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ABSTRACT  

   

Both molecular structure of macromolecular materials and subsequent processing of these 

materials dictate resulting material properties. In this work novel synthetic strategies 

combined with detailed analytical methodology reveal fundamental structure-processing-

property relationships in thermoplastic polyesters, thermoplastic polyurethanes, covalently 

crosslinked acetal functionalized networks, and small molecule surfactants. 4,4’ 

dimethyloxybisbenzoate afforded a series of novel polyester structures, and the 

incorporation of this monomer both increased the Tg and decreased the crystallinity in 

cyclohexane dimethanol based polyesters. Solubility and dynamic light scattering 

experiments combined with oscillatory rheology techniques provided methodology to 

validate polyurethane extrusion in commercial polyurethanes. Acid catalyzed hydroxyl 

addition to vinyl ethers provided two families of acetal functionalized poly(ethylene glycol 

hydrogels). Stoichiometric control of binary thiol-acrylate polymerizations afforded 

hydrogels with both tunable mechanical properties and predictable degradation profiles. 

Following this work, a photoacid generator catalyzed cationic catalysis provided acetal 

functionalized organogels whose mechanical properties were predicted by excess vinyl 

ether monomers which underwent cationic polymerization under the same reaction 

conditions that yielded acetal functionalization. Time resolved FT-IR spectroscopy 

provided new understanding in hydroxyl vinyl ether reactions, where both hydroxyl 

addition to a vinyl ether and vinyl ether cationic polymerization occur concurrently. This 

work inspired research into new reactive systems for photobase generator applications. 

However, current photobase generator technologies proved incompatible for carbon-

Michael reactions between acetoacetate and acrylate functionalities as a result of 
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uncontrollable acrylate free radical polymerization. The fundamental knowledge and 

synthetic strategies afforded by these investigations were applied to small molecule 

surfactant systems for fire-fighting applications. Triethylsilyl-containing zwitterionic and 

cationic surfactants displayed surface tensions lower than hydrocarbon surfactants, but 

larger than siloxane-containing surfactants. For the first time, oscillatory rheology and 

polarized optical light imagine rheology highlighted shear-induced micelle alignment in 

triethylsilyl surfactants, which provided more stable foams than zwitterionic analogues. 

The knowledge gained from these investigations provided fundamental structure-

processing-property relationships in small molecule surfactant solutions applied as fire-

fighting foams. This discovery regarding the effect of self-assembled structures in foam 

solutions informs the design and analysis of next generation surfactants to replace 

fluorocarbon surfactants in fire-fighting foam applications.  
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CHAPTER 1 

INTRODUCTION AND DISSERTATION OVERVIEW 

1.1 Fundamentals of Structure-Processing-Property Relationships 

 Within the fields of chemistry and material science, molecular design and its 

subsequent processing dictate the resulting physical and thermomechanical properties. 

Molecular level structural understanding, such as chemical composition, molecular weight, 

molecular microstructure, supramolecular interactions, and reactivity inform potential the 

design of next generation materials to address emerging material needs across the fields of 

adhesives, packaging, medicine, transportation, water treatment, and fire-fighting in 

addition to many other research areas across multiple disciplines.1–4 Newly developed 

materials often require subsequent processing techniques such as annealing, extrusion, 

selective reactivity, and stimuli response to meet specific needs of emerging applications. 

Comprehensive analytical strategies ranging from spectroscopy, chromatography, light 

scattering, calorimetry, thermomechanical analysis, and rheology provide deeper 

understanding of the interplay between molecular structure, its response under certain 

processing conditions, and the resulting mechanical properties.5–7 This dissertation 

provides examples of both synthetic and analytical understanding of molecular design, 

processing, and mechanical properties of novel materials including amorphous and 

semicrystalline thermoplastic polymers, polymer solutions, covalently crosslinked 

polymer networks, and small molecule self-assemblies in solution. Pervasive analytical 

strategies demonstrate the effects of reactivity, supramolecular interactions, thermal 

history, and shear history on the mechanical properties of films, gels, and foams. 

1.2 Thermoplastic Polymers 
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 Thermoplastic polymers find use in industrial spaces such as adhesives, packaging, 

barriers, textiles, biomedical devices, and elastomers.8,9 Linear and branched polymer 

microstructures provide ease in thermal processing by leveraging thermal transitions such 

as glass transition temperature, crystallite melting, crystallization, and phase separation to 

process flowing materials into robust materials upon cooling. Chapters 3 and 4 detail 

processing effects in two families of thermoplastic polymers: polyesters, and polyurethanes 

respectively. Synthesis of a family of novel polyesters based on 4,4’ 

dimethyloxybisbenzoate highlighted this monomers effect on the glass transition 

temperature, crystallizability, and sub Tg relaxations in cyclohexane dimethanol based 

polyesters. This monomer accessed polyesters with tunable glass transition temperatures 

exceeding 100 °C and tunable crystallizability. Chapter 4 expanded on these fundamental 

thermoplastic properties in a series of polyurethanes whose processing was complicated by 

not only molecular structure, but also on changes in polymer microstructure imparted by 

inherent side reactions in polyurethane polymerization, chemical reactions at processing 

temperatures, and non-crystalline polymer assembly under shear. This work demonstrated 

analytical methodology to correlate polymer size in solution to its viscoelastic properties 

during processing, which affected extrusion performance and the ultimate mechanical 

properties. These chapters yielded fundamental understanding of molecular structure, 

chemical reactivity, and processing on morphology and the resulting viscoelastic 

properties. These fundamental trends inform the design, processing, and appropriate 

analytical methodology in the development of novel materials presented in subsequent 

chapters. 

1.3 Covalent Polymer Networks 
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 Covalent polymer networks differ from thermoplastic polymers in that these network 

materials are entirely covalently crosslinked in to one macromolecular material.10,11 

Whereas thermoplastics demonstrate facile reprocessing, covalently crosslinked networks 

are not amenable to thermal reprocessing or mechanical recycling. However, many 

emerging advance manufacturing processes such as photo-assisted additive manufacturing 

utilize low viscosity mixtures of reactive multifunctional monomers and oligomers to 

achieve solid and robust crosslinked networks. Chapters 5, 6, 7, and 8 present material 

design and analytical methodology to develop and understand photo-process specific 

reactivity effects on network morphology and the resulting chemical and physical 

properties crosslinked covalent polymer networks.  

Chapter 5 introduces polymerization strategies to impart degradable acetal 

functionalization in hydrophilic telechelic pol(ethylene glycol) oligomers with vinyl ether 

chain ends suitable for subsequent photo-initiated thiol-ene polymerization. This provided 

covalently crosslinked hydrogels designed with selectively degradable functionality. 

Chapter 6 expanded on this acetal functionalized chemistry in the design of binary thiol-

acrylate hydrogels. Whereas prior work in chapter 5 was limited to exclusively photo-

initiated thiol-ene crosslinking, an acetal functionalized acrylate oligomer provided two 

photo-initiated polymerization pathways during photo-processing: thiol-ene addition and 

acrylate homopolymerization. This binary reaction platform provided covalently 

crosslinked networks with both high and low crosslink density domains. The incorporation 

of these highly crosslinked domains tuned hydrogel mechanical properties and degradation 

rates in addition to inspiring research in other photo-processing platforms with competing 

reaction pathways. 
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Chapter 7 and 8 leverage less common photoacid generator and photobase generator 

photo-catalysts to develop platforms for reactive systems, which tune crosslinked network 

mechanical properties through stoichiometric variation of each reactive pathway. Chapter 

7 harnesses a photoacid generator as a catalyst for both acetal forming hydroxyl addition 

to a vinyl ether and cationic vinyl ether homopolymerization. This platform provided 

degradable organogels with tunable plateau storage moduli dictated by the ratio of these 

competing reaction kinetics. Similarly, chapter 8 sought to apply this crosslinking strategy 

to base catalyzed carbon-Michael addition between acetoacetate and acrylate 

functionalities with the use of a photobase generator. While both carbon-Michael addition 

and acrylate homopolymerization were possible reaction strategies, the much faster 

acrylate homopolymerization pathway dominated acrylate consumption prior to any 

detectable carbon-Michael additions. 

1.4 Self-Assembly in Solution 

 Fundamental principles of macromolecular science and engineering expand beyond 

polymeric materials and provide additional perspectives to address interdisciplinary 

problems in non-polymeric material systems.12,13 Chapter 9 applies fundamental 

understanding of molecular structure effects on supramolecular interactions, molecular 

assembly, and shear-induced morphological changes to the development and 

understanding of small molecule surfactants in fire-fighting foams. The presented 

surfactants formed short wormlike micelles in aqueous solution which historically perform 

similarly to polymer chains in solution. However, while polymeric solutions achieve these 

solution properties from covalently bound repeat units, wormlike micelles form 

macromolecular assemblies formed exclusively through physical interactions between 
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hydrophilic and hydrophobic domains. This work demonstrated shear-induced micelle 

assembly akin to shear-induced crystallization in polymeric materials, and for the first time 

the viscoelastic properties of these shear-induced assemblies at representative shear rates 

informed surfactant structure and processing relationships in aqueous foam stability. 
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CHAPTER 2 

DESIGNING ADHESIVES FOR SUSTAINABILITY 

2.1 Adhesives from sustainable sources 

From a chemical and manufacturing perspective, sustainability refers to approaches 

that leverage renewable and naturally sourced monomers to need application needs while 

providing a closed-loop material economy.1 As the earth is a circular system with limited 

assimilative capacity, the practice of circular economy is key to sustainable development.2,3  

Under a circular economy, the input for production comes from renewable natural 

resources, and consumption serves as restorative and regenerative sources. This approach 

seeks to reduce dependence on petroleum-sourced monomers in addition to designing 

polymers with end-of-life considerations in mind.  

Adhesives play a critical role in nearly every aspect of modern life, where the 

market size exceeds $70 billion across medical, automotive, construction, packaging, 

furniture, footwear, and pressure-sensitive applications.4 Automotive manufacturers desire 

weight reduction for vehicles to increase fuel efficiency and reduce greenhouse gas 

emissions. Adhesives serve as replacements for the historical use of bolts and welding to 

manufacture cars without a reduction in performance. Another major adhesive market 

includes packaging, which continues to expand as more and more transactions occur 

online.5 Flexible packaging requires new and efficient adhesive applications to ensure rapid 

manufacturing times and user satisfaction. A push to reduce volatile organic compounds 

(VOC) emissions historically caused water-based adhesive technologies to capture the 

largest revenue share. This indicates the consumer initiative to use greener and more 

sustainable types of adhesives. Trends in both the industrial and academic worlds push the 
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desire for more sustainable technologies. Researchers are harnessing both new and old 

naturally and sustainably sourced chemicals to design and improve upon the adhesives of 

the past. 

2.2 Urea 

Urea, also called carbamide, is a nitrogen-rich molecule naturally occurring in the 

urine of mammals.6 Depicted in Figure 2.1, urea contains two primary amines connected 

through a carbonyl functional group. Urea is water-soluble, non-toxic, and colorless solid, 

where 90 % of the world’s supply serves the fertilizer industry.7 Containing the highest 

nitrogen content (46.7 %) of solid, commercially available fertilizers enables urea to act as 

an excellent plant nutrient. In soil, urea hydrolyzes into ammonia and CO2. Bacteria 

convert ammonia into nitrates, which plants subsequently absorb.8,9 Another popular use 

of urea includes creating urea-formaldehyde-based polymers for adhesives.10 Urea-

formaldehyde thermosets provide high modulus adhesives and high substrate reactivity, 

thus affording leading adhesives for wood. However, the reversible aminomethylene 

linkage within the network is susceptible to hydrolysis, and therefore researchers explored 

adding melamine to the mixture.11 Even though melamine increased gelation speed due to 

buffering effects of the triazole ring and increased cost, a decrease in water sorption 

significantly increased the lifetime of the adhesive.12,13 While urea is already used in 

successful adhesives, its hydrogen bonding capabilities and dynamic covalent bonds render 

it a great candidate for further reversible and recyclable adhesive research. 
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Figure 2.1. Chemical structure of urea. 

 Reactions between ammonia and CO2 produce the majority of the world’s urea supply, 

but isolation from urine remains a viable source. Feedstock natural gas provides the raw 

material source, and production price depends directly on natural gas prices. While the 

world works to eliminate fossil fuel dependency, other feedstocks for urea must be 

considered.14 The catabolic route of urea synthesis in mammals produces up to 30 g of urea 

per liter of urine depending on dietary choices, such as protein consumption.15 Even though 

mammals produce an abundance of urea daily, challenges arise in isolating urea from other 

disposed materials, and urea stability decreases after exiting a sterile environment. 

Researchers estimated urea completely hydrolyzes in one day in the presence of urease-

containing bacteria, and therefore the development of urease inhibitors may resolve this 

problem.16 One example includes lowering the pH to 5 with acetic acid, which denatures 

microbial urease and stabilizes the urea for up to 100 days.17,18  

 Polyureas are commonly used in coatings, foams, and self-healing materials owing to 

their superior mechanical and adhesive properties.19,20 Compared to polyurethanes, 

polyureas contain bidentate hydrogen bonding enabling increased adhesive and mechanical 

properties. Unfortunately, commercial production of polyurethanes and polyureas requires 

highly toxic isocyanates derived from phosgene.21 Efforts to avoid isocyanates include 

using cyclic diamines, carbonates, carbonyldiimidazole, and CO2 as starting materials.22–

24 Other examples describe synthesizing polyureas utilizing urea as a monomer in a solvent-

free, catalysts-free step-growth polymerization through the decomposition of urea into 

reactive isocyanic acid and ammonia, depicted in Figure 2.22.2.25,26 Amines subsequently 
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react and form preferred 1,3-dialkylurea linkages, which produce linear polymers. 

Achievement of the 1,3-substitution requires a regimented heating ramp exceeding 200 °C 

and a stoichiometric excess of diamine vs. urea to prevent 1,1-dialkylurea, biurets, or 

imidazolidone cycles.26,27  

Figure 2.2. Heat enables urea to form reactive isocyanic acid, leading to a 1,3- dialkylurea 

addition of substitutes and polymer formation. 

Polyureas provide hydrogen bonding for adhesive abilities and degrade in the 

presence of urease. Long et al.26 synthesized polyureas with urea, diethyleneoxide diamine, 

and diaminoctane copolymers and monitored ammonia release in water in the presence of 

urease. They found decomposition was related to the hydrophobicity of the polymer 

backbone. Another example described copolymerizing urea with 3.2 to 30.6 kg mol-1 

poly(dimethyl siloxane)-diamine to create low Tg polymers (-124 – 18 °C). Low Tgs 

combined with polyurea hydrogen bonding formed effective pressure-sensitive 

adhesions.25 Finally, Long et al. copolymerized urea with poly(tetramethylene oxide), 

which afforded low Tg polymers (-76 to 21 °C) and strain at break values of 340 and 

770 %.27  Urea is a sustainable and renewable monomer choice, and its demonstrated use 

as a monomer encourages urea incorporation in future adhesive design. 

2.3 CO2 

2.3.1 CO2-based polyols 

         CO2 is an abundant naturally produced chemical and accounts for 400 parts per 
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million of earth’s atmosphere. Humans generate vast amounts of this material every day 

and upwards of 10 billion tons annually.28 Increases in greenhouse gases such as CO2 have 

resulted in climate change and increased air pollution. However, this abundant “waste” 

material has been heavily investigated as a chemical feedstock for the synthesis of 

polymeric materials. CO2 is a potential primary carbon or “C1” source and serves as a more 

sustainable addition to polymer designs. These emerging polymerizations effectively 

remove an amount of CO2 from the atmosphere and convert it into a durable material.29 

CO2-based polymerizations serve two key roles: reduction of annual net CO2 emissions 

and reduction of the dependency on fossil fuel feedstocks by acting as a renewable primary 

carbon source. Such materials show promise in many polymer applications but notably for 

the scope of this review, in adhesives.30–32 Polycarbonates are the most notable polymeric 

materials sourced from CO2 through the catalyzed polymerization of CO2 and epoxides, as 

shown in Figure 2.3.33 While these processes remain in their infancy, recent advances more 

efficiently harnessed CO2 from the atmosphere, utilized it as a primary carbon source in 

polymerizations and ultimately incorporated these materials into industrially applicable 

adhesive precursors. 

Figure 2.3. Metal-catalyzed copolymerization of CO2 and epoxides yields 

polycarbonates. 

2.3.2 CO2-based polycarbonates 

Polycarbonate materials contain hydrogen bonds accepting carbonate bonds in each 
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repeat unit. This hydrogen bond acceptor makes polycarbonate materials attractive for 

incorporation into many adhesive applications, primarily in polyurethane design. 

Traditionally the reaction between diol monomers and toxic phosgene gas established the 

vast polycarbonate catalog. However, as the world moves in a more sustainable direction, 

researchers have developed more environmentally friendly synthetic pathways. CO2 serves 

as a C1 source for polycarbonate materials, most notably through copolymerization with 

epoxide monomers. As CO2 is a chemically stable molecule, these reactions involve using 

metal catalysts and elevated conditions to afford the CO2-derived polycarbonates. Zinc 

catalysts remain the most common catalytic platform for these polymerizations through the 

coordination of the epoxide oxygen to the metal center of the catalyst.34 Researchers 

continue to study new catalysts for CO2 polymerizations; cobalt-based homogenous 

catalyst systems emerged as the most efficient catalysts in recent years.35 Figure 2.4 shows 

two industrially relevant polycarbonates derived from this sustainable process, which are 

poly(propylene carbonate) and poly(cyclohexene carbonate) from propylene oxide and 

cyclohexene oxide, respectively. Williams et al. reported molecular weight and end group 

control through a dizinc catalyst system yielding hydroxy-terminated poly(cyclohexene 

carbonate) polyols that served as soft blocks in elastomeric block copolymer systems 

alongside sustainably sourced poly(lactic acid).36 Similar polycarbonate polyols have been 

incorporated into polyurethane hot melt and water-born adhesive systems as sustainably 

sourced replacements for historic polyether polyols.37,38 Aside from the sustainable 

advantage of a CO2-sourced material, these alkyl polycarbonates served to establish more 

rigid polyurethanes compared to polyether polyol systems due to the improved hydrogen 

bonding introduced by the carbonate bond.39 
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Figure 2.4. CO2 serves as a primary carbon source for the polymerization of 

poly(propylene carbonate) (top) and poly(cyclohexene carbonate) (bottom). 

Catalyst design remains the largest barrier to establishing novel CO2-sourced 

polycarbonates with advantageous properties. The demand for more robust and durable 

materials inspired researchers to develop more stable catalysts, propelling sustainable 

polycarbonates to the forefront. Notably, Chen et al. established a one-pot polymerization 

of poly(cyclohexene carbonate-b-ε-decalactone-b-cyclohexene carbonate) and achieved 

competitive adhesive properties through the tuning of copolymer structure.40 

Implementation of a highly active organometallic heterodinuclear Zn(II)/Mg(II) catalyst 

afforded copolymers with CO2 incorporations upwards of 23% and moderate Tgs ranging 

from 50-118 °C. Novel polymers achieved through this process displayed adhesive 

properties (180° peel and tack) on par with or exceeding leading copolymers in pressure-

sensitive applications.41 These materials are readily degraded in slightly acidic conditions 

at low temperatures (60 °C), making them ideal for renewable applications. 

Epoxides represent the most common and effective route to CO2-based 

polycarbonates, but oxy-carbonylation of alcohols has also demonstrated viability as a path 

to CO2-derived polycarbonates. This process leverages the propylene carbonate byproduct 

in epoxide ring-opening polycarbonate synthesis with CO2. This propylene carbonate, 

when reacted with alkyl alcohols, yielded dialkyl carbonates.42 Transcarbonation of dialkyl 
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carbonates with diol monomers provided a green route to a catalog of polycarbonate 

materials by using byproducts from previously discussed epoxide/CO2 reactions.43 These 

soft polycarbonate materials demonstrated suitability for pressure-sensitive applications. 

Grinstaff et al. recently reported on a sustainably derived polycarbonate-based PSA 

system.44 Their copolymer series displayed tunable Tgs from -5 to 28 °C, and all 

copolymers demonstrated competitive peel strengths compared to leading industry 

standards such as Duct-Tape®. 

2.3.3. CO2 as a urea feedstock 

CO2 also provides a pl Reaction of CO2 and ammonia first establish an ammonium 

carbamate intermediate, which subsequent dehydrates to yield urea and water.45 Previously 

mentioned in this review, urea serves as a monomer in step-growth polymerization of low 

Tg polymers suitable for pressure-sensitive, hot melt, and biodegradable adhesive 

applications. Polycondensation reactions yielded polyureas by removing ammonia, which 

drove the reaction forward. Similar techniques utilized diol monomers to yield 

polycarbonates from urea.46 Both these techniques share the urea monomer and ammonia 

condensate. These two sustainable processes show potential for use in a closed-loop 

ammonia recycling process, as shown in Figure 2.5, to remove CO2 from the atmosphere 

while establishing new materials from CO2 through urea.43  
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Figure 2.5. Ammonia serves as a recyclable condensate and CO2 fixator in forming 

polyureas (left) and polycarbonates.47 

2.4 Plant oil-based adhesives 

Oils acquired from petroleum sources remain the most prevalent chemical 

feedstocks in all aspects of polymer chemistry. The finite and diminishing amount of fossil 

fuels on earth requires new and sustainable feedstocks for chemical synthesis.48 

Fortunately, abundant flora around the globe produce oils, which are harnessed in 

numerous chemical applications and provide renewable and sustainable sources for 

adhesive syntheses. Polymerization of oils refined from biomass yields high molecular 

weight aliphatic polyesters and epoxides, which show promise as thermoplastics and 

potential precursor polyols for adhesive manufacturing.49,50 Polyols incorporated into 

traditional polyurethane formulations achieve properties comparable to petrochemical 

sources. 30,32,51–54 Two-part epoxy resins are a commercial and consumer commodity that 

build strength and hardness through covalent crosslinking of the epoxide functional group. 

