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ABSTRACT 

With plastic production poised to increase in coming years, there arises a need to 

develop new polymeric materials designed to combat the global pollution crisis.  A 

commonly utilized approach in addressing this challenge is to employ a responsive 

functional moiety into the polymer architecture.  Thiol-X reactions, a commonly utilized 

class of “click” reactions, have garnered broad implementation in new stimuli-responsive 

materials.  This work specifically focuses on utilizing radical-mediated thiol-ene coupling 

and base-catalyzed thiol-isocyanate reactions to develop a library of ternary thiol-

ene/thiourethane covalent adaptable networks (CANs) and hydrolytically labile 

poly(thioether ketal) thermoplastics.  CANs are a class of network materials capable of 

undergoing dynamic exchange, rendering the material reprocessable while maintaining 

the high-performance properties traditionally associated with thermosets.  Herein, the 

thiourethane moiety, formed via the thiol-isocyanate reaction, is employed as the 

dynamic covalent chemistry (DCC) utilized in our approach to CANs.  Additionally, 

linear thiol-ene photopolymerizations are employed to develop a series of poly(thioether 

ketal) thermoplastics.  The ketal moiety incorporated into the polymer backbone of these 

materials render the resulting material hydrolytically labile – allowing the material to 

readily degrade at its end-of-lifetime.  The work presented herein should provide a 

framework by which new environmentally friendly materials can be developed. 

Chapter I of this dissertation focuses on the various utility of thiol-X reactions 

within the realm of polymeric materials – with specific interest on implementation within 

CANs and thermoplastic synthesis.  Chapter II outlines the methods by which the thiol-X 

based materials, described herein, were developed and studied.  Chapter III focuses on 
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understanding the specific structure-property relationship of ternary thiol-

ene/thiourethane CANs affecting vitrimeric relaxation behaviors and material property 

retention throughout reprocessing.  Chapter IV elaborates on the stoichiometric effects of 

ternary thiol-ene/thiourethane on the dynamic exchange equilibrium – ultimately 

dictating thermal relaxation behaviors.  Finally, Chapter V utilizes linear thiol-ene 

photopolymerizations to develop a library of poly(thioether ketals) capable of undergo 

hydrolysis within an acidic environment while remaining stable in basic and neutral 

conditions. 
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CHAPTER I - Introduction 

1.1 Motivation 

As a modern society, we have generated 6.3 billion metric tons of plastic waste 

since 1950 – a staggering 79% of this waste has accumulated in landfills or in the natural 

environment creating a global environmental problem.  Despite an increase in plastic 

recycling programs, 75% of plastic products produced in 2015 were discarded in landfills 

– much of it from single use applications.1-2  Thus, there arises a need to develop new 

materials of environmental relevance.  Tackling this challenge is often difficult due to the 

stringent requirements arising in the development of these materials while also being cost 

competitive with products already being produced on an industrial scale.  Two common 

approaches have arisen to address the challenge in combatting the plastic pollution issue.  

The first approach is the utilization of dynamic covalent chemistries (DCCs) within 

thermosetting network materials.  Traditionally, thermosetting networks exhibit highly 

sought-after material properties due to the permanent crosslinks binding the polymer 

matrix into one molecular unit.3  However, these high performance properties come at the 

expense of material reprocessability.  By implementing DCCs into the polymer 

crosslinks, thermoset network reprocessability can be achieved while maintaining high 

performance material properties.  The second approach is to utilize degradable linkages 

along the polymer backbone allowing the material to break down upon exposure to an 

appropriate trigger at the end-of-use lifetime of the thermoset.  However, in many cases, 

these approaches require stringent synthetic processes to achieve these materials.  

Therefore, simple synthetic processes should be utilized in the development of materials 

implementing these approaches. It is the goal of this dissertation to exploit the simplicity 
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of various “click chemistries” to develop materials implementing these approaches 

rapidly and efficiently. 

1.2 Diverse Utility of Thiol-X “Click Chemistries” 

“Click chemistry”, a term coined by Sharpless et al.4, embodies a group of 

reactions with simple reaction conditions using readily available starting materials to 

achieve a single product in high yield with little to no purification needed.4-6  To be 

considered as a “click chemistry”, the reaction must be modular, wide in scope, high 

yielding, regio/stereoselective, mild reaction conditions, and orthogonal in selection to 

the chemical substrate.4-5  While multiple chemistries have been found to satisfy these 

prerequisites, thiol-x reactions, where “x” often represents electron – deficient alkenes or 

isocyanates,  have become widely associated with the class of “click chemistries”. 

Thiol based reactions have been shown to exhibit rapid reaction rates, high 

conversion, and regioselectivity.  The high reactivity of the thiol moiety is well known 

and is able to interact with a wide variety of chemical substrates via radical, base-

catalyzed, or nucleophile-catalyzed mechanisms.5  Example reactions include thiol-ene7-

10, thiol-epoxy5, 11, thiol-Michael5, 12, and thiol-isocyanate13-16; each having found wide 

utilization in material and polymer science in forms of post-polymerization modification5, 

17, linear18 and network polymer formation5, surface modification19-21,  and lithography22. 

The work described herein utilizes both the thiol-ene and thiol-isocyanate reactions to 

develop thermosetting covalent adaptable networks and hydrolytically labile 

thermoplastics. 
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1.3 Radical-Mediated Thiol-Ene Photopolymerization 

Owing to their rapid reaction kinetics, chemical orthogonality, and high reaction 

efficiency, thiol-ene couplings have been shown to be effectively utilized in organic 

chemistry and polymer synthesis.5, 8-10  The mechanism of the thiol-ene photoreaction, as 

illustrated in Figure 1.1, is driven by the UV induced formation of a thiyl radical via 

hydrogen abstraction from the activated initiator.  The thiyl radical then adds across an 

alkene bond in an anti-Markovnikov fashion to form a β-centered carbon radical that then 

undergoes chain transfer with a free thiol to form the resulting thioether adduct and a new 

thiyl radical that continued to participate in the reaction.23-24  Radical-mediated thiol-ene 

photopolymerization proceeds in a step growth manner10, providing inherent benefits and 

drawbacks in polymer synthesis depending on the class of polymer being developed (i.e., 

thermosetting or thermoplastic materials).   

 

Figure 1.1 Reaction mechanism of the radical-mediated thiol-ene photoreaction. 
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Thermosetting materials formed by means of a step growth mechanism generally exhibit 

uniform network architecture with identical molecular weight between crosslinks, in 

contrast to those formed by a chain growth mechanism.  In the case of thermoplastic 

materials, achieving high molecular weight polymers can be difficult due to the necessity 

of achieving high degrees of conversion.  Furthermore, the step growth mechanism 

produces thermoplastics exhibiting a polydispersity in polymer chain lengths.  

Nevertheless, the thiol-ene photoreaction has garnered great attention in the realm of 

network materials and post-polymerization modification.10, 25-27 

1.4 Thiourethane Formation Through Thiol-Isocyanate Reactions 

Thiourethanes are sulfur-based analogs of the urethane moiety formed via the 

reaction of thiols with isocyanates.  Early reports by Dyer et al.13 showed that the 

thiourethane moiety could be formed using a base-catalyzed thiol-isocyanate coupling 

reaction, Figure 1.2.  Here, a thiolate anion is formed via proton abstraction of a thiol by 

a base catalyst.  The thiolate anion is then able to add to an isocyanate to form a 

deprotonated thiourethane intermediate, that subsequently undergoes chain transfer with a  

free thiol to produce the thiourethane moiety and a new thiolate anion to further catalyze 

the continued reaction5, 16.  The base-catalyzed thiol-isocyanate and radical-mediated 

thiol-ene coupling reactions are mechanistically similar in that both undergo an 

alternating chain-transfer and propagation two-step process5.  Importantly, the base-

catalyzed thiol-isocyanate coupling reaction is classified as a “click chemistry” due to 

rapid reaction kinetics, high yield and efficiency, and no formation of byproducts.5, 28  

The thiourethane moiety has found useful implementation within a range of areas in 

material science.29-31 
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Figure 1.2 Reaction mechanism of the base catalyzed thiol-isocyanate coupling 

reaction. 

1.5 Thiol-x Reactions as a Route to Covalent Adaptable Networks and Vitrimeric 

Materials 

Vitrimeric materials have gained considerable attention within the realm of 

network forming polymers – offering an interesting alternative to traditional 

thermosetting polymers.   Historically, thermosets have been differentiated from 

thermoplastic materials by permanent covalent crosslinks between polymer chains 

endowing the material with highly sought after thermal and mechanical properties.  

However, the resulting permanent three-dimensional architecture prevents traditional 

thermosetting materials from being reshaped, remolded, and reprocessed.32-34  Significant 

efforts have since been placed on tackling the intellectual challenge of marrying thermal 

malleability associated with thermoplastic polymers with the desired high-performance 

properties of thermosetting networks. 



 

6 

Recent advancements in polymer science have provided insight into different 

methods by which supramolecular networks can be developed – i.e., thermoplastic 

polymers bound by noncovalent interactions.  These noncovalent interactions act as 

physical crosslinks in the form of hydrogen bonding35-37, phase separation34-35, π-π 

interactions38, and metal complexation37, 39.  In contrast, covalent adaptable networks 

(CANs) incorporate the use of dynamic chemistries into covalently bound network 

architectures.  This approach offers certain advantages over supramolecular networks, 

such as solvent resistance and prolonged material lifetime imparted by covalent 

interactions.34  Significant research has been dedicated towards the synthetic 

development and fundamental understanding of the key structure-property relationships 

dictating the dynamic character of such materials. 

CANs are a class of materials that incorporate the use of dynamic covalent 

chemistries (DCC) within the traditional three-dimensional architecture of thermosetting 

materials.  These dynamic chemistries are employed within the polymeric crosslinks and 

can undergo dynamic exchange when exposed to an external stimulus.  To date, various 

functional handles have been identified as viable dynamic chemistries for use in CANs.  

To be determined viable, the dynamic chemistry employed must exhibit rapid exchange 

kinetics to reach a thermodynamic equilibrium resulting in macroscopic flow and 

topological rearrangement.32, 34, 40-42  The nature of the DCC employed must be 

considered when designing CANs, as the dynamic behavior has a distinct impact on the 

retention of macromolecular architecture.  Furthermore, CANs are classified in terms of 

the dynamic behavior of the DCC, i.e., dissociative or associative behaviors (Figure 1.3).  

Dissociative CANs utilize DCCs that break into distinctly different functional groups that  
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Figure 1.3 Generic scheme to the dissociative (ex. Diels-Alder) and associative 

(ex. transesterification) dynamic pathways in CANs. 

rapidly reform the parent DCC in another location.  This process is commonly 

characterized by a loss in crosslink density when the dynamic exchange process is 

occurring.33 Common dissociative DCCs include Diels-Alder43-46, thiol-Michael47,  

alkoxyamines48, acylhydrazones49-50, and hindered ureas.51-53   Associative CANs , 

although less common54, utilize DCCs that exchange between the dynamic functional 

handle and nearby free reactive functional group.  This process is distinct from its 

dissociative counterpart in that crosslink density is retained throughout the dynamic 

exchange process.33  Common associative DCCs include transesterification55-61, 

transamidation62, trithiocarbonates63-65, and vinylogous urethanes54, 66.  Additionally, 
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specific DCCs – such as disulfides67-71 and thiourethanes72-79– have been shown to exhibit 

both associative and dissociative behaviors. 

Thiol-X reactions have recently received a great deal of attention in vitrimeric 

systems as both crosslinking formers22, 63, 68, 80 and DCCs47, 81-83, due to their fast 

reaction kinetics and relatively benign reaction conditions5.  In the CAN portion of this 

dissertation (Chapter III and IV), focus is placed on the thiourethane DCC.  Li et al. 

recently showed that vitrimer networks could be formed via thiol-isocyanate click 

reactions.73  On the small molecule scale, they were able to show that the thiourethane 

moiety exhibits both the associative and dissociative processes, Figure 1.4.  

Incorporating the thiourethane functional group into polymer networks, they 

demonstrated the ability of these materials to be reprocessed and recycled.  Expanding on 

the work from Li et al., Wen and coworkers72 were able to show that the exchange 

catalyst used in thiourethane vitrimeric systems dictates the dynamic process by which 

the thiourethane moiety undergoes upon exposure to elevated temperatures.  Here it was 

determined that the associative behavior is promoted by a base catalyst and the 

dissociative behavior is promoted by a nucleophilic catalyst.   

 

Figure 1.4 Dual dynamic behaviors of the thiourethane DCC. 
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Furthermore, Wen et al. explained that catalyst acting as both a good base and 

nucleophile, such as DBN or DBU, promote both the associative and dissociative 

behaviors (Figure 1.5).  While these reports highlight the usefulness of the thiourethane 

DCC in vitrimeric networks, they do pose certain drawbacks inherent to the thiourethane 

moiety.  Namely, these reports are unable to determine virgin material properties because 

of the rapid reaction kinetics between the parent thiol and isocyanate monomers.  

Alternative methods of thiourethane formation have been investigated utilizing tin 

catalyst systems.75-78  However, these systems require extensive heating and solvents in 

the preparation of the final network material – which can be undesirable in vitrimer 

network applications.  In the CAN portion of this dissertation (Chapter III and Chapter 

IV), we aim to exploit the orthogonality of thiol-ene and thiol-isocyanate reactions to 

circumvent these drawbacks inherent to thiourethane network preparation. 

 

Figure 1.5 Proposed synergistic dual dynamic behavior of the thiourethane 

moiety when using DBN as the exchange catalyst.72 

 



 

10 

1.6 Thiol-ene Reactions as Route Towards Hydrolytically Labile Materials 

A considerable amount of attention has been put into developing materials that 

rapidly degrade in the natural environment in an effort to combat the amount of plastic 

waste produced and discarded by the global population.84-85  Polymers with hydrolytically 

labile linkages, such as esters,86-88 anhydrides,89-91 acetals,26, 92-94 and ketals,25, 95-97 along 

the polymer backbone have gained considerable interest within academic and industrial 

settings.  These materials must adhere to stringent guidelines to be viable for their 

intended applications – i.e. shelf-life stability, performance lifetime, and end of use 

degradation.  However, polymer degradation profiles are predominately limited by the 

nature of the labile chemistry employed in the polymeric design.   

