157.1, 133.6, 133.2, 132.7, 130.8, 120.3, 120.2, 

117.7, 117.0, 113.8, 68.6, 64.9. FTIR (ATR) 3083, 3017, 2987, 2936, 2877, 1728, 1648, 

1601, 1582, 1489, 1340, 1424, 1411, 1377, 1360, 1301, 1245, 1165, 1133, 1102, 1073, 996, 

930, 854, 755, 706, 670, 654 cm-1.  
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Figure 2.1: 1H NMR data obtained from a) allylated SA, b) allylated 3HBA, c) allylated 

4HBA, d) allylated GenA, e) allylated GalA.  
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Allyl 3-allyloxybenzoate (referred to as “allylated 3HBA” in this manuscript): 1H 

NMR (400 MHz, DMSO-d6, ppm): δ 7.54 (ddd,  J =7.79, 1.37, 1.37 Hz, 1H), 7.44 (dd, J = 

2.75, 1.83 Hz, 1H), 7.42 (dd, J = 7.79, 7.79 Hz, 1H), 7.23 (ddd, J = 8.24, 2.75, 0.92 Hz, 

1H),  6.06-5.96 (m, 2H), 5.40-5.34 (m, 2H), 5.24 (ddt, J = 10.53, 1.37, 1.37 Hz, 2H), 4.77 

(ddd, J = 5.50, 1.37, 1.37 Hz, 2H), 4.61 (ddd, J = 5.04, 1.37, 1.37 Hz, 2H). 13C NMR (100 

MHz; DMSO-d6, ppm): δ 165.7, 158.8, 133.9, 133.1, 131.4, 130.6, 122.1, 120.6, 118.5, 

118.1, 115.2, 68.9, 65.7. FTIR (ATR) 3082, 2943, 2877, 1720, 1649, 1599, 1585, 1487, 

1443, 1424, 1361, 1319, 1291, 1272, 1213, 1158, 1107, 1078, 1027, 993, 983, 928, 875, 

809, 754, 682, 640 cm-1.  

Allyl (4-allyloxy)benzoate (referred to as “allylated 4HBA” in this manuscript): 

1H NMR (400 MHz, DMSO-d6): δ 7.93 (d, J = 9.0 Hz, 2H), 7.07 (d, J = 9.0 Hz, 2H), 6.10-

5.98 (m, 2H), 5.44-5.35 (m, 2H), 5.30-5.24 (m, 2H), 4.76 (ddd, J = 5.3, 1.5, 1.5 Hz, 2H), 

4.66 (ddd, J = 5.2, 1.5, 1.5 Hz, 2H). 13C NMR (100 MHz, DMSO-d6): δ 165.0, 162.2, 133.1, 

132.9, 131.3, 121.9, 118.0, 117.7, 114.7, 68.5, 64.8. FTIR (ATR) 3086, 3050, 2989, 2941, 

2873, 1714, 1649, 1605, 1581, 1509, 1455, 1421, 1361, 1313, 1268, 1251, 1169, 1102, 

1011, 995, 929, 847, 769, 697, 668, 633 cm-1. 

Allyl 2,5-bis(allyloxy)benzoate (referred to as “allylated GenA” in this 

manuscript): 1H NMR (400 MHz, DMSO-d6, ppm): δ 7.18 (d, J = 2.93 Hz, 1H), 7.10 (dd, 

J = 8.79, 2.93 Hz, 1H), 7.05 (d, J = 8.79 Hz, 1H), 6.03-5.92 (m, 3H), 5.43-5.32 (m, 3H), 

5.23-5.17 (m, 3H), 4.71 (ddd, J = 5.37, 1.47, 1.47 Hz, 2H), 4.54-4.50 (m, 4H). 13C NMR 

(100 MHz; DMSO-d6, ppm): δ 165.7, 152.1, 151.8, 134.2, 134.0, 133.1, 121.5, 120.3, 

118.3, 118.0, 117.4, 116.8, 116.3, 70.0, 69.3, 65.5. FTIR (ATR) 3084, 3020, 2987, 2946, 
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2880, 1729, 1705, 1648, 1612, 1581, 1559, 1497, 1455, 1421, 1360, 1281, 1237, 1201, 

1156, 1105, 1066, 1025, 996, 926, 892, 810, 780 cm-1.  

Allyl 3,4,5-tris(allyloxy)benzoate (referred to as “allylated GalA” in this 

manuscript): 1H NMR (400 MHz, DMSO-d6, ppm): δ 7.21 (s, 2H), 6.07-5.93 (m, 4H), 5.41-

5.22 (m, 7H), 5.14 (ddt, J = 10.5, 1.47, 1.47 Hz, 1H), 4.75 (ddd, J = 5.37, 1.47, 1.47 Hz, 

2H), 4.61 (ddd, J = 4.88, 1.47, 1.47 Hz, 4H), 4.51 (ddd, J = 5.86, 1.47, 1.47 Hz, 2H). 13C 

NMR (100 MHz, DMSO-d6, ppm): δ 165.4, 152.4, 141.6, 134.9, 134.0, 133.2, 125.1, 118.4, 

118.0, 117.8, 108.4, 73.7, 69.9, 65.7. FTIR (ATR) 3080, 3021, 2985, 2945, 2871, 1716, 

1648, 1586, 1498, 1455, 1422, 1375, 1362, 1328, 1290, 1264, 1236, 1204, 1130, 1109, 986, 

926, 863, 812, 764 cm-1 

3-hydroxybenzoic acid: 1H NMR (400 MHz, DMSO-d6, ppm): δ 12.74 (broad s, 

1H), 9.75 (broad s, 1H), 7.33 (d, J = 7.56 Hz, 1H), 7.29 (s, 1H), 7.24 (t, J = 7.56 Hz, 1H), 

6.95 (d, J = 7.56 Hz, 1H). 13C NMR (100 MHz; DMSO-d6, ppm): δ 167.9, 157.9, 132.6, 

130.1, 120.5, 120.4, 116.3. 

Gentisic acid: 1H NMR (400 MHz, DMSO-d6, ppm): δ 13.75 (broad s, 1H), 10.65 

(broad s, 1H), 9.13 (s, 1H), 7.11 (d, J = 2.93 Hz, 1H), 6.92 (dd, J = 8.79, 2.93 Hz, 1H), 

6.75 (d, J = 8.79 Hz, 1H). 13C NMR (100 MHz; DMSO-d6, ppm): δ 172.3, 154.6, 149.9, 

124.3, 118.3, 115.0, 113.1.  

Gallic acid (GalA): 1H NMR (400 MHz, DMSO-d6, ppm): δ 12.22 (s, 1H), 9.17 (s, 

2H), 8.82 (s, 1H), 6.88 (s, 2H). 13C NMR (100 MHz; DMSO-d6, ppm): δ 168.0, 145.9, 

138.5, 120.9, 109.2. 
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2.1.2 Epoxidization of Allylated Phenolic Acids 

The epoxidation of allylated phenolic acid (SA and 4HBA) was conducted 

following literature procedures for conversion of the allyl groups to epoxide groups.10 

Allylated phenolic acid (5.00 g, 22.9 mmol) was dissolved into 500 mL chloroform in a 

1000 mL glass round bottom flask equipped with a rubber septum and a magnetic stirring 

bar. mCPBA (31.6 g, 183 mmol) was added to the flask (molar ratio of  mCPBA to allylated 

phenolic acid was 8.00 to 1.00). The solution was stirred at 40 °C for 24 h. Next, the 

solution was washed with an equivalent volume of a 10% (wt/v) Na2SO3 aqueous solution 

and recovered using a separatory funnel. The organic phase was then washed with an 

equivalent volume of a saturated NaHCO3 aqueous solution, and recovered using a 

separatory funnel. Finally, the organic phase was washed with an equivalent volume of 

distilled water, and recovered using a separatory funnel.  The chloroform was then removed 

from the product using a rotary evaporator. The epoxidized salicylic acid (ESA) product 

was purified by silica gel chromatography using petroleum ethers/ethyl acetate (80/20), 

while the epoxidized 4-hydroxybenzoic acid (E4HBA) product was purified by silica gel 

chromatography using petroleum ethers/chloroform (80/20). The organic solvent was 

removed using a rotary evaporator and the product was dried in a vacuum oven at 50 C 

overnight.  

The 1H NMR spectrum of ESA is shown in Figure 2.2a.  No peaks are detected at 

4.81 – 4.61 (OCH2 in allyl group), 6.10 – 5.98 (-CH= in allyl group) and 5.53 – 5.25 (=CH2 

in allyl group) ppm, indicating the disappearance of the allyl groups. The peaks located in 

the region of 4.7-2.7 ppm correspond to the glycidyl groups in the ESA. The ratio of the 

peak area associated with the CH2-O protons on the glycidyl group (4.65-4.05 ppm) to the 
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peak area associated with the aromatic protons (7.89-6.95 ppm) should theoretically be 4:4 

if there is complete conversion of the carboxyl and hydroxyl groups to allyl groups. Using 

the data shown in Figure 2.2a, this ratio is 4.00:4.00, which is very close to the theoretical 

prediction. ESA was isolated in a 70% yield. The allylated 4-hydroxybenzoic acid (4HBA) 

was epoxidized following the same procedures. The allylated 4HBA was isolated in a 48% 

yield. These results are summarized in Table 2.2. 

Epoxidized salicylic acid (referred to as “ESA” in this manuscript): 1H NMR (400 

MHz, chloroform-d, ppm): δ 7.85 (dd, J = 7.79, 0.92 Hz, 1H), 7.47 (ddd, J = 7.79, 7.79, 

1.83 Hz, 1H), 7.01 (ddd, J = 7.79, 7.79, 0.92 Hz, 1H), 6.98 (d, J = 8.24 Hz, 1H), 4.62 (ddd, 

J = 12.36, 3.21, 3.21 Hz, 1H), 4.33 (dd, J = 11.22, 3.21 Hz, 1H), 4.20-4.13 (m, 1H), 4.08 

(dd, J = 11.22, 5.04 Hz, 1H), 3.43-3.39 (m, 1H), 3.36-3.32 (m, 1H), 2.95-2.88 (m, 3H), 

2.77-2.74 (m, 1H). 13C NMR (100 MHz; chloroform-d, ppm): δ 165.8, 158.3, 133.9, 132.1, 

121.0, 120.2, 113.9, 69.4, 65.4, 65.2, 50.2, 49.6, 44.8. FTIR (ATR) 1724, 1601, 1583, 1491, 

1450, 1382, 1344, 1301, 1245, 1167, 1132, 1085, 1074, 1049, 1023, 972, 909, 844, 756, 

703, 662, 644, 634, 624, 607 cm-1. 

Epoxidized 4-hydroxybenzoic acid (referred to as “E4HBA” in this manuscript): 

1H NMR (400 MHz, chloroform-d, ppm): δ 8.02 (d, J = 9.16 Hz, 2H), 6.94 (d, J = 9.16 Hz, 

2H), 4.63 (dd, J = 12.60, 2.86 Hz, 1H), 4.30 (dd, J = 11.17, 2.86 Hz, 1H), 4.13 (dd, J = 

12.03, 6.3 Hz, 1H), 3.99 (dd, J = 11.17, 6.30 Hz, 1H), 3.39-3.36 (m, 1H), 3.35-3.31 (m, 

1H), 2.93 (dd, J = 4.58, 4.58 Hz, 1H), 2.89 (dd, J = 4.58, 4.58 Hz, 1H), 2.77 (dd, J = 5.15, 

2.86 Hz, 1H), 2.72 (dd, J = 5.15, 2.86 Hz, 1H). 13C NMR (100 MHz; chloroform-d, ppm): 

δ 166.0, 162.5, 131.9, 122.7, 114.3, 68.9, 65.3, 50.0, 49.7, 44.8, 44.7. FTIR (ATR) 1703, 
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1606, 1582, 1511, 1483, 1451, 1423, 1344, 1304, 1273, 1258, 1173, 1138, 1112, 1104, 

1077, 1033, 991, 971, 914, 906, 882, 864, 843, 811, 767, 693, 669, 649, 633, 611 cm-1. 

 

 

Scheme 2.3: Epoxidization of allylated a) salicylic acid and b) 4-hydroxybenzoic acid. 

Table 2.2: 1H NMR Characterization of Phenolic Acid Epoxidation 

phenolic acid 
peak area of CH2O on glycidyl group :   

peak area of aromatic protonsa 
% yield 

SA 4.12:4.00 (4:4) 70% 
4HBA 4.09:4.00 (4:4) 48% 

aTheoretical ratio is given in parentheses 

 

Figure 2.2: 1H NMR data obtained from a) epoxidized SA, b) epoxidized 4HBA. 

2.2 Synthesis of Thiol-Ene Networks 

Thiol-ene chemistry21, 108 follows the well-established step-growth radical 

mechanism (Scheme 2.4). Allyl ethers generally exhibit high reactivity in the thiol-ene 
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reaction,19 and thiol-allyl ether systems exhibit high propagation rates relative to rates of 

chain transfer.109 This offers a versatile platform for polymer synthesis due to its lack of 

sensitivity to water and oxygen, high conversion and yield, lack of byproducts, rapid 

reaction rates, solvent-free conditions, and ability to impart spatial and temporal control 

over the reaction (in the case of photoinitiation).19, 21 The resulting films offer advantages 

of low shrinkage and stress,20 and high degree of network homogeneity19, 21-23 relative to 

other elastomeric materials.  

 

Scheme 2.4: General thiol–ene photopolymerization process 

The UV curing of thiol-ene networks (Scheme 2.5) followed procedures similar to 

those reported in ref. 32. The allylated phenolic acid was mixed with pentaerythritol 

tetrakis(3-mercaptopropionate) (PETMP, >95%) (stoichiometry based on equal molar 
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functional groups) and 1 wt% of the photo-initiator 2,2-dimethoxy-2-phenylacetophenone 

(DMPA, 99%) at room temperature in a 20 mL vial (using magnetic stirring), which was 

covered by aluminum foil. The mixture was placed in the following sample holders 

appropriate for each characterization experiment: a) between two glass slides with a 0.4 

mm glass spacer for TGA, DSC, DMA and ATR-FTIR, b) between two NaCl windows (32 

mm diameter, 3 mm thick) with a 0.05 mm Teflon spacer for transmission-mode FTIR, and 

c) in a Teflon dogbone-shaped mold following ASTM D638 (bar type 5, thickness 0.4 mm) 

for tensile testing. The sample was exposed under continuous 365 nm UV light (4 watt, 

Spectroline ENF-240C) for 15 min and transferred to a convection oven at 150 °C for a 

specified period of time, summarized in Table 2.3. The photoinitiated thiol-ene reaction 

between the allylated phenolic acids and the tetra-functional thiol PETMP (Scheme 2.5), 

which was monitored through FTIR.  

FTIR spectra obtained upon UV curing of the allylated phenolic acids with the 

multifunctional thiol PETMP are shown in Figure 2.3. In all spectra, conversion of the thiol 

was monitored through disappearance of the peak located at 2570 cm-1 (S–H stretching), 

quantified in Tables S1-S5, while network formation was observed through an increase in 

the intensity of the peak located at 2950 cm-1 (alkane C-H stretching). Conversion of allyl 

groups on the allylated phenolic acids was monitored by decreases in the following peak 

intensities over time: 932 and 996 cm-1 (olefinic =C-H bending), 1647 cm-1 (C=C 

stretching),  and 3080 cm-1 (olefinic =C-H stretching). We could not determine whether the 

peaks associated with the allyl groups disappeared completely, as they were all located in 

the vicinity of neighboring peaks (Figure 2.3). The peak located at 932 cm-1 may also 

include contributions from C-O stretching of ester groups present in both the phenolic acids 
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and PETMP.110, 111 As increasing the UV exposure time beyond 15 min did not result in 

any appreciable differences in the FTIR spectra or conversion (Tables S1-S5), 15 min was 

chosen as the UV exposure time for all allylated phenolic acids (Table 2.3). The relative 

number and placement of allyl groups did not significantly impact the photoinitiated thiol-

ene reaction between the allylated phenolic acids and PETMP. 