Soybean oil is the most prevalently used plant oil as an epoxide precursor, but canola, 

linseed, vegetable, Karanja, and grapeseed oils have also been utilized as epoxide 

precursors.55 Plant oil isolation first produces a mixture of triglycerides with varying 
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aliphatic chain lengths and levels of unsaturation. Further isolation through ester hydrolysis 

provides glycerol and an array of fatty acid molecules, as shown in Figure 2.6. 

 

Figure 2.6. Common fatty acids derived from plant oil triglycerides with varying degrees 

of unsaturation. 

2.4.1 Common functionalization of plant oils 

Unsaturation in plant oil-derived fatty acids presents a highly malleable reactive 

site for various functionalization reactions, shown in Figure 2.7. These naturally sourced 

polyols are easily incorporated into many adhesive systems, such as hot melts, waterborne 

adhesives, and PSA.56–58  The most well-understood post-isolation functionalization of 

plant oil fatty acids are epoxidation/ring opening, transesterification, amidation, 

hydroformylation/hydrolysis, and thiol-ene coupling.59 Epoxidation/ring opening of the 

unsaturated fatty acids is the most common functionalization method.60,61  This technique 
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establishes secondary alcohol functionality to the fatty acids for further use as polyols. 

Transesterification and amidation of the carboxylic acid end of fatty acids yield polyols 

after reactions with other polyols and hydroxyl-functionalized amines.62 This process is 

less attractive from a sustainability perspective as it requires using other chemical 

feedstocks containing hydroxyl functionality, and the fatty acid derivative itself does not 

contain hydroxyl functionality. Hydroformylation/hydrolysis describes alkene conversion 

to an aldehyde in the presence of a metal catalyst, such as rhodium.63 Rhodium-based 

catalysts demonstrate leading alkene conversions to aldehydes. Subsequent reduction of 

the generated aldehyde produces primary hydroxyl functionalization, which is more 

reactive than secondary alcohols generated through epoxidation techniques.64 Thiol-ene 

coupling to fatty acid alkenes is a promising route to establishing a variety of plant oil-

derived polyols with primary hydroxyl functionality. Hong et al. reported carbon-carbon 

double bond consumption upwards of 99% utilizing a facile photo-catalyzed thiol-ene 

coupling with mercaptoethanol. This work achieved plant oil polyols with hydroxyl 

numbers reaching 105 mg KOH/g by titration.65 
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Figure 2.7. Common techniques to impart OH functionality to unsaturated plant oils. 

2.4.2 Plant oil polyols in adhesives 

Vegetable oil-sourced polyols are attractive additives to many polyurethane 

adhesive systems as a sustainably sourced and multifunctional component with selective 

hydroxyl numbers. Long et al. discovered crosslinked triglyceride-based polyols as tack-

free coatings using air oxidation of soybean oil.66 Hong et al. reported thermoplastic 

elastomers with properties advantageous to adhesive applications through the thiol-ene 

coupling functionalization strategy.67 The researchers achieved full functionalization of the 

vegetable oil double bonds to primary alcohols through facile radical thiol-ene 

functionalization. Polyurethanes derived from this bio-sourced material achieved Tgs of 

24 °C and displayed tensile strengths on the order of 13 MPa with 800% strain at break, 

which are ideal properties for incorporating in elastomeric polyurethane adhesives and 

sealants.67  
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Epoxidation of vegetable oils establishes multifunctional epoxide molecules that 

have attracted much attention in thermoset applications.68,69 Ring-opening of the oxirane 

groups on epoxidized natural material with unique nucleophiles developed sustainably 

sourced adhesives with additionally advantageous properties. Wang et al. established flame 

retardant functionality in a vegetable oil-based pressure-sensitive by functionalizing the 

material with flame retardant monomers 9,10-dihydro-10-[2,3-

di(hydroxycarbonyl)propyl]-10-phosphaphenanthrene-10-oxide (DDP) and 2-(6-oxido-

6H-dibenzoxaphosphorin-6-yl)-1,4-hydroxyethoxyphenylene (DOPO-HQ-HE).69 The 

PSA improved thermal stability and adhesive strength while meeting the criteria for flame 

resistance determined by limiting oxygen index and UL-94 tests.  

Hydroformylation provides leading vegetable oil derivatives as it produces more 

reactive primary hydroxyl functionalization. This strategy established more efficient 

reaction times and faster cure rates when compared to secondary hydroxyl groups.70 

Petrović et al. reported these superior properties in the development of wood adhesives 

sourced from hydroformylation functionalized rubber oil.71Primary hydroxyl groups 

established polyurethane wood adhesives with Tgs of 40-50 °C. Lap shear tests of the 

adhesives highlighted oak substrate failure in all cases following ASTM D 2339‐98 testing 

procedures. This novel adhesive system presents an excellent example of the progress in 

using sustainably sourced polyols in wood-wood applications. 

While many plant oils sourced from triglycerides require subsequent 

functionalization to serve as polyol precursors, some plant oils naturally contain hydroxyl 

functionality, such as castor oil, which has an average of 2.7 hydroxyl groups per 
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triglyceride.71 These natural hydroxyl-containing plant oil polyols are incredibly attractive 

for many polyurethane applications, including those in the design of reactive adhesive 

systems.72,73 Barros-Timmons et al. investigated the curing times and ultimate bond 

strength of the reactive hot melt polyurethanes derived from castor oil. Sustainably sourced 

materials displayed bond strengths comparable to petroleum-sourced polyols while 

subsequently curing process leading to more efficient bond formation.72 Without the need 

for post-isolation functionalization, castor oil polyols are one of the most exciting avenues 

for sustainable polyols in adhesive design. 

2.5 Biomass 

2.5.1 Lactone copolymers as emerging PSA 

PSAs remain large commercial and industrial products accounting for a 

multimillion-dollar global industry.74 The leading subsection of PSA relies on ABA 

copolymers with relatively high Tg A sections and low Tg B sections. Petroleum-based 

copolymer systems account for the majority of the PSAs produced annually.75 Many 

studies introduced sustainably sourced hard segments such as poly(lactic acid), which 

displays Tg of 60-65 °C and Tm approaching 180 °C as the A block in these ABA 

copolymers. Poly(lactic acid) is a well-known and heavily researched biodegradable 

polyester and is easily sustainably sourced. 76,77 For many years, fully sustainable ABA 

copolymer PSAs have been limited by the lack of non-competitive sustainably sourced 

rubbery B blocks compared to poly(isoprene) or poly(butadiene).78 Recent research has 

developed new methodologies for obtaining such sustainably sourced PSAs from lactone 

monomers. Ring-opening polymerization of renewably sourced lactones afforded aliphatic 
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polyester copolymers, whose thermal and mechanical properties were altered through 

aliphatic chain length and the addition of side groups.79 Other strategies addressed lacking 

adhesive properties of sustainably sourced PSAs with the addition of tackifiers.80 Recently, 

Hillmyer et al. established a sustainably sourced rubbery B block from monomers derived 

from cashew nut shells.81 Palladium-catalyzed hydrogenation and subsequent Baeyer–

Villiger oxidation of naturally derived cardanol established a regioisomeric mixture of 5-

pentadecyl caprolactone and 3-pentadecyl caprolactone, displayed in Figure 2.8. Ring-

opening polymerization of caprolactone formed polyesters with 15-carbon long branches 

along the backbone. This synthetic approach significantly raised the critical entanglement 

molecular weight and thus the adhesive properties when the polymers were utilized as the 

B block alongside PLA A blocks in an ABA copolymer PSA competitive with commercial 

standards.82  

 

Figure 2.8. Ring-opening polymerization of long alkyl chain containing caprolactones 

yields polyesters with high entanglement molecular weights. (Hillmyer et al.81) 

2.6 Polysaccharides in adhesive design  

Cellulose is the most abundant bio-sourced macromolecule and a popular 
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sustainable reactive component in pressure-sensitive, self-healing, and nanocomposite 

adhesives. Using cellulose as an adhesive filler replaces the mass of nonrenewable 

materials in adhesive formulations, which enables the production of adhesives in a more 

sustainable and economically competitive way. Furthermore, cellulose holds promising 

routes to improved adhesive properties. Dubé et al. discovered that in-situ cellulose 

nanocrystals (CNCs) seeded polymerization of PSA poly(n-butyl acrylate-co-methyl 

acrylate) improved tack, peel strength, and ultimate shear strength as the CNCs achieved 

optimal incorporation into the latex network.83 Hydroxyl functionality of cellulose enables 

post-isolation modification strategies for inoculant-establish reactive functionality in 

adhesive applications.84 Isocyanate functionalization of naturally derived cellulose acetate 

created competitive bonds in wood-to-wood bonding applications when combined with 

castor oil-sourced polyols in a thermoplastic polyurethane adhesive network.85  

 Aside from cellulose, many other naturally occurring polysaccharides are naturally 

abundant and serve as primary polymer components in adhesive dispersions and 

waterborne applications. The most promising polysaccharides for adhesive applications are 

starches, gums, glucomannans, and chitosans.86 The chemical similarities between many 

natural polysaccharides and the polysaccharides present in wood, such as cellulose and 

hemicellulose, render polysaccharide adhesives ideal for wood applications due to the 

improved interactions between substrate and adhesive. This property, combined with the 

moderate water solubility of many starches, has enabled the development of some of the 

earliest forms of adhesives. Native starch is an exceptional binder and low-strength 

adhesive for many consumer and non-demanding industrial applications. However, its 

viability as a reactive component in more durable adhesives has only been thoroughly 
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investigated recently, as it serves as a sustainable replacement for existing adhesive 

technologies. Recently, Zhang et al. researched starch as a replacement for formaldehyde 

in formaldehyde/urea-containing adhesives to reduce the harmful emissions of 

formaldehyde.87 The oxidation of starch yields aldehyde functionality, which can react with 

urea to form crosslinked adhesives with faster curing times, greater final bond strength, 

and significantly improved uncured bond strength compared to a urea/formaldehyde 

system at the cost of a moderate increase of viscosity. Another new starch-based adhesive 

utilized silane functionalized starch with trimethoxy silane to develop wood-wood 

adhesives with improved lap shear strength dependent on crosslink density.88  

 Chitosan is a derivative of chitin, which is an abundant polysaccharide found most 

often in shellfish. Bass catalyzed hydrolysis of the N-acetyl group of native chitin yields 

chitosan, a β-(1,4)-linked 2-acetamido-2-deoxy-D-glucopyranose and 2-amino-2-deoxy-

D-glucopyranose. The amine functionality enables pH-dependent adhesive properties upon 

protonation and changes in hydrogen bonding behavior.89 Chitosan displays antimicrobial 

properties, which have inspired its use in many biomedical adhesive and antifouling 

applications.90 The Maillard reaction between glucose and chitosan provides a fully 

sustainable route to crosslinked polysaccharide adhesives for wood-wood applications. 

Kawai et al. thoroughly investigated this reaction kinetics and the effects of processing 

parameters on bond strength.89 They reported improvements in tensile strength for low 

molecular weight chitosan after crosslinking with up to 10 wt. % glucose. Combinatory 

systems utilizing chitosan and oxidized starch showed potential for producing reactive 

crosslinking adhesives with low toxicity, biodegradability, and sustainable sourcing.91  
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2.7 Nucleobase-containing adhesives 

Nucleobase pairs, including adenine/thymine (A/T) and cytosine/guanine (C/G), 

have unique molecular recognition to form complementary hydrogen bonding. The G/C 

bond exhibits greater strength due to triple hydrogen bonds, whereas the A/T bond only 

contains double hydrogen bonds. Chain copolymerization of the nucleobase-containing 

monomer and a low Tg acrylate, such as n-butyl acrylate, affords tacky substances as 

polymeric adhesives. The hydrogen bonding interaction, which is stronger than van der 

Waals interaction, affords sufficient cohesive strength for these copolymers used as 

PSA.92–96 Long et al.97 previously designed novel acetyl-protected cytosine and guanine-

containing random copolymers as supramolecular adhesives. The designed adhesives 

realized tunable thermo-property of Tg ranging from -46 to -10 °C and tunable G’ via 

varying the content of hydrogen bonding units. As illustrated before, the Dahlquist criterion 

requires G’ of an adhesive to be lower than room temperature for effective surface wetting. 

The copolymers containing 5 mol. % acetyl-cytosine and 3 mol. % acetyl-guanine met the 

Dahlquist criterion that exhibited effective surface wetting for potential PSAs. In addition, 

the 180 °C peel test indicated the protected guanine and cytosine-containing copolymers 

demonstrated peel strength 3× and 2× higher than the Scotch® tape control, respectively. 

Besides nucleobase pairs, multiple hydrogen bonding-containing functional groups such as 

2-ureido-4[1H]-pyrimidinone (UPy) and ureido-cytosine (UCy) are candidates for 

improved adhesions.97–108 Additionally, those functional groups possess reactive sites, such 

as primary and secondary amine, which can readily synthesize vinyl and acrylate 

monomers. Long et al. demonstrated that UCy-functionalized supramolecular polymer 

exhibited ideal rheological properties used as acrylate adhesives.102 Highly directional 
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quadruple hydrogen bonding between UCy enhanced thermomechanical resistance 

compared to the cytosine analog, which formed dimeric hydrogen bonds. 

Thermomechanical analysis suggested a plateau window for copolymers with higher 

content UCy. Copolymers containing 9 mol. % and 11 mol. % UCy functional group met 

the Dahlquist criterion and demonstrated the potential application of UCy-containing 

acrylate copolymers as PSA. 

2.8 Biodegradable polymeric adhesives  

Biodegradable polymers are effective strategies for reducing or eliminating harmful 

waste plastic accumulated in the eco-system environment. Through bacteria or enzyme 

treatment, polymer backbones break down and decompose to non-toxic small molecules 

such as CO2, water, and natural gas, eventually entering into environmental systems 

without creating burdens to the earth.109 biodegradable adhesives include chitosan, 

collagen, lignosulfonate, chitosan, and dextran. 110–113 The structure of synthetic 

biodegradable polymers typically consists of aliphatic ester, ether, carbamate, and amide 

groups. Aliphatic polyesters and poly(alkylene glycol)s, such as poly(ethylene glycol) 

(PEG), poly(propylene glycol) (PPG), poly(lactic acid) (PLA), and poly(ε-caprolactone) 

(PCL), biodegrade through aliphatic ester and ether groups, which degrade in aqueous 

environments, during exposure to UV or enzymes.114,115 The rate and extent of degradation 

highly depend on polymer molecular weight. Kawai and Moriya demonstrated that PEGs 

with number average of molecular weight over 20 kDa are biodegradable.116 However, an 

increase in molecular weight increased the difficulty for bacteria and enzymes to attack the 

terminal free hydroxyl group, leading to poor biodegradability.117 
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Besides biodegradability, poly(alkylene glycol)s and aliphatic polyesters are non-

toxic and nonantigenic, displaying ideal immunologic tolerance in aqueous environments. 

Researchers recognized these polymers as a potential option for tissue adhesive and wound 

healing applications due to their biocompatibility in vivo.118 Kofinas et al. presented a 

straightforward system of low and high-molecular distribution polyester blend that offers 

biodegradability and sufficient adhesion.119 Further study of this group fabricated wound 

adhesives using poly(lactic-co-glycolic acid) and poly(ethylene glycol) (PLGA/PEG) 

blend fibers with silver salt incorporated.120 Solution block spinning (SBS) provided a 

method that afforded a high porosity and intrinsically adhesive polymer fibers. The authors 

demonstrated the efficiency of wound dressing using PLGA/PEG/AgNO3 adhesive on the 

porcine excisional wound model, with comparable healing rates as the clinical control 

(Tegaderm TM). The antimicrobial and healing function correlated to the addition of AgNO3 

without compromising cell viability and wound closure strength. Other efforts on 

biodegradable polymers for sustainable adhesives include polyaspartic acid, polylactide, 

and PCL.121–123 

Another aspect of improving biodegradability is using monomers from renewable 

sources.53,118 Orgilés-Calpena and coworkers selected a soybean oil-derived monomer and 

modified it to a polyol through transesterification.124 The use of bio-derived monomers 

improved the biocompatibility and biodegradability of the polyurethane adhesives, 

highlighting the benefit of bio-sourced monomers over petroleum-derived monomers. 

Another strategy for biodegradable adhesives is to use a hybrid of bio-based adhesives and 

biodegradable polymers. Recently, Ciannamea et al. combined PCL with several natural 

polymers, including soybean protein isolate, castor oil, and pine rosin, for a potentially 
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biodegradable HMA. 125 Employing the blend of PCL and castor oil, Ferreira et al. 

developed a photocrosslinkable tissue adhesive.126 Other combinations of polymers and 

natural products for biodegradable adhesives include polyvinyl acetate/PMMA/starch.127  

2.10 Conclusions and perspectives 

Adhesives have been and will remain a critical aspect of all industries, and thus the 

need for innovations in adhesive design will prevail. As sustainable feedstocks for 

adhesives continue to develop, the field will move towards larger implementation of these 

green materials and become less reliant on fossil fuels. Researchers have harnessed 

abundant and sustainable natural resources for the synthesis of new adhesive precursors. 

Catalytic conversion of CO2 yields polycarbonate materials promising for inclusion in hot 

melt and pressure-sensitive applications. Plant-oil chemical feedstocks enable sustainable 

polyols in polyurethane manufacturing and establish epoxide thermosets competitive with 

the current state-of-the-art materials. Biomass sources materials ranging from lactone 

precursors to polysaccharide additives, both of which serve many roles in the design of 

new pressure-sensitive and waterborne adhesives.  

Biomedical adhesion is an interdisciplinary research topic that spans chemistry, 

biology, and material science. Safety is the primary consideration of designing biomedical 

adhesives and strongly directs the chemical avenues to ensure biocompatibility, eliminate 

leachable molecules, and lower cytotoxicity. Preferably, tissue adhesives should be 

biodegradable to avoid the requirement of removal while exhibiting no long-term side 

effects after degradation. One major challenge for polymeric biomedical adhesives is cell 

affinity. In response, coating, functionalization (on backbone or side chain), and 
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hybridization of polymer with natural adhesive provides strategies to improve adhesion 

properties. Concurrently, polymeric adhesives should also exhibit low interfacial tension 

and have comparable mechanical properties, such as modulus and toughness, with targets. 

Finally, a novel biomedical adhesive requires multifunction (self-healable, antibacterial, 

and tissue-regenerative) and environmental response (temperature, acidity, and humidity), 

providing modularity and adaptivity to dynamic biological environments. Addressing these 

challenges transcends material design alone. Innovative applications of sustainably sourced 

adhesives harness the natural power of wood, allowing for robust, novel engineered 

materials such as cross-laminated timber. Advanced processing techniques, such as 

additive manufacturing, may help to introduce the next generation of customized personal 

biomedical adhesives.  
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CHAPTER 3 

4,4’ DIMETHYL OXYBISBENZOATE AS A MONOMER FOR FULLY 

AMORPHOUS HIGH TG POLYESTERS 

3.1 Introduction 

Polyesters demonstrate an extensive family of thermoplastics and thermosets, which 

find use across all industries from adhesive design to covalent adaptive networks to high 

performance materials.1–4 Most notably, the most ubiquitous polyester, poly(ethylene 

terephthalate) PET finds extensive use in single use plastics and current estimates predict 

that 30 million tons of PET is manufactured annually.5 This massive production and 

consumption of PET prompted many scientists to optimize recycling strategies for PET to 

enable a circular economy. Whereas many polymer families are limited to mechanical 

recycling, recent catalytic efforts, such as VolCat and others, demonstrated efficient and 

scalable chemical recycling strategies for PET.6,7 These processes leverage facile 

hydrolysis of the ester bond to return to polymerizable monomers. This work inspired ester 

incorporation into polyolefins to promote chemical recycling to monomers.8 While PET is 

limited to select applications, the chemical recyclability of polyesters encourages the 

design of novel polyester structures to serve other applications which require higher glass 

transition temperatures and differing morphological properties. 