Polyketals – materials that exhibit tunable degradation profiles based on chemical 

architecture – have received considerable attention in medical applications,95, 98-99 while 

remaining underutilized in broader applications.  Polyketals have been shown to exhibit 

pH dependent degradation profiles which can be easily tuned based on the structure of the 

parent ketone.100  Furthermore, ketals exhibit excellent stability under neutral and basic 

conditions while readily undergoing hydrolytic degradation under acidic conditions.101  

Upon hydrolysis, ketals are known to degrade into charge neutral byproducts via a well-

established mechanism in which the formation of carbenium ion intermediate is the rate 

determining step (Figure 1.6).100-102 

Thiol-ene photopolymerizations have been highly utilized in network formation 

and post-polymerization modification but have received minimal attention in the realm of 

thermoplastic synthesis.  While the first report of using thiol-ene polymerizations as a 

route to linear thermoplastics was first published in 1948 by Marvel and Chambers,103 it  
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Figure 1.6 Mechanism of ketal hydrolysis. 

has only recently received a growing interest in the development of thermoplastic 

polymers with a wide variety of architectures for multiple different uses.104-109 Recently, 

Lillie and coworkers showed that thiol-ene photopolymerizations could be used as a route 

to incorporate glucarodilactone (GDL), a chemical analogue to isosorbide, into linear 

polymers.110  By incorporating GDL into the polymer backbones, they were able to 

achieve materials that exhibited hydrolytic degradability as well as industrially relevant 

mechanical characteristics.  As such, this polymerization route has been shown to be a 

promising route towards the development of hydrolytically labile materials. 

A recent report from our group by Alameda et al. showed that a series of novel 

bisalkene diketone monomers could be utilized in thiol-ene photopolymerizations to 

develop homogenous hydrolytically labile networks.25  They were able show that the 

hydrolytic stability of the resulting materials was dependant on the stability of the ketal 

moiety, as it pertains to the parent ketone electronic and conformational charecteristics.25  

We sought to build upon these findings, and develop linear thermoplastics polymers 

using the wide variety of commercially available dithiol monomers.  Herein, we have 

developed a library of hydrolytically labile poly(thioether ketal) thermoplastics via thiol-

ene photopolymerization which readily undergo hydrolysis into small-molecule 
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byproducts.  We aim to show that these polymers represent a new class of degradable 

materials that could offer alternative methods for molecular design in the realm of 

environmentally degradable materials.   
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CHAPTER II – Materials and Methods 

2.1 Materials 

All materials were used as received unless otherwise specified.  2,2’-

(ethylenedioxy)diethanethiol (EDDT), 1,5-diazobicyclo[4.3.0]non-5-ene (DBN), 4,4’-

methylenebis(cyclohexyl isocyanate) (H12MDI), triallyl triazine (TTT), 1-hexanethiol, p-

toluenesulfonic acid (p-TsOH), and benzene were purchased from Sigma-Aldrich.  

Hexamethylene diisocyanate (HDI) and isophorone diisocyanate (IPDI) were purchased 

from Perstorp.  Darocur 1173 was purchased from Ciba.  Hexyl isocyanate was 

purchased from Fluka Chemical.  1,4-cyclohexanedione was purchased from Acros.  

4,4’-bicycohexanone, 3-allyloxy-1,2-propanediol, and dithioerythritol (DTT) were 

purchased from TCI Chemical.  Propyleneglycol 3-mercaptoproprianate 2200 (PPGMP 

2200) was purchased from Bruno Bock. 

2.2 Material Preparation and Synthesis 

2.2.1 Ternary Thiol-ene/Thiourethane CANs – Altering Diisocyanate Monomer 

Structure 

Selected isocyanate monomers (HDI, IPDI, or H12MDI) (15.36 mmol), TTT (2.2 

mL; 10.24 mmol), and Darocur 1173 (5 wt% of formulation) were first mixed in a scent 

vial equipped with a stir bar and allowed to stir until homogenous.  EDDT (5 mL; 30.72 

mmol) was then added to the mixture at 80 °C with stirring.  DBN (0.5 wt% of 

formulation) was subsequently added to the reaction mixture at 80 °C and allowed to stir 

for 30 minutes, resulting in a viscous oligomeric resin.  The reaction mixture was then 

sandwiched between two glass slides separated by 1mm Teflon spacers and irradiated 

with UV light using an Omnicure S-1000B light source (100 W mercury lamp, λmax = 365 
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nm, 320 – 500 nm filter) with a light guide at 100 mW/cm2 for 10 min.  The light source 

was calibrated using an International Light Model 1400A calibration radiometer.  The 

resulting polymer films were then cut into strips for subsequent dynamic mechanical 

analysis.  Additionally, dog bone tensile specimens were also prepared in the same 

manner using a silicon mold with both a thickness and width of 3.5mm. 

2.2.2 Ternary Thiol-ene/Thiourethane CANs – Altering Reactive Functionality 

HDI (15.36 mmol), TTT (10.24 mmol), and Darocur 1173 (5 wt% of formulation) 

were first mixed in a scint vial equipped with a stir bar and allowed to stir until 

homogenous.  EDDT was then added in various amounts to the mixture at 80°C with 

stirring.  The amount of EDDT added varied based on the equation: 

𝑁𝑁𝐶𝑂 + 𝑁𝐸𝑁𝐸 = 𝑁𝑆𝐻 ∗ 𝑋𝑆𝐻 

where 𝑁𝑁𝐶𝑂 is the number of isocyanate functional groups, 𝑁𝐸𝑁𝐸 is the number of alkene 

functional groups, 𝑁𝑆𝐻 in the number of thiol functional groups, and 𝑋𝑆𝐻 is the 

percentage of thiol functional group input into the system.  Being that 𝑁𝑁𝐶𝑂 and 𝑁𝐸𝑁𝐸 are 

equivalent, five different formulations were developed: two systems in thiol excess (+5% 

and +10% -SH), one system being functionally equivalent, and two systems in thiol 

deficiency (-5% and -10% -SH).  The resulting formulations were then photocured in 

accordance with that previously stated in section 2.2.1. 

2.2.3 Synthesis of Thiourethane Small Molecule 

Functionally equivalent small molecule thiourethane systems were developed by 

first mixing hexyl isocyanate (3.52 mmol) with hexanethiol (3.52 mmol) in a scint vial.  

DBN (0.05 mmol) was then added to the mixture and allowed to stir for 10 minutes to 

catalyze the reaction.  The system was then studied without any additional purification.  
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Additional systems were formulated using 10% excess hexane thiol and either 2x’s or 

5x’s the original DBN content (Table B.2). 

2.2.4 Synthesis of Bisalkene Diketal Monomers 

Synthesis of bisalkene diketal monomers were conducted in accordance to 

procedures previously conducted by Alameda et al.25.  Approximately 10 g (1 equivalent) 

of the appropriate ketone (monomer 3 – 1,4-cyclohexanedione; monomer 5 – 4,4’-

bicyclohexanedione), 3-allyloxy-1,2-propanediol (4 equivalents), and 0.1 mol% of p-

TsOH were solubilized in 50mL of benzene and refluxed at 115˚C for 4hrs using a Dean-

Stark apparatus.  The reaction mixture was then washed with saturated NaHCO3, DI 

water, and brine.  The organic layer was then dried over MgSO4 and rotary evaporated to 

yield the crude product.  The crude product was then dissolved in a minimal amount of 

dichloromethane and purified via flash chromatography using hexanes with 5% 

trimethylamine and acetone as the eluent.  The collected fraction was then subject to 

rotary evaporation and left under vacuum overnight to yield the product as a clear viscous 

oil (yield ≈ 65%). 

2.2.5 Synthesis of Poly(thioether ketals) using DTT and EDDT Monomers 

Equimolar amounts of either monomers 3 or 5 (7 mmol) and either dithiol 

monomers 6 or 7 (7 mmol) were solubilized in THF (4.5 mL) in a scent vial.  Darocur 

1173 (5 mol%) was added and allowed to solubilize. The reaction mixture was then 

subject to UV irradiation for 30 min using a Reyonet Photochemical Reactor, and then 

allowed to cool.  The solution was then precipitated into diethyl ether and centrifuged to 

obtain the polymer.  The polymer was purified by resolubilizing in THF, precipitation 
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into diethyl ether, and centrifuging to reobtain the polymer (3x’s).  The resulting 

polymers were dried in a vacuum oven overnight at 50 ˚C (yield ≈ 70%). 

2.2.6 Synthesis of Poly(thioether ketals) using PPGMP 2200 as the Dithiol Monomer 

Equimolar amounts of either monomers 3 or 5 (3 mmol), dithiol monomer 8 (3 

mmol), and Darocur 1173 (5 mol%) were mixed in bulk and was subject to UV 

irradiation for 30 min.  The mixture was then solubilized in THF, precipitated into 

hexanes, and centrifuged to obtain the polymer.  The polymer was purified by 

resolubilizing in THF, precipitation into hexanes, and centrifuging to reobtain the 

polymer (3x’s).  The resulting polymers were dried in a vacuum oven overnight at 50˚C 

(yield ≈ 50%). 

2.3 Covalent Adaptable Network Material Characterizations 

2.3.1 Real Time and Variable Temperature FTIR 

FTIR kinetic data was collected using a Nicolet 8700 spectrophotometer with a 

KBr beam splitter and an MCT/A cryogenic detector under an inert nitrogen atmosphere.  

Samples were first analyzed before and after DBN addition to confirm consumption of 

the isocyanate moiety for all formulations as indicated by the disappearance of the -NCO 

peak at 2258 cm-1.  Photocuring reaction kinetics were collected at a resolution of 2 cm-1 

at 1.34s intervals.  Samples were irradiated at an intensity 100 mW/cm2 using an 

Omnicure S1000B light source (100 W mercury lamp, 𝜆𝑚𝑎𝑥 = 365 nm, 320-500 nm 

filter) under an inert nitrogen atmosphere.  Thiol conversion was monitored by the 

change in peak area of the S-H stretch at 2550 cm-1.  Variable temperature FTIR (VT-

FTIR) used the same instrumentation with the addition of a heating stage.  Films were 
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cured on NaCl windows an analyzed at temperature profiles ranging from 70°C to 120°C 

by monitoring the appearance of the -NCO peak at 2258 cm-1. 

2.3.2 Gel Content Determination 

To determine the gel content of polymer networks, samples from each 

formulation were cut into small pieces, swelled, and extracted in DCM for 24 hrs.  The 

samples were then dried under vacuum at 50°C for 24hrs.  The mass of the original (mo) 

and dried (m1) specimen were recorded, and the gel content (G(%)) of each formulation 

was calculated by: 

𝐺(%) =
𝑚1

𝑚𝑜
∗ 100% 

Each formulation was measured three times and the average of each was taken. 

2.3.3 Thermogravimetric Analysis 

Thermogravimetric analysis of all polymer formulations was conducted using a 

TGA Q500 analyzer (New Castle, DE, USA).  Samples were heated from ambient to 

thermal degradation using a ramp rate of 10 °C/min. 

2.3.4 Dynamic Mechanical Analysis 

Dynamic mechanical analysis of all polymer formulations was conducted using a 

DMA Q800 analyzer from TA Instruments (New Castle, DE, USA).  Samples were tested 

in tension at temperature profiles ranging from -60 °C to 120 °C with a heating rate of 3 

°C/min.  This process was further repeated for the reprocessed materials.  The molecular 

weight between crosslinks was determined using: 

𝑀𝑐 =
3𝑅𝑇𝑑

𝐸𝑅𝑢𝑏𝑏𝑒𝑟𝑦
′  
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where 𝑀𝑐 is the molecular weight between crosslinks, R is the universal gas constant, T 

is the absolute temperature, d is the polymer density, and 𝐸𝑟𝑢𝑏𝑏𝑒𝑟𝑦
′  is the storage modulus 

taken from the rubbery regime.  The polymer density for each formulation was 

determined using the Archimedes’ method.  𝐸𝑟𝑢𝑏𝑏𝑒𝑟𝑦
′  was taken as Tg + 40°C, with Tg 

being defined as the peak of the tan delta curve, to ensure that the values used were from 

the rubbery regime.  Polymer crosslink density was determined using: 

𝑞 =
𝑀𝑤

𝑀𝑐
 

where q is the crosslink density and  𝑀𝑤 is the molecular weight of the monomers.41, 111-

112 

2.3.5 Stress Relaxation Analysis 

Stress relaxation experiments were performed using a DMA Q800 analyzer from 

TA Instruments (New Castle, DE, USA) in tension.  Sample specimens was first 

equilibrated at the predefined temperature profile, followed by the application of a 

constant strain of 5% allowing for the consequent stress level to be measured as a 

function of time.  This process was repeated for each formulation, with one specimen 

being tested only once at a singular temperature (temperature profiles ranged from 80 °C 

– 120 °C at 10 °C increments).   