 

Scheme 2.5: Photoinitated thiol-ene reaction between the tetra-functional thiol PETMP and 
a) allylated SA, b) allylated 3HBA, c) allylated 4HBA, d) allylated GenA and 
e) allylated GalA. 
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Figure 2.3: FTIR data obtained from a mixture of PETMP, photoinitiator, and a) allylated 

SA b) 3HBA,and c) 4HBA: before curing (red solid), after 15 min of UV 
exposure (green solid), and after 30 min of UV exposure (blue dashed). 
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Figure 2.3: FTIR data obtained from a mixture of PETMP, photoinitiator, and d) allylated 

GenA and e) GalA: before curing (red solid), after 15 min of UV exposure 
(green solid), and after 30 min of UV exposure (blue dashed).  

 
FTIR and differential scanning calorimetry (DSC) were employed to identify the 

isothermal annealing time for the thiol-ene networks following UV exposure, to achieve 

the highest possible conversion of functional groups. Thiol-ene networks were prepared 

through 15 min of exposure to UV followed by isothermal curing in a convection oven at 

150 °C (the reaction conversion increased after the 150 °C post-cure, detailed in Tables 

S1-S5). In Figure 2.4 and Figure 2.5, the maximum absorbance of various FTIR peaks and 

glass transition temperature (Tg) are plotted as functions of the isothermal annealing time. 
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For the networks derived from difunctional phenolic acids (SA, 3HBA, and 4HBA), the 

conversion and Tg did not change upon increasing the isothermal annealing time beyond 

10 min, and therefore an isothermal annealing time of 10 min was chosen. In the case of 

networks derived from multifunctional phenolic acids (GenA and GalA), a slightly longer 

isothermal annealing time of 20 min was chosen (to ensure the maximum possible 

conversion of functional groups, which did not change for annealing times beyond 20 min). 

The UV and isothermal curing protocols are summarized in Table 2.3.   

Network synthesized from allylated SA: FTIR (ATR) 2953, 2929, 1732, 1600, 

1582, 1491, 1467, 1452, 1420, 1388, 1352, 1302, 1244, 1166, 1135, 1085, 1047, 1028, 931, 

757, 704, 663 cm-1.  

Network synthesized from allylated 3HBA: FTIR (ATR): 2922, 2852, 1737, 

1716, 1600, 1584, 1488, 1469, 1443, 1387, 1352, 1320, 1275, 1225, 1140, 1106, 1074, 

1033, 997, 937, 886, 808, 756, 683 cm-1.  

Network synthesized from allylated 4HBA: FTIR (ATR) 2954, 2921, 1736, 1710, 

1605, 1580, 1510, 1468, 1421, 1385, 1353, 1316, 1273, 1251, 1168, 1140, 1105, 1028, 928, 

849, 770, 697, 644 cm-1. 

Network synthesized from allylated GenA: FTIR (ATR): 2917, 2849, 1736, 1609, 

1580, 1541, 1498, 1467, 1423, 1388, 1353, 1284, 1239, 1202, 1144, 1031, 930, 817, 784, 

766, 746 cm-1.  

Network synthesized from allylated GalA: FTIR (ATR): 2916, 2849, 1737, 1647, 

1586, 1499, 1469, 1429, 1387, 1355, 1332, 1288, 1207, 1145, 1114, 1052, 1015, 931, 871, 

843, 766 cm-1.  
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Figure 2.4: The FTIR absorbance as a function of time for selected peaks while curing at 
150 °C (following 15 min of UV exposure) is shown in thiol-ene network 
derived from allylated a) SA, b) 3HBA, c) 4HBA, d) GenA and e) GalA. 
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Figure 2.5: Tg as a function of isothermal curing time at 150 °C (following 15 min of UV 
exposure) for thiol-ene networks derived from allylated (a) SA (green ▲), 
3HBA (purple ◀), 4HBA (orange ▼), (b) GenA (dark blue ■), GalA (red ●).  

Table 2.3: Composition and Curing Protocol of Thiol-Ene Networks 

Phenolic acida 
Molar ratio of reagents 

(allylated phenolic acid : 
PETMP : photoinitiator) 

UV exposure time / 
Isothermal post-curing 

time at 150 °C 
salicylic acid (SA) 1.0 : 0.50 : 0.018 15 min / 10 min 
3-hydroxybenzoic acid (3HBA) 1.0 : 0.50 : 0.018 15 min / 10 min 
4-hydroxybenzoic acid (4HBA) 1.0 : 0.50 : 0.018 15 min / 10 min 
gentisic acid(GenA) 1.0 : 0.75 : 0.025 15 min / 20 min 
gallic acid(GalA) 1.0 : 1.0 : 0.032 15 min / 20 min 

aThe phenolic acids were allylated and subsequently cured with pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP) and a photoinitiator, as described in the Experimental Details.  
 

We quantified the biorenewable content in the thiol-ene networks, by calculating 

the wt% of phenolic acid in the final material. The biorenewable content (i.e. the 

contribution of the phenolic acids, which can be derived from plant sources) of the SA and 

4HBA networks, both derived from difunctional phenolic acids, is calculated to be 29 wt%. 

We do not consider 3HBA to be a biorenewable chemical, as there is not a significant plant-

based source to our knowledge. Rather, we have included this chemical in this study to 

highlight observed trends in the physical properties of the thiol-ene networks derived from 

difunctional phenolic acids, in which the relative placement of functional groups is varying 

(3HBA is the meta-hydroxybenzoic acid, complementing SA and 4HBA, which are 
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respectively ortho- and para-hydroxybenzoic acids). The biorenewable contents of the 

GenA and GalA networks (derived from trifunctional and tetrafunctional phenolic acids) 

are calculated to be 23 and 20 wt%, respectively. We conducted similar calculations for 

prior literature studies which report thiol-ene networks derived from biorenewable 

components, and found that the biorenewable content in prior studies on thiol-ene networks 

ranged from 20-58 wt%.24-26, 28-32 One strategy to increase the total biorenewable content 

in our materials would be to employ a multifunctional thiol derived from a renewable 

resources, in addition to the allylated phenolic acids. 

2.3 Synthesis of Epoxy Resins 

2.3.1 Synthesis of Epoxy Resins from Epoxidized Soybean Oil 

Epoxidized soybean oil (ESO) was kindly supplied free of charge by Arkema, Inc. 

(trade name Vikoflex 7170). Proton nuclear magnetic resonance experiments (using a 

JEOL ECA-500 instrument) were conducted on the Vikoflex 7170 and it was determined 

that there is an average of 4.27 epoxide groups per triglyceride molecule. MDA(4,4'-

diaminodiphenylmethane, 97%, or MDA) was purchased from Alfa Aesar.  The general 

curing reactions between DGEBA and MDA, as well as between ESO and MDA, are 

shown in Scheme 2.6. Three different protocols were used for the preparation of epoxy 

resins (Table 2.4). Protocols A and B were used to prepare samples for degradation 

experiments, as well as characterization of the glass transition temperature (through DSC) 

and thermal degradation properties (through TGA). Protocol C was used for the in-situ 

characterization of the curing process through DSC. In general, multistep reaction 

protocols were used following literature procedures.40, 42, 43, 46, 47, 51, 58, 59 Through a 

multistep reaction, the time spent at the highest temperatures is minimized, avoiding 
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thermal degradation of the polymer. Specifically, we followed a previous study employing 

a four-step heating protocol for epoxy resins with < 50 wt% ESO,59 and another study 

employing a two-step heating protocol for epoxy resins with > 50 wt% ESO.51   

 

Scheme 2.6: Curing reactions for traditional epoxy resins (containing DGEBA and MDA) 
and triglyceride oil-based epoxy resins (containing ESO and MDA). 

It was observed that MDA and ESO form an opaque solution at room temperature, 

likely due to lack of miscibility. Upon heating and stirring the mixture at 80 C for 30 min, 

the solution becomes transparent and the components are likely miscible. If allowed to cool 

to room temperature prior to curing, the mixture becomes opaque once again. For this 
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reason, the samples were immediately transferred to the DSC after the 80 C pre-mixing 

step and to the vacuum oven after the 80 C degassing step (Table 2.4). 

Table 2.4: Curing Protocols 

Protocol Description 

A 

DGEBA, MDA, and ESO were mixed together at 80 C for 30 min (or until 
complete dissolution of the components) and degassed in a vacuum oven at 
80 C for 30 min.  The mixture was then transferred to a convection oven 
and cured according to the following protocol:  
101 C for 3 h, 122 C for 2 h, 141 C for 1 h, and 153 C for 30 min 

B 

DGEBA, MDA, and ESO were mixed together at 80 C for 30 min (or until 
complete dissolution of the components) and degassed in a vacuum oven at 
80 C for 30 min.  The mixture was then transferred to a convection oven 
and cured according to one of the following protocols:  
1) 135 C for 1 h and 198 C for 3 h 
2) 135 C for 1 h and 198 C for 9 h 
3) 135 C for 1 h and 198 C for 21 h 
4) 135 C for 1 h and 198 C for 3 days

C 

DGEBA, MDA, and ESO were mixed together at 80 C for 30 min (or until 
complete dissolution of the components) and transferred to an aluminum 
pan. The pan was subsequently sealed and transferred to the differential 
scanning calorimeter. The sample underwent one of the two following 
protocols:  
1) heated at a constant rate of 10 C/min from 50 C to 360 C 
2) heated isothermally at a temperature of 200 C 

 

All epoxy resins contained a ratio of epoxide-bearing molecules (DGEBA and ESO) 

to amine-bearing molecules (MDA) of 100:30 (by weight). The total epoxide content is a 

mixture of DGEBA and ESO. Throughout this study, the concentration of ESO in the 

epoxy resin will be reported as a percentage of the total epoxide content (DGEBA + ESO), 

by weight.  The ratio of 100:30 was chosen as it corresponds to a stoichiometrically 

balanced molar ratio of 0.97 epoxide groups to one active hydrogen atom (on a primary 

amine group) for a mixture of MDA and DGEBA. For a mixture of ESO and MDA, there 

are 0.76 epoxide groups to one active hydrogen atom (based upon the NMR 
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characterization of ESO which indicated the presence of an average of 4.27 epoxide groups 

per triglyceride molecule). Therefore, there is excess amine present in the samples 

containing ESO.   

2.3.1 Synthesis of Epoxy Resins from Epoxidized Phenolic Acids 

The epoxidized phenolic acid (1.00 g, 4.00 mmol) was mixed with 

Methylhexahydrophthalic Anhydrid (MHHPA, 1.35 g, 8.00 mmol, stoichiometry based on 

equal molar functional groups) and 3 phr (parts per hundred resin) of the catalyst 1-

methylimidazole (1-MI, 0.03 g, 0.0365 mmol) at 50 °C in a 20 mL vial (using magnetic 

stirring). The mixture was placed in the following sample holders appropriate for each 

characterization experiment: a) in a preweighed Tzero aluminum pan for differential 

scanning calorimetry, b) in a pan for thermogravimetric analysis, c) between two NaCl 

windows (32 mm diameter, 3 mm thick) with a 0.05 mm Teflon spacer for transmission-

mode FTIR, and d) in a aluminum dogbone-shaped mold following ASTM D638 (bar type 

5, thickness 1.6 mm) for tensile testing. The sample was then transferred to a convection 

oven and cured according to the following protocol: 70 °C for 2 h, 170°C for 2 h. 

2.4 Chemical Analysis 

2.4.1 Nuclear Magnetic Resonance (NMR)  

The following NMR experiments were performed on a JEOL ECA-400  or  JEOL 

ECA-500 instrument using deuterated dimethyl sulfoxide (Cambridge Isotope Laboratories, 

Inc., 99.9% D) or deuterated chloroform (Cambridge Isotope Laboratories, Inc., 99.9 % D)  

as the solvent: 1H NMR (400 MHz or 500 MHz), 13C NMR (100 MHz or 125 MHz), DEPT 

135, COSY, HSQC, and HMBC. Chemical shifts were referenced to the solvent proton 

resonance (2.5 ppm for dimethyl sulfoxide, 7.26 ppm for deuterated chloroform). 
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2.4.2 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra were recorded on a Thermo Scientific Nicolet 4700 spectrometer in 

transmission mode as well as using an attenuated total reflection (ATR) stage (containing 

a Germanium crystal). The OMNIC Series software was used to follow selected peaks at 

1.928 cm-1 resolution using 32 scans.  

2.5  Differential Scanning Calorimetry (DSC) 

The glass transition temperature (Tg) was measured through DSC experiments. 

They are conducted using a TA Instruments Q2000 calorimeter, calibrated with an indium 

standard, with a nitrogen flow rate of 50 ml/min.  

2.5.1 DSC Measurement of Thiol-ene Elastomers 

The cured thiol-ene sample (following the protocol in the Polymer Synthesis section) 

was placed in the calorimeter (using a Tzero aluminum pan), equilibrated at 40 °C, cooled 

to -40 C at a rate of 10 °C /min and heated to 40 °C at a rate of 10°C/min. The cooling and 

heating scans were repeated for a total of three measurements. The value of the Tg was 

determined using the half extrapolated tangents method in the Universal Analysis 

software.112 The onset and endset temperatures were also identified with the Universal 

Analysis software. 

2.5.2 DSC Measurement of Epoxy Thermosets 

The curing reactions between DGEBA, ESA and E4HBA and various curing agents 

were monitored through in situ DSC. The epoxy resin components (DGEBA, ESA or 

E4HBA, as well as curing agent and catalyst) were mixed at 50°C and placed in a 

preweighed Tzero hermetic aluminum pan. The pan was transferred to the differential 
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scanning calorimeter, equilibrated at 40 °C and heated to 200 °C at a rate of 10 °C /min to 

examine the curing behavior at constant heating rate. 

The glass transition temperatures (Tg) of specimens prepared through various 

curing protocols (specimens cured at constant heating rate in the DSC, as well as specimens 

prepared in a convection oven for tensile testing) were measured through DSC experiments. 

The cured sample was placed in the calorimeter (using a Tzero aluminum pan), equilibrated 

at 40 °C, heated to 200 °C at a rate of 10 °C /min, cooled to 40 °C at a rate of 10°C/min 

and heated to 200 °C at a rate of 10°C/min. The value of the Tg was determined using the 

half extrapolated tangents method in the Universal Analysis software. 

2.6 Thermogravimetric Analysis (TGA) 

TGA experiments were conducted with a TA Instruments Q500 analyzer. The 

sample was heated from 30 °C to 800 °C at a rate of 10°C/min in an argon environment 

(the balance argon purge flow was 40 ml/min and the sample purge flow was 60 ml/min). 