Structure-property relationships in polyesters is a largely studied field where the unique 

combinations of diol and diester monomers provide innumerable polymers, copolymers, 

terpolymers, networks, etc. This enables precise tailoring of thermal properties and 

morphology through simple monomer selection. For example, linear aliphatic diols lower 



  43 

glass transition temperatures as the diol length increases.9,10 Also, cycloaliphatic polyesters 

such as poly(cyclohexamethylene terephthalate) impart improved impact resistance by 

introducing ring relaxations at high frequency deformations.11,12 Furthermore, variations in 

aromatic diesters enabled liquid crystalline polymers, improved thermal resistance, and 

changes in glass transition temperature.13–15 Continued exploration of novel polyesters with 

previously unexplored monomers provides deeper fundamental understanding of structure-

property relationships, and also provides industry and academia with a more expansive 

toolbox for the design of future polyesters for specific applications. 

 Thermal transitions of polyesters encompass sub Tg relaxations such as ring flipping, 

the Tg, which is the onset of cooperative long-range segmental motion, and the Tm 

associated with crystalline phases in the polyester.16 Depending on the chemical 

composition, a polyester contains all these thermal transitions or only the glass transition 

temperature in fully amorphous polymers with no sub Tg relaxations. Polyesters often also 

contain more than one Tm associated with either different sizes of crystallites or different 

types of crystallites such as the smectic and nematic phases in liquid crystalline 

polymers.17,18 Quantitative structure-property relationships, such as the Fox equation 

(Equation 3.1), provide predictability based on the mass incorporation of specific 

monomers.19 The Fox equation predicts the glass transition temperature of copolymers 

based on the weight percent incorporation of each monomer and the glass transition 

temperature of their respective homopolymers.  

(Equation 3.1) 
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 4, 4’ dimethyloxybisbenzoate (DMOB) is an aromatic diester monomer containing two 

para-substituted phenyl rings joined together through an aryl ether bond. Little research 

has been conducted on this monomer in polyester applications, and prior investigations 

have been limited to polyesters for liquid-crystalline applications where only one 

copolymer composition was investigated.20,21 These findings found DMOB incorporation 

to provide advantageous properties such as increased load-bearing and elevated glass 

transition temperatures. These advantageous properties attributed to DMOB incorporation 

warrant continued investigation of DMOB polyesters in other application spaces. For 

instance, cyclohexane dimethanol (CHDM) based polymers provide high glass transition 

temperature and improved impact resistance. However, in semicrystalline polymers such 

as poly(cyclohexamethylene terephthalate), embrittlement caused by crystallization 

distracts from the impact resistance properties imparted from CHDM. Thus, investigating 

new dimethyl ester monomers for CHDM polyesters will provide more understanding 

towards the structure-property relationships dictating the high degree of crystallinity in 

other CHDM based polyesters. 

 In this work, we present a family of novel polyesters incorporating both DMOB and 

CHDM. Structure-property relationships regarding changes in Tg and Tm are discussed. 

DMOB both increased glass transition temperatures and decreased crystallinity in 

comparison to a synthesized poly(cyclohexamethylene terephthalate) control. This 

monomer demonstrates promise in the future design of fully amorphous polyesters with 

glass transition temperatures greater than 100 °C. 
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3.2 Experimental 

3.2.1 Materials 

Butane diol (BD) (Sigma Aldrich ≥ 99%), dimethyl terephthalate (DMT) (Tokyo Chemical 

Industries ≥ 99%), cyclohexanedimethanol (CHDM) (Sigma Aldrich ≥ 99%), dibutyltin 

oxide (Sigma Aldrich), chloroform-d (CDCl3) (Cambridge Isotope Laboratories, 99.8% 

atom D), and dimethyl sulfoxide-d6 (DMSO-d6) (Cambridge Isotope Laboratories, 99.9% 

atom D) were used as received. 4,4’ dimethyloxybisbenzoate (DMOB) was supplied by 

Eastman Chemical Company and used as received. OptimaTM grade chloroform (CHCl3) 

and tetrahydrofuran (THF) (Fischer Scientific) were used as received.  

3.2.2 Synthesis of 4, 4’ Dimethyloxybisbenzoate homopolyesters and copolyesters 

 Polyesters were synthesized via melt transesterification and polycondensation 

following procedures previously implemented within our research group.22 The selected 

diol (BD or CHDM) (1.2 eq), the selected combination of dimethyl ester monomers (DMT 

or DMOB) (1.0 eq), and dibutyltin oxide (200ppm) were charged to a 100 mL round-

bottomed flask equipped with a t-neck adaptor, overhead stirrer, nitrogen inlet, and 

distillation arm connected to a 100 mL collection flask. Monomer amounts were calculated 

to achieve a total mass loading of 25 g. Prior to the start of the reaction, the reaction setup 

was evacuated under reduced pressure and backfilled with N2 over three cycles to ensure 

inert reaction conditions during polymerization. The reaction flask was lowered into a 

bismuth tin alloy metal bath heated to 180 °C. Every 30 min, the bath temperature was 

raised to 20 °C. After 3 h, from the reaction start, the reaction was held at 280 °C and the 

pressure was reduced to 30 mmHg for 2 hours. Following the reaction, a clear viscous 
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polymer melt wrapped the stir bar. The polymers were used after cooling without any 

further purification. 

3.2.3 Analytical Methods 

1H NMR and 13C NMR spectra were recorded using a Bruker Avance NEO 500 MHz NMR 

equipped with a 5mm iProbe. A Waters e2695 Separations Module Size Exclusion 

Chromatography system (SEC) with two Shodex KF-806M Columns and one Shodex K-

G Guard Column connected to both a Waters 2414 refractive index detector and a Wyatt 

TREOS II light scattering detector afforded molecular weight information of the polymers. 

Polymers were dissolved at a concentration of 3 mg/mL in either CHCl3 or THF and 

sampled into the SEC at a flow rate of 1 mL/min at a temperature of 35 °C. Online dn/dc 

values were determined from the dRI data assuming a 100% mass retention. Solubility of 

the polymers was confirmed prior to SEC analysis using a Malvern Zetasizer Nano ZS 

dynamic light scattering instrument. Prior to thermal analysis all polymer samples were 

melt pressed at 295°C, quench cooled in a water bath, and finally dried at 25 °C under a 

reduced pressure of 30 mmHg. A TA Instruments TGA5500 thermogravimetric analyzer 

(TGA) afforded weight loss profiles for polymers from 25 to 650 °C, under constant N2 

flow at a heating rate of 10 °C/min. A TA Instruments DSC2500 differential scanning 

calorimeter (DSC) revealed the thermal transitions for the novel polymer under N2 flow. 

Initial DSC experiments followed a heat/cool/heat cycle from 25 °C to 300 °C to -80 °C to 

300 °C at rates of 10/100/10 °C/min to remove the thermal history of the samples. In 

subsequent DSC annealing studies, samples were held 100 °C above their Tg for 1 h to 

facilitate crystallization prior to cooling and reheating. Tms were determined by the peak 
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of the melting endotherm and integration of the endothermic peak determined ΔHm. 

Calibration of the instrument with indium (Tm = 156.60 °C) and zinc (Tm = 419.47 °C) 

standards occurred prior to analysis. Dynamic mechanical analysis (DMA) on a TA 

instruments Q800 with a static force of 0.01 N, amplitude of 0.1% strain, frequency of 1 

Hz, and a heating rate of 3 °C/min provided storage and loss modulus from -100-175 °C. 

The polymers discussed will be identified using the abbreviation for the diol and diester 

monomeric starting materials. For example, BD DMOB refers to the polyester synthesized 

from butane diol and 4,4’ dimethyloxybisbenzoate. Copolymers synthesized from both 

DMOB and DMT monomers will be referred to as CHDM DMOBX-DMTY) where X and 

Y refer to the wt.% incorporation of each dimethyl ester monomer respectively. 

3.3 Results and Discussion 

 

Scheme 3.1. Synthesis of dimethyloxybisbenzoate (DMOB) copolymers with 

cyclohexanedimethanol and dimethyl terephthalate.  

 Traditional melt polycondensation reactions provided both linear and cyclic aliphatic 

polyesters with DMOB incorporation as shown in Scheme 3.1. 1.2 equivalents of diol 

initially established low molecular weight oligomers prior to the final transesterification 

step under reduced pressure, which drove the reaction to yield high molecular weight 

polymer through distillation of the diol. Size exclusion chromatography in CHCl3 or THF 
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equipped with multi-angle light scattering detector determined absolute molecular weight 

values for only 3 of the 6 synthesized polyesters. CHDM DMOB DMT copolyesters 

remained insoluble in both THF and CHCl3 when DMT incorporation was 75 wt.% or 

greater. Additionally, when the DMOB incorporation was 75 wt. % or greater, the polymers 

displayed UCST behavior  in CHCl3 and THF. Additionally, only the CHDM DMOB 

homopolymer and BD DMOB homopolymer were fully soluble in THF. Table 3.1 

provides the absolute molecular weight data from the soluble polymers, which 

demonstrated number average molecular weights around 20 kg/mol, which is a typical 

molecular weight for polycondensation polymers.23 Furthermore, all quench-cooled 

polymer films were easily creased, which indicated all polymers had sufficiently large 

molecular weights for further characterization. 

Table 3.1. Absolute molecular weight data for DMOB polymers and copolymers 

determined from online dn/dc measurements and light scattering data. Insoluble polymers 

noted with N/A. 

Sample dn/dc Mn (kg/mol) Mw (kg/mol) Ð 

BD DMOB 0.1590a 20.3 34.3 1.69 

CHDM DMOB 0.157b 18.3 35.1 1.92 

CHDM DMOB75-

DMT25 

N/A    

CHDM DMOB50-

DMT50 

0.1198a 22.4 41.6 1.86 
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CHDM DMOB25-

DMT75 

N/A    

CHDM DMT N/A    

 a CHCl3 eluent, b THF eluent 

Polymer insolubility prevented 1H NMR analysis to confirm monomer incorporation 

across the CHDM DMOB-DMT copolymer series. However, FT-IR analysis, shown in 

Figure 3.1, confirmed DMOB and DMT incorporation, which matched the wt.% loadings 

in the reaction. Notably, DMOB incorporation systematically increased IR absorbance at 

1595 cm-1, 1500 cm-1, 1160 cm-1, and 765 cm-1 attributed to the symmetric aryl-O-aryl 

stretch, asymmetric aryl-O-aryl stretch, aryl-O stretch, and in plane ester bending 

respectively.24 The in-plane ester bending of DMOB is blue-shifted in comparison to the 

in-plane ester bending of DMT. 
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Figure 3.1. FTIR confirmed DMOB incorporation across copolymer series, which is 

demonstrated by the increased absorbance of the asymmetric aryl-O-aryl stretching 

vibrational mode at 1500 cm-1. 

 TGA, shown in Figure 3.2. revealed thermal weight loss profiles for all six DMOB 

polymers. BD sentence. Furthermore, all polymers across the CHDM DMOB DMT 

copolymer series displayed Td5% Values between 395 and 405 °C, which is consistent with 

many families of polyesters owing to the degradation of ester bonds in the polymer 

backbone.25 Thus, DMOB incorporation did not impact the thermal degradation profiles in 

comparison to DMT. Additionally, char yield at 650 °C increased upon DMOB 

incorporation as a result of the higher percentage of aromatic groups in the homopolymers 

and copolymers.26  

 

Figure 3.2. TGA shows consistent Td5% across the copolymer series and shows that char 

yield increases with DMOB incorporation.  
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 CHDM DMOB DMT copolyesters demonstrated predicable control over the glass 

transition temperature. DSC measurements, shown in Figure 3.3 informed glass transition 

temperatures across the copolymer series ranging from 86-105 °C. All samples except for  

CHDM 25DMOB-75DMT agreed with Tg values predicted from the Fox equation. This 

deviation likely resulted from physical crosslinking caused by crystallites in the sample, 

which is known to increase the glass transition temperature of semicrystalline polymers.27 

However, general agreement with the Fox equation demonstrated random incorporation of 

each dimethyl ester monomer and highlighted elevated glass transition temperatures caused 

by increased DMOB incorporation. It should also be noted that no transitions indicative of 

liquid crystalline properties were observed in this copolyester series. 

 

Figure 3.3. a) Differential scanning calorimetry shows changes in thermal transitions as 

DMOB incorporation increases. B) The copolymer series closely follows the Tg predictions 

from the fox equation (right). 

In addition to providing predictable control of the glass transition temperature of 

polymer samples, incorporation of DMOB in copolyesters impacted polymer morphology. 
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Notably, DMOB incorporation suppressed crystallizability in copolyesters resulting in 

transparent films as seen in Figure 3.4. Integration of Tm peaks present in DSC 

measurements of annealed copolyesters, plotted in Figure 3.4, quantified this decrease in 

crystallinity. Melting enthalpy (ΔHm) decreased from 40 j/g to 30 j/g with the addition of 

25 wt.% DMOB in CHDM DMOB DMT copolyesters. DSC did not reveal a 

distinguishable Tm in copolyesters with at least 50 wt.% DMOB incorporation. This result 

demonstrated that the kinked DMOB structure disrupted regularity in the polymer chain, 

which prevented crystallization and ultimately provided fully amorphous polyesters with 

glass transition temperatures greater than 100 °C. 

 

Figure 3.4. Melting enthalpy decreases as DMOB incorporation increases revealing a loss 

of crystallinity at 50 wt % DMOB. 

 Dynamic mechanical analysis, shown in Figure 3.5, explored polymer viscoelasticity 

across a wide temperature window from -10 to 170 °C, which confirmed glass transition 
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trends measured by DSC. Furthermore, low temperature DMA measurements revealed the 

presence of sub-Tg relaxations in CHDM containing polymers at -60 °C. This relaxation is 

attributed to ring flipping in the CHDM segments of the polyesters. This feature is often 

attributed to increased impact resistance and is a known advantage of CHDM 

polyesters.11,12 This relaxation remained  in the CHDM DMOB homopolymer, which 

showed that DMOB incorporation did not impact this critical feature of CHDM containing 

polyesters. Thus, DMOB is an attractive monomer in high Tg amorphous polyester design 

for impact resistant applications.  

 

Figure 3.5. Dynamic mechanical analysis confirms the presence of sub Tg relaxations in 

both CHDM DMT and CHMD DMOB 

3.4 Conclusion 
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 Melt transesterification polycondensation of 4,4’ dimethyloxybisbenzoate with 

cyclohexanedimethanol and varied amounts of dimethyl terephthalate yielded a series of 

novel polyesters and copolyesters. Melt processing and subsequent quenching in ice water 

provided creasable polymer films for all polymers, which suggested high molecular 

weights were achieved. Solubility in either THF or CHCl3 varied depending on polymer 

composition. Size exclusion chromatography of soluble polymer samples confirmed 

molecular weights to be on the order of 20,000 g/mol, which is a typical molecular weight 

achieved from this polymerization strategy. Thermal gravimetric analysis revealed each 

polymer to display a Td5% of 395 °C, and DMOB incorporation increased the char yield of 

polymers with larger DMOB incorporation. DMOB incorporation increased the Tg of 

CHDM polyesters to 104 °C, and the Fox equation accurately predicted copolymer Tg. 

Furthermore, the kinked DMOB structure prevented crystallization at 50 wt.% 

incorporation and higher. Finally, the sub Tg relaxation associated with CHDM ring 

flipping remained present in DMOB polymers as demonstrated by DMA. This 

demonstrates DMOB as an attractive monomer for fully amorphous high Tg polyesters. 
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CHAPTER 4 

CHARACTERIZATION METHODS TO PREDICT EXTRUSION PERFORMANCE 

IN THERMOPLASTIC POLYURETHANE BATCHES 

4.1 Introduction 

Thermoplastic polyurethanes (TPU) are randomly coupled, multiblock copolymers 

with alternating hard and soft segments.1 For thermosetting polyurethanes (PU), a polyol 

and a diisocyanate are subjected to step growth polymerization, and depending on the 

functionality of the polyol, crosslinks can form resulting in a non-thermoreversible 

product.2 Because polyols tend to have relatively high molecular weights, the reactivity 

and cure progress of polyurethanes is largely driven by the choice of diisocyanate.3 In this 

regard, two main factors affect the reactivity of a diisocyanate. First, if the diisocyanate is 

aromatic, the electron withdrawing effects stabilize transition states during polymerization, 

which generally increases reactivity compared to aliphatic varieties.4 Second, if the 

diisocyanate contains symmetric isocyanate (NCO) groups, polymerization tends to occur 

in one distinct stage, whereas asymmetric NCO groups cause a distinct two-stage buildup 

of molecular weight.5 Reactants such as toluene diisocyanate (aromatic and asymmetric) 

will therefore react relatively quickly in two stages, whereas hexamethylene diisocyanate 

(aliphatic and symmetric) will react slower and in one stage.5 Thus, the choice of 

diisocyanate, as well the ratio of hydroxyl (OH) groups to NCO groups, will significantly 

impact the number of hard and soft segments present within the final product.6 

The hard segments of PU are comprised of diisocyanates and short-chain diols (chain 

extenders), which are responsible for strength and overall mechanical properties; 
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conversely, soft segments (polyethers or polyesters) allow for chain mobility and 

flexibility.1,7 For linear polyurethanes, the lack of a crosslinked network enables 

thermoplasticity.8 This behavior facilitates melt-flow deposition of TPU via fused filament 

fabrication, selective laser sintering, injection molding, and large scale twin-screw 

extrusion processes.9-12 Unfortunately, processing of TPU is a challenging task due to its 

thermal degradation at elevated temperatures.13 To complicate matters further, the 

temperature of thermal degradation of TPUs is relatively close to processing temperatures 

for extrusion.13 

The proximity of the degradation and processing temperatures has been observed to 

lead to an unwanted buildup of solid-like, white particulate material during the extrusion 

process, illustrated in Figure 4.1. This process takes time to occur, such that extrusion 

operates normally initially, but at some timepoint, particulate defects begin to be observed 

in the extrudate and the issue worsens to the point that a total blockage occurs inside the 

extruder. In this respect, chemorheology – whereby viscoelastic properties are tracked for 

relevant time periods on a torsional rheometer – becomes a vital tool for probing time-

dependent changes in physical properties of a material.14 This protocol has shown promise 

for tracking both chemical curing kinetics, as well as physical crosslinking processes over 

extended time periods ranging from hours to days.5,15,16 
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Figure 4.1. (Left) Example of solid white material building up on candle filters during 

extrusion and (Right) a clean candle filter without any extrudate buildup. 

Because chemorheological results only represent the mechanical/viscoelastic behavior 

of a material over time, morphological and chemical studies are complimentary to 

determine whether chemical or physical crosslinking is causing solidification. Although 

the intended product in the reaction between diisocyanates and polyols is a linear 

polyurethane with only urethane linkages throughout the polymer chain, it is well known 

that many side reactions can occur both in dry conditions and in the presence of water.17-19 

In this work, a series of poly(tetramethylene oxide)-butane diol-methylene diphenyl 

diisocyanate (PTMO-BDO-MDI)  TPU samples from different manufacturers are 

investigated. Scheme 4.1 highlights the specific products from these side reactions during 

(PTMO-BDO-MDI) polyurethane synthesis. 
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Scheme 4.1: Potential side reactions in PTMO BDO MDI polymerizations  

When the nucleophilic nitrogen in the polyurethane backbone reacts with an isocyanate 

group, an allophanate bond is formed, which introduces a branching point on the 

polyurethane backbone. Depending on reaction conditions, upwards of 10% of nitrogens 

react to form these branching points.20 Additionally, in the presence of water, the 

isocyanate group decarboxylates forming an amine and carbon dioxide through a carbamic 

acid intermediate.21 This amine product reacts with additional isocyanates yielding a urea 

bond, and the presence of these urea bonds increases upon increased moisture 

incorporation.22 The nucleophilic nitrogens in the urea bond also add to present isocyanates 

forming a biuret branch along the polymer chain.23 Finally, isocyanates react with one 

another to form either uretdione or isocyanurate groups, which occur less prevalently than 

allophanate and biuret formation, and their formation is typically catalyst dependent.24 
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Therefore, it is evident that small changes in reaction conditions such as temperature, 

ambient humidity, catalyst choice/amount, and reaction time can potentially have profound 

implications on the ultimate polymer architecture through the introduction of branching 

points and possibly covalent crosslinks. 

This manuscript seeks to elucidate the chemical and/or morphological rearrangement 

of TPU during a typical extrusion process, which results in undesired solidification within 

the extruder. Specifically, we explore the buildup of solid-like particulates at extrusion-

relevant temperatures using a combination of solubility, spectroscopic, light scattering, and 

calorimetric techniques. A discussion of the bulk physical (as opposed to chemical) 

rearrangement of hard and soft segments is provided, which is probed using 

chemorheological techniques, and then supported through thermal, spectroscopic, and 

dissolution studies. Several separate lots of TPU from three different companies (A, B, and 

C) are analyzed, each of which presents varying degrees of extrusion success. Based on the 

findings in this study, we develop a holistic approach to determine the factors most likely 

causing an unwanted accumulation of solid matter during melt extrusion of TPU and 

provide a rapid screening protocol that can be employed by manufacturers to predict 

extrudability of the TPU lots.   

4.2 Materials 

 Multiple lots of TPU from three separate manufacturers were studied. The variations 

in the extrusion performance of the samples is more important than the specific details 

regarding their formulation. Differences in molecular structure, chain branching and 

architecture are responsible for the characteristics exhibited by the polymers examined in 
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this study. However, it is worth mentioning that the trends in the properties and their 

relation to extrudability should remain consistent across different grades of TPU. 