The characteristic relaxation time (τ*) of vitrimeric materials is defined as the 

time needed for the relaxation modulus to reach 37% (1/e) of its original value.  By 

taking these values at varying temperature profiles, the obtained data was fitted to the 

Arrhenius relationship by: 

𝜏∗(𝑇) = 𝜏𝑜𝑒
𝐸𝑎

𝑅𝑇⁄  
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where 𝜏𝑜 is the characteristic relaxation time at infinite T, Ea is the activation energy of 

bond exchange reaction (kJ/mol), R is the universal gas constant (8.314 JK-1mol-1), and T 

is temperature (K).  This can be rewritten as: 

ln 𝜏∗ (𝑇) = ln 𝜏𝑜 +
𝐸𝑎
𝑅𝑇

 

By plotting this equation, the activation energy of bond exchange can be obtained from 

the resulting slope.  Furthermore, the topological freezing temperature (Tv) can be 

determined by utilizing the Maxwell equation in conjunction with the rewritten Arrhenius 

relationship.  The Maxwell equation is defined by: 

𝜂 =
1

3
𝐸′ ∗ 𝜏∗ 

where η is the liquid to solid transition viscosity (taken as 1012 Pa*s) and E’ is the storage 

modulus taken from the rubbery regime at Tg + 40 °C.  These equations can then be 

combined to determine Tv.
58, 72, 113-115 

2.3.6 Non-isothermal Creep Analysis 

Non-isothermal creep experiments were conducted using a DMA Q800 analyzer 

from TA Instruments (New Castle, DE, USA).  Samples were tested in tension utilizing a 

constant stress of 0.1 MPa and a heating rate of 3 °C/min to analyze the change in strain 

as a function of temperature.  The onset value of rapid deformation as a function of creep 

is taken as Tv. 

2.3.7 Creep/Recovery Analysis 

Creep/Recovery experiments were conducted using a DMA Q800 analyzer from 

TA Instruments (New Castle, DE, USA).  Sample were tested in tension utilizing a 

constant stress of 0.01 MPa at 80 °C to measure the change in strain as a function of time. 
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2.3.8 Dynamic Scanning Calorimetry 

Dynamic Scanning Calorimetry experiments were conducted using a DSC Q100 

analyzer from TA Instruments (New Castle, DE, USA).  Samples were tested in an 

aluminum hermetic pan using a heat/cool/heat cycle ranging from -90 °C to 120 °C a rate 

of 5 °C/min. 

2.3.9 Material Reprocessing 

Materials were reprocessed by cutting the resulting polymer systems into small 

pieces and melt pressing using an appropriate mold and melt press apparatus.  The 

materials were pressed at 100 °C for 10 min using approximately 5 metric tons of force.  

Two different molds were used for reprocessing.  A strip mold with dimensions of 50mm 

x 10mm x 2mm was used to make reprocessed DMA samples.  A dog bone mold, with 

both a thickness and width of 3.5mm, was used to prepare reprocessed tensile specimens 

in Chapter III.  The dog bone samples tested in Chapter IV (virgin and reprocessed) were 

cut using a type V dye punch in accordance with ASTM D638-14. 

2.3.10 Tensile Testing 

Tensile testing was conducted on all samples throughout reprocessing using a 

Mechanical Testing System (MTS) Insight material testing machine equipped with either 

a 1kN (Chapter III) or 500N (Chapter IV) load cell.  Samples were carefully centered in 

the clamps and deformed in tensile mode at a strain rate of 0.2 in/min until failure.  Each 

formulation was tested in triplicate for each reprocess to ensure consistent and accurate 

measurements. 
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2.4 Poly(thioether ketal) Thermoplastic Material Characterization 

2.4.1 Nuclear Magnetic Resonance (NMR) Analysis 

Polymer structure was confirmed by 1H, 13C NMR, COSY, and HSQC 

experiments using a Bruker AvanceTM 600 MHz NMR Spectrometer in Deuterated 

Chloroform. 

2.4.2 Size Exclusion Chromatography (SEC) 

Polymer molecular weights were obtained using a TOSOH EcoSEC HLC-8320 

GPC equipped with TSKgel® SuperMultiPore HZ-M.  The instrument was calibrated 

using a linear calibration against a polystyrene standard – PStquick MP-M polystyrene 

standard.  All experiments were conducted at 40˚C. 

2.4.3 Hydrolytic Stability Analysis 

Polymer films were cast from THF (100 mg/mL) in the bottom of scent vials.  

The films were then allowed to dry in a vacuum oven overnight at 50 °C to achieve films 

of approximately 50 mg.  Films were then subject to hydrolytic stability testing in acidic, 

neutral, and basic aqueous conditions.  The vials were filled with approximately 20 mL of 

degradation media and incubated in a 30 °C oven.  At varying time intervals, samples 

were removed, washed with DI water, and freeze dried for 24hrs.  Samples were then 

subject to SEC and gravimetric analysis to determine the extent of hydrolysis.  The 

various degradation media were prepared from 1M HCl, pH 7.4 PBS buffer, and 1M 

NaOH to obtain the acidic, neutral, and basic conditions, respectively.  In each case, 

degradation solutions were prepared with 10%, by volume, acetonitrile to assist in the 

solubilization of the degradation byproducts. 
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2.4.4 Contact Angle Analysis 

Contact angle analysis was performed using a Rame-hart STD Goniometer and 

analyzed using DROPimage Advanced Software.  All experiments were conducted with a 

6µL droplet of DI water at ambient conditions. 

 



 

23 

CHAPTER III - Ternary Thiol-Ene/Thiourethane Covalent Adaptable Networks: A Rapid 

and Versatile Route to Vitrimeric Materials 

3.1 Objective 

This chapter describes the development of a rapid and versatile approach to the 

formation of vitrimeric materials.  Specifically, this work expands upon results 

previously described by McNair et al.123 in which a generic “one-pot two-step” method 

was developed to form ternary thiol-ene/thiourethane networks.  This approach was 

modified to achieve certain key objectives: 

1) Alteration of the thiourethane formation catalyst and content so that the 

thiourethane DCC employed would render the resulting polymer networks 

reprocessable. 

2) Strict utilization of only commercially available materials to limit the number of 

synthetic processes and experience necessary in the development of CANs. 

3) Provide a rapid and versatile route to vitrimeric materials to act as a platform to 

aid in developing and understanding of key properties influencing vitrimeric 

behavior.   

Herein, a series of ternary thiol-ene/thiourethane covalent adaptable networks with 

altered polymeric network architecture was developed through this modified “one-pot 

two-step” approach to provide an understanding of key structure-property relationships 

on the vitrimeric behavior of such materials.  Additionally, this approach enables the 

study of virgin material properties – an area of study that is generally lacking in 

thiourethane vitrimeric literature due to the rapid reaction kinetics of the thiourethane 



 

24 

formation – ultimately allowing for comparison to reprocessed materials to provide key 

insights into material property retention. 

3.2 Formation of Ternary Thiol-ene/Thiourethane Covalent Adaptable Networks 

Ternary thiol-ene/thiourethane vitrimers were prepared via a “one-pot two-step” 

bulk method, as illustrated in Figure 3.1A. In the first step of the process, the 

thiourethane moiety was first formed by the DBN catalyzed reaction between the thiol 

and isocyanate functionalities.  The stoichiometric ratio of thiol and isocyanate functional 

groups was 2:1 (SH: NCO) to drive complete consumption of the isocyanate moiety 

while maintaining a stoichiometric equivalence of unreacted thiol to alkene necessary for  

 

Figure 3.1 A) Reaction scheme of the “one-pot two-step” method to achieve 

ternary thiol-ene/thiourethane networks with B) illustrating the commercially available 

monomers utilized. 
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the second step of the “one-pot two-step” process.  In the second step of the process, the 

resulting viscous mixture, formulated with 5 wt.% Darocur 1173 photoinitiator, was 

irradiated with UV light to produce a transparent solid thermoset.  Three different 

thermosets were prepared varying only by the diisocyanate monomer used in the 

formulation – with F1 containing HDI, F2 using IPDI, and F3 comprising H12MDI.  The 

specific structures of all monomers are shown in Figure 3.1B.  Each step of the “one-pot 

two-step” process was followed via FTIR analysis (Figure 3.2A - 3.2B).  The 

consumption of the isocyanate moiety, as an indicator of the formation of the 

thiourethane moiety, was monitored by the disappearance of the -NCO peak at 2258 cm-1 

upon addition of the DBN catalyst to the reaction mixture.  The complete disappearance 

of the -NCO peak was observed for all three formulations (Figure. 3.2A, A.1, and A.3) 

studied in this work.  Furthermore, upon complete consumption of the isocyanate moiety, 

it was further determined that thiol functionality remained in the formulation as indicated 

by the peak at 2565 cm-1 attributed to the –SH stretch.  Following the formation of the 

thiourethane moiety, the kinetics of the photoinduced thiol-ene crosslinking reaction was 

monitored via real-time FTIR with focus placed on the –SH peak at 2565 cm-1 (Figure 

3.2B, A.2, and A.4).  Rapid, near quantitative conversion of the thiol was observed for 

each formulation, as shown in the conversion vs. time plots in Figure 3.2C.  The F2  

formulation exhibited the highest apparent viscosity upon formation of the thiourethane, 

which translates into slower photopolymerization kinetics and longer irradiation times 

necessary to achieve 95% thiol conversion (Table 3.1). To provide further validation of 

network formation, gel content studies were performed on the resulting thermoset. As  
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Figure 3.2 A) FTIR analysis of F1 before and after the addition of DBN.  B) 

Decrease in F1 thiol peak absorbance as at various UV exposure times. C) Thiol 

conversion kinetics of F1 – F3 as a function of UV exposure time. 
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indicated in Table 3.1, the synthetic approach yielded thermosets with greater than 90% 

gel content.  

3.3 Thermomechanical Characterization of the Ternary Thiol-ene/Thiourethane 

Networks 

The thermomechanical properties of the resulting thermosets were investigated 

via dynamic mechanical analysis (DMA). Samples were subjected to a small oscillatory 

strain as a function of temperature to resolve the storage modulus (E’), loss modulus (E”) 

and tan  (E’/E”).  Figure 3.3 shows the tan  and E’ curves for the F1, F2, and F3 

networks. Relatively narrow tan  distributions (< 23 °C at FWHM, specific values 

summarized in Table 3.2) were observed for all thermosets – a typical characteristic of 

the step-growth thiol-ene polymerization process indicative of homogeneous polymer 

networks. Glass transition temperatures were determined from the peak maximum of the 

tan  curves.  As shown in Figure 3.3, the glass transition temperature for F1, F2, and F3 

was 0.37 °C, 48.3 °C, and 43.9 °C, respectively. The more rigid and compact framework 

of IPDI endowed F2 with the highest Tg.  DMA also showed glassy storage moduli in the 

range of 1000-2000 MPa and a rubbery plateau region for each thermoset that indicated 

rubbery moduli of between 4 - 6 MPa at approximately 80 C. 

Table 3.1 Summary of conversion kinetics and gel content of cured ternary thiol-

ene/thiourethane networks. 

Formulation Time to 95% Conversion (s) Gel Percent (%) 

F1 29.5 93.1 

F2 132.1 >99 

F3 54.9 >99 

 

 



 

28 

 

Figure 3.3 DMA thermograms of virgin A) F1, B) F2, and C) F3. 

Table 3.2 Summary of virgin material thermal properties determined by DMA. 

Formulation Tan δ (°C) FWHMa (°C) Storage Modulus 

(MPa) 

Crosslink Density 

F1 -0.37 18.6 4.15 0.261 

F2 48.3 18.9 5.61 0.337 

F3 43.9 22.6 6.19 0.395 
aFull width at half maximum of the Tan Delta peak used to describe network homogeneity.  bStorage Modulus value taken from the 

rubbery regime at Tg+40°C, with Tg being defined as the tan δ peak. 
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3.4 Probing the Dynamic Thiourethane Behavior within Networks 

Foundational work by Li and Torkelson73 proposed an association/dissociation 

dual mechanism that governs the thiourethane bond exchange process. Building on the 

work by Li, Wen et al.72 demonstrated the thiourethane moieties constructed from 

primary aliphatic isocyanates and aliphatic thiols are capable of undergoing both the 

associative and dissociative pathways depending on the nature of the exchange catalyst 

employed in the system. The catalysts 1,5-diazobicyclo[4.3.0]non-5-ene (DBN), as used 

in our system, promotes both associative and dissociative pathways since DBN exhibits 

both basic and nucleophilic characteristics. It is also plausible to assume that the 

structural characteristics of thiourethane (e.g., derived from primary or secondary 

isocyanates) would influence dynamic pathway. Initially, the dynamic nature of the 

thiourethane linkages within the F1 – F3 networks was investigated using variable 

temperature Fourier transform infrared spectroscopy (VT-FTIR). Using literature 

precedent from urethane networks, an active dissociative mechanism is indicated by the 

appearance of the isocyanate peak in VT-FTIR experiments.116 VT-FTIR experiments 

were carried out on thin films of the F1 – F3 thiourethane thermosets at five temperature 

setpoints ranging from 80 °C to 120 °C. As shown in Figure 3.4A, the F1 network 

comprised of primary aliphatic thiourethane linkages showed minimal changes in 

intensity at 2258 cm-1, the position expected for a free NCO functional group, as a 

function of temperature. This result would seem to indicate that the dissociative 

mechanism is minimally active within the polymer network at 0.5wt% DBN catalyst 

loading; however, it is noteworthy that we and others72 observe the dissociation of the 

primary aliphatic thiourethane in small molecule analogs. In contrast, the VT-FTIR for  
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Figure 3.4 VT-FTIR of F1 – F3 (A – C, respectively) at varying temperature 

profiles.  Additionally, the structures of F1 – F3 are depicted to show the primary (blue) 

and secondary (green) thiourethane moieties. 

F2 (Figure 3.4B, derived from IPDI containing one primary and one secondary 

isocyanate) and F3 (Figure 3.4C, derived from H12MDI with two secondary isocyanates) 

polymer networks show clear evidence of the dissociative pathway as indicated by the 

appearance and growth of the NCO peak at 2258 cm-1 with increasing temperature. While 

these experiments alone preclude the ability to comment on or identify a dominant 

dynamic pathway (e.g., dissociative vs. associative), the propensity of the secondary 

thiourethane linkage to undergo dissociation is clearly influenced by the structure and 

substitution of the isocyanate. The current observations are consistent with the reported  
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behavior of hindered ureas, which more readily undergo dissociation as the bulkiness of 

the urea substituents increases – a process driven by steric hinderance disruption of the 

conjugation of the π-electrons on the nitrogen atoms and carbonyl p-orbitals.117-120  

The dynamic nature of the thiourethane linkages within the F1-F3 polymer 

networks was investigated through a series of thermal stress relaxation experiments, with 

keen interest in understanding how the diisocyanate architecture influences the 

thiourethane bond exchange, and ultimately, the vitrimeric properties of the thermosets. 