2.7 Dynamic Mechanical Analysis (DMA) 

The dynamic mechanical behavior of cured thiol-ene films (following the protocol 

in the Polymer Synthesis section) was probed using a Q800 dynamic mechanical analyzer 

(TA Instruments) with a nitrogen environment. Specimens of 0.4 mm thickness were cut 

with a razor blade to have the following dimensions: 10 mm x 5 mm x 0.4 mm (length x 

width x thickness). Four experiments were conducted: 1) Isothermal strain sweeps were 

conducted at desired temperatures and using a frequency of 1 Hz to locate the range of 

strains in the linear viscoelastic region; 2) isothermal frequency sweeps were conducted 

from 0.1 to 10 Hz at desired temperatures, using a strain within the linear viscoelastic 

region; 3) time-temperature superposition of the data was performed at 0, 5, 10, 15, 20, 25, 
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30, and 40 °C, and 4) temperature ramps were conducted at a constant strain and frequency. 

In the case of time-temperature superposition, the master curve was prepared using the TA 

Instruments Rheology Advantage Data Analysis software with 30 °C chosen as the 

reference temperature.  

2.8 Tensile Testing 

2.8.1 Tensile Testing of Thiol-Ene Elastomers 

Tensile testing was carried out with an Instron 5966 universal testing system 

containing a 2 kN load cell.Thiol-ene dogbone-shaped testing bars (ASTM D638, bar type 

5, thickness 0.4 mm) were prepared following the procedure in the Polymer Synthesis 

section. Pneumatic grips (maximum force 2 kN) were used to affix the sample in the testing 

frame, at a compressed air pressure of 40 psi. The force and change in length were 

measured as the sample was elongated at a rate of 10 mm/min. Each measurement was 

repeated with 5-6 test specimens that broke in the gauge region and did not contain a visible 

defect at the point of fracture.  

2.8.2 Tensile Testing of Epoxy Resins 

Epoxy dogbone-shaped testing bars (ASTM D638, bar type 5, thickness 1.5 mm) 

were prepared following the curing protocol described above. Pneumatic grips (maximum 

force 2 kN) were used to affix the sample in the testing frame, at a compressed air pressure 

of 80 psi. The force and change in length were measured as the sample was elongated at a 

rate of 1 mm/min. The engineering stress was calculated using the measured force and 

cross-sectional area of the sample. The engineering strain was measured directly using an 

Instron extensometer (gauge length 0.3 inch, travel ± 0.15 inch). Each tensile measurement 
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was repeated with 5 test specimens that broke in the gauge region and did not contain a 

visible macroscopic defect (voids, bubbles, etc) at the point of fracture. 

2.9 Hydrolytic Degradation 

Hydrolytic degradation experiments were conducted in aqueous sodium hydroxide 

(NaOH) solutions, containing either 3 or 10 wt% NaOH, at 80 C (0.04 wt% sodium azide 

was also added to the solution to prevent microbial growth), following literature 

procedures.18 The sample weight was recorded (approximately 0.01 to 0.05 g) and it was 

placed in 10 mL of the NaOH solution for a predetermined time period. The sample was 

then removed from the solution, rinsed with deionized (DI) water, rinsed with a 1 wt% HCl 

solution, rinsed with DI water, and dried in a vacuum oven at 50 C for 18-24 h.  The 

sample weight was recorded and then the sample was placed back in the NaOH solution 

for additional days. This process was repeated until the sample was fully degraded, or up 

to a maximum of 72 days (in the NaOH solution).  

2.10 Scanning Electron Microscopy  

Scanning Electron Microscopy (SEM) micrographs of the fracture surfaces of 

tensile bars were imaged using a LEO 1525 field emission scanning electron microscope 

at a voltage of 15 kV. The fracture surface was etched with ionized argon gas and 

subsequently coated with gold using a Denton Vacuum Desk V sputter coater. The gold 

thickness was approximately 10 nm. The resulting micrographs were converted to binary 

images and analyzed with ImageJ to determine the areas of each feature (parabolic and 

elliptical features). Parabolic and elliptical features were manually distinguished from one 

another. 
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2.11 Density Measurement 

The densities of phenolic acid-based thiol-ene networks were measured in a vial 

containing a calcium nitrate water solution of known concentration at room temperature. 

The water content was adjusted to determine the composition range over which the polymer 

transitioned from being suspended in the solvent to sinking in the solvent. This range was 

narrowed until the density could be determined to 2 significant digits after the decimal 

point. The exact density of calcium nitrate solution was determined through the quadratic 

equation fitting to the density-concentration data in a previous study.113 The resulting 

densities were as follows: aSA-based thiol-ene networks, 1.22 g/mL; a3HBA-based thiol-

ene networks, 1.22 g/mL; a4HBA-based thiol-ene networks, 1.22 g/mL; aGenA-based 

thiol-ene networks, 1.22 g/mL; aGalA-based thiol-ene networks, 1.22 g/mL. 
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3 Chapter 3 Effect of Functional Group Placement on Thiol-Ene Networks from 

Difunctional Allylated Phenolic Acids 

3.1 Introduction 

The synthesis of thiol-ene networks from difunctional allylated phenolic acids is 

described in Chapter 2. The phenolic acids were allylated and reactioned with a 

multifunctional thiol in the presence of a photoinitiator. Three phenolic acids were 

investigated: salicylic acid (SA or ortho-HBA), 3-hydroxybenzoic acid (3HBA or meta-

HBA) and 4-hydroxybenzoic acid (4HBA or para-HBA). All phenolic acids contain two 

functional groups (one carboxylic acid group and one hydroxyl group), yet the relative 

placements of the functional groups vary (i.e. ortho, meta, para position). Synthetic 

conditions were developed to prepare thiol-ene networks with high yield and conversion. 

The thermal and mechanical behavior of the thiol-ene networks were investigated. This 

work develops fundamental relationships between functional group placement on the 

phenolic acids and the physical properties of thiol-ene networks. Such knowledge is an 

important first step toward the widespread implementation of biobased phenolic acids in 

thiol-ene elastomer applications. 

3.2 Results and Discussion 

3.2.1 Thermal Characterization 

Differential scanning calorimetry (DSC) was employed to characterize the glass 

transition temperature (Tg) of thiol-ene networks that were prepared following the protocol 

in Table 2.3. The average and standard deviation values of Tg obtained during the first 

heating scan are provided in Table 3.1.  
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The Tg’s of these networks are lower than room temperature, as is typically 

observed in thiol-ene networks, which contain flexible thioether linkages.114 The 4HBA 

network exhibited the highest Tg, attributed to the high crosslink density of this network. 

Though the SA and 3HBA networks had similar crosslink densities (Table 3.2), the Tg of 

the SA network was significantly higher than that of the 3HBA network. Differences in the 

SA and 3HBA network Tg’s may possibly be explained by differences in steric hindrance 

resulting from the relative placements of the allyl groups around the aromatic ring in the 

allylated monomer (ortho vs. meta positions). The average and standard deviation values 

obtained during the first heating scan are provided in Table 3.1.  

Table 3.1: Thermal Properties of Thiol-Ene Networks Derived from Phenolic Acidsa 

phenolic acid Tg (°C), as-preparedb onset degradation temperature (°C)c 

SA (o) 0.8 ± 2.1 341.9 
3HBA (m) -7.1 ± 1.9 349.2  
4HBA (p) 5.5 ± 2.2 343.0 

a Samples were prepared following the protocol in Table 2.3. o, m, and p indicate ortho, meta, and para. 
b Nine total measurements using DSC were obtained for each sample, from three distinct regions of three 
separate specimens. The results presented in this table were obtained from the first heating scan. 
c Determined from TGA.  
 

The thermal degradation properties of the networks were explored with 

thermogravimetric analysis (TGA), and the results are summarized in Table 3.1. The three 

types of networks have similar onset degradation temperatures, around 342-349 °C, which 

is significantly higher than the chosen isothermal post-curing temperature of 150 °C. 

Therefore, it is expected that little sample degradation occurs during the curing process. 

3.2.2 Network Structure and Homogeneity 

The storage (E’) and loss (E”) moduli were probed as a function of strain (using 

frequency = 1 Hz) at selected temperatures. A strain in the linear viscoelastic region was 
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chosen at each temperature and used to examine the frequency-dependence of E’ and E”. 

Time-temperature superposition was applied to the frequency-dependent E’ and E”. 

Reduced moduli (E’r and E”r) were first obtained by multiplying each modulus by a vertical 

shift factor, bT: 115, 116 

,     (Equation 1) 

E’r= bT*E’, and    (Equation 2) 

E”r= bT*E”,     (Equation 3) 

where the reference temperature, To, was taken to be 30 °C. The reduced moduli were then 

shifted horizontally by applying a horizontal shift factor, a , at each temperature:  

	       (Equation 4) 

where ω  are the reduced frequencies. At each temperature, a  was identified as that 

required to produce a smooth and continuous master curve. The master curves containing 

the shifted data are shown in Figure 3.1a and Figure 3.1b.  

 

Figure 3.1: Master curves for the reduced (a) storage modulus (E’r) and (b) loss modulus 
(E”r) of thiol-ene networks derived from allylated SA (green ▲), 3HBA (purple 
◀), and 4HBA (yellow ▼). Reference temperature was 30 °C. 
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The Williams–Landel–Ferry (WLF) equation is well-established for describing the 

temperature-dependence of a  for polymers at temperatures above or in the vicinity of the 

Tg:117  

log a  .    (Equation 5) 

The WLF equation fit to the shift factor as a function of temperature is shown in 

Figure 3.2. In all networks, the data are consistent with the WLF equation. C1 is an 

empirical parameter, however C2 can be described as C2 = fr / f, where fr is the fractional 

free volume of the material at the reference temperature and f is the coefficient of thermal 

expansion of the free volume (f ~ l - g where l and g are the coefficients of expansion 

of the liquid and glassy states, respectively). Significant differences are observed in the C2 

values for all five networks, possibly indicating differences in the values of fr and f for 

these materials.  

 

Figure 3.2: Temperature-dependent shift factor, aT, for thiol-ene networks derived from 
allylated SA (green ▲), 3HBA (purple ◀), and 4HBA (yellow ▼). Curves 
indicate the fit of the WLF equation to the data. 

Following the theory of rubber elasticity,118 the crosslink density (c) of a network 

is calculated from E’ in the rubbery plateau region of the plot of E’ vs. :  
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‘
,     (Equation 6) 

where R is the gas constant. The crosslink densities calculated using the data from DMA, 

are summarized in Table 3.2.  

Table 3.2 shows the resulting average values of the crosslink densities for the thiol-

ene networks of varying functionality. The crosslink densities (and also plateau moduli) of 

the thiol-ene networks prepared from the difunctional allylated SA and 3HBA (ortho and 

meta placements of allyl groups, respectively) were quite similar to one another. A 

significant increase in crosslink density was observed for the thiol-ene network prepared 

from the difuctional allylated 4HBA (para placement of allyl groups). We propose that the 

lower crosslink density of the SA network as compared to the 4HBA network is due to the 

neighboring allyl groups found on allylated SA.105 The structure of the SA network 

contains bulky aromatic groups intruded into network, reducing the crosslink density.105 

Surprisingly, we see that the ortho and meta placements of the allyl groups (allylated SA 

vs. 3HBA) result in very similar crosslink densities, which are lower than that of the 

network with para placements of allyl groups (using allylated 4HBA). The trend of 

modulus (Table 3.3) and Tg (Table 3.1) are consisitent to the crosslink density.119, 120  

Previous studies on thiol-ene networks have indicated the presence of highly 

homogeneous networks, as evidence by the sharpness of the glass transition.19, 21-23 In our 

study, a similarly sharp transition is observed in the DSC and DMA data. This is in contrast 

with the behavior observed in free radical and sulfur crosslinked networks with greater 

levels of inhomogeneity.121-125 The SA, 3HBA, and 4HBA networks exhibit glass 

transitions with similar widths (Table 3.2), indicating comparable degrees of homogeneity 
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in the networks derived from difunctional allylated phenolic acids, regardless of the 

placement of functional groups (ortho, meta, para).   

Table 3.2: Crosslink Density and Homogeneity of Thiol-Ene Networks  
Derived from Allylated Phenolic Acidsa 

Phenolic 
Acid 

Crosslink Density Width of Glass Transition (Tg) 

E’r in rubbery 
plateau (MPa)b c (mol/cm3)c Tg Width (°C) 

from DMA 
Tg Width (°C) 

from DSC 
SA (o) 8.9 ± 0.4 (1.18 ± 0.05) x 10-3 9.6 5.8 ± 0.9 

3HBA (m) 7.9 ± 0.5 (1.05 ± 0.07) x 10-3 10.7 6.1 ± 0.3 
4HBA (p) 10.2 ± 0.8 (1.35 ± 0.10) x 10-3 10.0 6.3 ± 0.5 

a Samples were prepared following the protocol in Table 2.3. o, m, and p indicate ortho, meta, and para. 
b Reduced storage modulus in rubbery plateau at reference temperature 30 °C (at  = 1 Hz).  
c υc was Calculated using equation 6. 
 

3.2.3 Tensile Behavior and the Ideal Elastomer Model 

The mechanical properties of the networks were probed with tensile testing. Tensile 

experiments were conducted on multiple specimens for each network type; the average 

values of relevant parameters are shown in Table 3.3.  

Table 3.3: Tensile Properties of Thiol-Ene Networks Derived from Phenolic Acids 

Phenolic 
acid 

Tensile strength 
(MPa) 

% elongation at 
break 

Modulus 
(MPa) 

Toughness 
(MPa) 

SA (o) 2.7 ± 0.3 25.0 ± 2.2 10.8 ± 0.4 0.36 ± 0.06 
3HBA (m) 1.8 ± 0.1 20.4 ± 2.1 8.6 ± 0.5 0.20 ± 0.03 
4HBA (p) 3.7 ± 0.3 29.6 ± 2.4 12.4 ± 0.3 0.57 ± 0.09 

As the higher plateau modulus of the 4HBA network implies a greater crosslink 

density, the effect of crosslink density on the tensile parameters must first be considered. 

Refs.126, 127
 summarize the expected behavior of an elastomer as the crosslink density is 

increased: the tensile modulus increases with increasing crosslink density whereas both the 

tensile strength and toughness exhibit maximum values at intermediate crosslink densities. 

Therefore, the increase in the modulus, tensile strength and toughness of the 4HBA 

network, as compared to the SA network (Table 3.3), may simply be explained by 
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differences in crosslink density (where the 4HBA network has the higher crosslink density); 

however, in traditional rubber materials these trends are observed in the regime of 

relatively low crosslink densities. In the regime of high crosslink densities, it is expected 

that as the crosslink density increases, the modulus would increase, but the tensile strength 

and toughness would decrease.  

We also consider the effect of the molecular structure of the phenolic acid on the 

tensile properties of the networks. When the material is macroscopically deformed, the 

strands within the network undergo microscopic changes which include alignment, rotation, 

displacement, bond rotation, and bond stretching, and the stress may become localized, 

particularly in the presence of a heterogeneous network.128 The ultimate macroscopic 

rupture of the material at high elongations originates with the breaking of individual 

bonds.129, 130 A microscopic view of the three phenolic acid-based networks shows 

important distinctions between them (Figure 3.3). In the 4HBA network, phenolic rings are 

aligned directly within the strand. In contrast, in the SA and 3HBA networks, the placement 

of the phenolic network is offset from the strand. Here we can conclude that both meta and 

ortho placements are less favorable arrangements of functional groups as compared to the 

para placement. We hypothesize that the relative placement of the bonds along the 

phenolic ring (i.e. ortho vs. meta vs. para position) may lead to differences observed in the 

mechanical behavior of the networks, such as the higher modulus and elongation at break 

observed in the 4HBA network. 
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Figure 3.3: Diagram of expected forces exerted on an individual phenolic ring in a strand 
within the network that is aligned with the direction of applied force.  