Because the TPU samples vary in extrusion capability lot-by-lot, each sample is 

designated here by its respective manufacturer name first, and then the lot number. For 

example, sample B2 refers to manufacturer B, lot 2. Manufacturer A provided three lots of 

material. Sample A1 performed well during extrusion, although A2 had inferior/worse 

extrusion performance, and A3 performed the worst. As a whole, however, TPU from 

manufacturer A extruded “acceptably” and generally did not experience any signs of 

solidification. Manufacturer B provided two lots of TPU. The extrusion performance of 

TPU from manufacturer B was described as “intermediate,” and frequently experienced 

solid particulate formation during extrusion. B1 performed the best, and B2 performed 

worse. Manufacturer C also provided three lots of samples, and these all portrayed “bad” 

extrusion capabilities with significant solid-like buildup. Of these, C1 had the best 

extrusion performance, C2 was worse, and C3 had very poor extrusion outcomes. A 

summary of these materials is provided in Table 4.1. 

Table 4.1. Summary of TPU extrusion performance for each manufacturer and lot number. 

Manufacturer Relative Lot Extrusion Performance 

1 2 3 

 

Manufacturer Extrusion 

Performance 

A Best Intermediate Worst 

 

Acceptable 

B Best Worst ------- 

 

Intermediate 

C Best Intermediate Worst 

 

Bad 
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For chemical/solubility analyses, all solvents were purchased from Fisher Scientific 

and used as received. Lithium bromide (LiBr) was purchased from Sigma Aldrich and dried 

at 120 °C prior to use. 

4.3 Experimental 

Differential scanning calorimetry (DSC) investigated thermal transitions present in the 

polyurethane lots. 7 mg of each TPU sample as received from the manufacturer was placed 

in an aluminum T-Zero pan with a hermetically sealed lid. DSC tests were conducted on a 

TA Instruments DSC 2500 running under a constant nitrogen flow (50ml/min). The 

reference pan was an empty aluminum T-Zero pan with a hermetically sealed lid. All DSC 

experiments were conducted at a heating/cooling rate of 10 °C/min and the data was plotted 

with endothermic events in the positive direction. Second heat experiments were stopped 

at 220 °C due to the instability of the urethane bond at these elevated temperatures. 

Prior to solution-based characterizations such as dynamic light scattering (DLS) or size 

exclusion chromatography (SEC), a simple solubility study probed the intermolecular 

forces which held the TPU samples together. The pellets were all soluble in DMSO for 1H 

NMR tests, but due to equipment limitations, SEC in DMSO was not possible. The TPU 

pellets were tested both as received from the manufacturers and after melt pressing at 205 

°C for 5 min at 5000 PSI. Approximately 15 mg of TPU was submerged in 3 mL of either 

tetrahydrofuran (THF), dimethyl formamide (DMF), or a 0.05 M LiBr solution in DMF 

(DMF+LiBr). After overnight solvent submersion, both visual inspection and DLS 

confirmed or disproved solubility. 

4.4 Results 
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Differential Scanning Calorimetry 

Investigation began with differential scanning calorimetry (DSC) analysis of four lots: 

A1, B1, B2, and C3. These lots were specifically chosen to capture a full range of extrusion 

capabilities. A1 provides a benchmark for “good” TPU pellets for extrusion and 

processing, B1 and B2 correspond to “intermediate” extrusion performance, and C3 

represents “bad” extrusion lots. DSC of the different lots provides insight into the thermal 

transitions of the materials. Heat-isotherm-cool-heat DSC experiments of TPU pellets 

provide information on their thermal history before and after high temperature treatments. 

The first heat shown in Figure 4.2a demonstrates a difference in thermal transitions 

between lots. Lots B2 and C3 display endothermic peaks from 170-180 °C which are not 

present in samples A1 and B1. These endotherms are consistent with previously reported 

DSC data of PTMO-BDO-MDI polyurethanes, which are attributed to agglomeration of 

MDI-BDO-MDI sequences.28 Thus, the endotherms in Figure 4.2a suggest that C3 

contains more of these agglomerates as received from the manufacturer. Furthermore, this 

endotherm suggests some stable phase exists to a greater degree in B2 and C3 lots as 

received from the manufacturer. The cooling data in Figure 4.2b does not provide any 

definitive differences between lots, but the second heat (Figure 4.2c) displays two larger 

endothermic events in all samples, which are summarized in Table 4.2. The first peak 

beginning at 170 °C and ending at 207 °C did not display a trend relating to extrusion 

performance, but confirmed the presence of MDI-BDO-MDI agglomerates in all 

samples.28 Furthermore, DSC revealed a second endothermic event beginning at 208 °C 

and continuing to the experiment end at 220 °C. The enthalpies of this second peak were 

significantly greater in bad extrusion lots B2 and C3, which suggests these samples contain 
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larger concentrations of phases with thermal transitions in this temperature window. This 

larger enthalpy directly relates to poor extrusion performance. 

 

Figure 4.2.DSC thermograms (endo up) for the (a) first heat, (b) cool, and (c) second heat 

of TPU pellets as received from the manufacturers.  

Table 4.2. Summary of enthalpic peak 1 and peak 2 enthalpic events in post-isotherm DSC 

traces. 

Sample Peak 1 enthalpy (j/g) Peak 2 enthalpy (j/g) 

A1 9.4 0.6 

B1 14.2 0.7 

B2 11.2 2.4 

C3 12.0 1.7 

 

Spectroscopy 
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FT-IR and 1H NMR, presented in Figure 4.3, do not reveal significant quantifiable 

differences between the lots. 1H NMR confirmed the general structure of all TPU’s as 

PTMO-BD-MDI polyurethanes consistent with prior literature, a labeled 1H NMR 

spectrum is provided in Figure S2.29 The ratio of the chemical shift peaks at 1.70 and 1.47 

ppm indicated 20% hard segment and 80% soft segment respectively. However, 

spectroscopy alone did not provide a means to discern differences across lots. 

 

Figure 4.3. FT-IR (left) and 1H NMR (right) did not provide a significant means to observe 

chemical differences between lots. 

Solubility 

A series of solubility tests were performed to probe for the presence of chemical and 

physical crosslinking. Both THF and DMF failed to dissolve the TPU pellets as received, 

which suggests that either chemical or physical crosslinking prevented dissolution. 

Although no pellets dissolved in DMF prior to melt pressing, pellets of A1, B1, and B2 

were soluble in DMF after melt pressing. However, the C3 lot still failed to dissolve in 

DMF after melt pressing. Figure 4.4 visualizes these solubility findings. 
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Figure 4.4. (a) All TPU pellets indicating insolubility in DMF and (b) only the C3 lot 

remaining insoluble after melt pressing. 

Furthermore, the addition of LiBr to the DMF solution facilitated dissolution of all four 

lots – as received and after melt pressing. The LiBr in the DMF solution effectively 

screened strong intermolecular interactions within the polyurethane which enabled 

dissolution. Solubility in DMF+LiBr confirmed that pellets were not covalently 

crosslinked prior to melt pressing.30 Additionally, the insolubility of the melt pressed C3 

lot in DMF without LiBr suggests that stable intermolecularly associated phases exist 

within the C3 lot after melt pressing. Table 4.3 summarizes the results of all 24 solubility 

tests. These solubility studies confirm that physical crosslinking through intermolecular 

associations between multiple chains in TPU samples presented solubility in low polarity 

solvents, but covalent crosslinking did not occur to an extent which prevented dissolution 

in high polarity solvents.  
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Table 4.3. Solubility of TPU lots before and after melt pressing. 

 

Dynamic Light Scattering 

Because DMF+LiBr was the only solvent that successfully dissolved all four TPU lots 

before and after melt pressing, it was selected for subsequent DLS experiments. DLS 

samples were prepared in the same fashion as the solubility study. As observed in Figure 

4.5, DLS probed the size of dissolved TPU chains in solution, and Table 4.4 summarizes 

the results. After melt pressing, all four lots displayed similar sizes in solution with a large 

peak at 6 nm and a smaller peak at approximately 3 nm. However, A1 lot and B1 lots were 

significantly larger than B2 and C3 prior to melt pressing. This finding suggests that pellets 

with larger hydrodynamic radii in solution correlate to better processability. This 

phenomenon is likely explained by differences in polymer architecture between as received 

lots. It is well documented that branched polymers display smaller hydrodynamic radii in 

solution.31 Thus, it is plausible that the synthesis of lots B2 and C3 introduced more 

branching through side reactions. These side reactions predispose the lots to poor 

processability. Furthermore, the DLS results confirm polymer architecture changes during 

melt processing at 205 °C as all samples’ hydrodynamic radii decrease to 6 nm. This agrees 
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with the dynamic nature of the urethane, allophanate, and biuret linkages at these 

temperatures.22 During this chemical rearrangement, lots B2 and C3 established stable 

intermolecular interactions in the polyurethane causing poor processability. The exact 

mechanism of this phenomenon serves as a potential research topic in future work. 

 

Figure 4.5. Dynamic light scattering results before (a) and after (b) melt-pressing. 

Table 4.4. Summary of TPU DLS in DMF + LiBr before and after melt-pressing. 
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4.5 Conclusions 

Elevated temperatures during the extrusion of TPU can lead to unwanted side products 

which contribute to undesirable solidification of the polymer over time. Depending on the 

manufacturer and the specific lot of material, the presence of these side products can vary 

widely. Rheological analysis indicated that manufacturer A possessed almost no time-

dependent changes in viscoelastic properties at process-relevant temperatures, suggesting 

no problems during extrusion. Conversely, manufacturers B and C possessed time-

dependent changes in complex viscosity and tan(δ), which provided evidence of 

solidification. The timescale for solidification was quicker for manufacturer C than 

manufacturer B, which aligned with the manufacturer extrusion performance. During 

subsequent spectroscopic analysis, all four tested lots looked nearly identical with FT-IR 

and 1H NMR. DSC revealed an endothermic transition ranging from 170-180 °C in two of 

the worst performing lots received from the manufacturers (B2 and C3). However, samples 

from manufacturer C stood out during solubility tests; TPU from manufacturers A and B 

were soluble in DMF and THF after melt pressing at 200 °C, but TPU from manufacturer 
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C was not soluble. Furthermore, DMF + LiBr successfully dissolved all samples before 

and after melt pressing indicating that intermolecular interactions prevented dissolution. 

DLS revealed that TPU from manufacturers B and C (“intermediate” and “bad” samples) 

were smaller in solution prior to melt pressing compared to manufacturer A. This finding 

suggests that for TPU B and C, larger degrees of branching were incorporated during initial 

manufacturing. Therefore, when selecting TPU for melt extrusion processing, the choice 

of manufacturer, and the specific lot of material from the manufacturer, can heavily 

influence extrusion-related performance. The analyses provided in this manuscript 

therefore offer potential strategies to screen for solid-like buildup due to branching prior to 

extrusion, which can save significant amounts of time and money by avoiding solidification 

within the extruder. 
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CHAPTER 5 

PH-CLEAVABLE HYDROGELS VIA FACILE UV-INITIATED THIOL-ENE 

CROSSLINKING OF ACETAL FUNCTIONAL PEGS 

5.1 Introduction 

PEG-based hydrogels are frequently used for controlled release applications of 

bioactive molecules or cells in tissue engineering or for targeted drug delivery.1-2 PEG is 

biocompatible, hydrophilic, possesses low immunogenicity and provides anti-fouling 

properties, which prevents undesired cell-adhesion and non-specific protein adsorption.3 

Despite these benefits, the polyether backbone lacks biodegradability which hinders 

hydrogel degradation and raises concern about the fate of remaining PEG in the human 

body.4 While PEG with a molecular weight below 30 kDa is excreted through the kidneys,5 

the concern of PEG accumulation in human tissue motivated researchers to investigate 

various methods which facilitate hydrogel degradation,1 e.g. utilizing degradable 

crosslinking agents,6-9 biodegradable block copolymers10 or incorporating cleavable units 

to the polyether backbone.11-13 Stimulus triggered degradation of hydrogels is most 

attractive because it also allows for on-demand release of encapsulated active molecules or 

cells. Several body sites possess slightly acidic pH, such as the gastrointestinal tract, the 

vagina, and tumor or inflamed tissue.14-15 These local differences in pH are useful to trigger 

hydrogel degradation, release of an encapsulated cargo and subsequent clearance of the 

polymer fragments by the human kidney.   

Acetals groups are highly promising moieties to enable polymer degradation at slightly 

acidic pH because they hydrolyze in a mild acidic environment to form alcohols and 
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aldehydes.16 In contrast to the hydrolysis of biodegradable polyesters, acetals do not form 

acidic byproducts when hydrolyzed, which reduces the risk of inflammation.17 Various 

strategies have been reported to introduce acetal groups into the polyether backbone to 

yield pH-degradable PEGs for controlled release and drug delivery applications.18-20 For 

example, Tomlinson et al. used acid-catalyzed step-growth polymerization of triethylene 

glycol divinyl ether (TEGDV) and a PEG diol to yield acid degradable multi-acetal PEGs 

as potential polymer therapeutics.21 Recently, Koberstein and co-workers reinvestigated 

the step-growth polymerization of divinyl ethers and diols to design pH-degradable 

polymers with a lower critical solution temperature (LCST) behavior in aqueous solution17 

and demonstrated their potential use as drug delivery vehicles.22  

While the previous works explored polyacetals as polymer-drug conjugates for drug 

delivery applications, it inspired us to exploit acetal-functional PEGs as suitable precursors 

for the design of pH-labile hydrogels. In particular, hydrogels possess the advantage to 

enable biomolecules and cell encapsulation simultaneously and they allow for tailored 

release profiles. Step-growth polymerization of PEG-diols with TEGDV yielded 

polyethers with pH-sensitive acetal-groups along the polyether backbone and vinyl ether 

end groups (Scheme 5.1). Subsequently, UV-induced thiol-ene reactions using a three-arm 

PEG-based trithiol (THIOCURE® ETTMP 1300) and the PEG precursors in aqueous 

solution afforded the degradable PEG hydrogels. Varying the number of pH-cleavable 

moieties allowed for tuning the degradation rate and hydrogel dissolution.  

5.2 Discussion 
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Scheme 5.1. Acid-catalyzed acetal-formation yielded multi-acetal PEGs (PEG10kMA) 

and diacetal PEGs (PEG10kDA) with vinyl ether end groups. 

The acid-catalyzed reaction of TEGDV with PEG-diols of different molecular weight 

(Mn= 2k and 10k) yielded acetal-functional PEG precursors for the design of pH-labile 

hydrogels. In particular, step-growth polymerization of PEG2k and TEGDV afforded 

linear PEG10kMA, possessing multiple acetal moieties distributed along the polyether 

backbone (Scheme 5.1, reaction 1). An excess of TEGDV determined the number average 

molecular weight (Mn) to 10 kg·mol-1 and yielded PEG10kMA with vinyl ether end groups. 

1H NMR spectroscopy confirmed the disappearance of PEG’s hydroxyl end groups at 

4.57 ppm and the appearance of distinct vinyl ether groups at 6.50 ppm (CH2CHO-) and at 

4.18 ppm and 3.96 ppm for CH2CHO-, respectively (Figure 5.11). The latter are important 

to enable hydrogel formation via thiol-ene reactions. In addition, acid-labile acetal moieties 

were clearly visible at 4.69 ppm (quartet, -CHCH3, 1H) and 1.19 ppm (doublet, -CHCH3, 

3H). 13C NMR spectroscopy further confirmed acetal-formation and defined vinyl ether 

end groups (Figure S5.1). 
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Figure 5.1. 1H NMR spectrum (DMSO-d6, 400 MHz) of PEG10kMA synthesized via 

step-growth polymerization using PEG2k and TEGDV. 

In contrast, the synthesis of PEG10kDA relied on end group modification of a 

commercial PEG10k with a ten-fold excess of TEGDV (Scheme 5.1, reaction 2). This 

afforded a precursor polymer with only one cleavable moiety at each chain end, which 

serves as a control with fewer degradation points in the PEG hydrogel. The molecular 

weight of the precursor polymer is important because it will determine the molecular 

weight between crosslinks in the network and influence the storage modulus and swelling 

ratio of the resulting hydrogels, respectively. Both precursor polymers (PEG10kMA and 

PEG10kDA) showed monomodal distributions in the SEC chromatograms with 

comparable molecular weights (Mn ~ 10k g·mol-1) (Figure S5.4-S5.5).  
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Despite the similar molecular weight, the thermal bulk properties of the precursor 

polymers confirmed their slight differences in chemical structure. The incorporated acetal-

groups along the polyether backbone impacted the packing ability of the PEG chains, 

decreasing the melting temperature I and the melting enthalpy (ΔH) of PEG. Differential 

scanning calorimetry (DSC) measurements revealed a Tm of 41 °C for the PEG10kMA 

compared to a Tm of 62 °C for neat PEG10k and a decrease in ΔH of 87 J·g-1. In contrast, 

the modified end groups in PEG10kDA decreased the Tm of PEG to only 55 °C and the 

melting enthalpy decreased by 30 J·g-1 (Table S5.1).  

Because of PEGs hydrophilicity, PEG10kMA and PEG10kDA dissolved rapidly in 

PBS buffer, which enabled hydrogel preparation in aqueous solution. Crosslinking and 

hydrogel formation occurred via UV-induced “thiol-ene” click reactions between the 

acetal-functional PEGs bearing vinyl ether end groups and THIOCURE® ETTMP 1300 

(Thiocure) (Scheme 5.2). Thiocure is a water-soluble three-arm PEG star with a molecular 

weight of 1300 g·mol-1. It bears a thiol group at each chain and has been utilized in 

literature for the design of injectable hydrogels crosslinked via Michael-addition, which 

suggested a sufficient biocompatibility of Thiocure.23-25 In contrast to such Michael-

systems, UV-initiated “thiol-ene” crosslinking enables spatially and temporally controlled 

gel formation, which could facilitate potential in vivo applications. To enable UV-induced 

“thiol-ene” crosslinking, a suitable, water-soluble photoinitiator is inevitable. Here, lithium 

acylphosphinate salt (LAP) served as a type I photoinitiator because of its good water 

solubility (≤ 8.5 wt%) compared to the commercially available 2-hydroxy-1-[4-(2-

hydroxyethoxy)phenyl]-2-methyl-1-propanone (I2959) (< 2 wt%).26 LAP also possesses 

strong UV-absorption at 365 nm and good cytocompatibility.26 Anseth and co-workers 



  81 

utilized 2.2 mM LAP to initiate PEG diacrylate crosslinking for cell encapsulation and 

reported 96% cell survival after a 1 min exposure to UV-light (365 nm).26 While the LAP 

concentration used in this study is slightly higher (c = 3.6 mM), initiator concentrations are 

adjustable for future potential in vivo applications. In general, a photoinitiator possessing 

sufficient UV-absorption at rather long wavelength (≥ 365 nm) is crucial to enable 

potential biomedical applications, reducing phototoxicity and tissue damage because 

shorter UVA light (< 360 nm) is more likely to cause oxidative DNA modifications and 

the generation of pyrimidine dimers, which alter the DNA.27-28  

 

We investigated three different hydrogel compositions to study the influence of number 

of acetal groups in the PEG precursor on hydrogel dissolution times. The first hydrogel 

utilized PEG10kMA solely, the second consisted of a mixture of 50 mol% PEG10kMA 

Scheme 5.2. Crosslinking and hydrogel formation via UV-initiated “thiol-ene” click reactions using 

PEG10kMA, Thiocure and LAP as photoinitiator.  
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and 50 mol% PEG10kDA and the last utilized PEG10kDA. All hydrogels have been 

prepared using a 1:1 mole stoichiometry of vinyl ether to thiol (Thiocure) at 20 wt% solids 

and 0.5 wt% LAP, calculated on the wt% of polymer solids. Photorheological 

measurements revealed short gel times (≤ 3 s) for all hydrogel compositions and they 

reached full gelation in less than 13 s. This is significantly faster than gels prepared using 

Michael addition, which often required several minutes for full gelation.9, 23-24, 29 The gel 

state moduli (𝐺0
𝑁) ranged from 6 to 10 kPa for networks with a water content of 80 wt%. 

The difference in 𝐺0
𝑁 might arise from slight variations in molecular weight of the PEG 

precursors (PEG10kMA and PEG10kDA). For an ideal network, the molecular weight 

between crosslinks (𝑀̅𝑐) is defined as 𝑀̅𝑐 = 2 (
𝑀𝑊𝑒𝑛𝑒

𝑓𝑒𝑛𝑒
+

𝑀𝑊𝑡ℎ𝑖𝑜𝑙

𝑓𝑡ℎ𝑖𝑜𝑙
 ).9 In the case where the 

acetal-functional PEGs with a 𝑀̅𝑛 of about 10 kg·mol-1 and a functionality of 2 reacted 

with Thiocure (𝑀̅𝑛=1300 g·mol-1, f = 3), a 𝑀̅𝑐 of ~11k g·mol-1 resulted. Consequently, the 

rather broad dispersity of the synthesized PEG10kMA precursors (Đ = 2) would directly 

affect the 𝑀̅𝑐 of the network and ultimately alter the 𝐺0
𝑁 value. 