Figure 3.5 shows the stress relaxation behaviors at different temperatures (80 °C – 120  

°C) for the stoichiometrically balanced polymer networks. As expected, the rate of stress 

relaxation significantly increases with increasing temperature for each formulation. From 

these stress relaxation curves, the corresponding characteristic relaxation times (τ*) were 

determined as the time at which the material reached 1/e of the initial stress, indicated by 

the horizontal dotted lines in Figure 3.5A-C. An Arrhenius relationship (Figure 3.5D) 

was observed when plotting ln τ as a function of 1000/T (K-1), from which we estimated 

the activation energy (Ea) for F1, F2, and F3 as 56.7 kJ/mol, 90.7 kJ/mol, and 105.8 

kJ/mol, respectively (Table 3.3). These Ea values are in good agreement with previously 

reported thiourethane-based polymer networks; however, direct comparisons are 

precluded due to different thiol structures, catalysts, and catalyst loading.29, 72, 76-77  It can 

be noted that the Ea values generally increase as the steric hindrance around the 

thiourethane linkage increases, where the F3 network derived from H12MDI with two 

secondary isocyanates exhibits the highest energy of activation.  Fitting these materials to 

a Maxwell element and assuming a Poisson’s ratio of 0.5, we extrapolated the viscosity 

as a function of temperature (𝜂=𝐺′(𝜏)) and calculated the theoretical topology freezing  



 

32 

 

Figure 3.5 Stress relaxation experiments of A) F1, B) F2, and C) F3 with their 

respective primary (blue) and secondary (green) thiourethane structures as dictated by 

the parent diisocyanate monomer selection.  D) Results from stress relaxation 

experiments plotted in terms of the Arrhenius relationship. 

temperature (Tv). Extrapolation of the calculated viscosities provided Tv values of -24.4 

°C, 10.8 °C, and 57.4 °C, respectively, for networks F1, F2, and F3.  While convenient  

for purposes of comparison across these three systems, the Tv values provided by the 

Maxwell fit of stress relaxation experiments offer minimal practical utility with regard to 

reprocessability. This approach does fails to accurately capture relaxation modes (e.g., 

Rouse and reptation) that typically occur over broad ranges of temperature and 

timescales. Additionally, since the vitrification temperature is extracted via extrapolation, 

the method likely ignores chemical and physical changes that may occur within the  
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Table 3.3 Summary of vitrimeric topological freezing temperature and relaxation 

behaviors. 

Formulation Ea (kJ/mol) R2 Tv
a (°C) Tv

b (°C) Tg
c (°C) 

F1 56.7 0.9812 -24.4 61.9 0.37 

F2 90.5 0.9495 10.8 68.8 48.3 

F3 105.8 0.9682 57.4 77.5 43.9 

Tv
a determined by the Arrhenius equation in conjunction with the Maxwell equation.  Tv

b determined by means of nonisothermal creep 

experiments. C Tg determined by DMA. 

extrapolated region. By this approach, the F1 and F2 networks would be considered Tg-

limited networks, where Tv < Tg, while the F3 network would be considered Tv-limited, 

where Tv > Tg.  Although Nishimura and coworkers121 report the classic WLF-to-

Arrhenius transition just beyond Tg in lightly crosslinked polystyrene, significantly higher 

temperatures are often needed to reprocess Tg-limited dynamic thermosets. This suggests 

that direct Tg and Tv values are not immediately adequate for determining ideal material 

reprocessing conditions. As postulated by Dugas et al., the large discrepancy in these 

values of merit may be the result of the number of exchanges that must occur 

simultaneously to induce flow in highly crosslinked thermosets. Thus, a recent impetus in 

the area of vitrimers has focused on identifying of methods to quantify thermally induced 

dynamic exchanges that provide relevant information for reprocessing.122  

Recently, non-isothermal creep analysis was employed by Serra and coworker for 

the analysis of poly(thiourethane) vitrimers.76-77 In this approach, Tv is reported as the 

temperature at which the material deviates from a linear strain response (Figure 3.6). The 

transition values obtained from the non-isothermal creep experiments for the F1, F2, and 

F3 thermosets were 61.9 °C, 68.8 °C, and 77.5 °C, respectively (Table 3.3).  The general 

trend in Tv established previously for these materials by means of the Arrhenius 

relationship agree with the non-isothermal creep values, but the absolute values from the  
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Figure 3.6 Nonisothermal creep results obtained for F1, F2, and F3. 

creep experiments are more relevant to guide reprocessing conditions discussed in the 

next section.  We postulate that the trend in increasing Tv values from F1 to F3, 

established by both methods of Tv determination, is due to the structural  

conformation imparted from the parent diisocyanate monomer.  For instance, F1 is 

formed using HDI where both isocyanate moieties are primary, resulting in two primary 

thiourethane functionalities per parent diisocyanate within the final polymeric product.  

In contrast, F2 and F3 are formed using diisocyanate monomers with either one primary 

and one secondary isocyanate or two secondary isocyanates, respectively, resulting in 

primary and secondary thiourethanes as dictated by the parent diisocyanate monomer 

structure.  We expect that these structural differences dictate the degree of steric 

interaction on thiourethane functionality, ultimately affecting the exchange behavior of 

these materials. 

 



 

35 

3.5 Material Reprocessing and Physical Property Retention 

Reprocessability of covalent adaptable or vitrimeric materials is a distinguishing 

factor from traditional thermosetting polymers and is the predominant reason for 

significant interest in the field.  To be industrially relevant, vitrimers should be able to 

retain key mechanical properties as a function of multiple reprocessing cycles.  To 

investigate the reprocessability, F1 – F3 were cured as tensile bars, cut into pieces, and 

reprocessed into tensile bar molds at 100 °C for 10 min using approximately 5 metric 

tons of force, as illustrated in Figure 3.7. Thermomechanical and mechanical properties 

were determined via DMA and tensile testing for each of the materials as a function of 

two reprocessing cycles. The storage modulus and tan δ curves for the F1-F3 materials 

are shown in Figure 3.8A-C, while the stress-strain curves are shown in Figure3.8D – 

3.8F, Table 3.4).  The summary of specific mechanical and thermomechanical properties 

is provided in Table 3.4 and Table 3.5.  Interestingly, F1 exhibited the best performance 

in retention of properties after reprocessing. After the second reprocessing cycle, the  

 

Figure 3.7 Basic process by which materials (F1 being shown) were reprocessed. 
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Figure 3.8 Thermomechanical (A-C; determined via DMA) and mechanical 

properties (D-F; determined via tensile testing) of F1 – F3 throughout two material 

reprocessing cycles. 

Young’s modulus for F1 decreased from 1.74 MPa to 1.22 MPa, retaining 75% of the 

original value. Similarly, the F1 network retained 90% of the original crosslink density 

with minimal shifts in the Tg.  In contrast, F2 and F3 exhibited poor retention of Young’s 

modulus after multiple reprocessing cycles, respectively retaining only 21% and 20% of  
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Table 3.4 Summary of key mechanical properties of F1 – F3 throughout reprocessing. 

Formulation Reprocessing Cycle Young’s Modulus (MPa) Strain at Break (%) 

F1 Virgin 1.74 63.98 

 1st Reprocess 1.22 56.70 

 2nd Reprocess 1.30 59.78 

F2 Virgin 3.78 472.36 

 1st Reprocess 1.48 332.47 

 2nd Reprocess 0.81 312.45 

F3 Virgin 5.57 550.52 

 1st Reprocess 4.53 144.08 

 2nd Reprocess 1.09 158.97 

 

Table 3.5 Summary of thermomechanical (properties determined by DMA) of F1 – F3 

throughout reprocessing. 

Formulation Reprocessing Cycle Tan δ (°C) FWHMa (°C) Storage 

Modulus (MPa) 

Crosslink 

Density 

F1 Virgin -0.37 18.55 4.15 0.261 

 1st Reprocess 1.01 19.39 3.54 0.221 

 2nd Reprocess -2.08 18.46 3.72 0.235 

F2 Virgin 48.27 18.95 5.61 0.337 

 1st Reprocess 40.53 31.51 2.37 0.148 

 2nd Reprocess 41.15 34.12 1.92 0.117 

F3 Virgin 43.92 22.64 6.19 0.395 

 1st Reprocess 43.31 46.08 2.29 0.152 

 2nd Reprocess 35.89 36.43 2.04 0.134 
aFull width at half maximum of the tan δ peak used to describe network homogeneity.  bStorage Modulus value taken from the rubbery 

regime at Tg+40°C, with Tg being defined as the Tan Delta peak. 

their original modulus values. Furthermore, the F2 and F3 networks exhibited more than 

65% decrease in crosslink density following multiple reprocessing cycles.  As previously 

described and supported by VT-FTIR, the F2 and F3 networks undergo some degree of 

thiourethane dissociation, driven by the increased steric hinderance of the secondary 

thiourethane, upon exposure to elevated temperature. When reprocessing these materials, 

the dissociation of the thiourethane likely plays an important role in possible side 

reactions. Upon dissociation, highly reactive free isocyanate groups are produced at the 

reprocessing temperature. Since the reprocessing methodology was carried out under 

ambient atmosphere in the laboratory, the free isocyanate groups are exposed to a 

combination of elevated temperatures and humidity, which can lead to unsought side 

reactions and, consequently, loss of properties. Likewise, thiols are known to undergo 
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some oxidation at elevated temperatures in ambient atmosphere – process that would 

decrease the number of thiols available for reaction with isocyanates, resulting in a loss 

of crosslink density in the reprocessed samples. Similar observations were reported by Li 

and coworkers73 in thiourethane materials comprised from aromatic isocyanates, which 

tend to also undergo dissociation under reprocessing conditions, particularly when 

formulated with stoichiometric ratios of thiol.  

3.6 Concluding Remarks 

Vitrimers represent an interesting class of materials showing potential in bridging 

the gap between the highly sought-after properties of both thermosetting and 

thermoplastic materials.  As such, multiple different DCCs have been investigated as 

potential candidates for use in CANs.  Herein, our attention focused on the dynamic 

thiourethane moiety, which has recently gained considerable attention as a platform for 

vitrimers.  We expanded upon a “one-pot two-step” process, previously described by 

McNair and coworkers.123  This approach utilizes the high degree of selectivity of thiol-X 

“click” reactions as well as their inherent rapid reaction kinetics.  Furthermore, our 

approach utilizes all commercially available sources – an advantage not observed by 

many other approaches to vitrimeric materials.  It was determined that the molecular 

structure of the parent diisocyanate monomer has a crucial impact on the vitrimer 

exchange behavior and kinetics.  In particular, the steric strain imparted on the secondary 

thiourethanes of F2 and F3 force these formulations to exhibit dissociative exchange 

behavior – similar to hindered urea vitrimers.  This dissociative behavior complicates 

mechanical property retention for these vitrimers due to a reduction in crosslink density.  

Nevertheless, we have shown that our “one-pot two-step” process rapid approach to 
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producing vitrimeric materials.  The simplicity and commercial viability of our approach 

should provide a platform for further investigation into various physical properties of 

vitrimeric materials that are not yet fully understood. 
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CHAPTER IV – Understanding the Effects of Altering Functional Stoichiometry on the 

Vitrimeric Behavior of Ternary Thiol-ene/Thiourethane Covalent Adaptable Networks 

4.1 Objective 

A primary advantage associated with the “one-pot two-step” approach to fabricate 

ternary thiol-ene/thiourethane covalent adaptable networks is that the order of monomer 

addition can be used to control the reactive functional equivalents with minimal changes 

to network formation behavior.  This approach enables the design and development of 

ternary thiol-ene/thiourethane CANs with free reactive groups (e.g., thiols or alkenes).  In 

knowing that the thiourethane moiety undergoes both the associative and dissociative 

pathways synergistically when DBN is used as the dynamic exchange catalyst, we 

hypothesize that altering the free thiol content within the networks will force the dynamic 

exchange pathway to favor one exchange mechanism versus the other – i.e., strongly 

associative in presence of excess thiol and strongly dissociative when the thiol 

concentration is deficient.  The work presented herein is predicated on two main 

objectives: 

1) Determine the effect that altering thiol content has on the dynamic behavior of the 

ternary thiol-ene/thiourethane networks using F1 (derived from HDMI) as the 

model system. 

2) Determine the effects that altering thiol content will have on the material 

properties and property retention of F1 throughout reprocessing. 

The results obtained herein provide valuable insights into the factors affecting the 

synergistic dynamic mechanism of the thiourethane moiety when DBN is used as the 

exchange catalyst. 
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4.2 Effects of Altering Thiol Content on the Dynamic Behavior of Ternary Thiol-

ene/Thiourethane CANs 

A series of four new ternary thiol-ene/thiourethane CANs was developed using 

the same monomers as F1, differing by dithiol monomer feed.  The networks were 

formulated so that two systems had an excess of final free thiol (+10% and +5% 

functional excess thiol input) and two systems were formulated with thiol deficiency (-

10% and -5% functional deficient thiol input) to be compared to the stoichiometrically 

equivalent F1 system.  The effects of altered thiol content of these networks on their 

dynamic behavior were then investigated via a series of thermomechanical analysis. 

We initially hypothesized that increasing free thiol content would promote the associative 

exchange mechanism relative to the dissociative reversible mechanism. Promoting the 

associative exchange mechanism should be manifested in the observation of decreased 

relaxation times (𝜏∗) and lower calculated Ea values. The stress relaxation analysis for the 

+5% and +10% systems, as shown in Figure 4.1, corroborates this hypothesis when 

fitted to the Arrhenius equation (Figure 4.2, Table 4.1).  The larger increase in free thiol  

 

Figure 4.1 Stress relaxation analysis of the A) +5% and B) +10% systems. 
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Figure 4.2 Stress relaxation of results plotted in terms of the Arrhenius 

relationship. 

Table 4.1 Vitrimeric thermal relaxation behavior of the F1, +5%, and +10% systems. 