We now examine the stress-strain behavior of these networks with respect to the 

ideal elastomer model, described by:118 

  ,    (Equation 7) 

where  is the stretch ratio (=1+, where  is the strain) and E is the tensile modulus 

(Young’s modulus). Figure 3.4b shows a plot of the tensile data, formatted to highlight 

consistency with the ideal elastomer model. The tensile behavior of the SA and 3HBA 

network was consistent with the ideal elastomer model for the entire range of strains that 

were examined; the samples fractured at a strain of 0.250 ± 0.022 and 0.204 ± 0.021. The 

4HBA network exhibited ideal behavior up to a strain of 0.202 ± 0.008, and became non-

ideal at higher strain values. 

The ideal elastomer model makes the following assumptions regarding the structure 

of the network:118, 131 1) all elastic chains in the network have the same length, 2) all 

crosslink junctions have the same functionality, 3) the network is homogeneous, and 4) 

each effective elastic chain obeys Gaussian statistics. Network imperfections such as 

dangling ends, loops, trapped entanglements, and other inhomogeneities are not accounted 

for in the ideal network model.123, 132 In step-growth reactions such as in the formation of 

thiol-ene networks, the first two assumptions are likely valid, as the network is produced 

through the reaction of two complementary types of multifunctional molecules (where the 

functionality of each type of molecule is held constant). As discussed previously, the 
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narrowness of the glass transition implies the networks are relatively homogeneous (i.e. 

Table 3.2). We will now evaluate the network for the presence of defects and non-Gaussian 

strand conformations, which would lead to non-ideal behavior.  

 

Figure 3.4: (a) Representative data showing tensile stress () as a function of strain (); (b) 
tensile data plotted to highlight consistency with the ideal elastomer model; and 
(c) tensile data plotted in the Mooney-Rivlin format.132 

A Mooney-Rivlin plot is a convenient method of identifying non-ideal behavior in 

networks:133, 134 
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where C1 and C2 are empirical constants. In the case of an ideal network, C2 is equal to 0. 

The tensile data can be replotted in the Mooney-Rivlin format, as shown in Figure 3.4c. 

Over the full range of strain values examined, the SA and 3HBA network behavior was 

consistent with the ideal network model, in which C2 = -0.07 ± 0.32 for SA network and 

C2 = 0.12 ± 0.18 for SA network. At low to moderate strain values ( < 0.202 ± 0.008 and 

1/ > 0.832), the behavior of the 4HBA network was also consistent with the ideal network 

model (C2 = -0.35 ± 0.34), and at high strain values ( > 0.202 and 1/ < 0.832), the 4HBA 

network became non-Gaussian and deviated from the ideal network model (C2 = -5.05  

0.13).132, 135 Agreement with the ideal network model is typically only observed for 

traditional networks in their highly swollen states;136 such behavior in the non-swollen state 

is further evidence of the high degree of homogeneity and lack of defects in these thiol-ene 

systems.137, 138 

3.3 Concluding Remarks 

This chapter discussed thermal, mechanical and structural properties of thiol-ene 

network derived from mono-hydroxybenzoic acids, including the glass transition 

temperature, plateau modulus, corresponding crosslink density, tensile modulus, tensile 

strength, and elongation. All the properties above exhibited the same trend: para > ortho > 

meta. The networks derived from difunctional allylated phenolic acids exhibited narrow 

glass transitions (indicating a high degree of network homogeneity), and glass transition 

temperatures (Tg) which correlated with their crosslink density. The para placement of 

allyl groups on the allylated phenolic acid produced a network with the highest crosslink 

density, Tg, modulus, tensile strength, and elongation at break (followed by ortho and then 

meta). These variations in thermal and mechanical behavior were attributed to differences 
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in the crosslink densities of the networks as well as microscopic changes in the network 

upon deformation, which are likely impacted by the placement of functional groups around 

the aromatic ring. At the low to moderate strain, they behaved consistent with ideal elastic 

model. At high strain, para-HBA thiol-ene networks exhibited non-ideal behavior. 

Meanwhile, meta-HBA and ortho-HBA broke at lower strain and did not deviate from the 

ideal elastomer model.  
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4 Chapter 4 Effect of Monomer Functionality on Thiol-Ene Networks Derived 

From Phenolic Acids 

4.1 Introduction 

The synthesis of thiol-ene networks are described in Chapter 2. Thiol-ene networks 

were prepared through the photoinitiated reaction of allylated phenolic acids and a 

multifunctional thiol. A total of five phenolic acids were investigated: salicylic acid (SA or 

ortho-HBA), 3-hydroxybenzoic acid (3HBA or meta-HBA), 4-hydroxybenzoic acid 

(4HBA or para-HBA), gentisic acid (GenA), and gallic acid (GalA). Thiol-ene networks 

derived from difunctional allylated phenolic acids (SA, 3HBA, and 4HBA) were 

previously described in Chapter 2. Here, the properties of thiol-ene networks from 

multifunctional phenolic acids, GenA and GalA, containing 3 and 4 functional groups, 

respectively, are explored. Additionally, the effect of the number of functional groups on 

the phenolic acid (ranging from 2-4) on the properties of the thiol-ene networks is 

investigated.  

Synthetic conditions were developed to prepare thiol-ene networks with high yield 

and conversion. The thermal and mechanical behavior of the thiol-ene networks was 

investigated. This work develops fundamental relationships between number of functional 

groups on the allylated phenolic acid and the physical properties of the thiol-ene networks.  

4.2 Results and Discussion 

4.2.1 Thermal Characterization 

The glass transition temperatures (Tg) of thiol-ene networks (prepared following 

the protocol in Table 2.3) were explored through differential scanning calorimetry (DSC). 

The Tg values measured upon the first and second heating scans were comparable to one 
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another, within the error of the measurement. The average and standard deviation values 

obtained during the first heating scan are provided in Figure 4.3a and Figure 4.4. The Tg’s 

of all networks were lower than room temperature, as is typically observed in thiol-ene 

networks, which contain flexible thioether linkages.114 We examine the effect of increasing 

the functionality of the allylated phenolic acid on the network Tg. The GenA and GalA 

networks, derived from the allylated phenolic acids with the highest functionalities, 

exhibited high crosslink densities (comparable to the 4HBA network), yet low Tg values 

(comparable to the 3HBA network). However, these networks were all prepared at 

stoichiometric compositions (i.e., equal concentrations of allyl and thiol groups). As the 

functionality of the allylated phenolic acid increased, the molar concentration of allylated 

phenolic acid used to prepare the network (required for stoichiometric balance with the 

multifunctional thiol PETMP) thus decreased. We hypothesize that the presence of the 

aromatic rings on the allylated phenolic acids increase the glass transition of the networks. 

Thus, decreasing the molar concentration of aromatic rings throughout the network 

(through decreasing the concentration of allylated monomer) resulted in reduction of the 

Tg. 

4.2.2 Network Structure and Homogeneity 

The storage (E’) and loss (E”) moduli were probed as a function of strain (using 

frequency = 1 Hz) at selected temperatures. A strain in the linear viscoelastic region was 

chosen at each temperature and used to examine the frequency-dependence of E’ and E”. 

Time-temperature superposition was applied to the frequency-dependent E’ and E”. 

Reduced moduli (E’r and E”r) were first obtained by multiplying each modulus by a vertical 

shift factor, bT, following Equation 6, Equation 7 and Equation 8.115, 116 The reference 
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temperature, To, was taken to be 30 °C. The reduced moduli were then shifted horizontally 

by applying a horizontal shift factor, a , at each temperature following Equation 4. At each 

temperature, a  was identified as that required to produce a smooth and continuous master 

curve. The master curves containing the shifted data are shown in Figure 3.1a and Figure 

3.1b.  

 

Figure 4.1: Master curves for the reduced (a) storage modulus (E’r) and (b) loss modulus 
(E”r) of thiol-ene networks derived from GenA (dark blue ■) and GalA (red 
●). Reference temperature for time-temperature superposition was 30 °C. 

The Williams–Landel–Ferry (WLF) equation is well-established for describing the 

temperature-dependence of a  for polymers at temperatures above or in the vicinity of the 

Tg (Equation 5).117  

The WLF equation fit to the shift factor as a function of temperature is shown in 

Figure 3.2. In all networks, the data are consistent with the WLF equation. C1 is an 

empirical parameter, however C2 can be described as C2 = fr / f, where fr is the fractional 

free volume of the material at the reference temperature and f is the coefficient of thermal 

expansion of the free volume (f ~ l - g where l and g are the coefficients of expansion 

of the liquid and glassy states, respectively). Significant differences are observed in the C2 
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values for all five networks, possibly indicating differences in the values of fr and f for 

these materials.  

 

Figure 4.2: Temperature-dependent shift factor, aT, for thiol-ene networks derived from 
allylated GenA (dark blue ■) and GalA (red ●). Curves indicate the fit of the 
WLF equation to the data. 

Table 4.1: Homogeneity of Thiol-Ene Networks Derived from Allylated Phenolic Acidsa 

Phenolic Acid 
fallyl

b Tg Width (°C) from 
DMAc 

Tg Width (°C) from 
DSCd 

SA 2 (o) 9.6 5.8 ± 0.9 
3HBA 2 (m) 10.7 6.1 ± 0.3 
4HBA 2 (p) 10.0 6.3 ± 0.5 
GenA  3 19.4 15.7 ± 0.8 
GalA  4 17.1 14.5 ± 0.9 

aSamples were prepared following the protocol in Table 2.3.  
bfallyl is the functionality (number of allyl groups) of the allylated phenolic acid used to prepare the thiol-ene 
network. o, m and p indicate ortho, meta and para. 
cFull width at half maximum of peak observed in tan  as a function of temperature 
dDifference of the onset and endset temperatures 
 

The crosslink density (c) of each thiol-ene network was calculated from E’ in the 

rubbery plateau region of the plot of E’ vs.  (Figure 3.1a), using the theory of rubber 

elasticity (Equation 5).118 Figure 4.3b shows the resulting average values of the crosslink 

densities for the thiol-ene networks of varying functionality. Upon increasing the 

functionality (number of functional groups, fallyl) to 3 and 4, the crosslink density remained 
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fairly consistent with that of the 4HBA network (compare values of the 4HBA, GenA and 

GalA networks in Figure 4.3b). 

 

Figure 4.3: a) Tg and b) crosslink density (c) of thiol-ene networks derived from allylated 
SA (green ▲), 3HBA (purple ◀), 4HBA (yellow ▼), GenA (dark blue ■) and 
GalA (red ●), where fallyl is number of allyl groups. 

 

Figure 4.4: Glass transition temperature (Tg) of a function of crosslink density (c) of thiol-
ene networks derived from allylated SA (green ▲), 3HBA (purple ◀), 4HBA 
(yellow ▼), GenA (dark blue ■) and GalA (red ●). 

Thiol-ene networks typically exhibit sharp glass transitions, indicating a high 

degree of network homogeneity.19, 21-23 We observed similarly sharp transitions in the DSC 

and DMA data (Table 4.1). This is in contrast with the behavior observed in free radical 

and sulfur crosslinked networks with greater levels of inhomogeneity.121-125 As the 
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functionality of the allylated phenolic acid was increased from 2 (SA, 3HBA and 4HBA) 

to 3 (GenA) and 4 (GalA), the Tg width increased, presumably indicating the formation of 

less homogeneous networks. 

4.2.3 Tensile Behavior and the Ideal Elastomer Model 

Tensile testing was employed to probe the mechanical behavior of the thiol-ene 

networks. Tensile experiments were conducted on multiple specimens for each network 

type (reported in Figure 4.5a); the average values of relevant parameters are shown in Table 

S11. The data in Figure 4.5a were fit to the ideal elastomer (affine network) model, 

described by Equation 6.118 Figure 4.5b shows a plot of the tensile data, formatted to 

highlight consistency with the ideal elastomer model. The data are consistent with the ideal 

elastomer model and low to moderate strains for all five types of thiol-ene networks. At 

higher strains, in the vicinity of the elongation at break, some of the networks (4HBA, 

GenA, and GalA) exhibited a positive deviation from the ideal network model (at a given 

strain, stress was higher than predicted).  

 A Mooney-Rivlin plot is traditionally used to identify non-ideal behavior in 

networks. The Mooney-Rivlin model is defined in Equation 7.133, 134 In the case of an ideal 

network, C2 is equal to 0. The tensile data are plotted in the Mooney-Rivlin format, as 

shown in Figure 4.5c. The networks (4HBA, GalA and GenA) were consistent with the 

ideal elastomer model (and C2 was close to 0) at low to moderate strains. As the strain was 

increased, the Mooney-Rivlin plots for the 4HBA, GalA and GenA networks exhibited a 

positive slope (and positive value of C2 reported in Table S12). Networks traditionally 

exhibit strain softening at low to moderate strains, observed as a negative slope in the 

Mooney-Rivlin plot, attributed to trapped entanglements and described by models which 
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account for topological constraints.139-141 The tensile behavior of the thiol-ene networks 

examined here is not consistent with trapped entanglements, but is similar to that reported 

previously for spatially homogenous gels137, 138 and end-linked poly(dimethylsiloxane) 

networks.142 At higher strain values, the deviations from the ideal network model observed 

in Figure 4.5 for the 4HBA, GalA, and GenA networks (showing a positive slope in Figure 

4.5c) are indicative of strain hardening of the networks. Strain hardening is usually 

observed under two conditions: 1) strain-induced crystallization of the network143 or 2) 

deviation from Gaussian strand conformations in the network144 (both typically observed 

at much higher strain values than were achieved in Figure 4.5).  

 

Figure 4.5: (a) Representative data showing tensile stress () as a function of strain (); (b) 
tensile data plotted to highlight consistency with the ideal elastomer model; and 
(c) tensile data plotted in the Mooney-Rivlin format.  
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The ideal elastomer model (of an affine network) makes the following assumptions 

regarding the structure of the network: all elastic chains in the network have the same 

length, all crosslink junctions have the same functionality, the network is homogeneous, 

and each effective elastic chain obeys Gaussian statistics.118, 131Thiol-ene chemistry 

traditionally results in networks of high conversion of functional groups (in the range of 

85-95% in our study; Tables S1-S5) and sharp glass transitions (Table 4.1), generally taken 

to be an indication of the high degree of homogeneity of the network. The agreement with 

the ideal elastomer model (and fit with the Mooney-Rivlin equation with C2 close to 0) 

implies a lack of heterogeneities such as dangling ends and trapped entanglements in these 

networks.123, 132  

Table 4.2: Experimental Crosslink Density and Molecular Weight Between Crosslinksa 

Allylated 
phenolic acid 

E’ in rubbery plateau 
(MPa)b 

c ( x 10-3 

mol/cm3)c 
Mc (g/mol)d 

aSA 8.46 ± 0.91 1.12 ± 0.12 1102 ± 131 
a3HBA 7.91 ± 0.73 1.05 ± 0.10 1170 ± 109 
a4HBA 10.5 ± 0.9 1.39 ± 0.12 882 ± 77 
aGenA 11.2 ± 0.9 1.49 ± 0.12 825 ± 64 
aGalA 11.3 ± 1.4 1.49 ± 0.19 828 ± 99 

a Samples were prepared following the protocol in Table 2.3.  
b Reduced storage modulus in rubbery plateau (DMA) at reference temperature 30 °C ( = 1 Hz). 
c υc was calculated using Eqn. 6.  All data and calculations are shown in Appendix D 
dMolecular weight between crosslinks (Mc), was calculated using E’ in the rubbery plateau (Mc = 
 / υc).  The values of mass densities used in these calculations () were measured for the thiol-ene 
networks and reported in section 2.11. 
 