Crosslinking conversion will influence the measured elastic modulus of the formed 

networks as well. Thiol-ene photopolymerizations follow step-growth behavior, which 

should result in high crosslinking conversion. Dialysis of the crosslinked films in methanol 

and subsequent drying determined the gel fractions and the crosslinking yield of each 

hydrogel type. A gel fraction of 99.5 ± 0.5% for the PEG10kDA networks indicated 

quantitative crosslinking. The networks prepared from PEG10kMA and PEG10kMA/DA 

showed a gel fraction of 87.7± 0.8% and 88.0 ± 1.1%, respectively. This slightly higher 

soluble fraction directly lowered the elastic modulus for the PEG10kMA and 
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PEG10kMA/DA gels compared to the PEG10kDA. However, gel fractions close to 90% 

are promising to avoid unfavorable leaching of unreacted polymer into the human body, 

which potentially causes inflammatory response in future biomedical applications. 

Another factor influencing the elastic modulus of the gel is the vinyl ether “ene” to 

thiol ratio. Slight imbalance altered the gel state modulus noticeably. For example, Figure 

S5.6 shows the storage modulus versus irradiation time of varied thiol to vinyl ether ratios 

for PEG10kDA and Thiocure at 20 wt% solids. A ratio close to 1:1 is crucial to afford gels 

with a high crosslinking density. Stochiometric imbalance led to defects in the polymer 

network which lowers the number of elastically active chains per crosslink and 

consequently lowers the mechanical strength. However, a slight excess of thiol groups 

would render free thiols in the hydrogel, which are attractive for future attachment of drug 

molecules, peptides or fluorescence labels. Alternatively, the facile hydrogel formation 

shows promise to attach thiol-functional active molecules during crosslinking.  
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Figure 5.2. a) Storage modulus (Pa) versus irradiation time (s) from photorheology data 

for the different hydrogel compositions with a thiol to ene ratio of 1:1. Irradiation starts at 

30 s. b) Degree of swelling (%) of the different hydrogels versus time (min). 

Swelling studies in PBS buffer further confirmed slight difference in molecular weight 

between crosslinks. Figure 5. b illustrates the water uptake of the three hydrogels after 

freeze-drying. The water uptake of PEG10kMA hydrogel reached ~4000% while 

PEG10kDA showed swelling of ~3000% after 24 h. However, the degree of swelling 

collaborated with the storage modulus measured via photorheology, whereas the 

PEG10kMA network possessed the lowest 𝐺0
𝑁 and showed the highest degree of swelling. 
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In addition to the differences in molecular weight, multi-acetal functional PEGs are known 

to degrade slowly at pH 7.417, 21 which might further contribute to a higher water uptake 

due to hydrolysis and the formation of defects.  

Hydrogel degradation and dissolution were studied in four different buffer solutions. 

Citrate-phosphate buffer with a pH of 5.5 and 6.5 enabled to monitor acetal hydrolysis and 

hydrogel degradation at a pH, which is observed extracellularly in tumor tissue or chronic 

wounds. Studies in PBS buffer (pH = 7.4) enabled to evaluate hydrogel performance under 

physiological pH. A phosphate-carbonate buffer with a pH of 8 enabled to study cleavage 

of the ester groups and subsequent hydrogel dissolution. All studies occurred at 37 °C to 

mimic body temperature, relevant for potential biomedical applications and were 

conducted in triplicates. Degradation was tracked by visual evaluation of the hydrogel as 

shown in Figure 5.. In a slightly acid environment, the acetal-moieties reacted and formed 

alcohols and acetaldehyde, which caused hydrogel dissolution (Scheme S5.2). The 

hydrogel possessing the highest number of acetal groups (PEG10kMA) was already 

Figure 5.3. Images of the hydrogel film (PEG10kMA) directly after soaking in PBS 

buffer (t = 0), after 2 h in citrate buffer (pH = 5.5) at 37 °C and after 4h. After 2 h, the 

hydrogel is extremely soft and expanded, indicating partial hydrolysis. The film is 

optically dissolved after 4 h.  
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extremely soft and expanded in size after only 2 h at pH = 5.5, indicating partial hydrolysis 

(Figure 5.). After another 2 h (t = 4h), the PEG10kMA hydrogel was optically dissolved.  

Decreasing the number of acetals groups in the hydrogel slowed down hydrolysis and 

the PEG10kMA/DA gels required 8 h for full dissolution at pH 5.5. The hydrogels 

consisting of PEG10kDA were optically vanished within 24 h. This demonstrated that the 

number of acetal groups affected degradation and hydrogel dissolution. However, it is 

important to note that hydrogel dissolution does not require all acetal-groups to be cleaved. 

The hydrolysis of a few acetal-groups generated water-soluble polyether structures, which 

might still comprise of unreacted acetal-groups but cause hydrogel dissolution. This is 

important because hydrogel dissolution times are shorter than reported degradation times 

for the respective non-crosslinked polymer chains. For example, Tomlinson et al. reported 

the degradation of 50% of a multi-acetal PEG (Mn = 26700 g·mol-1) after 50 h at pH 5.5.21 

Increasing the pH from 5.5 to 6.5 impacted the dissolution of the hydrogels significantly. 

In particular, the hydrogels based on PEG10kMA required 29 h for dissolution, while 

degradation of PEG10kMA/DA and PEG10kDA required 3 d and 6 d, respectively. Acetal 

moieties are rather stable at physiological pH (7.4), which was also reflected by their 

degradation time in PBS buffer. PEG10kMA hydrogels were optically dissolved after 

3.5 d, while the PEG10kMA/DA and PEG10kDA hydrogels were hydrolyzed after 4.5 d 

and 6 d, respectively. In comparison, Tomlinson et al. reported a 25% weight loss for the 

multi-acetal PEG (Mn = 26700 g·mol-1) after about 10 d at a pH of 7.4. 

The ester groups of the crosslinking agent in close proximity to the formed thioether 

groups are also prone to hydrolysis.9 While Langer and co-workers reported rather slow 
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degradation times of PEG hydrogels prepared from PEG diacrylates and Thiocure via 

Michael-addition (2 wt% a week over 9 weeks) under physiological pH,23 Bowman and 

co-workers demonstrated that slightly basic conditions accelerated ester cleavage 

umificantly.7, 30 This motivated degradation studies of the acetal-PEG/Thiocure hydrogels 

at pH 8 using a sodium phosphate buffer. All three different hydrogel types hydrolyzed 

within 2.5 d, which clearly indicated the influence of the ester groups because acetal groups 

are stable under basic conditions. Degradation in a slightly alkaline environment is also 

attractive because it enables hydrogel hydrolysis over a large pH spectrum (acidic or basic), 

while the gels are rather stable under physiological pH. If no degradation at alkaline pH is 

desired, a crosslinking agent without ester groups can easily be chosen.  

The potential application of acetal-functional PEG hydrogels for biomedical 

applications requires low cytotoxicity. Tomlinson et al. reported multi-acetal PEGs formed 

from TEGDV and PEG2k and their respective degradation products as non-cytotoxic 

toward B16F10 cells with concentrations up to 5 mg·mL-1.21 The authors further report that 

both, the polyacetals and their degradation products were nonhemolytic over 24 h. In 

addition, Koberstein and co-workers exposed fibroblasts to a polyacetal generated from 

TEGDV and triethylene glycol. The polyacetal with a molecular weight of 14.7 kg·moL-1 

and vinyl ether end groups showed no impact on the cells up to a concentration of 

10 mg·mL-1. Also, while acetaldehyde is considered cytotoxic, aldehyde dehydrogenase 

enzymes in the human body readily oxidize acetaldehyde to acetic acid, which is 

metabolized by muscle tissue.17, 31-32 Figure 5. shows cell viability studies of the acetal 

functional hydrogels and PEG10k as a control. While PEG10k with a concentration of 

25 µg·mL-1 showed no impact on the viability of MDA-MB-231 human breast cancer cells, 
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the hydrogels placed onto the cells reduced their viability slightly. PEG10kMA and 

PEG10kMA/DA showed a cell viability near 80%, which is the threshold value for being 

considered cell viable (Figure 5.). The hydrogel prepared from PEG10kDA showed a 

reduced cell viability of ~70%. This is surprising because PEG10kDA is chemically most 

similar to neat PEG. However, the hydrogels were placed on top of the cells for all cell 

viability tests. This was likely to reduce the diffusion of oxygen, which negatively impacted 

cell viability.33 Similar observations have been reported for sugar-derived poly(β-thioester) 

films34 and also correlated with PEG10kDA gels possessing the lowest degree of swelling 

and the highest 𝐺𝑁
0 . For future studies, alternative cell cytotoxicity tests will be conducted.  

5.3 Conclusions 

In summary, we presented the synthesis of acid-labile PEG precursors to yield pH-

sensitive PEG hydrogels. The choice of PEG-diols (2k and 10k) and their ratio to TEGDV 

determined the number of acetal groups along the polyether backbone and enabled the 

synthesis of multi-acetal (PEG10kMA) and diacetal functional PEGs (PEG10kDA) with a 

Figure 5.4. Cell cytotoxicity assay of MDA-MB-231 human breast cancer cells 

incubated with three different hydrogel types (PEG10kMA, PEG10kDA and 

PEG10kMA/DA) and PEG10k (c = 25µg·mL-1) as control. 
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number average molecular weight of 10 kg·mol-1 and defined vinyl ether end groups. The 

vinyl ether end groups allowed for UV-initiated “thiol-ene” reaction using THIOCURE® 

ETTMP 1300 in PBS buffer and a water-soluble photoinitiator (LAP). Photorheology 

revealed short gel times (< 3s) and the formation of hydrogels with gel state moduli ranging 

from 6-10 kPa at 20 wt% solids. The choice of precursor polymer enabled to tune the 

degradation times of the hydrogels from 4 h to 21 h at pH 5.5. The use of Thiocure further 

enabled network degradation at slightly alkaline pH. Cell cytotoxicity studies showed 

marginal impact of the hydrogel on the cell viability. The slightly reduced cell viability 

was most likely caused by reduced oxygen diffusion through the hydrogel. Overall, we 

demonstrated the potential of acetal functional PEGs for the design of pH-degradable 

hydrogels for biomedical applications. 
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5.6 Supplemental information 

 
Figure S5.2. 13C NMR spectrum (DMSO-d6, 400 MHz) of PEG10kMA. 

 

Figure S5.3. SEC trace of PEG2k (THF, RI signal). 
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Figure S5.4. SEC trace of PEG10k (THF, RI signal). 

 
Figure S5.5. SEC trace of PEG10kDA (THF, RI signal). 
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Figure S6.5. SEC trace of PEG10kMA (THF, RI signal). 

 

 

Table S5.1. DSC data of PEG (starting material) and acetal-functional PEG precursors. 

Sample Tg / °C Tm / °C ΔH / J·g-1 

PEG2k N/A 53 153 

PEG10k N/A 62 163 

PEG10kDA -62 55 135 

PEG10kMA -54 41 76 

Tg: Glass transition temperature 

Tm: Melting temperature 

ΔH: Melting enthalpy 
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Scheme S5.1. Acid-catalyzed cleavage of multiacetal functional PEGs. 
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CHAPTER 6 

BINARY THIOL-ACRYLATE PHOTOPOLYMERIZATION FOR THE DESIGN OF 

DEGRADABLE ACETAL-FUNCTIONALIZED HYDROGELS 

ABSTRACT: Degradable poly(ethylene glycol) (PEG) hydrogels provide a versatile 

platform for drug delivery and tissue engineering, and acetal functionalization now enables 

photo-processible PEG oligomers with selective and facile degradation in acidic 

environments. Tailored morphologies within novel acetal-functionalized hydrogels 

provided fundamental understanding of multiphase network degradation. End group 

modification of poly(ethylene glycol) (Mn = 2,000 g/mol) with 2-(vinyloxy)ethyl acrylate 

yielded polyether precursors with both pH-sensitive acetals and photo-curable acrylate end 

groups. UV-initiated binary thiol-acrylate crosslinking of the acetal-functionalized PEG 

diacrylate with varied amounts of a thiol-functionalized three-armed PEG provided pH-

degradable networks. Controlled stoichiometric imbalance of thiol and acrylate 

functionalities ensured predictable plateau storage moduli from 2 x 105 to 8 x 105  Pa. Small 

angle X-ray scattering (SAXS) and dynamic mechanical analysis (DMA) confirmed that 

the thiol:acrylate molar ratio provided hydrogels with varying network architectures and 

crosslink densities. Spectroscopic monitoring of an imbedded mobile dye (Direct Red-81) 

quantified hydrogel degradation rates. Degradable hydrogels exhibited bulk degradation in 

acidic solution. Gels with the lowest crosslink density fully degraded in aqueous solutions 

at pH 3.4 within 60 h while the highly crosslinked gels fully degraded over 3 weeks. All 

hydrogels displayed long term stability in phosphate buffered saline (pH 7.4) beyond 3 mo, 

suggesting stable hydrogels for selective degradation and cargo release in low pH 

environments. 
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6.1 Introduction 

Selectively degradable polymeric materials address critical challenges in many fields 

including additive manufacturing, sustainability, and biomedical engineering.1-4 Light-

assisted additive manufacturing techniques such as vat photopolymerization (VP) and UV-

assisted direct ink write (UV-DIW) conventionally utilize photopolymerizable monomers 

and crosslinkers to produce solid structures from liquid precursors.5 These approaches have 

enabled 3-dimensional (3D) printing of elastomers, high performance polymers, and 

biocompatible materials for tissue engineering. 5-7 These covalently crosslinked networks 

present issues such as embrittlement, insolubility, lack of reprocessability, and in vivo 

complications. To address these issues, researchers developed new photopolymerizable 

monomers and crosslinkers specifically designed for degradation.8 As more polymeric 

materials are designed for triggerable degradation, it is paramount to fundamentally 

understand the predictive structure-property-processing relationships that enable triggered 

degradation in chemically crosslinked networks. 

The acetal functionality degrades in mildly acidic environments but remains stable at 

neutral pH, and as a result, the acetal functionality has served as a common protecting 

group in synthetic organic chemistry.9 Acetals degrade at acidic pH below 6.5 forming 

alcohols and an aldehyde as hydrolysis byproducts; as expected, lower pH accelerates 

degradation rates.10 Mild and selective hydrolysis render the acetal as an attractive 

functionality for predictive network degradation. Recently, our research group replaced 

poly(ethylene glycol) (PEG) diacrylate crosslinkers with acetal-functionalized diacrylate 
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analogues as scaffolds for 3D printing elastomers after selective degradation and removal 

of the crosslinked scaffold.11 Our prior work warranted further investigation of acetal- and 

acrylate-containing networks for potential delivery vehicles with tunable release rates. 

Photo-processible hydrogels provide a desirable platform for rapidly emerging 

applications in tissue engineering and targeted drug delivery.12-15 3D printed hydrogels 

have previously received intense attention for critical brain injuries, intervaginal packing 

for cancer brachytherapy, and immunologically inert encapsulants that protect cargo from 

the immune system.13, 16 However, covalent crosslinks that are present in most hydrogels 

lack desirable in vivo degradation rates. Previous strategies for degradable hydrogels 

employed biodegradable polyester crosslinking agents and or degradable block 

copolymers.17-19 The acetal functionality presents another common functionality in 

degradable hydrogels, and the degradation liberates hydroxyls and a carbonyl, often 

acetaldehyde. Despite acetaldehyde cytotoxicity, aldehyde dehydrogenase enzymes in the 

human body readily oxidize acetaldehyde to acetic acid, and muscle tissue subsequently 

metabolizes acetic acid.20-22 The relatively benign in vivo degradation of acetals suggests 

their suitability for biological applications. 

Light-assisted additive manufacturing techniques provide 3D structures upon rapid 

photopolymerization of multifunctional monomers and crosslinkers. Photo-initiated free 

radical polymerization of activated alkenes such as acrylates, methacrylates, fumarates, 

and vinylpyrrolidones remains the most prolific approach for these manufacturing 

techniques.23-25 In addition, radical thiol-ene polymerization with both activated and 

deactivated alkenes received significant earlier attention.26, 27 In particular, Bowman et. al 
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pioneered binary thiol-ene and acrylate polymerizations to generate complex network 

architectures with a stoichiometric imbalance of thiols and acrylates.28 The thiol-ene 

reaction dominated network formation until complete consumption of available thiols, and 

after all thiols reacted with available acrylates, acrylate homopolymerization continued to 

further develop the network (Scheme 6.1).29 This thiol-acrylate polymerization process 

generated networks with complex morphologies, which provided precise control of 

mechanical properties and performance. Prior work investigated binary thiol-acrylate 

hydrogel degradation.28 However, different hydrolysis kinetics between alkyl esters in the 

acrylate phase and beta thioether esters in the thiol-ene phase complicated these studies.30,31 

Coupling selective and relatively fast acetal degradation with tailored network 

architectures from binary thiol-ene and acrylate polymerizations will afford a direct means 

to study degradation in hydrogels with precisely controlled networks.  
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Scheme 6.1. Acrylate functionality participates in thiol-ene addition and 

homopolymerization 

This manuscript provides fundamental insight into the degradation of acetal-

functionalized hydrogels prepared from binary thiol-acrylate polymerizations. The acetal 

functionality provided selective degradation in low pH environments, and thiol-acrylate 

polymerizations tailored the network architecture during photopolymerization. 

Stoichiometric imbalance of functional groups provided diverse network architectures to 

elucidate the role of network architecture on release kinetics. The network architecture as 

defined using x-ray scattering and mechanical property measurements significantly 

impacted hydrogel durability and crosslink degradation rates.  

6.2 Experimental Details 

6.2.1 Materials.  

PEG2k, PEG10k, para-toluenesulfonic acid monohydrate 98.5% (p-TSA), calcium 

hydride (CaH2), ethylene glycol mono-vinyl ether, acryloyl chloride, triethyl amine 

(N(Et)3), Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO), and Direct Red-81 

were purchased from Sigma Aldrich. Thiocure ETTMP 1300 was kindly donated by Bruno 

Bock Thiochemicals. Deuterated solvents were received from Cambridge isotope. 

Dichloromethane (CH2Cl2) over molecular sieve was purchased from Acros Organics, all 

other solvents were received from Fisher scientific and used as received. Phosphate-

buffered saline (PBS-buffer) tablets (pH = 7.4) were purchased from VWR. All citrate-

phosphate buffer were prepared with citric acid and trisodium citrate purchased from 

Sigma Aldrich, and the pH was confirmed using a pH-electrode. 
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6.2.2 Instrumentation. 

1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were recorded using an Agilent 

U4-DD2 spectrometer equipped with a 96-sample robot. All spectra were referenced 

internally to residual proton signals of the deuterated solvent, e.g., DMSO-d6. Photo-

rheology was conducted using a TA Instruments DHR-2 rheometer equipped with an 

Omnicure S2000 photo-accessory (high-pressure mercury light source with 320-500 nm 

filter), Smart SwapTM UV geometry, 20 mm quartz lower parallel plate, and 20 mm 

aluminum upper parallel plate. The samples were measured at 0.3 % oscillatory strain, a 

frequency of 1 Hz and the gap distance was set to 500 µm. All samples were equilibrated 

for 60 s, with the axial force set to 0 N. All measurements were conducted under air. The 

crossover times were determined from the intersection of the loss and storage moduli. The 

plateau storage modulus was calculated by averaging the values over the last 60 s (values 

from 120 s-180 s). All measurements were performed in triplicate and data denote the 

mean. 

6.2.3 Synthesis of 2-(vinyloxy)ethyl acrylate. 

2-(vinyloxy)ethyl acrylate was synthesized following the procedure first described by Jiang 

et. al.32 Ethylene glycol monovinyl ether (10 g, 1 eq) and triethylamine (46 g, 4 eq) were 

dissolved in 50 mL of dichloromethane within a 250-mL round-bottomed flask equipped 

with an addition funnel. Acryloyl chloride (21 g, 2 eq) was diluted with 20 mL 

dichloromethane and charged to the addition funnel. The reaction vessel was cooled to 0 

°C and was stirred with a magnetic stir bar. The acryloyl chloride solution was added 

dropwise over 2 h. The precipitated triethylammonium salts were filtered off before the 
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addition of 50 mL of saturated NaHCO3 solution. Following the NaHCO3 extraction, the 

organic layer was washed twice with 100 mL of brine. The organic solution was dried over 

magnesium sulfate, filtered, and the solvent was removed under vacuum to yield a brown 

oil. Column chromatography with dichloromethane as an eluent produced a pale-yellow 

oil. 63 % yield. 1H NMR (CDCl3, δ, Figure S6.1, Supplemental Information) 6.46–6.51 

(dd, 1H, 3), 6.42–6.47 (dd, 1H, 8), 6.12-6.19 (dd, 1H, 6), 5.84-5.87 (dd, 1H, 7) 4.39-4.41 

(m, 2H, 5), 4.19-4.23 (dd, 1H, 2), 4.04-4.06 (dd, 1H, 1), 3.92-3.94 (m, 1H, 4); 13C NMR: 

(CDCl3, δ, Figure S6.2, Supplemental Information) 166.00, 151.39, 131.28, 128.03, 87.07, 

65.70, 62.70. 