Sample Ea (kJ/mol) 𝒓𝟐 Tv (°C) 

F1 59.7 0.982 -24.4 

+5% 62.3 0.998 -28.2 

+10% 48.2 0.991 -55.5 

 

content of the +10% system resulted in a decreased Ea and Tv (48.2 kJ/mol and -55.5°C, 

respectively) relative to the functionally equivalent F1 system (59.7 kJ/mol and -24.4°C, 

respectively).  Based on the results obtained the +10% system, it is reasonable to 

postulate that increasing the free thiol content shifts the equilibrium of dynamic exchange 

to favor the associative mechanism.  However, the interpretation of the +5% system is 

more complicated. The +5% system exhibits a slightly increased Ea relative to F1, 

increasing from 59.7kJ/mol for F1 to 62.3 kJ/mol for the +5% system.  DBN has 

previously been shown to promote both the associative and dissociative exchange 

pathways synergistically resulting in elevated catalytic activity.72  Adding this 

mechanistic understanding to the previously described hypothesis, we postulate that a 

critical free thiol content must be achieved to overcome the synergistic catalytic activity – 

reducing the level of dissociation ultimately resulting in higher degrees of maintained 
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crosslink density when exposed to elevated temperatures.  This retention in crosslink 

density decreases chain mobility leading to a slight increase in Ea of the +5% system 

relative to F1.  Interestingly, the 𝜏∗ values of both the +5% and +10% systems were 

found to be dramatically lower than that of the F1 system (Table B.1).  This is attributed 

to the increased free thiol content within these systems.  Although not immediately 

obvious, this provides further insight into the behavior of the +5% system.  Ultimately, 

the reduction in 𝜏∗ values result in a decreased Tv value of the +5% (-28.2°C) system 

relative to F1 (-24.4°C).  These results suggest that while the +5% system exhibits a 

slightly increased Ea relative to F1, due to the reduction of synergistic dynamic exchange 

imparted by DBN and the resulting retention of crosslink density, the rate of dynamic 

exchange and chain relaxation ultimately dwarfs the increased Ea resulting in decreased 

Tv.  However, as established in previously Figure 3.6, the dissociative mechanism was 

not detectable via VTIR analysis of F1 – meaning that the dissociative mechanism was 

either not occurring or occurring at levels undetectable to the instrument.  Our attention 

then shifted to small molecule analysis as a potential route to provide validation to this 

hypothesis. 

A series of six small molecule systems, Figure 4.3, were developed using hexyl 

isocyanate (3.52 mmol), hexanethiol (3.52 mmol), and DBN (0.05 mmol) to mimic the 

thiourethane moiety of F1 and analyzed via VT-FTIR.  They differ from each other based 

on the thiol input (3.52 mmol for SM1-3 and 3.87 mmol for SM4-6) and DBN content 

(0.05 mmol, SM1 and SM4; 0.11 mmol, SM2 and SM5; 0.26 mmol, SM3 and SM6) 

within the small molecule systems (Table 4.2).  To establish a baseline, the first system 

analyzed (SM1) was formulated using functional equivalents of isocyanate and thiol with  
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Figure 4.3 Formation of SM1. 

Table 4.2 Summary of small molecule thiourethane systems. 

Sample Hexanethiol (mmol) Hexyl isocyanate (mmol) DBN (mmol) 

SM1 3.52 3.52 0.05 

SM2 3.52 3.52 0.11 

SM3 3.52 3.52 0.26 

SM4 3.87 3.52 0.05 

SM5 3.87 3.52 0.11 

SM6 3.87 3.52 0.26 

 

a DBN content equivalent to that of the F1 system relative to the thiourethane moiety.  

The SM1 system was analyzed at varying temperature profiles with specific attention 

being placed on the appearance of the isocyanate peak at 2258 cm-1 as a function of 

increasing temperature indicative of thiourethane dissociation (Figure 4.4).  The VT-

FTIR results from SM1 suggest that the thiourethane does undergo dissociation under 

stoichiometric conditions for the small molecule analog of F1. However, as highlighted 

in Chapter III, VT-FTIR showed no evidence of dissociation within the network, or it is 

possible that dissociation in the network generated the free NCO occurred at levels below 

the instrument detection limit.  The SM1 system was then compared to SM2 and SM3 to 

determine the effects of increasing DBN content, as shown in Figure 4.5.  As expected, 

the thiourethane dissociation is dependent on the concentration of DBN present within 

the system – with increasing DBN content resulting in increased levels of dissociation at 

each temperature profile, as indicated by the increase in NCO peak intensity in Figure 

4.5. These results are consistent with work previously reported by Gamardella et al.76  

Each of these three small molecule systems were then reformulated using 10% excess  
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Figure 4.4 VT-FTIR of SM1. 

thiol (SM4 – SM6) and analyzed via VT-FTIR to determine if increasing the free thiol 

content within each system would affect the dynamic mechanism occurring, Figure 4.6.  

In each case, small molecule systems with excess thiol content (SM4 – SM6) exhibited 

lower levels of thiourethane dissociation as a function of increasing temperature, relative 

to their respective functionally equivalent systems (SM1 – SM3).  This finding provides 

small molecule precedence to validate the previously developed hypothesis that excess 

free thiols in the +5% and +10% network systems will effectively shift the dynamic 

exchange equilibrium to favor the associative mechanism. 

The thiol deficient systems were next analyzed by stress relaxation analysis 

(Figure 4.7), with the driving hypothesis being that the absence of free thiol content will 

favor the dissociative reversible mechanism for the thiourethane resulting in increased 

relaxation times and higher Ea and Tv values relative to F1.  When fitted the Arrhenius 

relationship, both thiol deficient systems seemed to deviate from normal Arrhenius 

behavior, as illustrated in Figure 4.8.  While unexpected, this behavior has previously  
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Figure 4.5 VT-FTIR analysis of SM1, SM2, and SM3 (increasing DBN content) at 

90°C (solid), 100°C (dash), and 110°C (dash dot). 

 

Figure 4.6 VT-FTIR analysis of SM1 – SM3 and SM4 – SM6 (respective 

increased thiol counterpart) at 110°C. 

been observed by Jing et al. 124 when developing dynamic polyelectrolyte vitrimers.  

They found that increasing salt content within their polyelectrolyte systems caused a shift 

towards the Vogel-Fulcher-Tammann (VFT) relationship due to the introduction of the 

dissociative mechanism.124   
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Figure 4.7 Stress relaxation analysis of the A) -5% and B) -10% systems. 

VFT behavior in vitrimeric systems has also been described in various kinetic 

models.115, 125-126  These models effectively separate an Arrhenius plot, exhibiting a 

change in slope, into a lower and upper temperature regime.  In the lower temperature 

regime, material relaxation and network topological rearrangements are dominated by 

segmental motions and dynamics resulting VFT relaxation behavior.  In the upper 

temperature regime, the rate of dynamic exchange outpaces chain relaxation resulting in 

Arrhenius behavior.125-126 

In understanding the cause of VFT behavior in vitrimeric materials, a rationale 

can be developed to explain the unexpected relaxation behavior of the -5% and -10% 

thiol deficient systems.  These systems were specifically formulated so that no free thiols 

would be present within the final network.  Thus, the initial relaxation behavior 

ultimately comes in the form of thiourethane dissociation due to the absence of free thiol 

eliminating the possibility of the associative behavior taking place.  It can then be 

inferred that the chain dynamics of these systems outpace the rate of thiourethane 

dissociation resulting in VFT behavior.  Furthermore, since the stoichiometrically  
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Figure 4.8 Arrhenius plot of the -5% and -10% systems from the obtained stress 

relaxation data, where it hypothesized that the lower temperature regime (VFT behavior) 

is indicative of thiourethane dissociation, and the upper temperature regime (Arrhenius 

behavior) is due to the presence of the associative behavior. 

equivalent F1 system does not exhibit VFT behavior, it can be assumed that there is a 

critical amount of dissociation that must occur to reduce the inherent crosslink density to 

a level for this behavior to be evident.  However, network dissociation remains 

undetectable through VT-FTIR analysis.   

Stress relaxation analysis now becomes inappropriate to compare the thiol excess 

and deficient systems, as they exhibit different mechanisms for relaxation.  In contrast, 

non-isothermal creep analysis can be used to determine the effects of altered thiol content 

on the resulting material Tv.  Figure 4.9 clearly shows a distinct trend in Tv, with 

increasing free thiol content resulting in decreased Tv following an order of 10% > -5% > 

F1 > +5% > +10% (specific values summarized in Table 4.3). The significant shifts in 

Tv values for the thiourethane systems containing either a stoichiometric excess or 

stoichiometric deficiency provide further evidence that stoichiometry effectively alters  
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Figure 4.9 Non-isothermal creep analysis of F1 and all altered thiol systems. 

Table 4.3 Summary of obtained Tv. 

Sample Tv
a (°C) Tv

b (°C) 

-10% NA 71.5 

-5% NA 68.9 

F1 -24.4 61.8 

+5% -28.2 55.4 

+10% -55.5 48.2 
aDetermined by Arrhenius representation of the stress relaxation analysis. bDetermined by non-isothermal creep measurements. 

the thiourethane mechanism, favoring an associative exchange with thiol is in excess and 

reversible dissociation when thiol is deficient.   

4.3 Effects of Thiol Stoichiometry on Thermomechanical and Mechanical Property 

Retention 

Not only does altering thiol content influence the dynamic relaxation behavior 

and apparent Tv of the networks, but it was also found to have a distinct effect on the 

virgin thermal and mechanical properties of these materials relative to the 

stoichiometrically equivalent F1.  From DMA, as shown in Figure 4.10A, it was 

determined that decreasing free thiol content ultimately led to an increase in crosslink 
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density as determined from the plateau of the rubbery modulus, exhibiting a trend of -

10% > -5% > F1 > +5% > +10%.  Additionally, decreasing free thiol content leads to  

an increase in Tg as determined from the DMA tan δ peak (Table 4.4). Analysis of the 

networks by DSC showed similar trends in Tg.  This trend also translated to the tensile 

properties, as shown in Figure 4.11, where decreasing free thiol content generally 

provided an increase in key mechanical properties such as Young’s modulus and 

toughness (Table 4.5).  Each of these materials were then reprocessed and retested via 

tensile testing, as shown in Figure 4.12, to determine how the altered thiol content would  

 

Figure 4.10 A) DMA and B) DSC thermograms of virgin F1 and virgin altered 

thiol compositions. 

Table 4.4 Summary of thermal and thermomechanical properties of virgin F1 and virgin 

altered thiol compositions. 

Sample Tg
a (°C) Tg

b (°C) FWHMc (°C) Mc (g/mol) q 

-10% -13.6 7.9 16.1 1373.1 0.44 

-5% -22.1 0.6 15.8 1787.8 0.34 

F1 -26.9 -0.4 18.6 2305.2 0.26 

+5% -29.6 -7.1 16.2 2313.1 0.26 

+10% -36.6 -11.8 16.8 3871.7 0.15 

Tg
a determined by DSC.  Tg

b determined from the DMA tan δ peak.  cFull Width Half Maximum determined from the DMA tan δ 

peak. 
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Figure 4.11 Virgin tensile properties of each altered thiol system. 

 

Figure 4.12 Virgin and reprocessed tensile test results of the A) +5%, B) +10%, 

C) -5%, and D) -10% systems. 
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influence the retention of these key material properties.  Generally, the thiol deficient 

systems exhibit increased young’s modulus, break stress, and toughness throughout 

reprocessing relative to F1 and the thiol excess systems, Table 4.5, when observing the  

raw numerical values of the tensile experiments.  For instance, the -10% exhibits 

toughness values of 0.42 J/m3, 0.31 J/m3, 0.28 J/m3 (virgin, 1st reprocess, and 2nd 

reprocess respectively) while the +10% system exhibited values of 0.11 J/m3, 0.14 J/m3, 

and 0.15 J/m3 (virgin, 1st reprocess, and 2nd reprocess respectively), Table 4.5.  While the 

-10% system exhibits higher raw values than that of the +10% system, the property 

retention throughout reprocessing (relative to the virgin material) is better for the +10% 

system (132.9% and 146.1% - 1st reprocess and 2nd reprocess respectively) versus the -

10% system (74.0% and 66.2% - 1st reprocess and 2nd reprocess respectively), Table 4.6.  

This trend in material property retention, however, appears predominantly within the 

break stress and material toughness categories.  Nevertheless, these findings are in good 

agreement with work by Li et al.73, who described that increasing free thiol content  

Table 4.5 Summary of mechanical properties. 

Sample Reprocess Cycle 
Young’s 

Modulus (MPa) 

Break Strain 

(%) 

Break Stress 

(MPa) 

Toughness 

(J/m3) 

-10% Virgin 4.57 45.5 1.64 0.42 

-10% 1st Reprocess 3.41 47.8 1.14 0.31 

-10% 2nd Reprocess 3.47 43.9 1.09 0.28 

-5% Virgin 3.08 45.5 0.98 0.26 

-5% 1st Reprocess 2.60 41.6 0.79 0.20 

-5% 2nd Reprocess 2.61 40.8 0.76 0.18 

F1 Virgin 1.93 44.3 0.67 0.17 

F1 1st Reprocess 1.86 44.3 0.56 0.15 

F1 2nd Reprocess 2.45 41.6 0.68 0.17 

+5% Virgin 2.12 41.5 0.63 0.15 

+5% 1st Reprocess 1.74 49.1 0.59 0.17 

+5% 2nd Reprocess 1.89 39.2 0.52 0.12 

+10% Virgin 1.77 39.30 0.44 0.11 

+10% 1st Reprocess 2.01 41.1 0.55 0.14 

+10% 2nd Reprocess 1.22 56.3 0.45 0.15 
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Table 4.6 Summary of reprocessed mechanical property retention relative to the 

respective virgin material properties. 