However, there is one important inconsistency observed in fitting the model to the 

data. The molecular weight between crosslinks (Mc) can be readily calculated from the 

crosslink density (Mc =  / υc) (in the range of 800-1,100 g/mol, Table 4.2). If we consider 

a perfect network (without any defects), then we can calculate the molecular weight 

between junctions in the network using the chemical structure of the network (in the range 
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of 200-500 g/mol, Figure 4.6 and Table 4.3). The experimental Mc is significantly higher 

than the predicted Mc for all networks (differing by factors of two and four for networks 

derived from difunctional [SA, 3HBA, 4HBA] and multifunctional [GenA, GalA] allylated 

phenolic acids, respectively). We hypothesize that primary loop formation145-147 may be 

significant in these networks, thereby increasing Mc and lowering the modulus. 

Table 4.3 Theoretical Crosslink Density and Molecular Weight Between Crosslinks 

 Allylated 
phenolic 

acid 
Mc (g/mol)a c ( x 10-3 

mol/cm3)c 

Mc 
(g/mol) 
averageb 

c ( x 10-3 

mol/cm3) 
averagec 

Assuming 
100% 

Conversion of 
Functional 

Groups 

aSA 456 2.68 456 2.68 
a3HBA 456 2.68 456 2.68 
a4HBA 456 2.68 456 2.68 
aGenA 176 / 204 6.93/5.98 185 6.61 
aGalA 176 / 204 6.93/5.98 183 6.69 

Accounting 
for Measured 
Conversion of 

Functional 
Groupsd 

aSA 456 2.68 456 2.68 
a3HBA 456 2.68 456 2.68 
a4HBA 456 2.68 456 2.68 
aGenA 176 / 204 / 512 6.93/5.98/2.38 225 6.11 
aGalA 176 / 204 6.93/5.98 183 6.69 

aThe theoretical Mc was calculated considering a perfect network (without any defects) and using 
the chemical structures of the allylated phenolic acids and multifunctional thiol. Details are 
shown below in Figure 4.6. 
bIn the case of multiple values of Mc that are calculated theoretically, an average is reported here.  
100% conversion: 
For GenA: Average Mc = (1/3)(204)+(2/3)(176) = 185 g/mol 
For GalA: Average Mc = (1/4)(204)+(3/4)(176) = 183 g/mol 
Accounting for measured reaction conversion (more details included below Figure 4.6): 
For GenA (88% conversion): Average Mc = (0.88)(1/3)(204)+(0.8)(2/3)(176)+(0.12)(512) = 225 
g/mol 
c υc is calculated from the theoretical Mc (υc =  / Mc).  The values of mass densities used in these 
calculations () were measured for the thiol-ene networks and reported in section 2.11.  
d The experimentally measured conversions for each network type were considered in these 
calculations.  More details are provided below Figure 4.6. 
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Figure 4.6: Theoretical Mc Calculations: 

 

 
 
Figure 4.6i: Photoinitated thiol-ene reaction between allylated 4HBA and the tetra-

functional thiol PETMP. The other difunctional allylated phenolic acids (SA, 
3HBA) undergo comparable reactions. 

 

 
 

Figure 4.6ii: Chemical structures of a) junctions and b) strands in 4HBA thiol-ene 
networks. The molecular weight of a strand is 456 g/mol. 

 

 
Figure 4.6iii: Photoinitated thiol-ene reaction between allylated GenA and the tetra-

functional thiol PETMP. 
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Figure 4.6iv: Chemical structures of a) b) junctions and c) d) strands in GenA thiol-ene 
networks. The molecular weights of strands are 176 or 204 g/mol. 

 

 
 
Figure 4.6v: Photoinitated thiol-ene reaction between allylated GalA and the tetra-

functional thiol PETMP. 
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Figure 4.6vi: Chemical structures of i) ii) junctions and iii) iv) strands in GalA thiol-ene 
networks. The molecular weights of strands are 176 or 204 g/mol. 

 

 
 

Figure 4.6vii: Chemical structures of strands in aGenA thiol-ene networks which are not 
fully reacted (i.e. one unreacted allyl group). The molecular weight of the strand is now 
512 g/mol. 
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The tensile properties of the thiol-ene networks were characterized using 

measurements conducted on multiple test bars prepared from multiple independently 

prepared specimens (Figure 4.7). In the case of networks derived from multifunctional 

phenolic acids (GenA and GalA), the high tensile modulus and low elongation at break and 

toughness may be attributed to two factors: the high crosslink density (Figure 4.3b and 

Figure 4.8) and increased heterogeneity (evidenced by the higher glass transition width in 

Table 4.1) of the networks. 

 

Figure 4.7: (a) Tensile strength, (b) tensile modulus, (c) % elongation at break and (d) 
toughness for as-prepared thiol-ene networks derived from phenolic acid. fallyl 
is defined as the number of allyl groups per allylated phenolic acid.  
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Figure 4.8: Mechanical properties of a function of crosslink density (c) of thiol-ene 
networks derived from allylated SA (green ▲), 3HBA (purple ◀), 4HBA 
(yellow ▼), GenA (dark blue ■) and GalA (red ●). 

4.3 Concluding Remarks 

Biobased phenolic acids (found in plant sources) were allylated and subsequently 

reacted with a multifunctional thiol (in a photoinitiated reaction) to form networks. As the 

functionality of the allylated monomer increased (to 3-4 allyl groups per molecule), the 

crosslink density remained high yet the Tg decreased, attributed to a lower concentration 

of aromatic rings throughout the network structure (as all networks were prepared at the 

stoichiometric ratio of allyl and thiol functional groups). The networks derived from the 

higher functionality allylated phenolic acids also exhibited lower elongation at break and 
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associated tensile strength and tensile toughness, likely due to increased heterogeneity of 

the networks (indicated by higher glass transition widths compared to the networks derived 

from difunctional allylated phenolic acids). All networks exhibited behavior consistent 

with an ideal elastomer (affine network) at low to moderate strains, albeit with lower 

moduli than predicted from the monomer chemical structure. At the high end of the strain 

ranges achieved, some of the networks exhibited strain hardening behavior, in which the 

stress at a given strain was higher than that predicted for an ideal elastomer. 
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5 Chapter 5 Hydrolytic Degradation of Epoxy Resins Derived from Soybean Oil 

5.1 Introduction 

The development of renewable energy and material sources is of utmost importance 

due to the finite supply of petroleum and environmental implications of petroleum 

processing. Wind energy offers great potential as a sustainable alternative to petroleum 

energy sources.148 The next generation of wind energy will depend on the design of new 

materials for turbine blades.149 Epoxy resins are dominant materials in the fabrication of 

wind turbine blades, and are found in other applications including protective coatings, 

adhesives, and automotive materials. In a general epoxy resin synthesis, a molecule 

containing epoxide groups reacts with a multi-functional amine to form a network structure. 

Though the cured resin has desirable attributes such as chemical and heat resistance, 

electrical properties, adhesive properties, stiffness, and strength, the network structure 

prevents recycling or reuse of the material once the product has reached its useful lifetime.  

This chapter focuses on the utilization of triglyceride vegetable oils as components 

of epoxy resins. The presence of ester linkages throughout the network structure are 

hypothesized to create epoxy resins which are degradable or recyclable. Triglyceride 

vegetable oils are an attractive alternative hydrocarbon source for polymers.150-153 

Triglyceride molecules contain varying numbers of carbon-carbon double bonds, allowing 

for functionalization through epoxidation, acrylation, maleination, and etc.153 The 

functionalized oils can subsequently be polymerized through many techniques, including 

ring-opening polymerization,154 urethane chemistry,155 and free radical polymerization.156-

158 Degradation or re-processing of conventional petroleum-derived epoxy resins is 

prevented by the network structure. The triglyceride structure of a vegetable oil contains 
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ester linkages, which can be degraded through hydrolysis and enzymatic and bacterial 

degradation,16 potentially opening up new routes for recycling or reuse of the materials 

after the product’s useful lifetime. 

The development of epoxy resins containing epoxidized triglyceride oils has been 

a recent focus in the literature.37-59 The triglyceride-containing epoxy networks exhibit a 

higher fracture toughness and impact strength, with a corresponding decrease in the glass 

transition temperature, due to a decrease in the crosslink density and increase in chain 

flexibility.37-45, 48, 50, 51 in general, triglyceride oil-based epoxy resins require higher curing 

temperatures than conventional diglycidyl ether of bisphenol A(DGEBA)-based epoxy 

resins.47, 49 in addition, the morphology of epoxy resins containing epoxidized triglyceride 

oils has been examined. In general, the diglycidyl ether of bisphenol A (DGEBA) and 

epoxidized soybean oil (ESO; or other epoxidized triglyceride oils) are miscible prior to 

the crosslinking reaction.37, 42 In some studies, the final resin was reported to be completely 

miscible, even post-cross-linking, and no phase separation was observed.37, 42 In other cases, 

the DGEBA/triglyceride oil mixture was miscible initially, but underwent macroscopic 

phase separation during the cross-linking process as the polymer molecular weight 

increased.44, 51 The inequality in the reactivity of the amine towards DGEBA, and the 

triglyceride oil can also lead to macrophase separation.43, 44 

  Few studies in the literature have characterized the hydrolytic degradation of epoxy 

resins containing vegetable-oil-derived components. One notable study characterized the 

biodegradability of various types of polymers synthesized from vegetable oils, using 

respirometry experiments in a soil medium.16 Many of the polymerized oils were 
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biodegradable, similar to the neat oil.  However, under the conditions used the amine-cured 

epoxy resins containing soybean oil showed similar CO2 levels to the soil alone.16  

Chapter 2 discusses the synthesis of ESO-based epoxy resins. All epoxy resins 

contained a ratio of epoxide-bearing molecules (DGEBA and ESO) to amine-bearing 

molecules (MDA) of 100 : 30 (by weight). The total epoxide content is a mixture of 

DGEBA and ESO. Throughout this study, the concentration of ESO in the epoxy resin will 

be reported as a percentage of the total epoxide content (DGEBA + ESO), by weight.  The 

ratio of 100 : 30 was chosen as it corresponds to a stoichiometrically balanced molar ratio 

of 0.97 epoxide groups to one active hydrogen atom (on a primary amine group) for a 

mixture of MDA and DGEBA. For a mixture of ESO and MDA, there are 0.76 epoxide 

groups to one active hydrogen atom (based upon the NMR characterization of ESO which 

indicated the presence of an average of 4.27 epoxide groups per triglyceride molecule). 

Therefore, there is excess amine present in the samples containing ESO 

In this chapter, basic NaOH solutions (3 and 10 wt%) were used to accelerate the 

degradation process, highlighting differences between polymers of varying soybean oil 

content. This study is the first to observe significant differences in the degradability of 

epoxy resins with varying oil content. The degradability of epoxy resins containing 

DGEBA, ESO, and a multifunctional amine, methylene dianiline (MDA) was probed 

through measuring the sample mass over time in the NaOH solution. In addition, the curing 

reaction was monitored through differential scanning calorimetry (DSC). The glass 

transition temperature and thermal degradation properties were also characterized through 

DSC and thermogravimetric analysis (TGA).  
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5.2 Results and Discussion 

5.2.1 Dynamic DSC analysis of the curing kinetics 

The curing reaction was monitored through in situ DSC, using a dynamic 

temperature scan. Previous studies have established that the curing of ESO occurs at higher 

temperatures than that of neat DGEBA.47, 49 The curing reactions were monitored for epoxy 

resins with varying ESO content, in order to inform the choice of curing temperature 

utilized to prepare the polymers for characterization of degradation and thermal properties. 

The heat flow was measured as a function of temperature, at a heating rate of 10 C/min 

(as the sample was heated from 50 to 360 C), as shown in Figure 5.1a. The fraction of the 

total area under the curve was determined as a function of temperature, and the reaction 

conversion was calculated following Equation 9. Polymers containing both DGEBA and 

ESO exhibited two exothermic peaks during the curing process. For these samples, the total 

area (under both peaks) was utilized for calculation of the reaction conversion. The 

conversion as a function of temperature is plotted in Figure 5.1b for polymers with varying 

ESO content (the % ESO is reported relative to the total epoxide content in the polymer). 

Through comparison of the curves for polymers containing 0% and 100% ESO, it is clear 

that the reaction between ESO and MDA requires a significantly higher reaction 

temperature than the reaction between DGEBA and MDA. The temperature required for 

50% conversion increases significantly at high ESO contents (80-100 wt%). 

total

T

H

H
Conversion




 ,                                     (Equation 9) 

where Htotal = the total heat flow during the temperature scan (area under the exothermic 

peak), HT = the area under the exothermic peak in the temperature range of room 

temperature to temperature T.  Note that the values of Htotal used in calculating the 
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conversion were based on the temperature scans conducted at a rate of 10 C/min. There 

are potential sources of deviation in these values from the theoretical heat of reaction due 

to the choice of heating rate, presence of excess amine in the samples containing ESO and 

inability to heat the samples to temperatures well above the location of the peak (the upper 

temperature limit of 360 C was chosen to avoid degradation of the sample, based on TGA 

data).  

 

Figure 5.1: (a) Heat flow as a function of temperature for epoxy resins containing varying 
ESO content. (b) reaction conversion determined from the fraction of the total 
integral of the DSC exothermic peak as a function of temperature.  

 
5.2.2 Glass transition temperatures of epoxy resins with varying ESO contents 

DSC was utilized to determine the glass transition temperature (Tg) of the epoxy 

resins as a function of ESO content and curing protocol, as summarized in Table 2.4. 

Increasing the ESO content in the epoxy resin has a dramatic effect on the Tg, as the Tg 

decreased with increasing ESO content.  Polymers containing 0-40 wt% ESO exhibited a 

slight increase in the Tg during the second heating ramp relative to the first, which could 

be attributed to the presence of additional curing during the first heating ramp, or enthalpic 

relaxation of the polymer. Subsequent heating ramps after the second ramp showed no 

further changes in the Tg.  
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The Tg of the polymers with 60-100 wt% ESO are reported in Table 5.1 for curing 

Protocols B1 – B4 (the protocols are described in Table 2.4). Polymers containing 60-100 

wt% ESO exhibited an increase in the Tg as the time of the curing step at 198 C was 

increased (comparing Protocols B1 – B4 in Table 5.1), indicating incomplete curing at 

shorter curing times. After 9 h of curing at 198 C (following Protocol B2), no further 

change was observed in the Tg for polymers with 60 and 80 wt% ESO. In contrast, polymers 

with 100 wt% ESO continued to exhibit an increase in the Tg upon subsequent curing 

(compare Protocols B1 – B4 in Table 5.1). Tg values were measured on distinct specimens 

for many of the reaction conditions; error bars are included in Table 5.1 in the case of 

multiple measurements. In most cases multiple measurements under the same reaction 

conditions resulted in reproducible Tg values, with a standard deviation of 1-2 C. Polymers 

with 100 wt% ESO were the exception, as a larger degree of variation in the measurements 

was observed (i.e. the standard deviation was as high as 5 C for intermediate levels of 

curing).    