6.2.3 Synthesis of PEG 2k diacetal diacrylate (PEG2kdAdAc).  

PEG2k with acetals adjacent to acrylate end groups (PEG2kdAdAc) exemplifies a 

typical synthetic procedure. PEG2k (10 g) was dissolved in 100 mL dichloromethane and 

stirred over molecular sieves with g 2-(vinyloxy)ethyl acrylate (1.6 g, 2.2 eq). The solution 

was chilled to 0 °C before 0.108 g p-TSA (0.125 eq) dissolved in 1 mL THF was added. 

The reaction was stirred for 50 min before quenching with 10 mL saturated NaHCO3 

solution. The collected aqueous solution was washed with DCM and the combined organic 

layers were dried over MgSO4, filtered, and precipitated into ice cold diethyl ether. The 

collected polymer was dried at room temperature under vacuum. 92% yield, white solid. 

1H NMR (CDCl3, δ, Figure S3, Supplemental Information) 6.34–6.39 (dd, 2H, 1), 6.05–

6.12 (dd, 2H, 3), 5.76-5.80 (dd, 2H, 2), 4.74-4.78 (q, 2H, 6, 4.23-4.26 (m, 4H, 4) 3.40-3.80 

(m, 340H, 5,8), 1.26-1.28 (d, 6H, 7) 

6.2.4 Hydrogel preparation.  
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Hydrogels were prepared from PEG2kDADAc and varied mol % of the trithiol 

crosslinker THIOCURE® ETTMP 1300 (0, 50, 100 mol % thiol to acrylate). Hydrogel 

precursor solutions were prepared with 50 wt. % reactants in a 50/50 wt. % ethanol/PBS 

solution prepared with 5 wt. % TPO. This yielded a final photo-curable solution with 50 

wt. % reactants and 2.5 wt. % TPO. All hydrogels were produced using a TA Instruments 

DHR-2 rheometer equipped with an Omnicure S2000 photo-accessory. The intensity of the 

photo-source was set to 10 mW/cm2. UV irradiation started at 30 s and samples were 

exposed to UV-light for 150 s. Acetal free analogues, PEG2k diacrylate (PEG2kDAc) 

hydrogels, were prepared in an equivalent manner. 

6.2.5 PEG2kdAdAc hydrogel degradation study. 

Sections of the prepared PEG2kDADAc and PEG2kDAc hydrogels were extracted in 

methanol for 24 h, and then dried under reduced pressure. The dried covalent networks 

were weighed, and then soaked in a 0.005 M solution of Direct-Red 81 prepared with PBS 

for 24 h. The swollen hydrogels were patted dry and the mass was recorded before the films 

were placed in either 15 mL of PBS buffer or 15 mL of citric acid buffer (CAB) pH (3.4). 

Every 3 h, a 0.10 mL aliquot was taken from each sample and diluted to a final volume of 

1 mL for UV-Vis measurements. UV-vis spectroscopic measurements were performed on 

an Agilent 8543 spectrometer in a PMMA cell with pathlength= 1 cm. Absorbance values 

at the Direct Red-81 λmax= 500 nm were obtained in triplicate for each aliquot. The mass 

of solution absorbed by the gel revealed the possible maximum concentration of Direct 

Red-81 after full hydrogel degradation. The absorption of each aliquot calculated the Direct 
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Red-81 concentration and thus afforded normalized degradation at each time step. The full 

process was repeated in triplicate for each PEG2kdAdAc hybrid formulation.  

6.2.6 Small angle x-ray scattering (SAXS) of PEG2kdAdAc based hydrogels.  

SAXS experiments were performed using a Rigaku S-Max 3000 3 pinhole system, 

equipped with a rotating anode emitting X-ray with a wavelength of 0.154 nm (Cu Kα). 

The sample-to-detector distance was 1600 mm, and the q-range was calibrated using a 

silver behenate standard. Two-dimensional SAXS patterns were obtained using a 2D 

multiwire, proportional counting, gas-filled detector, with an exposure time of 2 h. The 

data were corrected for sample thickness and transmission and were placed on an absolute 

scale by correction using a glassy carbon standard from the Advanced Photon Source 

(APS). All the data were analyzed using the SAXSGUI software package to obtain radially 

integrated intensity versus scattering vector q, where q = (4π/λ)sin(θ), θ is one half of the 

scattering angle and λ is the X-ray wavelength. 

6.3 Results and Discussion 

End group modification of PEG2k with 2-(vinyloxy)ethyl acrylate yielded PEG with 

both degradable acetals and polymerizable acrylates at the chain ends (PEG2kdAdAc) 

(Scheme 6.2). The acrylate served as both a step-growth thiol-ene acceptor and chain 

growth acrylate homopolymerization crosslinker. UV-initiated photopolymerization of the 

PEG crosslinkers with varied amounts of THIOCURE® ETTMP 1300, a trithiol 

crosslinking agent, resulted in hydrogels with tunable crosslink densities (Scheme 6.3). 

Crosslinking neat PEG2kdAdAc in the absence of trithiol yielded hydrogels with high 

crosslink densities, and in contrast, a stoichiometric balance of thiols and acrylates 
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produced hydrogels with lower crosslink densities. Finally, an intermediate composition 

with 50 mol % thiol developed a network with highly crosslinked polyacrylate phases  

surrounded by a crosslinked thiol acrylate network with a lower crosslink density. As 

expected, varying the crosslink density predicted mechanical properties, swelling behavior, 

degradation rates, and hydrogel dissolution times, which are commonly observed trends.33-

35 

 

Scheme 6.2. Facile two-step synthesis of telechelic acrylate-functionalized PEG with 

adjacent acetals (PEG2kdAdAc). 

 

Scheme 6.3. Illustrations of  various formulations with Thiocure ® to establish networks 

from high to low crosslink densities. 
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The mol % of thiols relative to acrylates varied from 0 to 100%, which tailored the 

mechanical properties of the resulting hydrogels. Photo-rheological measurements 

revealed thiol-acrylate polymerization with 100 mol % thiols provided hydrogels with a 

lower plateau storage modulus compared to formulations with an excess of acrylates 

(Figure 6.1). PEG2kdAdAc continued to crosslink after complete thiol consumption and 

resulted in hydrogels with higher crosslink densities. These binary reaction kinetics, first 

described by Bowman et. al, predicted a decrease in plateau storage modulus as the mol % 

thiol increased.29 The mol % of incorporated thiol tuned hydrogel plateau storage moduli 

from 2 x 105 to 8 x 105 Pa, nearly an order-of-magnitude. Furthermore, the acetal 

functionalization did not significantly affect photo-crosslinking rates as compared to 

poly(ethylene glycol) diacrylate (PEGdAc) controls. Additionally, these rheological 

investigations informed VP additive manufacturing parameters. An ETEC Envision One 

VP platform generated a 3D part with complex geometries (Figure S6.4). Figure 6.2 

summarizes swelling studies in PBS, which further highlighted the effects of varied thiol 

incorporation. Thiol-acrylate crosslinking afforded hydrogel networks with less crosslinks, 

which as expected resulted in greater swelling.36 
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Figure 6.1. Acetal-functionalized PED2kdAdAc displays crossover times comparable to 

traditional acrylate functionalized PEGdAc. Λ = 300-450 nm, 10 mW/cm2, irradiation 

starts at 15 s.  

 

Figure 6.2. Water uptake in PBS increases as mol % thiol increases. Mass increase 

determined after swelling in PBS for 24 h. 

DMA of the extracted and dried films provided further evidence that higher thiol mol 

% compositions decreased hydrogel crosslink density (Figure 6.3). Dried hydrogels 

prevented slippage and artifacts from drying during the DMA experiment. Samples were 
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tested from room temperature as the plateau tensile modulus (E’) after the PEG melting 

point I was of most interest. DMA highlighted semicrystallinity in each sample. And the 

measured Tms were consistent with the Tm of PEG.37 As the mol % thiol increased, E’ also 

decreased. E’ inversely relates to the molecular weight between crosslinks.38 Films with 

larger mol % thiol exhibited a lower crosslink density, which ultimately increased the 

average molecular weight between crosslinks and thus decreased E’. 

 

Figure 6.3. DMA revealed lower plateau moduli at 70 °C as the crosslink density decreased 

through the incorporation of the trifunctional crosslinker. 0.1 % strain, 1 Hz, 3 °C/min. 

Differences in hydrogel compositions affected the covalent network architecture of the 

crosslinked hydrogels. Hydrogels with more acrylate homopolymerization contained 

higher crosslink densities and thus shorter distances between crosslinks as compared to the 

hydrogels, which were dominated by thiol-ene addition. SAXS measurements of the 

swollen hydrogels revealed a decreased intensity of the scattering peak (q) associated with 

the network spacing between highly crosslinked domains formed through the acrylate 

homopolymerization.39 The prominence of the 6.16 nm spacing present in the fully acrylate 
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homopolymerized (0 mol % thiol) sample decreased as the networks moved to a fully thiol-

ene architecture (100 mol % thiol) whose domain spacing was outside of the SAXS 

detectable range seen in Figure 6.4. These highly crosslinked domains required more than 

one acetal hydrolysis event to disconnect an elastically active chain from the hydrogel 

network. Thus, it is expected that the high crosslink density domains provided a means to 

slow network degradation.  

 

Figure 6.4. SAXS monitored the disappearance of the 6.16 nm interdomain spacing 

associated with the acrylate homopolymerized domains in swollen hydrogels. SAXS 

profiles vertically shifted for clarity. 

Hydrogel samples were swollen with 0.005M Direct Red-81 solution to explore 

degradation rates as a function of thiol incorporation. This dye provided an opportunity to 

track degradation with a UV-Vis assay. Prior to quantitatively investigating the change in 

degradation rates as a function of thiol incorporation, two qualitative control experiments, 

which are shown in (Figure S6.5), probed degradation selectivity. First, the acetal-free 

PEGdAc control in citric acid buffer released a relatively low level of dye compared to the 

acetal-containing PEGdAdAc test groups in the first 48 h of submersion. This highlighted 

relatively fast acetal hydrolysis rates compared to ester hydrolysis. Furthermore, 
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PEGdAdAc samples submerged in phosphate buffered saline (pH 7.4) showed dye release 

in agreement with the acetal-free control group. This dye release eventually reached 

equilibrium, and the gels remained intact for at least 3 mo (Figure S6.6). This result 

informs the long term stability of acetal-containing networks in neutral environments and 

selective hydrolysis in acidic environments. In contrast to the two controls, the PEGdAdAc 

samples submerged in citric acid buffer (pH 3.4) released a clearly distinguishable amount 

of Direct Red-81 dye. This experiment validated the dye release assay to track hydrogel 

degradation on these time scales.  

Acetals degraded in an acidic environment which enabled hydrogel dissolution. UV-

vis monitoring of released dye (λ = 500 nm) from degrading PEG2kdAdAc hydrogels 

submerged in a citric acid buffer established degradation profiles for the three different 

formulations plotted in Figure 6.5. All hydrogels displayed degradation profiles consistent 

with bulk degradation, and hydrogels without thiol-ene crosslinking displayed greater 

stability in the citric acid buffer.40 The fully acrylate system established highly crosslinked 

domains due to the higher acrylate functionality when homopolymerized. In a thiol-ene 

system, the diacrylate is difunctional as an unsaturated site only reacted with a single thiol 

without further propagation. However, in the absence of thiols, a propagating acrylate 

radical formed, which initiated free radical polymerization where remaining diacrylates 

had a crosslinking functionality of four. This higher functionality provided high crosslink 

density areas within the covalent network. These highly crosslinked domains demand more 

network degradation, which allowed for controlled hydrogel degradation rates. Thus, 

tailored network architecture dictated degradation profiles in a manner consistent with the 

crosslinking mechanism, and the kinetics that drove network formation.16, 19, 27, 40 
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Figure 6.5. Normalized absorbance of Direct Red-81 dye released in citric acid buffer 

(pH=3.4, 25 °C) confirmed that the hydrogels with a low crosslink density degraded more 

rapidly than those with high crosslink densities. 

6.4 Conclusions 

A facile two-step synthesis yielded an acid-labile and photopolymerizable crosslinker. 

Binary thiol-acrylate photopolymerization of PEG2kdAdAc and Thiocure ® yielded a 

series of pH-sensitive hydrogels with varied crosslink densities. Stoichiometric offset of 

thiols and acrylates afforded a means to predict hydrogel crosslink densities and network 

morphologies. The acetal functionality enabled a direct means to explore network 

architecture effects on degradation in binary thiol-acrylate hydrogels. SAXS confirmed 

these network architecture variations and revealed an excess of acrylate formed a tightly 

crosslinked domain with a characteristic 6.16 nm domain spacing. This application of 
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binary thiol-acrylate photopolymerization generated hydrogel networks with understood 

morphologies. Leveraging these two fundamental understandings informed novel material 

design with degradable functionality. These morphological differences affected hydrogel 

swelling, mechanical properties, and most importantly the hydrogel degradation profiles. 

Controlled degradation experiments revealed hydrogel degradation to be tunable from 

three days to two weeks while maintaining long term stability in neutral pH. This 

degradation was predictable from the chemical structure of the monomers and their unique 

reaction kinetics during photo-processing. Binary thiol acrylate photopolymerization of 

acetal-acrylate functionalized PEGs developed hydrogels with selective and tunable 

degradation. 
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Figure S6.1. 1H NMR of 2-(vinyloxy)ethyl acrylate 

 

Figure S6.2. 13C NMR of 2-(vinyloxy)ethyl acrylate 
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Figure S6.3. 1H NMR of PEG 2k diacetal diacrylate (PEG2kdAdAc) 

 

Figure S6.4. 3D part with complex geometries printed with PEG2kdAdAc crosslinker. 
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Figure S6.5. Degradation control experiments highlight the necessity of the acetal functionality for 

acidic degradation in citric acid buffer and reveal relatively small amounts of dye release from 

diffusion out of the hydrogel in phosphate buffered saline. 

 

Figure S6.6. Hydrogel samples remained intact after 3 mo of submersion in phosphate buffered 

saline. 
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CHAPTER 7 

PHOTO-ACID GENERATORS FOR PHOTOCURABLE DEGRADABLE ACETAL 

NETWORKS  

7.1 Introduction 

Recyclable networks provide an opportunity for closed loop processing infrastructures. 

Materials designed for depolymerization and subsequent reprocessing provide critical 

platforms for a sustainable materials economy. The photoresist industry presents an 

opportunity to expand upon existing technologies to establish more sustainable 

manufacturing processes based on closed loop circular economies. This field has 

intentionally designed materials for depolymerization in negative photoresist technologies 

for many years, but little work has focused on leveraging this depolymerized material for 

reprocessing.1 An upcyclable material composition will extend material lifetime to 

multiple reprocessing steps, which will reduce waste . 

 Lithography is a widely used technique in the semiconductor industry for patterning 

features on the surface of materials.2 This technique involves using a lithographic mask to 

selectively expose a photosensitive precursor to transfer a pattern onto a substrate. The 

photoreactive precursor, also known as a photoresist, undergoes a chemical reaction upon 

exposure to light. There are two main types of photoresists in lithographic applications, 

either a positive resist or negative resist, which differ in their response to exposure. In 

positive photoresists, exposure to light causes depolymerization in the photoresist which 

results in a positive image of the pattern on the substrate.2,3 In contrast, exposure to light 

in negative photoresists causes the photoresist to polymerize or covalently crosslink, which 
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results in a negative image of the pattern on the substrate. Positive photoresists provide an 

opportunity for recovery of depolymerized material and subsequent reuse.  

Acetal functionalization demonstrates a common protecting group strategy in synthetic 

organic chemistry owing to its facile and selective degradation, and its return to hydroxyl 

starting functionality.4,5 Thus, it is an attractive functionality for circular processes as its 

degradation products remain viable for reuse. The acetal is hydrolytically stable at pH 

greater than 6.5. However, it is readily hydrolysable at lower pHs in the presence of water. 

Polyacetals are commonly synthesized via the nucleophilic addition of a hydroxyl group 

to a resonance stabilized protonated vinyl ether.6,7 Depolymerization of acetals synthesized 

in this manner return to hydroxyl monomers and crosslinkers with minimal mass loss 

through the loss of volatile acetaldehyde. These hydroxyl monomers and crosslinkers can 

easily be recovered as the biproduct of degradation leaves as a gas. Subsequently, 

additional vinyl ether monomers can be added and the material can be recycled. However, 

as this material undergoes recycling in this manner, the average crosslinker functionality 

decreases which will cause a decrease in mechanical properties during each recycling. 

Vinyl ether monomers and crosslinkers undergo cationic polymerization in the 

presence of an acid catalyst as shown in Scheme 7.1.8 Additionally, when a hydroxyl group 

is present, the resonance stabilized carbocation intermediate serves as an electrophile. The 

nucleophilic addition of the hydroxyl group yields a readily hydrolysable acetal linkage. 

However, the product of vinyl ether homopolymerization is a stable carbon-carbon bond. 

During photoacid catalysis of systems with both vinyl ether and hydroxyl functional 

groups, both competing reactions occur.9,10 However, the kinetics of these competing 
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reactions remain unexplored. Changes in the stoichiometric ratio between hydroxyl and 

vinyl ether functional groups thus change the total hydrolysability of the entire covalent 

network. Excess vinyl ethers will form non-hydrolysable domains within the network. 

After hydrolysis of the acetals within the network, these stable domains provide hydroxyl 

crosslinkers with high functionalities. These degradation products will provide networks 

with higher crosslink densities after recharging with additional divinyl ether monomers. 

 

Scheme 7.1. Vinyl ethers react through both cationic homopolymerization with other vinyl 

ether monomers (top) and nucleophilic attack from hydroxyl functionalities (bottom), 

which provides control over the crosslink density of organogels. 

This work explores the fundamental reactivity and mechanical properties of a series of 

acetal functionalized organogels developed from photo-acid generator (PAG) catalyzed 

acetal formation. The effects of PAG loading on crossover times and network mechanical 

properties are explored. Additionally, stoichiometric excess of vinyl ethers in precursor 

formulations leveraged cationic vinyl ether homopolymerization to increase the storage 

modulus and decrease the degradability of the hydrogel. Time-resolved spectroscopy 

identified reaction kinetics in these competing reaction pathways during 
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photopolymerization. Stabilization strategies addressed the inherent instability of acid-

sensitive networks developed through acid catalysis. The results are discussed in the 

context of identifying critical fundamental aspects of acetal functionalized photoresists 

developed via photo acid generation. 

7.2 Materials and methods 

7.2.1 Materials  

 Triarylsulfonium hexafluorphosphate, triethylene glycol divinyl ether (TEGDVE), 

trimethylol propane ethoxylate Mn= 450 g/mol (TMPE), cyclohexanedimethanol divinyl 

ether (CHDMDVE), butane diol divinyl ether (BDDVE), and triethylamine were 

purchased from Sigma Aldrich and used as received. Optima grade HPLC water was 

purchased from Fischer Scientific and used without further purification. 

7.2.2 Photorheological analysis 

 Photorheology experiments were conducted on a TA Instruments DHR-2 rheometer 

equipped with a UV-curing accessory. Oscillatory time sweep experiments were conducted 

with a 20 mm parallel plate geometry and sample at 0.1% strain and a frequency of 1 1/s. 

UV light was delivered from an Omnicure S2000 lamp attached to the UV-curing accessory 

through a liquid light guide. UV intensity was calibrated with a Silverline UV radiometer 

prior to experimentation. 

7.2.3 Basic hydrogel stabilization and gel fraction characterization 

 Following select photorheology experiments, crosslinked gels were immediately 

removed from the rheometer geometry and submerged in a 5 wt.% aqueous solution of 
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triethylamine for 1 h. Following stabilization, gels were dried at room temperature in a 

vacuum oven under a reduced pressure of 30 mmHg for 24 h. Dried gels were weighed on 

an analytical balance prior to Soxhlet extraction in methanol. Following three Soxhlet 

extraction cycles, the hydrogels were again weighed, and gel fractions were determined by 

dividing the final mass by the initial mass. 

7.2.4 Time resolved UV FT-IR spectroscopy 

 Time resolved UV FT-IR spectroscopy was conducted on a Thermofisher Nicolet iS50 

FT-IR spectrometer equipped with a Pike ATR stage, which afforded UV irradiation from 

beneath the ATR stage. A single drop of photopolymerizable solution was placed on the 

stage and irradiated throughout the course of the experiment. Data was recorded with a 

time resolution of 1 s. 