Sample Reprocess Cycle 

Young’s 

Modulus 

Retention (%) 

Break Strain 

Retention (%) 

Break Stress 

Retention (%) 

Toughness 

Retention (%) 

-10% 1st Reprocess 74.6 104.9 69.7 74.0 

-10% 2nd Reprocess 76.0 96.4 66.3 66.2 

-5% 1st Reprocess 84.4 91.6 80.1 77.0 

-5% 2nd Reprocess 84.8 89.7 77.1 72.2 

F1 1st Reprocess 96.3 100.0 83.6 86.7 

F1 2nd Reprocess 127.1 94.1 102.0 100.5 

+5% 1st Reprocess 82.0 118.3 93.1 112.4 

+5% 2nd Reprocess 89.5 94.3 83.1 81.3 

+10% 1st Reprocess 113.7 104.6 125.5 132.9 

+10% 2nd Reprocess 69.2 143.2 103.2 146.1 

 

results in higher levels of physical property retention due to the suppression of potential 

side reactions.  Specifically, the thiourethane dissociative mechanism results in the 

formation of highly reactive NCO groups capable of reacting with atmospheric moisture 

due to reprocessing in an open environment – ultimately leading to crosslink  

density reduction and property loss.  Relating this to the previously established VFT 

behavior of the -5% and -10% systems, it is reasonable to postulate that the reduction in 

material property retention of these systems is due to thiourethane dissociation. 

Interestingly, the +10% system exhibited an increase in break stress, break strain, 

and toughness throughout each reprocessing cycle, relative to its virgin properties.  DMA 

was conducted on the reprocessed +10% system in an effort to provide an explanation to 

this phenomenon, Figure 4.13.  It was determined that the +10% system increased in  

crosslink density throughout reprocessing as determined from the rubber modulus.  

However, each of the other altered thiol systems showed either a maintained or decreased 

crosslink density throughout reprocessing.  We expect that the increase in crosslink 

density of the +10% system is due to potential oxidation of the free thiols to form 

disulfides70, 127 resulting in additional crosslinks relative to the virgin material. 
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Figure 4.13 DMA thermograms of the +10% system throughout reprocessing. 

4.4 Concluding Remarks 

Through previous investigations72-73, the thiourethane DCC has been shown to 

exhibit both the associative and dissociative pathways.  Through systematic alterations in 

network thiol content, we aimed to investigate to what effect we could alter the dynamic 

equilibrium and the influence it would have on vitrimeric behavior and mechanical 

property retention.  As initially expected, increasing free thiol content within the network 

resulted in decreased 𝜏∗ and ultimately decreased Tv.  In contrast, decreasing the thiol 

content within the network resulted in a deviation from the Arrhenius relationship to the 

VFT relationship.  This was determined to be due to increased dissociative dynamic 

behavior, consistent with that previously observed by Jing et al.124  A series of small 

molecule VTIR studies provided additional evidence that altering the free thiol content 

within the systems would result in a shift in the dynamic behavior equilibrium (i.e. 

associative vs. dissociative behavior).  Furthermore, the altered thiol content was found to 

affect the virgin material properties and material property retention throughout 
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reprocessing.  It was ultimately determined that decreasing thiol content within the 

systems resulted in an increase in virgin mechanical, thermal, and thermomechanical 

properties.  However, these increased properties came at the expense of material property 

retention after reprocessing relative to the virgin property of the respective system. 
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CHAPTER V – Development of hydrolytically labile poly(thioether ketal) thermoplastics 

5.1 Objective 

Linear thiol-ene photopolymerizations have received minimal attention as 

compared to network formation and post-polymerization modification.  However, early 

reports of thiol-ene photopolymerization as a route to step growth polymers have been 

reported to have exceptional reactivity circumventing problems commonly associated 

with achieving high molecular weight polymers traditionally associated with the step 

growth process.23, 104, 107, 128-129  Herein, the overarching goal is to expand work 

previously established by Alameda et al.25 on degradable thiol-ene networks into the 

realm of thermoplastic materials.  A series of six different poly(thioether ketal) 

thermoplastics were synthesized in order to explore key structure-property relationships 

pertaining to polymer hydrolysis: 

1) The effect of bisalkene diketone monomer structure on the relative rate of 

polymer hydrolysis. 

2) The effect of dithiol monomer selection on the relative rate of polymer hydrolysis 

and degradation behavior. 

As expected, the bisalkene diketone monomer structure had similar effects on the 

relative rate of polymer hydrolysis as previously reported by Alameda et al.25  While it 

was expected that by changing the hydrophilic/hydrophobic character of the polymers 

would affect polymer hydrolysis rate, it also unexpectedly altered the degradation 

behavior of the materials.  A mathematical model developed by Lyu et al. was then 

utilized to better compare the effects of changing polymer backbone architecture. 
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5.2 Polymer Synthesis 

Previously in our lab, Alameda et al. synthesized a series of bisalkene diketone 

monomers from a series of common ketones and commercially available alkenyl-diol by 

means of classic acid catalyzed ketalization techniques.25  They showed that through 

thiol-ene photopolymerization, poly(𝛽-thioether ester ketal) thermosets could be formed 

using the synthesized monomers and commercially available multifunctional thiols.  

These networks could then readily undergo rapid hydrolytic degradation under acidic 

conditions.  Furthermore, these materials exhibited tunable degradation profiles based on 

the structure of the ketal monomer used.  Building off these findings, we have developed 

a series of linear poly(thioether ketal) thermoplastics that exhibit tunable degradation 

profiles based on a variety polymer architectural features – i.e. ketal monomer stability 

and polymer backbone hydrophilic/hydrophobic characteristics. 

We first focused our attention on utilizing monomers 3 and 5 (Figure 5.1) , 

previously developed by Alameda et al.25, since they have been shown to exhibit 

moderate hydrolytic rates of degradation while maintaining consistency in monomer 

architectural features – i.e. similar structures with similar electronic effects.  It has been 

proposed that the only aspect distinguishing these two monomers apart from each other in 

terms of hydrolytic stability stems from their respective structural conformations. 

Hydrolytically labile poly(thioether ketals) were then synthesized via linear thiol-

ene photopolymerizations using the bisalkene diketone monomers (3 and 5) and a series 

of commercially available dithiol monomers (6, 7, and 8).  Figure 5.2 illustrates the 

representative scheme for UV photopolymerization utilizing the bisalkene diketone 

monomers, commercially available dithiol monomers, and Darocur 1173 (5 mol%) as the  
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Figure 5.1 General synthetic scheme for cyclic bisalkene diketal monomers 3 and 

5 from the acid-catalyzed ketalization of diketones (2 and 4) and 3-allyloxy-1,2-

propanediol (1). 

 

Figure 5.2 General synthetic scheme for polymers 9, 10, 11, 12, 13, and 14 from 

the radical mediated thiol-ene photopolymerization of monomers 3 and 5 with 

commercially available dithiol monomers 6, 7, and 8. 

photoinitiator.  Polymer structure and molecular weights were confirmed via NMR and 

SEC analysis (Figure C.1 – Figure C.25).  Although common for step growth polymers, 

there was a degree of difficulty in maintaining similar molecular weight profiles and Xn 

values across each class of polymers (class being defined by dithiol monomer), which we 

attributed to a number of factors; 1) inherent reactivity of the dithiol monomer,130 2) 
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steric effects of monomer structure, and 3) dramatic increase in the viscosity of the 

reaction medium. 

5.3 Hydrolytic Stability Analysis of Poly(thioether ketal) thermoplastics 

Each polymer system was subjected to hydrolytic stability testing via submersion 

into various degradation media.  As previously stated, the wide variety of commercially 

available dithiol monomers enable us to tune the hydrophilic/hydrophobic characteristics 

of each polymer system by altering the polymer backbone architecture.  In addition to the 

hypothesis that ketal stability will play a key role in polymer hydrolytic degradation, we 

further hypothesize that the polymer backbone contributions will endow our systems with 

another handle by which to tune the rates of degradation. 

In analyzing our polymer hydrolytic stability of these systems, we first turned our 

attention to polymers 9 and 10.  Ketals commonly exhibit high degrees of stability  

under basic and neutral conditions, while readily undergoing hydrolysis under acidic 

conditions.  We initially hypothesized that polymers 9 and 10 would only undergo 

hydrolytic degradation under acidic conditions, with their rates of hydrolysis being 

directly correlated to the stability of the ketal moiety.  We found this to be true by 

monitoring the rates of hydrolytic degradation via gravimetric analysis (Figure 5.3).  The 

results obtained suggest that polymers formed using monomer 5 would exhibit faster 

rates of degradation than that of polymers formed with monomer 3.  This is in agreement 

with results obtained by Alameda et al.25 In which case, it has been proposed that the 

differences in the stability of the ketal moiety along the polymer backbone come from the 

structural conformation of the ketal monomer, where monomer 3 exhibits a somewhat 

“locked in” conformation while monomer 5 has more degrees of motion.  This affects the  
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Figure 5.3 Gravimetric analysis of polymers 9 and 10 upon exposure to acidic 

(1M HCl:Acetonitrile – 90:10 by volume), neutral (pH 7.4 PBS buffer:acetonitrile – 

90:10 by volume), and basic (1M NaOH:Acetonitrile – 90:10 by volume) aqueous 

environments versus time. 

ability of the ketal to transition from a sp3 conformation to a sp2.  Since monomer 5 has 

more degrees of motion, it can more easily undergo the conformational transition making 

it more susceptible to hydrolytic degradation. 

One of the interesting aspects of these two polymer systems is that we could not 

accurately monitor degradation by SEC throughout the degradation process due to the 

material being insoluble in THF.  We attributed this to crosslinking reactions that could 

potentially occur throughout the degradation process.  When the poly(thioether ketals) 

degrade, they form the parent ketone and polymer chains with diol end groups as 

degradation byproducts.  Operating under the assumption that polymer hydrolytic 

degradation is a random chain scission process,131-132 we can infer that polymer 

degradation results in smaller polymer chains of varying molecular weight.  If we also 

assume that there is still some amount of the parent ketone that remains in the polymer  
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rich phase due to the inability to escape into solubilizing degradation media,133-134 we can 

develop a rationale for why crosslinking is occurring.  We expect that as degradation 

progresses in polymers 9 and 10, the ketone degradation byproduct is able to react with 

the hydroxyl groups present along the polymer backbone, forming new ketal crosslinks 

catalyzed by the surrounding acidic media.  A schematic for the proposed crosslinking 

mechanism is shown in Figure 5.4.  This finding introduces yet another variable to 

quantifying the rate of degradation that in many mathematical models for describing 

polymer degradation is often excluded.  Many of the mathematical models operate under 

the assumption that as hydrolytically labile polymers degrade into small molecule 

byproducts that are easily solubilized by the surrounding degradation media, and thus 

negligible towards the quantification of degradation rate.  This assumption, in many 

cases, is made to simplify the models used.  However, this is not the case for polymers 9 

and 10.  Therefore, we hypothesize that the elimination of the parent ketone small 

molecule byproduct from the bulk polymer also affects the apparent rate of degradation 

for these systems. 

We also sought to investigate the effects of altering the hydrophobic/hydrophilic 

character of the polymer backbone by systematically changing the dithiol monomer used 

when developing polymers 11 - 14.  Each of these polymer systems exhibited varying 

rates of degradation when subjected to aqueous degradation media while maintaining the 

initial mass of the starting polymer films.  We attributed this mass retention to the 

degradation byproducts being insoluble in the surrounding media.  This finding is 

opposite that of what was found for polymers 9 and 10 making direct comparisons to 

those polymer systems difficult without making large assumptions.  Nevertheless,  
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Figure 5.4 A) Illustration of the potential crosslinking reactions of polymers 9 and 

10 that could occur during the degradation process under acidic conditions and B) 

molecular structure of crosslinks (yellow) and reformed hydroxyl groups (green) as a 

result of acidic catalysis (crosslink formation) and degradation. 

polymer hydrolytic degradation of 11 – 14 could be tracked through SEC, with clear 

shifts in the chromatograms indicating a loss in molecular weight (Figure C.26 – Figure 

C.29).  We found that polymers 11 and 12 only exhibited degradation in acidic media, 

due to the only hydrolysable linkage along the polymer backbone being the ketal moiety.   
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As shown in Figure 5.5, we found that polymers formed using monomer 5 

exhibited faster rates of hydrolysis than those formed with 3, which is in good agreement 

with previously stated results.  When we analyzed the SEC results from polymers 11 and 

12, we noticed that there was some sort of an induction period (approx. 1 to 2 days) 

before high degrees of molecular weight loss became apparent.  To understand why this 

induction period was occurring, we turned our attention to the various mathematical 

models that have been developed to describe polymer degradation and erosion.  Polymer  

 

Figure 5.5 SEC chromatograms of A) polymer 12 and B) polymer 14 throughout 

degradation under acidic conditions and SEC analysis of C) polymers 11 and 12 and D) 

polymers 13 and 14 throughout degradation under acidic conditions. 



 

64 

degradation, process of chain cleavage at the sites of hydrolytically labile moieties, can 

commonly lead to erosion characteristics – a physical phenomenon that is commonly 

explored in biomedical polymers for controlled release applications and bioresorbable 

materials.  Polymer erosion, in contrast to polymer degradation, is described as the mass 

loss behavior and depletion of the material.131-133, 135-136  Polymer erosion mechanisms can 

be characterized into two categories; surface eroding and bulk eroding systems.  In 

surface eroding systems, degradation occurs at a faster rate than the ingression of the 

degradation media leading to heterogenous phases.  Thus, degradation and erosion is 

confined to the surface of the material.131, 133  In bulk eroding systems, degradation occurs 

homogenously throughout the bulk of the material due to the rate of hydrolytic 

degradation being slower than the ingression of the degradation media.131, 133  In each 

case, surface and bulk erosion exhibit distinctly different changes in molecular weight 

profiles.  Since degradation in surface eroding systems is confined to the surface, the 

molecular weight of the material in the bulk remains relatively unchanged.  In bulk 

eroding systems, the molecular weight steadily decreases throughout the bulk of the 

material.133, 137-138  In bulk eroding systems, the material retains its dimensions over the 

course of degradation and can degrade as much as 90% before any significant mass loss 

can be observed.133, 139  This can help explain many of the phenomena that we observed 

pertaining to the degradation of polymers 11, 12, 13, and 14.  With this in mind, we 

hypothesized that the reason for the sort of induction period for polymers 11 and 12 is 

due to the time it takes for the degradation media to penetrate the system enough to where 

some degree of bulk erosion to occurs. 
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To develop an understanding to what extent the role that the 

hydrophobic/hydrophilic character of the polymer backbone plays in hydrolytic 

degradation of our polymer systems, we turned our attention to polymers 13 and 14.  