The behavior of the polymers with 60 wt% ESO was distinct compared to all of the 

other polymers. Using a conventional DSC measurement, two features were observed in 

the heat flow vs. temperature curve upon the first heating ramp. MDSC was used to 

characterize the reversible and nonreversible heat flow during the first heating ramp, 

indicating that the glass transition is superimposed upon a peak related to the enthalpic 

relaxation of the polymer (observed clearly in the non-reversible heat flow). Further 

evidence for this conclusion is given by comparing conventional DSC data obtained within 

1 day of curing the sample, and after 42 days of aging at room temperature. The longer 

aging time results in a greater enthalpic relaxation peak attributed to the reversal of the 
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aging process.159 Once the polymers are cooled and reheated a second time through the 

transition, a single feature is observed (the Tg).  The glass transition temperatures reported 

in Table 5.1 for the polymers with 60 wt% ESO were that obtained from the MDSC data. 

Polymers with 80-100 wt% ESO did not show a significant change in the Tg when 

comparing the first and subsequent heating ramps during the DSC measurement and 

exhibited only one feature in the conventional DSC data attributed to the Tg. 

Table 5.1: Glass transition temperature (Tg) determined from DSC 

% ESO (relative 
to total epoxide 

content) 

Sample 
preparation 

methoda 

Tg (C), 
first heating ramp 

Tg (C), 
second 

heating ramp 
0 

Protocol A 

162 176 
5 154 161 
10 137 145 
15 133 138 
20 120 129 
40 84 87 

60 
Protocol B1 55 65 
Protocol B2 59 72  2.2 

80 
Protocol B1 25 29 
Protocol B2 40  0.65 39 

100 

Protocol B1 3.3  0.93 3.6  1.4 
Protocol B2 15  4.0 17  4.8 
Protocol B3 21  1.3 21  1.3 
Protocol B4 26  0.30 29  2.7 

Modulated DSC was used to characterize the Tg of polymers containing 60 wt% ESO.  All other polymers 
were characterized with conventional DSC.Standard deviations were determined using measurements from 
multiple specimens. If the error is not reported, the measurement was conducted on a single specimen.  
aCuring protocols are described in Table 2.4 
 
5.2.3 Isothermal DSC analysis of the curing kinetics  

 Achieving complete curing for the polymer with 100 wt% ESO was significantly 

more challenging as compared to polymers with lower ESO contents. For this reason, 

additional experiments were conducted to explore the isothermal curing kinetics of this 

polymer. Initially, an insitu DSC experiment during curing was conducted at 200 C, in 
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which the temperature was held constant at 200 C for 60 min, after which the Tg was 

measured.  This process was repeated until no change in the Tg was observed (Figure 5.2). 

The resulting Tg values are shown in Figure 5.3.  

 

Figure 5.2: Isothermal DSC data obtained during the in-situ curing of an epoxy resin 
containing 100 wt% ESO (relative to total epoxide content in the polymer) at 
200 C.  

 

Figure 5.3: Glass transition temperatures determined from the in-situ DSC curing 
experiment conducted at 200 C. 

 After approximately 16 hours of curing the Tg reached a limiting value of 30 C. 

Subsequently, an in situ isothermal DSC experiment was conducted during curing, holding 

the temperature constant at 200 C over a period of 17 hours. The final Tg of this sample 



73 
 

was 29 C. The results of these experiments indicate that the degree of variability observed 

in the Tg measured for polymers containing 100 wt% ESO (Table 5.1) is likely due to 

variability in the degree of curing for each of the samples when shorter curing times are 

used. Multiple polymers containing 100 wt% ESO were also cured in a convection oven 

for 3 days at 198 C (following Protocol B4), the results of which are reported in Table 5.1, 

achieving a similar Tg value as that in the isothermal DSC experiments (29  2.7 C).  

5.2.4 Thermal degradation behavior 

Thermogravimetric analysis (TGA) was used to monitor the thermal degradation of 

the polymers. TGA data for samples with varying ESO content are shown in Figure 5.4. 

The data included in Figure 5.4 were obtained from samples with the highest degree of 

curing from Table 5.1 (prepared through Protocol A for 0-40 wt% ESO, Protocol B2 for 

60-80 wt% ESO and Protocol B4 for 100 wt% ESO). The weight % as a function of 

temperature is given in Figure 5.4a. The derivative of the weight % as a function of 

temperature is shown in Figure 5.4b. The position(s) of the peak maxima determined from 

the derivative plot are shown in Figure 5.4c. As a comparison, TGA data obtained from the 

epoxy resin components (DGEBA, MDA and ESO) are also shown in Figure 5.4. The TGA 

data obtained from the MDA and DGEBA monomers is attributed to evaporation and 

boiling of the molecules. Polymers containing 0-40 wt% ESO exhibited one peak in the 

derivative weight % (Figure 5.4b and Figure 5.4c). Interestingly, this degradation peak 

(located around 360-380 C) exactly coincides with that of pure unreacted ESO (located at 

374 C). Polymers containing 60-100 wt% ESO exhibited two peaks: one located at around 

360-380 C, similar to the other samples, and a second peak located at a significantly higher 

temperature (around 420-450 C).  
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Figure 5.4: (a) Weight % as a function of temperature (obtained from TGA) for epoxy 
resins containing varying ESO content. b) Derivative of the weight % as a 
function of temperature. c) Position of the peak maxima.  

 
Gupta and coworkers studied the thermal degradation of epoxy resins prepared 

through the curing of ESO with phthalic anhydride.160 Similar to our data, weight loss was 

observed at two separate temperatures, for epoxy resins containing both stoichiometic and 

nonstoichiometic amounts of the functional groups. This was attributed to the presence of 

partially reacted curing agent.160 In our case, there may be unreacted or partially reacted 

MDA present, which is the excess component for polymers containing ESO.  In addition, 

there may be unreacted epoxide groups on ESO or DGEBA molecules if there are trapped 

segments in the network.  
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TGA data were obtained TGA data on epoxy resins containing 60-100 wt% ESO, 

prepared with various curing times (Protocol B1, B2 and B4). The peak locations for all 

curing protocols are shown in Figure 5.4c. Polymers with longer curing times tend to 

exhibit slightly higher degradation temperatures (comparing Protocols B1 and B2 in Figure 

5.4c. In the case of the polymers with 100 wt% ESO, increasing the curing time further in 

Protocol B4 resulted in a slight reduction of the degradation temperature (Figure 5.4c).  

5.2.5 Hydrolytic degradation in a NaOH solution 

The hydrolytic degradation characteristics of the epoxy resins were characterized 

by placing the samples in a NaOH solution (either 3 or 10 wt% NaOH) and monitoring the 

mass of the sample over time. The base solutions were chosen to accelerate the hydrolytic 

degradation process, following literature procedures.18 Polymers containing 0-40 wt% 

ESO (prepared with Protocol A) were monitored in both 3 and 10 wt% NaOH solutions. 

These samples showed little degradation over 72 days (the total time over which they were 

monitored), regardless of the NaOH concentration, as evidenced by the unchanging mass 

of the samples (Figure 5.5). It is worth noting that the polymers containing 0-40 wt% ESO 

were not completely cured, as evidenced by the change in the Tg during the first and second 

heating ramps of the DSC measurement, yet still exhibited little measureable mass loss.   

In contrast, the polymers containing 60-100 wt% ESO rapidly degraded in the 3 wt% 

NaOH solution. Figure 5.5 illustrates the mass fraction of the polymers with 60-100 wt% 

ESO as a function of time in the 3 wt% NaOH solution. The degradation experiments were 

conducted on polymers prepared through Protocols B1 and B2. As there is a larger degree 

of variation in the Tg’s for the samples containing 100 wt% ESO, the Tg values for the 

samples measured in the degradation experiments are indicated in the caption to Figure 5.5. 
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Both 80 and 100 wt% ESO polymers fully degraded within two weeks in the 3 wt% NaOH 

solution. The polymers with 60 wt% ESO exhibited an initial loss of mass during the 

degradation experiment. After loss of approximately 40-50% of the sample mass, no 

further loss was observed (measured up to 22 days as indicated in Figure 5.5 of the 

Supporting Information). This is consistent with the conclusion that only the strands in the 

networks containing ESO molecules are degradable, and strands containing only DGEBA 

and MDA molecules will not be degradable.  In general, the degradation rate is highly 

dependent on the concentration of ESO in the sample, yet appears unaffected by the curing 

protocol used (B1 vs. B2) and resulting degree of curing and Tg of the resin (Figure 5.5).    

In summary, there appears to be significant differences between polymers with 0-

40 wt% ESO, which exhibited little degradation, in both the 3 and 10 wt% NaOH solutions, 

and the polymers with 60-100 wt% ESO, which exhibited significant degradation within a 

two-week period in the 3 wt% NaOH solution. The polymers with 60 wt% ESO are only 

partially degradable.  

 

Figure 5.5: Fraction of mass remaining as a function of time in a 3 wt% NaOH solution at 
80 C. The same data are shown in the left and right figures, over different time 
ranges.  
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5.3 Concluding Remarks 

Epoxy resins were prepared containing varying concentrations of ESO. The thermal 

degradation properties and glass transition temperature were found to be highly dependent 

on the ESO content in the polymer. Polymers with large ESO contents (60-100 wt%) 

exhibited a higher thermal degradation temperature than polymers with lower ESO 

contents (0-40 wt%). In addition, the glass transition temperature significantly decreased, 

as the ESO concentration was increased. The accelerated hydrolytic degradation of the 

polymers was observed through mass loss experiments in a NaOH solution. Polymers 

containing 0-40 wt% ESO exhibited little measurable mass loss (in both 3 and 10 wt% 

NaOH solutions) over 72 days (the total experimental time). In stark contrast, polymers 

with 60-100 wt% exhibited significant mass loss in a 3 wt% NaOH solution within two 

weeks. 
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6 Chapter 6 Thermal and Mechanical Properties of Epoxy Resins derived from 

Phenolic Acids 

6.1 Introduction 

Plant-derived phenolic acids are an attractive substitute for petroleum sources for 

the derivation of polymers, due to their rigid aromatic rings and chemical groups amenable 

to functionalization. Difunctional phenolic acids were investigated as replacements for the 

diglycidyl ether of bisphenol A (DGEBA) in anhydride-cured epoxy resins. 

Functionalization of each phenolic acid was carried out through allylation, followed by 

epoxidization. Epoxy resins were synthesized containing epoxidized salicylic acid (ESA) 

and epoxidized 4-hydroxybenzoic acid (E4HBA), cured with methylhexahydrophthalic 

anhydride (MHHPA) and 1-methyl-imidazole (1-MI) catalyst. The curing reaction with 

various curing agents was monitored with in situ differential scanning calorimetry. A two-

step protocol was developed to avoid monomer evaporation and polymer vitrification 

during curing. The physical properties of these biorenewable epoxy resins are 

benchmarked to that of a conventional DGEBA-based epoxy resin. This work explores 

strategies for developing sustainable epoxy resins with thermal and mechanical behaviors 

that are competitive to traditional materials.   

6.2 Results and Discussion 

6.2.1 Selection of Curing Agent for Epoxidized Phenolic Acids 

The curing reactions between DGEBA, ESA and E4HBA and various curing agents 

were monitored through in situ DSC, using a dynamic temperature scan: the temperature 

was heated from 40 to 200 oC, cooled back to 40 oC, and subsequently heated to 200 oC; 

each step was conducted at a rate of 10 oC/min. The curing reactions between ESA and 
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various curing agents were explored in order to inform the choice of proper curing agent 

(Figure 6.2a): aliphatic amines (DETA, TETA), a cycloaliphatic amine (IPDA), an 

aliphatic aromatic amine (MXDA), and anhydrides with catalyst (MHHPA + 3 phr 1-MI, 

NMA + 3 phr Ancamine K54). The ratio of epoxy resin to curing agent was held at the 

stoichiometric ratio of respective functional groups. When ESA was cured with an amine, 

the resin exhibited a relatively low curing temperature (maximum of the exothermic peak 

was below 100 oC), regardless of the choice of amine. By contrast, when ESA was cured 

with anhydride in a catalyzed reaction, the required curing temperature was higher 

(maximum of the exothermic peak was above 100 oC). We note that 200 °C was specified 

as the upper temperature limit of these experiments, to avoid thermal degradation of the 

polymer within the calorimeter. For this reason, not all specimens were fully cured after 

the heating scan (in particular, when the NMA curing agent was used the curve did not 

return to the baseline at high temperatures as shown in Figure 6.2a).The Tg’s of each ESA-

based epoxy resin, cured with various choices of curing agents, were also characterized 

(Table 6.1). The Tg of the ESA-based epoxy resins were systematically lower than that of 

DGEBA-based epoxy resins (cured with the same choices of curing agents). In the case of 

the amine curing agents, the differences in Tg of the two types of epoxy resins (ESA and 

DGEBA-based) were quite large (in the range of 30-50 °C), whereas the anhdride curing 

agents produced epoxy resins with more similar Tg’s (differing by < 20 °C). The MHHPA 

anhydride curing agent (catalyzed by 1-MI) was chosen for subsequent studies due to the 

advantageous high Tg of the ESA epoxy resin (138 °C, compared to 155 °C for the 

DBEGA-based epoxy resin cured with the same curing agent). A comparison of the DSC 

data obtained during curing of ESA, E4HBA, and DGEBA with MHHPA (catalyzed by 1-
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MI) is shown in Figure 6.2b; the ESA and E4HBA-based epoxy resins exhibited 

comparable Tg’s (138 and 140 °C, respectively).  

 

Figure 6.1 Chemical structures of curing agents used in this study. 
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Figure 6.2: a) In-situ DSC data of ESA cured with: MXDA (1), TETA (2), DETA (3), 

IPDA (4), MHHPA (5), NMA (6). b) cured with MHHPA (+ 3 phr 1-MI): 
DGEBA (dotted curve), ESA (solid curve), E4HBA (dashed curve).  

Table 6.1: Glass Transition Temperatures (Tg, oC) of Epoxy Resins Derived from 
Phenolic Acids Using Various Curing Agentsa 

Epoxy 
Monomer 

TETA DETA MXDA IPDA MHHPAb NMAc 

DGEBA 118 137 119 156 155 99 
ESA (E4HBA) 81 86 90 112 138 (140) 96 

a samples were cured using in situ DSC dynamic temperature scan from 40 to 200 oC at a 
rate of 10 oC /min. 
bcatalyzed by 3 phr 1-MI 
ccatalyzed by 3 phr Ancamine K54 
 
6.2.2 Optimization of Curing Protocol for Anhydride-Cured Epoxidized Phenolic Acids 

The epoxy resins were cured through a two-stage process in which a lower 

temperature stage was first employed to cure the resin without significant loss of monomer, 
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and a second, higher temperature stage was then used to achieve high conversion of 

monomer. The potential evaporation of monomer was monitored with TGA during the first 

(lower temperature) curing stage (Figure 6.3a). The onset monomer evaporation 

temperatures were observed to be 90.1 and 96.5 oC for the ESA-based and E4HBA-based 

epoxy resins, respectively. To avoid significant monomer evaporation, 70 oC was choosen 

as the temperature of the first step in the curing protocol. The reactant mixture for both 

ESA-based and E4HBA-based epoxy resins was cured in a convection oven at 70 oC for 

various time periods until solidification (gelation) was observed visually. The ESA-based 

and E4HBA-based epoxy resins solidified after 1.5 and 2 h, respectively, at 70 oC. The first 

stage in the curing protocol was therefore specified as 70 oC for 2 h.  