7.3 Results and discussion 

Triarylsulfonium hexafluorophosphate PAG afforded photo-crosslinkable solutions 

when combined with TMPE and TEGDVE. Primary photorheology experiments explored 

the effects of UV exposure and PAG wt % loading while keeping the hydroxyl to vinyl 

ether molar ratio constant at 1:1. These experiments, summarized in Figure 7.1, established 

a working curve which predicted crossover times as a function of relative acid generation 

(RAG). The arithmetic product of wt.% PAG loading, UV intensity measured in mW/cm2, 

and the UV exposure time calculated RAG values as shown in Equation 7.1. In summary, 

these experiments revealed a minimum achievable crossover time of 15s when the 

hydroxyl to vinyl ether molar ratio was 1:1. This crossover time was consistent after RAG 

values equal to 5000. When the molar ratio is 1:1, step growth kinetics dominate the 
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reactions leading to network formation. As a result, the network molecular weight remains 

small at lower conversions before reaching sufficient conversions to establish a crosslinked 

gel. Thus, the gel forming reaction becomes diffusion limited at high catalyst loadings or 

high UV exposures and crossover times can not be lowered beneath 15 s. Furthermore, it 

is important to note that dark polymerization occurs in PAG systems as the catalytic species 

remains stable under the photorheology experimental conditions.11 

Equation 7.1 

𝑹. 𝑨. 𝑮. = 𝒘𝒕. % 𝑷𝑨𝑮 𝒙 𝑼𝑽 𝑰𝒏𝒕𝒆𝒏𝒔𝒊𝒕𝒚 (
𝒎𝑾

𝒄𝒎𝟐
) 𝒙 𝑬𝒙𝒑𝒐𝒔𝒖𝒓𝒆 𝒕𝒊𝒎𝒆 (𝒔) 

 

Figure 7.1. photoacid generator amount and UV exposure effects on crossover time  

Furthermore, these initial tests revealed material property trends as a function of 

differing crossover times. The plateau storage modulus remained constant regardless of 

crossover times as shown in Figure 7.2. However, the plateau loss modulus decreased in 

samples with longer crossover times. A higher loss modulus indicates the presence of more 
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dangling chain ends and elastically inactive chains which act as network defects.12 On the 

other hand, a lower loss modulus suggests more elastically active chains incorporated in 

the covalent network, and a more homogenous network with less defects. This is consistent 

with other step growth gelation processes with fast crossover times.13 Thus, when 

considering processing applications, achieving a minimum crossover time must also be 

balanced with producing a satisfactorily homogenous network if loss modulus effects are 

critical to the application. These experiments informed subsequent photoreactive monomer 

mixtures to be prepared with 1 wt % PAG, 100 mW/cm2 UV intensity, and a 15 s exposure 

time.   

 

Figure 7.2. loss modulus vs crossover time for PAG catalyzed acetal networks developed 

from triethylene glycol divinyl ether and TMPE. 

Variations in vinyl ether to hydroxyl molar ratio provided a means to predict the plateau 

storage modulus. Excess vinyl ether monomers undergo cationic homopolymerization 
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forming carbon-carbon bonds within the crosslinked network. Additionally, when 

TEGDVE monomer reacts in this manner, the crosslinking functionality increased to 4 as 

opposed to 2 in the acetal forming reaction with TMPE. As a result, this reaction pathway 

provided a more tightly crosslinked network, which ultimately resulted in higher plateau 

storage moduli shown in Figure 7.3. This is consistent with other crosslinking systems 

containing both step growth and chain growth gelation mechanisms.6 Across the tested 

range of stoichiometric ratios from 1:1 to 4:1 vinyl ether:hydroxyl, the plateau storage 

modulus increased from 4 x 105 Pa to 4 x 106 Pa. This provided a means to tune material 

hardness across an order of magnitude.   

 

Figure 7.3. Photorheology with different amounts of TEGDVE 

 During crosslinking in the presence of additional vinyl ether monomers, both cationic 

photopolymerization of vinyl ethers and hydroxyl addition to vinyl ethers occurred. 

However, it remained unknown if these reactions occurred concurrently, or in a subsequent 

fashion. Time resolved FT-IR spectroscopy, shown in Figure 7.4, monitored C=C stretch 



  129 

at associated with the vinyl ether functionality at 1620 cm-1 and the O-H stretch associated 

with the hydroxyl functionality at 3470 cm-1.14 Samples were illuminated with UV 

irradiation from the bottom of the ATR stage as shown in Figure S7.1. These experiments 

revealed the rate of vinyl ether and hydroxyl conversion to be equivalent across all 

stoichiometric ratios of vinyl ether and hydroxyl functionalities. This demonstrated both 

vinyl ether homopolymerization and hydroxyl addition to the vinyl ether group to occur 

concurrently during gel formation. 

 

Figure 7.4. photo FTIR of vinyl ether hydroxyl crosslinking with varied stoichiometry 

 Crosslinked acetal networks demonstrated significant instability following 

photopolymerization. Residual acid from the PAG catalyzed network formation catalyzed  

hydrolysis of acetal linkages which lead to full film degradation in only 12 h in ambient 

humidity. This degradation caused crosslinked films to degrade into liquid monomers 

following acetal hydrolysis, as shown in Figure 7.5. A simple neutralization in 5 wt.% 

aqueous triethylamine rendered stable hydrogels that no longer demonstrated 

depolymerization on the bench top. This highlights acetal functional group stability at 

neutral or slightly basic conditions. Further investigations will optimize this neutralization 

step to prevent film warpage, swelling, and cracking, which was occasionally observed 

during the neutralization step.  
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Figure 7.5. Time lapse pictures of crosslinked TEGDVE TMPE gels with (bottom) and 

without (top) TEA stabilization highlight degradation caused by residual PAG. 

 Following triethylamine stabilization, the hydrogels remained stable affording 

subsequent characterizations such as gel fraction determination. The gel fraction is the ratio 

of retained mass after extraction to the initial hydrogel mass prior to extraction. This 

measurement informs the amount of material covalently bound within the crosslinked 

networks. Figure 7.6 highlights that all TMPE TEGDVE hydrogels displayed gel fractions 

on the order of 90 % across different vinyl ether: hydroxyl ratios. Differences in average 

gel fractions across this series fell within the standard deviation between samples. Thus, 

there is no significant change in  gel fraction as additional TEGDVE is incorporated in 

hydrogel formulation. 
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Figure 7.6. Gels display large gel fractions after stabilization in TEA with across vinyl 

ether incorporation. 

 In addition to TMPE TEGDVE based hydrogels, photorheology experiments assessed 

PAG catalyzed photo-processability with two other divinyl ether monomers. 

Hydroxyl:vinyl ether ratios were maintained at 1:1 when assessing these monomers 

photoprocessability. Figure 7.7 demonstrates divinyl monomer effects plateau storage 

modulus, plateau loss modulus, and crossover times. All divinyl monomers demonstrated 

similar crossover times, which indicated consistent reactivity between different monomers. 

However, butane diol divinyl ether (BDDVE) achieved a slightly higher plateau storage 

modulus than TEGDVE whereas cyclohexane dimethanol divinyl ether (CHDMDVE) 

reached a significantly lower plateau modulus below 104 pa. This decreased performance 

renders CHDMVE unsuitable for lithographic applications, which require plateau moduli 

exceeding number. The cause of this significant modulus decrease remains the interest of 

future work to fully understand structure property relationships in PAG catalyzed 

hydroxyl:vinyl ether crosslinking systems. 
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Figure 7.7. different vinyl ether monomers also provide covalently crosslinked gels in the 

presence of triarylsulfonium PAG. 

7.4 Conclusion 

 Triarylsulfonium hexafluorophosphate proved to be a viable photoacid generator to 

catalyze the acetal forming hydroxyl addition to vinyl ether monomers. This developed 

covalently crosslinked thermosets with degradable acetal functionality installed at the 

crosslinking sites. Increased catalyst loading decreased the crossover time of this poho-

initiated reaction, but these faster crossover times also decreased the storage modulus, 

which highlights the presence of elastically inactive polymer chains in the network. 

Additionally, this PAG also catalyzed cationic vinyl ether homopolymerization, which 

provided a means to increase the cured storage modulus of thermosets when the molar 

equivalents of vinyl ether functional groups were greater than the molar equivalents of 

hydroxyl functional groups. Time-resolved FT-IR experiments revealed the hydroxyl 
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addition to the vinyl ether and the cationic polymerization of the vinyl ether to occur 

simultaneously and not in a stepwise fashion. Acetal crosslinked gels remained unstable 

due to the remaining PAG after crosslinking. However, neutralization in aqueous TEA 

provided gels with high gel fractions. Future work will explore the recyclability of these 

covalent networks for closed loop manufacturing processes. 
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7.6 Supplemental information 

 

Figure S7.1. Schematic of time resolved UV-FTIR instrumental setup 
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CHAPTER 8 

IDENTIFYING BARRIERS TO PHOTO-BASE GENERATOR CATALYZED 

CARBON MICHAEL ADDITIONS 

8.1 Introduction 

Additive manufacturing presents an attractive process for rapid prototyping, complex 

geometries, dematerialization, and lightweighting applications compared to traditional 

subtractive manufacturing processes.1,2 Photo-assisted additive manufacturing techniques 

such as vat photopolymerization and UV-assisted direct ink writing leverage reactive 

monomers or oligomers and a photoactivated catalyst or initiator to selectively polymerize 

irradiated areas.3 These processes generate three dimensional geometries in a layer by layer 

fashion. Currently, free radical polymerizations remain the most used polymerization 

strategy in the design of materials for these manufacturing techniques. However, recent 

research has demonstrated successful additive manufacturing with both photoacid 

generators and photobase generators through cationic polymerization or ring opening of 

lactones or epoxides.4–6 This emerging research space presents opportunities for novel 

material design which take advantage of PAGs and PBGs since these platforms require 

monomers other than free radical polymerization monomers. 

Photobase generators describe a family of photocatalysts which generate a base catalyst 

upon UV-irradiation. Common families of PBGs include photosensitized carboxylate and 

carbamate salts, which generate carbon dioxide and a base upon UV irradiation, and 

tetraphenylborate cages like those shown in Scheme 8.1.7 The latter remains a more 

attractive PBG species as it does not generate a gas upon irradiation which may lead to 

bubbles and irregularities in printed parts. Upon irradiation, the PBG undergoes a triplet 
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state rearrangement and subsequent decomposition into radical species and a deprotonated 

base. However, tetraphenylborate cage PBGs require low wavelength UV light to access 

this triplet state. Previous research increased their effectiveness through the covalent 

attachment of a thioxanthone photosensitizer.8 Scheme 8.1 presents the two PBG structures 

explored in this work where one contains a thioxanthone photosensitizer (TX-DBU BPhh) 

and the other does not (DBU BPh4). 

 

Scheme 8.1. PBG decompositions to active base and radical species. 

While previous research leveraged PBGs in additive manufacturing, these approaches 

were limited to ring-opening polymerizations of lactones and epoxides. The carbon-

Michael reaction is an attractive reaction platform for the design of new 

photopolymerizable precursors for UV-assisted additive manufacturing processes.9 This 

base catalyzed reaction utilizes a base catalyst to deprotonate a carbon Michael donor such 

as acetoacetate. Following deprotonation, a readily nucleophilic carbanion is formed, 

which then reacts with a Michael acceptor such as an acrylate functionality.10 This step 

growth process is well known to form robust gels through base catalysis and provides a 
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starting platform to expand the library of monomers and oligomers suitable for PBG 

catalyzed network formation. 

Currently, only one other research paper investigated PBG catalyzed Michael reactions 

with acrylates as the Michael accepting species.11 Bowman et. al demonstrated successful 

PBG catalyzed thiol-Michael polymerization by overcoming inherent issues in the reaction 

system. Notably, PBGs generate radical species upon decomposition, which serve as free 

radical initiators for acrylate homopolymerization. The addition of TEMPO as a radical 

chain transfer agent prevented this side reaction and afforded crosslinked gels from PBG 

catalyzed thiol-Michael reactions.11 However, a radical thiol-ene reaction and a base 

catalyzed thiol-Michael reaction yield the same anti-Markovnikov product and it remains 

uncertain if this reaction truly proceeded through a base catalyzed path or simply the rapid 

radical thiol-ene addition.12 

This work seeks to develop suitable oligomeric crosslinkers for PBG catalyzed carbon-

Michael reactions, the acetoacetate functionality will not generate a reactive radical 

species, and thus if crosslinking occurs the only two possible reaction pathways are the 

base catalyzed carbon-Michael reaction or the free radical acrylate homopolymerization. 

In this work, no evidence of PBG catalyzed carbon-Michael reaction was observed, but we 

report several instances of unintended free radical polymerization, which was not 

overcome with the addition of TEMPO or other radical inhibitors such as BHT or TEMPO. 

Model compound studies and isolated monomer investigations determined the acrylate 

Michael acceptor to be unviable with current PBG technologies. 

8.2 Materials and methods 

8.2.1 Materials 
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 Trimethylol propane ethoxylate Mn =450 g/mol (TMPE), trimethylol propane 

ethoxylate triacrylate Mn= 664 g/mol (TMPE TA), tertbutyl acetoacetate, hexyl acrylate, 

Amberlyst 15 resin, 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU), 2,2,6,6-Tetramethyl-1-

piperidinyloxy (TEMPO), 3,5-Di-tert-butyl-4-hydroxytoluene (BHT), hydroquinone, and 

methanol were purchased from Sigma Aldrich and used as received. The photobase 

generators DBU BPh4 and TX-DBU BPh4 were synthesized and purified by Xabier Lopez 

in the Haritz Sardon group according to previous literature within their research group.8,13  

8.2.2 Instrumentation 

1H NMR and spectra were recorded using a Bruker Avance NEO 500 MHz NMR 

equipped with a 5mm iProbe. Photorheology experiments were conducted on a TA 

Instruments DHR-2 rheometer equipped with a UV-curing accessory. Oscillatory time 

sweep experiments were conducted with a 20 mm parallel plate geometry and sample at 

0.1% strain and a frequency of 1 1/s. UV light was delivered from an Omnicure S2000 

lamp attached to the UV-curing accessory through a liquid light guide. UV intensity was 

calibrated with a Silverline UV radiometer prior to experimentation. In-situ FT-IR 

spectroscopy with a Mettler Toledo ReactIR15 equipped with a SiComp probe collected 

time resolved FT-IR spectrum with a time resolution of 15 s. HPLC measurements were 

performed on a Shimadzu LCMS-2020 equipped with a Kromasil EternityXT-2.5-C18 

column at a flow rate: 1.5 mL/min following a 4 minute gradient elution from 10-100% 

acrylonitrile in water. Chromatograms were generated by an electron spray single 

quadrupole mass spectrometer and photodiode array detector. 

8.2.3 Synthesis of trimethylolpropane ethoxylate triacetoacetate (TMPE TAcAc) 
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 TMPE TAcAc was synthesized in a similar fashion to previous acetoacetate 

functionalization reported from our research group.9 TMPE (25 g, 1 eq) and tert-butyl 

acetoacetate (52.73 g, 6 eq) in addition to Amberlyst 15 (1 g) were charged to a 100 mL 

round-bottomed flask equipped with a magnetic stir rod, dean stark trap, and condenser. 

The reaction was heated to 80 °C in an oil bath and the dean stark trap was drained as 

needed. After 3 h, the round bottom was removed from the oil bath, and the pale yellow 

product was decanted from the Amberlyst catalyst into another 100 mL round bottomed 

flask. Residual tert-butyl acetoacetate was removed under reduced pressure. The product 

was used in subsequent reactions without further purification. 

8.2.4 DBU catalyzed gel formation 

 TMPE TAcAc (0.50 g) and TMPE TA (0.5 g) were combined in a 4 dram scintillation 

vial and mixed until a homogenous solution formed. DBU (0.01 g) was added to 

scintillation and quickly vortex mixed at 3000 rpm before the reactive mixture was poured 

into a Teflon dish. The reaction mixture solidified after 5 minutes to yield a transparent 

yellow film. The gel was left for 2 h prior to Soxhlet extraction in methanol. 

8.2.5 Photorheology and gel fractions of PBG catalyzed crosslinking 

 Like the DBU catalyzed control TMPE TAcAc (0.50 g) and TMPE TA (0.50 g) were 

combined in a  4 dram scintillation vial along with either DBU BPh4  or ITX- DBU BPh4 

(0.01 g). Select samples also included 0.01 g of either TEMPO, BHT, or hydroquinone. 

0.20 mL of the reactive mixture was placed on the quartz lower geometry of the rheometer 

and the gap was set to 500 μm. After 30 s of initial viscoelastic sampling, the samples were 

exposed to 125 mW/cm2 broadband UV light for 570 s. The crosslinked gels were then 
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extracted via Soxhlet extraction in methanol. Gel fractions were calculated by dividing the 

mass after extraction by the mass prior to extraction. 

8.2.6 HPLC analysis of PBG decomposition with additives 

 To determine if the antioxidant and radical inhibiting additives affected PBG 

decomposition, ITX-DBU BPh4 (0.01 g) either TEMPO or BHT (0.01 g) were dissolved in 

1 mL of acetonitrile inside a 4 dram scintillation vial. Samples were exposed to UV 

irradiation from an Omnicure S2000 lamp through the top of the open vial for 15 min. prior 

to elution through the HPLC system. 

8.2.7 1H NMR analysis of tert-butyl acetoacetate upon irradiation 

 To test  the stability of the acetoacetate functionality under UV-irradiation, tert-butyl 

acetoacetate was exposed to UV-irradiation from an Omnicure S2000 lamp through the top 

on an open 4 dram vial prior to preparation of an 1H NMR samples in CDCl3. 

8.2.8 Model compound in-situ FT-IR experiments 

A stock solution of tert-butyl acetoacetate (10.0 g, 1 eq) and hexyl acrylate (9.9 g, 1 

eq) was prepared to ensure consistent stoichiometry across all model compound studies. 1 

g aliquots were taken from this stock solution and combined with either DBU BPh4  or 

ITX- DBU BPh4 (0.01 g). Select samples also included 0.01 g of either TEMPO, BHT, or 

hydroquinone. The SiComp probe was submerged in the reactive mixture and the flask was 

left open to the atmosphere. UV irradiation was delivered from an Omnicure S2000 lamp 

and directed through the side of the vial at an intensity of 125 mW/cm2. Data presented in 

this manuscript report trends associated with the C=C bending vibrational mode at 810 cm-

1 
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8.3 Results and Discussion

 

 

Scheme 8.2. Synthesis of TMPE TAcAc through acid catalyzed transesterification. 

 To investigate PBG catalyzed carbon-Michael additions a suitable Michael donor 

functionalized crosslinker was synthesized. Prior research highlighted efficient DBU 

catalyzed carbon-Michael crosslinking with acetoacetate functionalized macromonomers. 

Thus, acid catalyzed transesterification afforded a trifunctional acetoacetate crosslinker as 

shown in Scheme 8.2. Prior to photorheological experiments with the PBGs of interest, a 

control crosslinking experiment with DBU as a base catalyst validated the synthesized 

crosslinker as a suitable trifunctional carbon donor for base catalyzed carbon-Michael 

additions. Figure 8.1 demonstrates the formation of a robust organogel formed from the 

base catalyzed carbon-Michael crosslinking between TMPE TAcAc and TMPE Ta. This 

experiment confirmed this monomer combination’s potential for base-catalyzed gelation. 
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Figure 8.1. TMPE TAcAc and TMPE TA readily form crosslinked gels through base 

catalyzed carbon Michael addition. 

 Photorheology experiments with the previously discussed monomer combination and 

1 wt.% of either DBU BPh4 or TX-DBU BPH4, shown in Figure 8.2, demonstrated that 

each PBG effectively decomposed and generated reactive species which caused 

solidification following either carbon-Michael addition or acrylate homopolymerization. 

Additionally, the photosensitized PBG TX-DBU BPh4 lead to more rapid crossover times 

than the non-photosensitized analogue, which highlighted the benefit of the covalently 

attached thioxanthone functionality. Furthermore, the addition of BHT did not impact the 

crossover times or plateau storage moduli. However, the Addition of TEMPO prevented 

any crosslinking reactions from occurring. The plateau storage moduli and loss moduli all 

reached similar values of 2 x 106 Pa. 

 

 

Figure 8.2. Photorheology summary of TMPE TAcAc TMPE crosslinking with photobase 

generators and additives. 



  145 

 Gel fraction measurements after Soxhlet extraction, shown in Figure 8.3, in methanol 

determined gel contents for the three photo-crosslinked gels in addition to the control gel 

formed with only DBU. TEMPO is plotted as 0 % gel fraction as the reactive mixture 

remained fully soluble after exposure to UV light. Notably, the gel fraction of the DBU 

control was on average 90 %, whereas each of the PBG catalyzed reactions demonstrated 

gel fractions below 50 %. The reactive mixture was a 50:50 wt.% combination of both 

TMPE TAcAc and TMPE Ta, and therefore this data suggested that the primary 

crosslinking reaction that occurred was acrylate homopolymerization. This inspired model 

compound studies between small molecule monomers to better understand the fundamental 

reactivity that exists within this system. 

 

Figure 8.3. Gel fraction measurements reveal PBG catalyzed samples have less than 50 

wt.% gel content. 

 A model compound in-situ FT-IR study explored the reaction between tert-butyl 

acetoacetate and hexyl acrylate with 1 wt.% addition of basic catalysts. The acrylate 

functionality participates in both carbon-Michael additions as a Michael acceptor and as a 

monomer for free radical polymerizations, and thus the acrylate peak at 810 cm-1 monitored 

the rate of reaction.14 Figure 8.4 demonstrates vast differences in reactivity between basic 
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DBU catalyzed carbon-Michael addition and free radical initiated acrylate polymerization. 