These polymers are unique in that they have a poly(propylene oxide) (PPO) spacer 

(n≈34.5 units) in the polymer backbone.  We initially expected that the PPO spacer would 

increase the hydrophilic character of these polymers in comparison to that of polymers 11 

and 12.  This hypothesis was supported from initial contact angle studies where polymers 

11 and 12 exhibited contact angles of 84.9° and 110.8° compared to polymers 13 and 14 

contact angles of 48.4° and 50.1°, respectively.  We expected that this increase in 

hydrophilic character would result in an increase in the rate of hydrolytic degradation.  

However, as shown in Figure 5.5, this was not the case.  We found that after 10 days in 

the degradation media, polymers 13 and 14 never fell below 75% of the initial Mn.  To 

our surprise, this was in direct contrast to our initial hypothesis.  We attributed this 

finding to two potential aspects of these polymer systems: 1) Using the equation of 

Mn
t/Mn

o as a function of degradation time does not give an accurate comparison of 

degradation rates of these systems since the number of ketals in each systems varies by 

polymer Xn values, 2) The PPO spacer of polymers 13 and 14 could potentially act as a 

repulsive barrier due to its inherent LCST behavior, thus reducing the rate of degradation 

media ingression towards the ketal linkage. 

In the aforementioned polymer systems, we initially used the equation Mn
t/Mn

o as 

a function of degradation time to describe the relative rates of hydrolysis.  However, this 

method falls short in comparing polymers that do not exhibit the same Xn values, 

especially when trying to compare polymers 11 – 14 since they do not exhibit the same 
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starting Xn values or the same backbone architecture.  Therefore, we used a set of 

fundamental equations, developed by Lyu and coworkers,140 to relate the apparent rates 

of hydrolysis for these polymer systems.  In which case, the diffusion of water molecules 

into the polymer systems is much faster than the hydrolysis of the ketal moieties along 

the polymer backbone.  Therefore, polymer hydrolysis can be broken down into three 

phases: where phase 1 is the diffusion of water molecules into the polymer system until 

full saturation (Cs), phase 2 is the initial stages of degradation, and phase 3 is when 

polymer hydrolysis proceeds far enough along so that small molecule byproducts are able 

to dissolve into the aqueous media.  Molecular weight during hydrolysis can be described 

by: 

𝑁(𝑡) =
1

1 − 𝑒−𝑘2𝐶𝑠𝑡
 

where 𝑁(𝑡) is polymer molecular weight, 𝑘2 is a second order rate constant and 𝐶𝑠 is the 

solubility of water in the polymer.  This equation does not take into account hydrolysis 

occurring in phase 1 as it is difficult to calculate.  Therefore, the rate of hydrolysis during 

phase 1 is assumed to be 0 until some time 𝑡𝑖, which is the effective induction time of 

bulk erosion at which the polymer becomes saturated.  We can then incorporate 𝑡𝑖 to get: 

𝑁(𝑡) =
1

1 − 𝑒−𝑘2𝐶𝑠(𝑡−𝑡𝑖)
 

which can be rewritten as: 

ln (1 −
1

𝑁(𝑡)
) = −𝑘2𝐶𝑠 ∗ (𝑡 − 𝑡𝑖) 

Thus, we can utilize molecular weight data to calculate the hydrolysis rate constant.  In 

the early stages of hydrolysis, 𝑁(𝑡) is much greater than 1.  The equation now becomes: 
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1

𝑁(𝑡)
= 𝑘2𝐶𝑠 ∗ (𝑡 − 𝑡𝑖) 

We can now plot the reciprocal molecular weight as a function of degradation time to 

achieve a linear function where the slope is 𝒌𝟐𝑪𝒔 and an x-intercept of 𝒕𝒊.  The trends in 

hydrolytic degradation for polymers 11 – 14 were fitted to these equations and are shown 

in Figure 5.6 and the values obtained summarized in Table 5.1.  Interestingly, we found 

that polymers 11 and 12 exhibited relatively faster hydrolytic rates of degradation (𝒌𝟐𝑪𝒔) 

than their respective counterparts in polymers 13 and 14.  By combining these findings  

 

Figure 5.6 Molecular weight data of polymers 11 – 14 fitted to the model 

proposed by Lyu et al.140 

Table 5.1 Summary of model degradation kinetics determined using Mw data from 

polymers 11 – 14 fitted to the model developed by Lyu et al.140 

 Model Kinetics   

Polymer 𝒌𝟐𝑪𝒔 (s
-1) 𝒕𝒊 R2 

11 1.70*10-9 -4.5 .9989 

12 2.13*10-9 -2.4 .9997 

13 1.04*10-9 -36.0 .9598 

14 1.54*10-9 -21.2 .9928 
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with the initial contact angle analysis studies, we were able to determine that the degree 

of hydrophilic character exhibited by these polymers does not necessarily play as crucial 

a role in the relative rates of hydrolytic degradation as initially expected.  Nevertheless, 

these findings further support the notion that a crucial determining factor in the relative 

rates of hydrolytic degradation of these polymer systems is the relative hydrolytic 

stability of the ketal moiety employed along the polymer backbone.  While these findings 

suggest that the relative rates of hydrolytic degradation are not as dependent of the 

hydrophilic/hydrophobic character as initially expected, we could not simply disregard 

these polymer characteristics as negligible in the overall behavior of these systems when 

subjected to aqueous degradation protocols.  Upon further investigation, we found that 

these inherent polymer characteristics do in fact play a role in the length of time it takes 

for the aqueous media to diffuse into and fully saturate the polymer system (phase 1), 

with 1) polymers 13 and 14 exhibiting shorter 𝒕𝒊 times than polymers 11 and 12 and 2) 

polymers formed using monomer 3 exhibiting shorter 𝒕𝒊 times than with monomer 5.  

While the values of 𝒕𝒊 are negative, which is seemingly impossible, these values give 

qualitative significance to the respective polymer hydrophobic/hydrophilic characteristics 

and Mw as they pertain to the material behaviour when subjected to aqueous degradation 

environments. 

5.4 Material Properties of Poly(thioether ketal) Thermoplastics 

In general, materials formed by thiol-ene photopolymerization exhibit relatively 

low mechanical and thermomechanical properties (i.e. Tg well below room 

temperature).141  Table 5.2 shows a summary of the material properties of all polymers, 

with the DSC thermograms shown in Figure C.30 – Figure C.32.  Polymers 9 – 14 all  
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Table 5.2 Summary of molecular weights, contact angle, and thermal properties of 

polymers 9 – 14. 

 Properties      

Polymer 
Mn

a (kDa) Mw
a (kDa) Ð Xn 

Contact 

Angleb 

Tg (°C) 

9 8.7 19.6 2.25 16.58 92.8° -12.3 

10 10.2 23.4 2.29 16.68 72.9° 10.4 

11 16.4 79.3 4.84 33.87 84.9° -39.9 

12 17.7 104.9 5.93 33.52 110.8° -36.5 

13 12.7 27.5 2.17 5.01 48.4° -61.9 

14 13.8 31.6 2.29 5.25 50.1° -62.5 
aInitial molecular weights before degradation.  bInitial water droplet contact angle before submersion in aqueous media. 

exhibited Tg values below room temperature.  We found that dithiol monomer selection 

played a key role in dictating Tg values, where polymers 9 and 10 exhibited the highest  

intermediate Tg, while 13 and 14 gave the lowest values.  The reason for these low Tg 

values due to the free hydroxyls promoting hydrogen bonding.  Polymers 11 and 12 

exhibited an values is commonly explained by the inherent flexibility of the thioether 

linkage along the polymer backbone.141  We found that polymers 9, 10, 11, and 12 

exhibited good film forming properties for our intended degradation procedure, but 

lacked the mechanical integrity needed to form workable free standing films.  Therefore, 

we determined that they would be best suited for applications such as pressure sensitive 

adhesives.  Since polymers 13 and 14 have PPO segments in the polymer backbone, these 

systems seem to adopt many of the materials properties commonly associated with PPO – 

i.e. viscous liquids at room temperature with low Tg.  Developing linear thiol-ene 

materials with robust thermal and mechanical properties while maintaining hydrolytic 

degradability remains a challenge, but steps are being taken to improve their inherent 

thermal and mechanical properties. 
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5.5 Concluding Remarks 

In this work, we developed a library of novel poly(thioether ketal) thermoplastics 

from previously synthesized monomers 3 and 5 and commercially available dithiols via 

radical mediated thiol-ene photopolymerizations.  The resulting materials exhibited 

properties typical of thiol-ene materials – i.e. low mechanical properties and low Tg.  We 

found that these properties were dependent on dithiol monomer selection. The diketone 

monomer structure was found to play a key role in influencing the relative rates of 

hydrolytic degradation for each polymer system.  In all cases, polymers formed using 

monomer 5 exhibited faster rates of hydrolysis than those formed with 3 due to the ability 

of the ketal moiety to transition from sp2 to sp3 more easily.  Relating relative rates of 

hydrolysis based on dithiol monomer selection was found to be difficult due to differing 

characterization methods and inconsistent Xn values.  Using a set of fundamental 

equations, we were able to determine the relative rates of hydrolysis (𝒌𝟐𝑪𝒔) of polymers 

11 – 14, where we found that the predominating factor affecting hydrolysis rate was the 

relative stability of the ketal moiety employed along the polymer backbone.  

Furthermore, we found that hydrophobic/hydrophilic character of these polymer systems, 

as a result of dithiol and bisalkene diketal monomer selection, affected the time it 

required for the aqueous degradation media to saturate the system (𝒕𝒊).  The work herein 

should provide a framework for facile synthesis of poly(thioether ketals) via thiol-ene 

photopolymerization to produce materials with fast rates of hydrolytic degradation. 
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CHAPTER VI  Conclusions and Future Work 

Thiol-X “click chemistry” has proven to be exceptionally useful in materials 

science due to it being high yielding, highly efficient, and proceeding without the 

formation of byproducts.  While many types of thiol-X reactions have been identified as 

“click chemistries”, the work herein sought to utilize radical-mediated thiol-ene 

photoreactions and base-catalyzed thiol-isocyanate reactions to develop next generation 

materials exhibiting environmental relevance though reprocessability or hydrolytic 

degradability.  Ultimately, this dissertation focused on utilizing these two chemistries to 

develop a rapid and efficient to covalent adaptable networks, as well as a route to 

hydrolytically labile thermoplastics.  

In Chapter III of this dissertation, a “one-pot two-step” approach was developed 

to achieve ternary thiol-ene/thiourethane CANs through the utilization of both the base-

catalyzed thiol-isocyanate reaction and the radical-mediated thiol-ene photoreaction 

utilizing only commercially sourced materials.  The networks produced exhibited 

excellent reprocessability.  Furthermore, it was determined that the virgin material 

properties of these materials and their material property retention were ultimately dictated 

by the diisocyanate monomer selection.  Networks formed using IPDI and H12MDI 

exhibited dissociative dynamic behavior, imparted by the steric strain on the secondary 

thiourethane moiety, that was detectable through VTIR analysis.  This behavior caused 

decrease in crosslink density throughout reprocessing, ultimately leading to decreased 

material property retention.   

In Chapter IV of this dissertation, the dynamic exchange equilibria of the ternary 

thiol-ene/thiourethane was investigated through systematic changes in thiol content of 
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CAN system formed using HDI as the diisocyanate monomer.  As was previously 

established by Wen and coworkers72, the thiourethane moiety exhibits both the 

associative and dissociative dynamic exchange pathways synergistically when DBN is 

employed as the exchange catalyst.  Through network stress relaxation analysis and small 

molecule VTIR studies, it was determined that the dynamic equilibria could be shifted to 

favor the associative or dissociative behavior through altering the free thiol content 

within the system.  Interestingly, networks formed with thiol deficiency exhibited a 

deviation from Arrhenius behavior to VFT behavior due to increased thiourethane 

dissociation within the network.  The mechanical and thermomechanical properties, as 

well as the level of property retention throughout reprocessing, were also found to be 

affected by altering the thiol content present within the networks.  Ultimately, networks 

formed with a thiol deficiency exhibited increased thermal and mechanical properties, 

however coming at the expense of property retention throughout reprocessing relative to 

the virgin property. 

In Chapter V of this dissertation, radical-mediated thiol-ene photopolymerizations 

were utilized to develop a series of poly(thioether ketal) thermoplastics.  Expanding on 

work previously described by Alameda et al.25, two different bis-alkene diketal 

monomers were polymerized with a series of commercially available dithiols to produce 

a library of hydrolytically labile poly(thioether ketals). The structure of the ketal moiety 

was found to greatly affect the hydrolytic stability of the polymer systems – with 

polymers formed with the single cyclohexyl derivative being more stable under acidic 

conditions than that of the dicyclohexyl.  This was determined to be due to the ease of 

transition of the ketal moiety from sp2 to sp3.  Additionally, we found that changes in the 
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hydrophobic/hydrophilic character of the polymer systems was affected by both dithiol 

and bis-alkene diketal monomer selection.  Ultimately, these changes in 

hydrophobicity/hydrophilicity were found to affect the rate in which each system would 

become saturated with the degradation media. 