To avoid vitrification and achieve high conversion, a curing temperature higher 

than the Tg of the final epoxy networks is required. The second curing stage was therefore 

selected to occur at 170 oC, well above the Tg’s observed in the in situ DSC experiments 

(Figure 6.2 and Table 6.1). The three types of epoxy resins (ESA, E4HBA and DGEBA) 

were cured at 70 oC in the convection oven, and then were subsequently cured at 170 oC in 

the convection oven for various time periods ranging from 1-5 h. The Tg of each resin was 

monitored as a function of the second stage (170 oC) curing time (Figure 6.3b). The Tg’s 

showed little change after the first hour of curing at 170 oC, and therefore 2 h was chosen. 

The final curing protocol was therefore selected to be: 2 h isothermal curing at 70 oC (first 

stage), followed by 2 h isothermal curing at 170 oC (second stage). The synthetic scheme 

for the curing of ESA and E4HBA using MHHPA is shown in Scheme 6.1.  
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Figure 6.3: a) TGA of epoxy resins containing ESA (dark curve) and E4HBA (red curve). 
b) Tg as a function of post-curing time at 170 oC (following pre-curing for 2 h 
at 70 oC) for ESA (dark blue ●),  E4HBA (red ▲) and DGEBA (green □).  

FTIR was used to monitor the curing reactions between MHHPA and ESA, E4HBA, 

and DGEBA (Figure 6.4). Spectra were obtained following 1 and 2 h of curing at 70 °C 

(the temperature of the first stage in our curing protocol), which showed a systematic 

decrease (yet not disappearance) in intensities of peaks associated with anhydride groups 

(1857 and 1787 cm-1, anhydride C=O stretching;161 1007-900 cm-1, anhydride C-O and C-

O-C stretching;161, 162  as well as a systematic decrease in intensities of peaks associated 

with epoxide groups (915 cm-1, epoxide C-O stretching and 845 cm-1, epoxide C-O-C 

stretching161, 163, 164). Similarly, systematic increases in intensities of peaks associated with 

formation of the epoxy network were observed (1210 – 1036 cm-1, ester C-O and ether C-

O stretching; 1736 cm-1, ester C=O stretching). Upon heating the sample at 170 °C (the 
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second stage in our curing protocol), the peaks associated with anhydride and epoxide 

groups drastically reduced after 1 h, showing high conversion of fucntional groups (in the 

range of 96-100%, Table 6.2). Increasing the curing time to 2 and 3 h had little impact on 

the conversion of functional groups(Table 6.2).  

 

 
Scheme 6.1: Synthesis of epoxy resins through curing of a) ESA, b) E4HBA and c) 

DGEBA with MHHPA (catalyzed by 3 phr 1-MI). 

Table 6.2: Conversion of Epoxy Resins Quantified through FTIRa 

Curing 
Time (h)b  
at 70 °C / 
170 °C 

ESA E4HBA DGEBA 

1857 cm-1 1787 cm-1 1857 cm-1 1787 cm-1 1857 cm-1 1787 cm-1 

1 / 0 28 ± 3% 26 ± 2% 36 ± 3% 34 ± 2% 29 ± 2% 29 ± 1% 
2 / 0 44 ± 3% 40 ± 2% 55 ± 3% 53 ± 2% 43 ± 2% 40 ± 1% 
2 / 1 94 ± 3% 90 ± 2% 97 ± 3% 96 ± 2% 99.5 ± 0.8% 97 ± 1% 
2 / 2 96 ± 3% 93 ± 2% 97 ± 3% 97 ± 2% 100c 97 ± 1% 
2 / 3 96 ± 3% 94 ± 2% 97 ± 3% 97 ± 2% 100c 97 ± 1% 

a Error bars represent error on analysis of conversion from FTIR peak areas.  
b Samples were cured in the convection oven.  
c Peak could not be detected. 



85 
 

 

 

 

Figure 6.4: FTIR data for (a) ESA, (b) E4HBA and (c) DGEBA: before curing (black solid), 
1 h 70 oC (red solid),  2 h 70 oC (blue solid), + 1 h 170 oC (pink dash), + 2 h 
170 oC (green dot) and + 3 h 170 oC (dark blue dash).  
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6.2.3 Characterization of Epoxy Resin Mechanical Properties 

The mechanical properties of the epoxy resins were probed with tensile testing. 

Tensile experiments were conducted on multiple specimens for each network type; the 

average values of relevant parameters are shown in Table 6.3.  

Table 6.3: Tensile Properties of Epoxy Resinsa 

Epoxy 
monomer 

Tensile strength 
(MPa) 

% Elongation at 
break 

Modulus 
(GPa) 

Tensile 
toughness (MPa)

ESA 85 ± 6 5 ± 1 3.0 ± 0.3 3 ± 1 

E4HBA 90 ± 2 8 ± 1 2.9 ± 0.2 5 ± 1 

DGEBA 80 ± 2 8 ± 2 2.5 ± 0.2 5 ± 1 
a Samples were prepared using the following curing protocol: 2 h at 70 oC, followed by 2 h at 170 oC. The 
error of the measurement represents the standard deviation of measurements obtained on multiple test 
specimens. 

 We find that ESA and E4HBA-based epoxy resins are desirable replacements for 

DGEBA-based epoxy resins due to their high moduli (around 3 GPa) and tensile strengths 

(around 85-90 MPa). These attractive properties are likely attributed to the presence of 

rigid aromatic rings in the network, regardless of whether ESA, E4HBA or DGEBA is used 

in the resin synthesis. The E4HBA and DGEBA-based epoxy resins also fractured at 

comparable elongation at break values. We note, however, that epoxy resins derived from 

ESA broke at lower elongation compared to E4HBA and DGEBA-based epoxy resins. We 

hypothesize that differences in the elongation at break originate from differences in the 

relative placement of functional groups on the epoxy monomers. E4HBA and DGEBA 

contain epoxide groups at the para positions around the aromatic ring, whereas ESA 

contains epoxide groups at the ortho position.  
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Chapter 7 Summary and Future Work 

7.1. Conclusions of this work 

Biomass-based molecules were explored as potential replacements for petroleum-

derived components in polymers. In the first project, five types of biomass-derived 

phenolic acids were utilized as ene-bearing molecules in the sustainable thiol-ene 

elastomers to explore the relationship between the physical properties of thiol-ene 

elastomers and the chemical structures of phenolic acids. The phenolic acids contained 

varying functional group placement (ortho, meta, and para) and functionality (2-4 

functional groups per molecule). In the second project, sustainable and degradable epoxy 

thermosets were synthesized from soybean oil (containing degradable ester groups) and 

plant-derived phenolic acids (containing rigid aromatic rings) as substitutes for DGEBA, a 

petrochemical based monomer traditionally used in epoxy resins.  

7.1.1 Thiol-ene networks 

Biobased phenolic acids (found in plant sources) were allylated and subsequently 

reacted with a multifunctional thiol (in a photoinitiated reaction) to form networks. A series 

of phenolic acids were explored in which the relative number (2-4) and placement (ortho, 

meta, para) of functional groups was varied. The networks derived from difunctional 

allylated phenolic acids exhibited narrow glass transitions (indicating a high degree of 

network homogeneity), and glass transition temperatures (Tg) which correlated with their 

crosslink density. The para placement of allyl groups on the allylated phenolic acid 

produced a network with the highest crosslink density, Tg, modulus, tensile strength, and 

elongation at break (followed by ortho and then meta). These variations in thermal and 

mechanical behavior were attributed to differences in the crosslink densities of the 
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networks as well as microscopic changes in the network upon deformation, which are likely 

impacted by the placement of functional groups around the aromatic ring. As the 

functionality of the allylated monomer increased (to 3-4 allyl groups per molecule), the 

crosslink density remained high yet the Tg decreased, attributed to a lower concentration 

of aromatic rings throughout the network structure (as all networks were prepared at the 

stoichiometric ratio of allyl and thiol functional groups). The networks derived from the 

higher functionality allylated phenolic acids also exhibited lower elongation at break and 

associated tensile strength and tensile toughness, likely due to increased heterogeneity of 

the networks (indicated by higher glass transition widths compared to the networks derived 

from difunctional allylated phenolic acids). All networks exhibited behavior consistent 

with an ideal elastomer (affine network) at low to moderate strains, albeit with lower 

moduli than predicted from the monomer chemical structure. At the high end of the strain 

ranges achieved, some of the networks exhibited strain hardening behavior, in which the 

stress at a given strain was higher than that predicted for an ideal elastomer. 

7.1.2 Epoxy resins 

Epoxy resins were prepared containing varying concentrations of epoxidized 

soybean oil (ESO). The thermal degradation properties and glass transition temperature 

were found to be highly dependent on the ESO content in the polymer. Polymers with large 

ESO contents (60-100 wt%) exhibited a higher thermal degradation temperature than 

polymers with lower ESO contents (0-40 wt%). In addition, the glass transition temperature 

significantly decreased, as the ESO concentration was increased. The accelerated 

hydrolytic degradation of the polymers was observed through mass loss experiments in a 

NaOH solution. Polymers containing 0-40 wt% ESO exhibited little measurable mass loss 
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(in both 3 and 10 wt% NaOH solutions) over 72 days (the total experimental time). In stark 

contrast, polymers with 60-100 wt% exhibited significant mass loss in a 3 wt% NaOH 

solution within two weeks. 

Biobased phenolic acids (SA and 4HBA, found in plant sources) were allylated, 

epoxidized and subsequently reacted with MHHPA and catalyst 1-MI to form epoxy 

networks. The curing reactions between ESA and various curing agents were explored, and 

the MHHPA anhydride curing agent (catalyzed by 1-MI) was chosen due to the 

advantageous high glass transitions of the resulting epoxy resins. ESA, E4HBA and 

DGEBA underwent similar curing behavior with MHHPA, monitored through in situ DSC. 

In order to avoid monomer evaporation and polymer vitrification during curing, the a two-

stage curing protocol was established: 2 h at 70 oC and 2 h at 170 oC. ESA and E4HBA-

baesd epoxy resins exhibited comparable moduli and tensile strengths to a conventional 

DGEBA-based epoxy resin, likely attributed to the presence of rigid aromatic rings in the 

network. The epoxy resin derived from ESA broke at lower elongation compared to 

E4HBA and DGEBA-based epoxy resins.  

7.2. Outlook and future challenges 

Due to the potentially significant effect of network imperfections and heterogeneity 

within thiol-ene elastomers on their physical properties, challenges remain in 

understanding the thiol-ene network morphology. Exploration of network defects will 

provide more detailed information to explain the effect of chemical structure of phenolic 

acids on the thiol-ene elastomer properties. Improving the understanding of the effect of 

monomer molecular structure on the thiol-ene network properties will be a helpful 
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reference to target proper thiol- and ene-bearing molecules for future elastomer 

development.  

The development of degradable epoxy thermosets while increasing both 

biorenewable content and tensile strength is an ongoing challenge in this field. Other bio-

based molecules containing aromatic and alicyclic components may be promising 

alternatives to replace DGEBA as sustainable substitutes.  One promising approach is to 

explore the degradation of the phenolic acid-based epoxy resins, which contain ester groups 

(indeed, ethyl benzoate was reported to hydrolyze in a NaOH solution165). In addition, the 

biorenewable content in SA-based and E4HBA-based epoxy resins is only 23.2 wt% when 

a conventional curing agent is used. The development of curing agents (amine and 

anhydride) from biomass are attractive routes to sustainable materials. 

Although the phenolic acid-derived epoxy resins exhibit comparable mechanical 

performance to DGEBA epoxy resins, there is a long journey to achieve their 

commercialization. Nowadays the commercial salicylic acid and 4-hydroxybenzoic acid 

are synthesized from petroleum-sourced molecules, even if they are available in vegetables 

and fruits. An alternative route has been reported for SA and 4HBA through 

fermentation.166, 167 Phenolic acid fermentation is a promising method to decrease the cost 

and increase the production efficiency of biomass-derived phenolic acids.  
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Appendix A. 2D NMR Spectra 

Section 1: NMR Characterization of Allyl (2-allyloxy)benzoate 

 
Figure S1a: Chemical structure of and 1H NMR data obtained from salicylic acid.   

 

 
Figure S1b: Chemical structure of and 1H NMR data obtained from allyl (2-

allyloxy)benzoate. Data were obtained from final purified product.   

 
Figure S1c: Chemical structure of and 1H NMR data obtained from allyl (2-

allyloxy)benzoate. Data were obtained prior to extraction. Refer to Figure 
S1d for a closer view. 
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Figure S1d: 1H NMR data obtained from (top) salicylic acid and (bottom) allyl (2-

allyloxy)benzoate. The spectrum of allyl (2-allyloxy)benzoate was obtained 
prior to extraction for the purposes of determining the reaction conversion.  

 

 
 
Figure S1e: 1H NMR data obtained from allyl (2-allyloxy)benzoate. 
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Figure S1f: 1H NMR data obtained from allyl (2-allyloxy)benzoate (closer view).  
 

 

 
 
Figure S1g: 13C NMR data obtained from allyl (2-allyloxy)benzoate.  
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Figure S1h: DEPT 135 data obtained from allyl (2-allyloxy)benzoate. 

 

Figure S1i: COSY data obtained from allyl (2-allyloxy)benzoate. 
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Figure S1j: HSQC data obtained from allyl (2-allyloxy)benzoate. 
 

 

Figure S1k: HMBC data obtained from allyl (2-allyloxy)benzoate. 
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Section 2: NMR Characterization of Allylated 3-Hydroxybenzoic Acid 

 
Figure S2a: Chemical structure of and 1H NMR data obtained from allyl 3-

allyloxybenzoate.  Data were obtained from final purified product. 

 
Figure S2b: Chemical structure of and 1H NMR data obtained from allyl 3-

allyloxybenzoate. Data were obtained prior to extraction. 

 
Figure S2c: 1H NMR data obtained from (top) 3-hydroxybenzoic acid and (bottom) allyl 

3-allyloxybenzoate. The spectrum of allyl 3-allyloxybenzoate was obtained 
prior to extraction for the purposes of determining the reaction conversion.  
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Figure S2d: 13C NMR data obtained from allyl 3-allyloxybenzoate. 
 

 
 
Figure S2e: 13C NMR, DEPT 45, 90, 135 data obtained from allyl 3-allyloxybenzoate 
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Figure S2f: COSY data obtained from allyl 3-allyloxybenzoate 
 

 
Figure S2g: HSQC data obtained from allyl 3-allyloxybenzoate 
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Figure S2h: HMBC data obtained from allyl 3-allyloxybenzoate 
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Section 3: NMR Characterization of Allyl (4-allyloxy)benzoate 

 
Figure S3a: Chemical structure of and 1H NMR data obtained from 4-hydroxybenzoic acid. 

 

 
Figure S3b: Chemical structure of and 1H NMR data obtained from allyl (4-

allyloxy)benzoate. Data were obtained from final purified product.   
 

 
Figure S3c: Chemical structure of and 1H NMR data obtained from allyl (4-

allyloxy)benzoate. Data were obtained prior to extraction.  
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Figure S3d: 1H NMR data obtained from (top) 4-hydroxybenzoic acid and (bottom) allyl 

(4-allyloxy)benzoate. The spectrum of allyl (4-allyloxy)benzoate was obtained 
prior to extraction for the purposes of determining the reaction conversion.  

 

 
 
Figure S3e: 1H NMR data obtained from allyl (4-allyloxy)benzoate.  
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Figure S3f: 1H NMR data obtained from allyl (4-allyloxy)benzoate (closer view). 
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Figure S3g: 13C NMR data obtained from allyl (4-allyloxy)benzoate.  
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Figure S3h: DEPT 135 data obtained from allyl (4-allyloxy)benzoate. 

 
 
Figure S3i: COSY data obtained from allyl (4-allyloxy)benzoate. 
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Figure S3j: HSQC data obtained from allyl (4-allyloxy)benzoate. 

 
 
Figure S3k: HMBC data obtained from allyl (4-allyloxy)benzoate. 
  



126 
 

Section 4: NMR Characterization of Ally 2,5-bis(allyloxy)benzoate 

 
Figure S4a: Chemical structure of and 1H NMR data obtained from allyl 2,5-

bis(allyloxy)benzoate.  Data were obtained from final purified product. 

 
Figure S4b: Chemical structure of and 1H NMR data obtained from allyl 2,5-

bis(allyloxy)benzoate. Data were obtained prior to extraction. 
 
 

 
Figure S4c: 1H NMR data obtained from (top) gentisic acid and (bottom) allyl 2,5-

bis(allyloxy)benzoate. The spectrum of allyl 2,5-bis(allyloxy)benzoate was 
obtained prior to extraction for determining the reaction conversion. 



127 
 

 
 
Figure S4d: 13C NMR data obtained from allyl 2,5-bis(allyloxy)benzoate.  
 

 
Figure S4e: 13C NMR, DEPT 45, DEPT 90, DEPT 135 data obtained from allyl 2,5-

bis(allyloxy)benzoate. 
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Figure S4f: COSY data obtained from allyl 2,5-bis(allyloxy)benzoate 
 

 
Figure S4g: HSQC data obtained from allyl 2,5-bis(allyloxy)benzoate 
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Figure S4h: HMBC data obtained from allyl 2,5-bis(allyloxy)benzoate 
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Section 5: NMR Characterization of Allyl 3,4,5-tris(allyloxy)benzoate 

 
Figure S5a: Chemical structure of and 1H NMR data obtained from gallic acid.   

 
Figure S5b: Chemical structure of and 1H NMR data obtained from allyl 3,4,5-

tris(allyloxy)benzoate.  Data were obtained from final purified product. ). 

 
Figure S5c: Chemical structure of and 1H NMR data obtained from allyl 3,4,5-

tris(allyloxy)benzoate. Data were obtained prior to extraction.  
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Figure S5d: 1H NMR data obtained from (top) gallic acid and (bottom) allyl 3,4,5-

tris(allyloxy)benzoate. The spectrum of allyl 3,4,5-tris(allyloxy)benzoate 
was obtained prior to extraction for determining the reaction conversion. 

 

 
 
Figure S5e: 13C NMR data obtained from allyl 3,4,5-tris(allyloxy)benzoate.  
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Figure S5f: 13C NMR, DEPT 45, 90, 135 data obtained from allyl 3,4,5-

tris(allyloxy)benzoate 

 
Figure S5g: COSY data obtained from allyl 3,4,5-tris(allyloxy)benzoate 
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Figure S5h: HSQC data obtained from allyl 3,4,5-tris(allyloxy)benzoate 
 

 
Figure S5i: HMBC data obtained from allyl 3,4,5-tris(allyloxy)benzoate 
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Section 6: NMR Characterization of 3-Hydroxybenzoic Acid 

 
Figure S6a: Chemical structure of and 1H NMR data obtained from 3-hydroxybenzoic acid 

(referred to as “3HBA” in main text).   

 
Figure S6b: 13C NMR data obtained from 3-hydroxybenzoic acid. 
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Figure S6c: 13C NMR, DEPT 45, 90, 135 data obtained from 3-hydroxybenzoic acid 
 

 
Figure S6d: COSY data obtained from 3-hydroxybenzoic acid 
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Figure S6e: HSQC data obtained from 3-hydroxybenzoic acid 

 
Figure S6f: HMBC data obtained from 3-hydroxybenzoic acid 



137 
 

Section 7: NMR Characterization of Gentisic Acid 

 
 
Figure S7a: Chemical structure of and 1H NMR data obtained from gentisic acid (referred 

to as “GenA” in main text).  

 
 
Figure S7b: 13C NMR data obtained from gentisic acid.  
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Figure S7c: 13C NMR, DEPT 45, 90, 135 data obtained from gentisic acid 
 

 
Figure S7d: COSY data obtained from gentisic acid 
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Figure S7e: HSQC data obtained from gentisic acid 

 
Figure S7f: HMBC data obtained from gentisic acid 
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Appendix B. Glass Transition of Phenolic Acid-based Thiol-Ene network 

 

 

Figure S8: Tan  (E”/E’), measured through DMA, as a function of temperature of thiol-
ene networks derived from SA (blue curve) and 4HBA (red curve)..  

 

 
 
Figure S9: Tan  (E”/E’), measured through DMA, as a function of temperature of thiol-

ene networks derived from allylated 3-HBA (purple curve), GenA (blue curve) 
and GalA (red curve).  
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Figure S10: DSC heat flow as a function of temperature for thiol-ene networks derived 
from (a) allylated SA and (b) allylated 4HBA. Samples were exposed to UV 
for 15 min and were cured at 150 °C for 10 min.  

 
 
Figure S11: DSC heat flow as a function of temperature for thiol-ene networks derived 

from (a) allylated 3HBA, (b) allylated GenA and (c) allylated GalA.  
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Appendix C. Conversion of Phenolic Acid-based Thiol-Ene network 

Conversion was quantified through measurement of the maximum intensity of the 

absorbance peak associated with S-H stretching (2570 cm-1). Quantifying the conversion 

from this FTIR data has significant uncertainty, due to the small size of this peak (note the 

high absorbance of other peaks that were not relevant to the thiol-ene reaction, due to the 

large sample thickness required for this measurement). The error on measurements 

described in the table below represent multiple measurements obtained on independently 

prepared specimens.    

Table S1: Conversion of aSA Network 

Measurements on multiple specimens: 

Reaction Condition Conversion 
15 min UV 93% ± 0.4% 

15 min UV + 10 min 150 °C 97% ± 0.1% 
 

Measurement on a single specimen to probe influence of UV curing time: 

Reaction Condition Conversion 
15 min UV 90% 
30 min UV 90% 

 

Table S2: Conversion of a3HBA Network 

Measurements on multiple specimens: 

Reaction Condition Conversion 
15 min UV 80% ± 4% 

15 min UV + 10 min 150 °C 88% ± 3% 
 

Measurement on a single specimen to probe influence of UV curing time: 

Reaction Condition Conversion 
15 min UV 82% 
30 min UV 83% 
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Table S3: Conversion of a4HBA Network 

Measurements on multiple specimens: 

Reaction Condition Conversion 
15 min UV 82% ± 1% 

15 min UV + 10 min 150 °C 88% ± 2% 
 

Measurement on a single specimen to probe influence of UV curing time: 

Reaction Condition Conversion 
15 min UV 86% 
30 min UV 86% 

 

Table S4: Conversion of aGenA Network 

Measurements on multiple specimens: 

Reaction Condition Conversion 
15 min UV 76% ± 1% 

15 min UV + 20 min 150 °C 88% ± 2% 
 

Measurement on a single specimen to probe influence of UV curing time: 

Reaction Condition Conversion 
15 min UV 78% 
30 min UV 80% 

 

Table S5: Conversion of aGalA Network 

Measurements on multiple specimens: 

Reaction Condition Conversion 
15 min UV 71% ± 2% 

15 min UV + 20 min 150 °C 83% ± 2% 
 

Measurement on a single specimen to probe influence of UV curing time: 

Reaction Condition Conversion 
15 min UV 67% 
30 min UV 71% 
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Table S6: Summary of Final Conversions for Curing Protocol Used in Manuscript 

Allylated Phenolic Acid Reaction Condition Conversion 
aSA 15 min UV + 10 min 150 °C 97% ± 0.1% 

a3HBA 15 min UV + 10 min 150 °C 88% ± 3% 
a4HBA 15 min UV + 10 min 150 °C 88% ± 2% 
aGenA 15 min UV + 20 min 150 °C 88% ± 2% 
aGalA 15 min UV + 20 min 150 °C 83% ± 2% 
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Appendix D. Crosslink Density of Thiol-ene Networks Derived from Phenolic acid 

Table S7: Crosslink Density of SA Networks Determined through DMA 

Batch # Specimen # E’r in rubbery plateau (MPa) at 30 oC υc ( x 10-3mol/cm3) 

1a 1 7.11 0.94 

2 

1 8.83 1.17 
2 8.73 1.15 
3 8.65 1.14 

Average of batch 2 8.74 ± 0.09 1.16 ± 0.01 

3 

1 9.55 1.26 
2 9.24 1.22 
3 8.55 1.13 

Average of batch 3 9.11 ± 0.51 1.21 ± 0.07 

4 

1 8.76 1.16 
2 9.24 1.22 
3 8.63 1.14 

Average of batch 4 8.88 ± 0.32 1.17 ± 0.04 
Average 8.46 ± 0.91 1.12 ± 0.12 

 

Table S8: Crosslink Density of 3HBA Networks Determined through DMA 

Batch # Specimen # E’r in rubbery plateau (MPa) at 30 oC υc ( x 10-3mol/cm3) 

1 

1 7.16 0.95 
2 7.68 1.02 
3 8.61 1.14 

Average of batch 1 7.82 ± 0.73 1.03 ± 0.10 

2 

1 8.80 1.16 
2 8.11 1.07 
3 8.03 1.06 

Average of batch 2 8.31 ± 0.42 1.10 ± 0.06 

3 

1 7.47 0.99 
2 7.66 1.01 
3 7.70 1.02 

Average of batch 3 7.61 ± 0.12 1.01 ± 0.02 
Average 7.91 ± 0.73 1.05 ± 0.10 
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Table S9: Crosslink Density of 4HBA Networks Determined through DMA 

Batch # Specimen # E’r in rubbery plateau (MPa) at 30 oC υc ( x 10-3mol/cm3) 

1a 1 11.6 1.53 

2 

1 9.87 1.31 
2 10.3 1.36 
3 11.1 1.47 

Average of batch 2 10.4 ± 0.6 1.38 ± 0.09 

3 

1 10.4 1.37 
2 10.4 1.37 
3 11.4 1.51 

Average of batch 3 10.7 ± 0.6 1.42 ± 0.08 

4 

1 9.09 1.20 
2 9.63 1.27 
3 9.51 1.26 

Average of batch 4 9.41 ± 0.28 1.24 ± 0.04 
Average 10.5 ± 0.9 1.39 ± 0.12 

 

Table S10: Crosslink Density of GenA Networks Determined through DMA 

Batch # Specimen # E’r in rubbery plateau (MPa) at 30 oC υc ( x 10-3mol/cm3) 

1 1 12.2 1.61 

2 

1 11.9 1.57 
2 11.7 1.55 
3 11.6 1.54 

Average of batch 2 11.7 ± 0.1 1.55 ± 0.02 

3 

1 10.6 1.40 
2 10.7 1.42 
3 10.6 1.40 

Average of batch 3 10.6 ± 0.1 1.40 ± 0.01 

4 

1 10.3 1.36 
2 10.4 1.37 
3 10.6 1.40 

Average of batch 4 10.4 ± 0.1 1.37 ± 0.02 
Average 11.2 ± 0.9 1.49 ± 0.12 
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Table S11: Crosslink Density of GalA Networks Determined through DMA 

Batch # Specimen # E’r in rubbery plateau (MPa) at 30 oC υc ( x 10-3mol/cm3) 

1 1 13.3 1.75 

2 

2-1 10.8 1.43 
2-2 11.3 1.50 
2-3 12.0 1.59 

Average of batch 2 11.4 ± 0.6 1.51 ± 0.08 

3 

3-1 10.3 1.36 
3-2 10.2 1.34 
3-3 9.7 1.28 

Average of batch 3 10.0 ± 0.3 1.33 ± 0.04 

4 

4-1 9.9 1.31 
4-2 10.6 1.41 
4-3 10.7 1.42 

Average of batch 4 10.4 ± 0.5 1.38 ± 0.06 
Average 11.3 ± 1.4 1.49 ± 0.19 
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Appendix E. Tensile Data of Thiol-ene Elastomer 

Table S12: Tensile Properties of Thiol-Ene Networks Derived from Allylated Phenolic 
Acids 

Phenolic 
acid 

Tensile strength 
(MPa) 

% elongation at 
break 

Modulus 
(MPa) 

Toughness 
(MPa) 

SA 2.7 ± 0.3 25.0 ± 2.2 10.8 ± 0.4 0.36 ± 0.06 
3HBA 1.8 ± 0.1 20.4 ± 2.1 8.6 ± 0.5 0.20 ± 0.03 
4HBA 3.7 ± 0.3 29.6 ± 2.4 12.4 ± 0.3 0.57 ± 0.09 
GenA 2.7 ± 0.5 18.1 ± 3.9 14.6 ± 0.6 0.32 ± 0.13 
GalA 2.1 ± 0.4 15.4 ± 3.1 13.0 ± 0.5 0.17 ± 0.06 

a Samples were prepared following the protocol in Table 2.3.  
 

Table S13: Parameters Extracted from the Fit of the Mooney-Rivlin Equation to the 
Tensile Data 

Phenolic acid Strain Range C1 C2 

SA All 2.20 ± 0.21 -0.07 ± 0.32 
3HBA All 1.66 ± 0.17 0.12 ± 0.18 
4HBA  < 0.202 ± 0.008 2.82 ± 0.25 -0.35 ± 0.34 
4HBA  > 0.202 ± 0.008 4.10 ± 0.16 -1.88  0.18 
GenAa  < 0.144 ± 0.017 2.60 ± 0.35 0.29 ± 0.49 
GenAa  > 0.144 ± 0.017 3.90 ± 0.21 -1.23 ± 0.35 
GalAb  < 0.153 2.13 ± 0.85 0.43 ± 0.91 
GalAb  > 0.153 3.45 -1.14 

aThree of the five tested specimens showed a deviation from the ideal elastomer model. The strain value at 
which the data deviated from the model differed from specimen to specimen (deviation occurred at  = 0.144 
± 0.017). The Mooney-Rivlin model was fit to the data both above and below this critical strain value. 
bOne of the five tested specimens showed a deviation from the ideal elastomer model. The data deviated from 
the model  = 0.153. The Mooney-Rivlin model was fit to the data both above and below this critical strain 
value. 
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Appendix F. TGA Data of ESO Epoxy Resins 

 

Figure S12: TGA data for polymers prepared with various curing protocols 
(described in the Table 1 of the main text), containing 60 (a, b), 80 (c, d), and 100 (e, f) 
wt% ESO. 
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Appendix G. Hydrolytic Degradation Data of ESO Epoxy Resins 

 

Figure S13: Fraction of mass remaining as a function of time in a 3 wt% NaOH solution at 
80 C. The wt% ESO is indicated for each curve (relative to the total DGEBA 
+ ESO content in the polymer).  

 

 

Figure S14: Fraction of mass remaining as a function of time in a 10 wt% NaOH solution 
at 80 C. The wt% ESO is indicated for each curve (relative to the total 
DGEBA + ESO content in the polymer).  

 