Each of these chapters highlight the usefulness of thiol-X “click” chemistries and 

act as a platform from which further research can be conducted.  In particular, the “one-

pot two-step” approach described herein offers a route to CANs from all commercially 

available starting materials.  While this simplifies our approach, it does limit the building 

blocks able to be utilized in altering network architecture.  Therefore, the monomer 

library should be expanded upon through synthetic means.  We suggest that a good 

starting point would be to synthesize a monomer compatible with this system that 

contains a tethered DBN unit.  This will alleviate the need of the addition of external 

DBN exchange catalyst.  Nevertheless, we expect that the work presented herein to serve 

as a springboard by which further research can be launched. 
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APPENDIX A - Supplemental Information to Chapter III 

 

Figure A.1 FTIR analysis of F2 resin before and after the addition of DBN catalyst. 

 

Figure A.2 Reduction in the characteristic thiol peak of F2 resin due to UV exposure. 
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Figure A.3 FTIR analysis of F3 resin before and after the addition of DBN catalyst. 

 

Figure A.4 Reduction in the characteristic thiol peak of F3 resin due to UV exposure. 
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Figure A.5 ATR spectra of F1 throughout reprocessing. 

 

Figure A.6 ATR spectra of F2 throughout reprocessing. 
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Figure A.7 ATR spectra of F3 throughout reprocessing. 

 

Figure A.8 TGA thermogram of F1 throughout reprocessing. 
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Figure A.9 TGA thermogram of F2 throughout reprocessing. 

 

Figure A.10 TGA thermogram of F3 throughout reprocessing. 
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Figure A.11 Creep/recovery results for F1 – F3. 
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APPENDIX B – Supplemental Information to Chapter IV 

Table B.1 Summary of τ* values of the excess thiol systems. 

Temperature (°C) F1 τ* (s) +5% τ* (s) +10% τ* (s) 

80 159.67 65.75 43.82 

90 74.33 33.74 30.44 

100 46.08 19.62 19.91 

110 26.16 11.89 13.68 

120 20.50 7.48 8.07 

 

Table B.2 Summary of τ* values of the deficient thiol systems. 

Temperature (°C) -5% τ* (s) -10% τ* (s) 

70 253.69 1499.76 

80 93.55 263.73 

90 51.32 179.04 

100 27.36 39.80 

110 16.26 29.70 

120 12.25 15.92 

130 9.24 11.20 

 

 

Figure B.1 Bar graphs of key physical properties throughout reprocessing for each of the 

altered thiol systems. 
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Figure B.2 Bar graphs of key physical property retention throughout reprocessing for 

each of the altered thiol systems. 

 

Figure B.3 DMA of the -10% thiol system throughout reprocessing. 
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Figure B.4 DMA of the -5% thiol system throughout reprocessing. 

 

Figure B.5 DMA of the +5% thiol system throughout reprocessing. 
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APPENDIX C  Supplemental Information to Chapter V 

 

1H NMR (600 MHz, Chloroform-d) δ 4.24 (p, J = 5.58 Hz, 2H), 4.01 (dd, J = 8.4, 6.4 Hz, 2H), 3.74 – 3.65 (m, 4H), 3.58 – 3.49 (m, 

4H), 3.44 (ddd, J = 37.9, 10.1, 5.1 Hz, 4H), 2.76 – 2.63 (m, 6H), 2.61 (td, J = 7.2, 1.7 Hz, 4H), 1.87 – 1.69 (m, 12H). 

Figure C.1 1H-NMR Spectrum of Polymer 9. 

 

13C NMR (151 MHz, Chloroform-d) δ 109.05 (C), 74.58 (CH), 74.55 (CH), 71.88 (CH2), 71.85 (CH2), 70.88 (CH), 69.82 (CH2), 66.59 

(CH2), 66.57 (CH2), 36.30 (CH2), 33.46 (CH2), 33.30 (CH2), 33.27 (CH2), 31.96 (CH2), 31.96 (CH2), 31.80 (CH2), 31.76 (CH2), 29.64 

(CH2), 29.05 (CH2), 29.03 (CH2). 

Figure C.2 13C-NMR Spectrum of Polymer 9. 
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Figure C.3 1H-13C HSQC Spectrum of Polymer 9. 

 

Figure C.4 COSY Spectrum of Polymer 9. 
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1H NMR (600 MHz, Chloroform-d) δ 4.22 – 4.12 (m, 2H), 4.01 – 3.93 (m, 2H), 3.71 – 3.61 (m, 4H), 3.54 – 3.41 (m, 6H), 3.39 – 3.32 , 

2H), 2.73 – 2.59 (m, 6H), 2.57 (t, J = 7.2 Hz, 4H), 1.80 (qt, J = 6.5, 2.6 Hz, 4H), 1.74 (dt, J = 9.6, 3.1 Hz, 2H), 1.68 – 1.56 (m, 6H), 

1.56 – 1.46 (m, 2H), 1.45 – 1.14 (m, 6H), 1.13 – 0.99 (m, 2H). 

Figure C.5 1H-NMR Spectrum of Polymer 10. 

 

13C NMR (151 MHz, Chloroform-d) δ 110.07 (C), 109.83 (C), 74.44 (CH), 74.25 (CH), 72.42 (CH2), 72.18 (CH2), 71.93 (CH2), 

70.81 (CH), 69.81 (CH2), 66.59 (CH2), 66.47 (CH2), 41.20 (CH), 41.04 (CH), 40.96 (CH), 36.31 (CH2), 36.14 (CH2), 35.99 (CH2), 

34.62 (CH2), 34.47 (CH2), 29.67 (CH2), 29.64 (CH2), 29.52 (CH2), 29.14 (CH2), 29.05 (CH2), 29.00 (CH2), 27.47 (CH2), 27.29 (CH2), 

27.19 (CH2). 

Figure C.6 13C-NMR Spectrum of Polymer 10. 
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Figure C.7 1H-13C HSQC Spectrum of Polymer 10. 

 

Figure C.8 COSY Spectrum of Polymer 10. 
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1H NMR (600 MHz, Chloroform-d) δ 4.22 (td, J = 5.8, 1.7 Hz, 2H), 4.03 (ddd, J = 8.3, 6.3, 2.0 Hz, 2H), 3.74 – 3.69 (m, 2H), 3.62 (td, 

7.1, 0.9 Hz, 4H), 3.60 (s, 4H), 3.58 – 3.38 (m, 8H), 2.69 (td, J = 7.0, 1.0 Hz, 4H), 2.60 (t, J = 7.2 Hz, 4H), 1.88 – 1.69 (m, 12H). 

Figure C.9 1H-NMR Spectrum of Polymer 11. 

 

13C NMR (151 MHz, Chloroform-d) δ 109.00 (C), 108.97 (C), 74.50 (CH), 71.95 (CH2), 71.91 (CH2), 71.88 (CH2), 70.96 (CH2), 

70.30 (CH2), 69.98, (CH2), 66.77 (CH2), 66.74 (CH2), 66.70 (CH2), 66.67 (CH2), 33.47 (CH2), 33.31 (CH2), 33.28 (CH2), 31.96 (CH2), 

31.78 (CH2), 31.75 (CH2), 31.47 (CH2), 29.77 (CH2), 29.74 (CH2), 29.16 (CH2). 

Figure C.10 13C-NMR Spectrum of Polymer 11. 
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Figure C.11 1H-13C HSQC Spectrum of Polymer 11. 

 

Figure C.12 COSY Spectrum of Polymer 11. 
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1H NMR (600 MHz, Chloroform-d) δ 4.26 – 4.17 (m, 2H), 4.05 – 3.99 (m, 2H), 3.73 (td, J = 7.1, 2.0 Hz, 2H), 3.68 (ddd, J = 8.1, 6.2, 

1.4 Hz, 1H), 3.62 (td, J = 7.1, 2.0 Hz, 4H), 3.60 (s, 4H), 3.58 – 3.44 (m, 6H), 3.39 (dd, J = 9.9, 5.9 Hz, 2H), 2.69 (td, 7.0, 2.4 Hz, 4H), 

2.60 (t, J = 7.2 Hz, 4H), 1.87 – 1.75 (m, 6H), 1.73 – 1.61 (m, 6H), 1.61 – 1.50 (m, 2H), 1.41 (dtd, J = 26.3, 13.1, 3.9 Hz, 2H), 1.34 – 

1.22 (m, 4H), 1.19 (t, J = 7.0 Hz, 2H), 1.17 – 1.08 (m, 2H). 

Figure C.13 1H-NMR Spectrum of Polymer 12. 

 

13C NMR (151 MHz, Chloroform-d) δ 110.00 (C), 109.77 (C), 74.38 (CH), 74.23 (CH), 72.20 (CH2), 71.96 (CH2), 70.97 (CH2), 70.30 

(CH2), 69.99 (CH2), 69.96 (CH2), 66.72 (CH2), 66.56 (CH2), 41.22 (CH), 40.94 (CH), 40.93 (CH), 36.13 (CH2), 36.00 (CH2), 34.62 
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(CH2), 34.48 (CH2), 31.47 (CH2), 29.79 (CH2), 29.72 (CH2), 29.17 (CH2), 27.58 (CH2), 28.48 (CH2), 27.45 (CH2), 27.45 (CH2), 27.39 

(CH2), 27.24 (CH2), 27.20 (CH2), 27.16 (CH2). 

Figure C.14 13C-NMR Spectrum of Polymer 12. 

 

Figure C.15 1H-13C HSQC Spectrum of Polymer 12. 

 

Figure C.16 COSY Spectrum of Polymer 12. 
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1H NMR (600 MHz, Chloroform-d) δ 4.23 (pt, J = 6.0, 2.5 Hz, 2H), 4.03 (ddd, J = 8.3, 6.2, 2.0 Hz, 2H), 3.75 – 3.69 (m, 2H), 3.61 – 

3.44 (m, 78H), 3.38 (qd, J = 9.6, 8.2, 3.4 Hz, 35H), 2.75 (t, J = 7.5 Hz, 4H), 2.58 (td, J = 9.5, 8.3, 5.7 Hz, 8H), 1.87 – 1.72 (m, 12H), 

1.22 (dd, J = 6.5, 4.3 Hz, 8H), 1.13 (t, J = 5.6, 106H). 

Figure C.17 1H-NMR Spectrum of Polymer 13. 

 

13C NMR (151 MHz, Chloroform-d) δ 171.40 (C), 108.97 (C), 75.53 (CH), 75.45 (CH), 75.38 (CH), 75.34 (CH), 75.14 (CH), 74.47 

(CH), 73.37 (CH2), 72.99 (CH2), 72.93 (CH2), 72.89 (CH2), 72.85 (CH2), 71.94 (CH2),71.82 (CH2), 71.44 (CH2), 70.09 (CH2), 69.94 

(CH2), 66.76 (CH2), 66.76 (CH2), 35.09 (CH2), 33.47 (CH2), 33.28 (CH2), 31.94 (CH2), 31.77 (CH2), 39.54 (CH2), 28.73 (CH2), 27.04 

(CH2), 17.46 (CH3), 17.34 (CH3). 

Figure C.18 13C-NMR Spectrum of Polymer 13. 
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Figure C.19 1H-13C HSQC Spectrum of Polymer 13. 

 

Figure C.20 COSY Spectrum of Polymer 13. 



 

93 

 

1H NMR (600 MHz, Chloroform-d) δ 4.27 – 4.16 (m, 2H), 4.02 (dt, J = 14.4, 7.2 Hz, 2H), 3.75 – 3.63 (m, 4H), 3.60 – 3.44 (m, 78H), 

3.38 (dq, J = 14.5, 9.5, 7.6 Hz, 35H), 2.76 (qd, J = 8.6, 7.4, 2.3 Hz, 4H), 2.58 (dq, J = 9.2, 7.1 Hz, 9H), 1.89 – 1.75 (m, 6H), 1.75 – 

1.62 (m, 6H), 1.62 – 1.51 (m, 2H), 1.51 – 1.31 (m, 4H), 1.35 – 1.24 (m, 4H), 1.22 (dd, J = 3.5, 4.3 Hz, 8H), 1.12 (t, J = 5.6 Hz, 106H). 

Figure C.21 1H-NMR Spectrum of Polymer 14. 

 

13C NMR (151 MHz, Chloroform-d) δ 171.41 (C), 110.01 (C), 109.77 (C), 75.53 (CH), 75.38 (CH), 75.34 (CH), 75.13 (CH), 74.36 

(CH), 74.21 (CH), 73.40 (CH2), 73.37 (CH2), 72.98 (CH2), 72.93 (CH2), 72.89 (CH2), 72.84 (CH2), 72.22 (CH2), 71.98 (CH2), 71.81 

(CH2), 71.71 (CH2), 71.55 (CH2), 70.35 (CH2), 70.08 (CH2), 69.95 (CH2), 69.92 (CH2), 69.79 (CH2), 66.73 (CH2), 66.55 (CH2), 41.22 

(CH), 40.95 (CH), 36.15 (CH2), 35.99 (CH2), 35.09 (CH2), 34.63 (CH2), 34.46 (CH2), 29.57 (CH2), 29.50 (CH2), 28.73 (CH2), 27.45 

(CH2), 27.19 (CH2), 27.03 (CH2), 18.22 (CH3), 17.46 (CH3), 17.34 (CH3), 16.75 (CH3). 

Figure C.22 13C-NMR Spectrum of Polymer 14. 
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Figure C.23 1H-13C HSQC Spectrum of Polymer 14. 

 

Figure C.24 COSY Spectrum of Polymer 14. 
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Figure C.25 Initial SEC chromatograms of polymers 9-14. 

 

Figure C.26 SEC Chromatograms of Polymer 11 Throughout Degradation Under Acidic 

Conditions 
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Figure C.27 SEC Chromatograms of Polymer 12 Throughout Degradation Under Acidic 

Conditions 

 

 

Figure C.28 SEC Chromatograms of Polymer 13 Throughout Degradation Under Acidic 

Conditions 
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Figure C.29 SEC Chromatograms of Polymer 14 Throughout Degradation Under Acidic 

Conditions 

 

Figure C.30 DSC Thermograms of Polymers 9 and 10. 
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Figure C.31 DSC Thermograms of Polymers 11 and 12. 

 

Figure C.32 DSC Thermograms of Polymers 13 and 14 
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