In the DBU catalyzed reaction, full acrylate conversion occurred after 230 min, which 

informed the previous gel fraction measurements for the DBU control system. At 120 min, 

the reaction only reached 80 % conversion which explains the 90 % gel fraction. In 

comparison, the photoinitiated free radical control with TPO reached full conversion in 

only 15 min. Finally, the TX-DBU BPh4 initiated reaction reached full conversion in 70 

min. It should also be noted that the DBU catalyzed reaction did not significantly increase 

in viscosity, but the TPO and TX-DBU BPh4 reactions demonstrated large increase in 

viscosity, which further confirmed homopolymerization of hexyl acrylate.15 

 

Figure 8.4. model compound in-situ FTIR experiment monitors acrylate conversion with 

both radical and bass catalysts. 
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 Similar in-situ FT-IR experiments with the addition of either TEMPO, hydroquinone, 

or BHT, shown in Figure 8.5, provided further understanding of this reaction. Addition of 

antioxidants hydroquinone and BHT significantly slowed the reaction, but the product 

remained a viscous liquid, which confirmed acrylate homopolymerization remained the 

dominant reaction pathway. However, when UV exposure stopped, as demonstrated in the 

BHT experiment, acrylate consumption stopped. This data suggested that the antioxidant 

additive interfered with PBG decomposition as the carbon-Michael addition should have 

occurred if a base was present. The TEMPO containing experiments also suggested some 

interference between the additive and the PBG since acrylate concentration remained 

constant throughout the experiment.  

 

Figure 8.5. Further model compound in-situ FTIR experiments show acrylate conversion 

continues with both hydroquinone and BHT. 

 To test the previous hypotheses, the PBG species was isolated and exposed to UV 

irradiation in the presence of either TEMPO or BHT. Following irradiation, HPLC 
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analyzed the fragmented sample as seen in Figure 8.6. These experiments revealed no 

distinguishable differences between the control PBG after irradiation and upon the addition 

of TEMPO. This data shows that TEMPO addition did not cause a measurable difference 

in DBU generation upon UV irradiation. Similarly, BHT did not cause any changes in PBG 

decomposition. These results indicated that the PBG itself remained agnostic to these 

additive additions. Thus, it was hypothesized that the additives affected the acetoacetate 

nucleophilicity through a side reaction.  

 

 

Figure 8.6. HPLC reveals TEMPO (top) and BHT (bottom) do not affect PBG 

decomposition fragments. 

 1H NMR of tert-butyl acetoacetate before and after irradiation, shown in Figure 8.7. 

Confirmed that the acetoacetate remained after UV exposure and no side products were 

produced. Additionally, similar NMR experiments did not reveal any effect upon addition 
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of BHT or TEMPO. These spectra remain identical to those presented in Figure 8.7. The 

HPLC and 1H NMR investigations of the PBG catalyst and the acetoacetate Michael donor 

demonstrated that both functionalities were not perturbed by UV-irradiation or the addition 

of TEMPO or BHT. Thus, the problem remains localized to the unintended and relatively 

fast free radical polymerization of the acrylate Michael acceptor. Future work should 

explore varied levels of TEMPO addition as it remains the only additive which provided 

evidence for PBG catalyzed thiol-Michael additions.11 However, a PBG that liberates a 

basic species through a non-radical generating process presents more promising solution 

to this problem. Unfortunately, no such PBG has been synthesized to date. 

 

Figure 8.7. 1H NMR of tert-butyl acetoacetate before (top) and after (bottom) irradiation 

reveals no significant change in the chemical structure. 

8.4 Conclusions 

 Acid catalyzed transesterification yielded a triacetate functionalized 

trimethylolpropane ethoxylate triacetoacetate. This crosslinker proved suitable as a 
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trifunctional Michael donor for base catalyzed carbon-Michael reaction in the presence of 

a trifunctional Michael acceptor. This control liberated gels with high gel contents (90 %). 

However, when a PBG was used instead of DBU, these gel fractions decreased to less than 

50 % which suggested acrylate homopolymerization was the dominant reaction pathway. 

Addition of TEMPO, BHT, and hydroquinone did not overcome this unintended side 

reaction. Model compound studies with tert-butyl acetoacetate and hexyl acrylate further 

confirmed this side reaction through the formation of a viscous product from acrylate 

homopolymerization. HPLC and 1H NMR confirmed stability of the PBG and acetoacetate 

under the reaction conditions and thus it is concluded that PBG catalyzed carbon-Michael 

additions are wholly prevented by the much faster radically initiated acrylate 

polymerization. Currently, this reaction demands a PBG that does not generate a radical 

species upon irradiation. 
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CHAPTER 9 

REVEALING FOAM STABILITY FOR CATIONIC AND ZWITTERIONIC 

TRIETHYLSILYL-CONTAINING SURFACTANTS 

Abstract 

Fundamental understanding of surfactant structure-property-performance relationships 

will inform the design of next-generation alternatives to perfluoroalkyl substances (PFAS) 

in aqueous film forming foams (AFFF).  This manuscript describes the synthesis, solution 

properties, and foam stability of novel triethylsilyl-containing surfactants, which 

elucidated the influence of the hydrophilic head group on critical micelle concentration 

(CMC), surface tension, and foam stability. Photocatalyzed hydrosilylation of 

triethylsilane and N,N-dimethyl allylamine yielded N,N-dimethyl-3-(triethylsilyl)propane-

1-amine. Subsequent functionalization with either propane sultone or bromoethane 

afforded zwitterionic sulfobetaine surfactant, 3-(dimethyl(3-

(triethylsilyl)propyl)ammonio)propane-1-sulfonate (TESDMAPS) and cationic quaternary 

ammonium surfactant, N-ethyl-N,N-dimethyl-3-(triethylsilyl)propane-1-ammonium 

bromide (TESDMABr), respectively.  Dynamic light scattering (DLS) and cryo-

transmission electron microscopy (TEM) characterized micelle size and shape in solutions 

above the CMC. Surface tensiometer analysis determined minimum TESDMAPS and 

TESDMABr solution surface tensions of 37.7 and 35.9 mN/m respectively. Molecular 

dynamics simulations related this decrease in surface tension to a larger average interfacial 

area of 88 Å2 per TESDMABr molecule compared to 66 Å2 per TESDMAPS molecule. 

Steady-shear rheological measurements showed consistent exponential viscosity scaling 

relationships between TESDMAPS and TESDMABr solutions ≤ 30 wt.%. Above this 
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concentration, TESDMAPS displayed solution viscosities greater than TESDMABr and a 

mixture of surfactants provided an intermediate concentration dependent viscosity scaling. 

Dynamic foam analysis (DFA) revealed TESDMABr foams displayed longer 25% foam 

drainage times than TESDMAPS. Oscillatory rheology of TESDMABr solutions 

demonstrated solid-like solution behavior at low shear rates. Finally, polarized light 

imaging rheology highlighted the formation of birefringent structures in TESDMABr 

solutions under shear. For the first time, this work relates solution viscoelasticity from 

shear-induced surfactant assembly to foam stability with implications on fluorine-free, 

next-generation, fire-fighting foams. 

9.1. Introduction 

Fluorinated surfactants provide advantageous properties in many fields including 

cleaning agents, industrial lubricants, and as critical components in fire-fighting foam 

formulations.1,2 Most notably, aqueous film forming foams (AFFF) contain significant 

amounts of fluorinated surfactants.3  These formulations historically contained PFAS 

prepared from the acid fluoride forms of perfluorooctanoic acid (PFOA) and 

perfluorooctanesulfonic acid (PFOS).4 Subsequently, hydrolysis of these surfactants in the 

environment yield PFOA or PFOS contaminants.5 The chemical stability of these 

fluorinated surfactants causes bioaccumulation in aqueous and terrestrial environment, and 

furthermore, these surfactants display significant toxicity to organisms in these 

ecosystems.6,7 Thus, there is intense interest to understand the structure-property-

performance relationships of surfactants more fully in AFFF to remove PFAS in next-
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generation AFFF formulations. Moreover, it is necessary to develop more facile synthetic 

strategies that efficiently deliver a versatile molecular toolbox for future surfactant designs. 

AFFF is primarily used to extinguish flammable liquid fires, and the critical feature of 

AFFF is the formation of a stable aqueous film on the surface of the flammable liquid.8 

This unique feature of AFFF provides a liquid barrier, which protects the underlying fuel 

from ignition. Previous research identified the spreading coefficient as a determinant for 

the ability for foam formulation to form an aqueous film.8,9 The relative surface tensions 

between fuel and air (γf), surfactant solution and air (γs), and surfactant solution and fuel 

(γfs), determine the spreading coefficient S shown in Equation 9.1. A surfactant solution 

with a positive spreading coefficient will form an aqueous film over the fuel, whereas a 

surfactant solution with a negative spreading coefficient will drain beneath the fuel layer. 

PFAS provides significantly lower surface tensions to aqueous solutions with a minimum 

surface tension of 15-20 mN/m compared to hydrocarbon surfactant surface tensions of 30-

40 mN/m.10,11 This plays a critical role in achieving a positive spreading coefficient and 

thus aqueous film formation. In recent years, researchers identified siloxane-containing 

surfactants as leading competitors to fluorinated surfactants in firefighting applications and 

lowering solution surface tensions to 20 mN/m was achievable.12,13 However, other silicon-

based tails remain unexplored in surfactant applications and thus present an opportunity to 

discover novel surfactant systems together with facile synthetic methods.  

(Equation 9.1) 

𝑺 = 𝜸𝒇 − 𝜸𝒔 − 𝜸𝒔𝒇 
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While a positive spreading coefficient is a key parameter that determines AFFF 

performance, the roles of surfactant self-assembly and foam microstructure on firefighting 

performance remains unknown. These self-assembled structures arise at concentrations 

above the CMC, which is the concentration where surfactant molecules completely saturate 

the interface of the solution and the solubility limit of free surfactant in solution is 

reached.14 Above the CMC, additional surfactant molecules in solution form micelle 

structures to reduce hydrophobic interactions and reduce the free energy of the system. The 

hydrophobic tail, hydrophilic head, temperature, ionic strength, and pH collectively 

influence the CMC. Above the CMC, dissolved surfactant molecules self-assemble to 

reduce hydrophobic repulsive interactions between the hydrophobic surfactant tail and the 

aqueous solution.15,16 These self-assembled structures span spherical micelles, wormlike 

micelles, vesicles, and bilayer sheets, and as expected, differences in self-assembled 

structures in solution greatly impact solution properties.17  For example, spherical micelles 

do not significantly impact solution viscosity, whereas wormlike micelles drastically 

increase solution viscosity and behave akin to polymer chains in solution. 18,19 For example, 

a common cause of flame reignition in firefighting is fuel diffusion through the foam, and 

the rate of diffusion is proportional to solution viscosity.20,21Thus, it is proposed that 

wormlike micelles in solution will presumably display improved fuel vapor suppression 

and ultimately improved performance compared to spherical micelles, although this 

presumption remains unverified. 

The molecular structure of the surfactant directly informs the shape of self-assembled 

nanostructures in solution above the CMC. The geometric packing parameter (P), as shown 

in Equation 9.2, mathematically describes the ratio of the hydrophobic volume (V) of a 
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single surfactant, hydrophobic length (l), and the polar/non-polar interfacial area (a).  

Linear, single tail, hydrocarbon surfactants, such as sodium dodecyl sulfate (SDS), display 

packing parameters ranging from 0 to 1/3, which describes a molecule that adopts a cone 

shape during self-assembly of spherical micelles. Gemini surfactants, which contain two 

hydrophobic tails and two covalently connected hydrophilic heads, display packing 

parameters ranging from ½ to 1.22 This packing parameter describes surfactants that appear 

as truncated cones and thus form wormlike micelle self-assemblies.23,24 Some surfactants, 

such as phospholipids have packing parameters very close to 1 and form very large planar 

bilayers and vesicles, as shown in Figure 9.1.25 This structural guidance informs the 

molecular design of next generation wormlike micelle-forming surfactants for fire-fighting 

foams with potentially improved fuel vapor suppression.  

(Equation 2) 

𝑷 =
𝑽

𝒍 ∗ 𝒂
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Figure 9.1. Surfactant shape and theoretical geometric packing parameter inform self-

assembled structure in solution. 

The hydrophilic head of a surfactant enables solubility by overcoming the hydrophobic 

repulsive forces between the aqueous solution and the hydrophobic surfactant tail. 

Hydrophilic heads are commonly ionic functionality such as anionic carboxylates, sulfates, 

and sulfonates, or cationic ammoniums, and phosphoniums with either cationic or anionic 

counterions, respectively.26 When ionic surfactants disperse in aqueous solution, the 

counterion fully dissociates from the surfactant molecule leaving a single positive or 

negative charge covalently bound to the hydrophobic tail.  Electrostatic repulsive forces 

between these similarly charged head groups act as an energetic barrier to surfactant self-

assembly, which in turn increases the CMC and the polar/non-polar interfacial area term 

within the packing parameter.27 Zwitterionic hydrophilic heads such as carboxybetaines 

and sulfobetaines contain both positive and negative charges covalently bound to the 

hydrophobic tails. These afford a net neutral ionic charge to the hydrophilic head group, 

which decreases both the CMC and the polar/non-polar interfacial area term within the 

packing parameter.27,28 

This manuscript reports triethylsilyl-containing surfactants and explores surfactant 

structure-property-performance relationships with self-assembled structure, rheological 

behavior, surface properties, and foam stability. Tetraalkylsilane-containing surfactant tails 

explore the role of the silicon atom in surfactant hydrophobic tails in the absence of 

previously reported Si-O-Si bonds. Triethylsilyl-containing tails provide truncated cone 

hydrophobic tails, which predict self-assembled worm-like micelles in solution. The 
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exploration of both zwitterionic or cationic head groups reveals differences in head group 

interactions, which impact both the CMC and self-assembled structural interactions. The 

conclusions are discussed in the context of fluorine-free surfactants for fire-fighting 

applications. 

9.2. Experimental Details 

9.2.1 Materials 

All reagents and solvents were purchased from Sigma-Aldrich and used without further 

purification. Triethylsilane was stored under dry nitrogen in Acro sealed containers. 

Dimethyl allylamine was synthesized from allyl chloride and dimethylamine and purified 

following a procedure adapted from Yu et. al.29 

9.2.2 Instrumentation 

1H NMR and 13C NMR spectra were recorded using a Bruker Avance NEO 500 MHz 

NMR equipped with a 5mm iProbe. NMR solutions were prepared in D2O. All other 

surfactant solutions were prepared with HPLC grade deionized water. DLS data was 

collected on a Malvern Zetasizer set to 23 °C. Steady shear surfactant solution viscosities 

and oscillatory rheology data were measured on a TA Instruments DHR-3 rheometer 

equipped with 40 mm 2° cone and plate geometry with an 80 μm truncation gap. 

Experiments were conducted at 23 °C, and the temperature was controlled with a Peltier 

plate. Stress sweep oscillatory experiments were conducted at 10 rad/s. Polarized light 

imaging rheology was performed on an Anton Parr rheometer equipped with the Anton 

Parr polarized light imaging accessory and a polished 20 mm parallel plate. Solution 

surface tensions were measured with a Kruss Force Tensiometer K100 and tests were 
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conducted using the Wilhelmy Plate Method at room temperature. Foam collapse time 

results from DFA were measured with a Kruss Dynamic Foam Analyzer. 30 mL aqueous 

solution was placed into the DFA glass cylinder with an inner diameter of 40 mm. Air flow 

through a porous glass disk (25 µm to 50 µm pore size) at the bottom of the cylinder at a 

flow rate of 0.2 L/min for 20 s generated foam. After foam generation, the liquids drainage 

with time was measured directly by ADVANCE software. Cryo-transmission electron 

microscopy images were collected on a Titan Krios with a 30 keV accelerating voltage. 

9.2.3 Simulation Details 

Molecular dynamics simulations of surfactant-laden water-vapor interfaces were 

performed with GROMACS 2020.3-modified software package.30 The system consisted of 

three components: a substrate, a water layer, and a surfactant monolayer. The substrate is 

fixed to keep the water and the surfactant monolayer from moving in the z−direction. 

Surfactants were placed at the water-vapor interface in such a way that its hydrophilic heads 

faced the water phase, while its hydrophobic tails faced the vapor phase. The dimensions 

of the simulation system were 4.9, 4.9, and 20 nm in the x, y, and z directions, respectively. 

Periodic boundary conditions were applied in all directions. The number of water 

molecules is 3800 in all simulations, which leads to a water layer of ∼5 nm thick to simulate 

bulk-like solution behavior. The substrate was modeled as a silicon slab built using the 

Inorganic Builder Plugin (Version 0.1) in VMD.31 The spc/e model simulated water 

molecules, and the surfactant molecules were modeled using the OPLS force fields 

parameters generated by a web-based service LigParGen.32,33 Counter-ions were modeled 

as charged Lennard-Jones (LJ) spheres with parameters developed by Joung et al.34 
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Packmol code was used to develop the simulation.35 After initial configuration an energy 

minimization run using the steepest descent algorithm was performed until maximal force 

was less than 100 kJ mol−1 nm−1. Then, a 50 ns simulation in the canonical (NVT) ensemble 

was performed at 300 K to ensure equilibration. The velocity-rescaling thermostat with a 

relaxation time of 0.1 ps kept solution temperature at 300 K. A cutoff of 1.4 nm computed 

LJ potentials. The particle mesh Ewald (PME) method with an FFT spacing of 0.12 nm 

and a tolerance of 10−5 computed electrostatic interactions. 

9.2.4 Area-per-molecule estimation 

The number of surfactant molecules at the water-vapor interface varied to estimate the 

saturated surfactant density at the interface. Assuming 50 ns provides sufficient time for 

the surfactant monolayer to reach equilibrium, final configurations and their trajectories 

were inspected to observe any detached surfactants from its monolayer which are dissolved 

in water. Table S9.1 summarizes case studies which determined saturated surfactant 

densities at water-vapor interface. In simulations with relatively high surfactant density, 

some surfactants deviated from the monolayer. Simulations with lower surfactant density 

were performed until none of the surfactants deviated during 50ns.  

9.2.5 Synthesis of N,N-dimethyl-3-(triethylsilyl)propane-1-amine 

Photocatalyzed hydrosilylation yielded triethylsilyl dimethylamine. In an example 

reaction, N,N,dimethyl allyl amine (4.92 g, 0.0578 mol, 1.00 eq) and triethylsilane (7.00 

g, 0.0602 mol, 1.04 eq) were added to a 20-mL scintillation vial under a nitrogen 

atmosphere equipped with a magnetic sir bar. Platinum(II) bis(acetylacetonate) dissolved 

in toluene (0.01 M, 3 mL, 250 ppm) was added prior to irradiation with an Omnicure S2000 
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broadband UV-photosource (λ= 275-575 nm). The reaction proceeded until FT-IR 

spectroscopy confirmed complete conversion of the allylic functionality (k= 900 cm-1). The 

light brown product was used in subsequent reaction steps without further purification. 

9.2.6 Synthesis of 3-(dimethyl(3-(triethylsilyl)propyl)ammonio)propane-1-sulfonate 

(TESDMAPS) 

Ring-opening of a cyclic sultone yielded the zwitterionic TESDMAPS. Propane 

sultone (7.41 g, 0.0607 mol, 1.00 eq) was dissolved in anhydrous tetrahydrofuran (75 mL) 

in a 250-mL round-bottomed flask equipped with a magnetic stir bar. The reaction flask 

was kept under a nitrogen atmosphere. Triethylsilyl dimethyl amine (11.6 g, 0.0578 mol, 

0.952 eq) was added to the reaction flask and the reaction proceeded for 18 h. The white 

solid product was collected via vacuum filtration and washed with additional 

tetrahydrofuran. 1H NMR (D2O, δ, Figure S9.1, Supplemental Information) 3.55-3.46 (m, 

2H, a), 3.38-3.30 (m, 2H, b), 3.20-3.10 (s, 6 H, c), 3.01-2.96 (t, 2H, d), 2.29-2.21(m, 2H, 

e), 1.83-174 (m, 2H, f), 1.04-0.98 (t, 9H, g), 0.67-0.60 (q, 6H, h), 0.60-0.57 (d, 2H, h’); 13C 

NMR: (D2O, δ, Figure S9.2, Supplemental Information) 64.02, 58.90, 48.33, 44.61, 15.85, 

14.27, 4.31, 4.11, 0.03. 29Si NMR: (D2O, δ, Figure S9.3, Supplemental Information) 7.15. 

9.2.7 Synthesis of  N-ethyl-N,N-dimethyl-3-(triethylsilyl)propane-1-ammonium 

bromide (TESDMABr) 

Nucleophilic substitution of bromoethane yielded the cationic surfactant triethylsilyl 

dimethyl ammonium bromide. Bromoethane (6.61 g, 0.0607 mol, 1.00 eq) was dissolved 

with anhydrous tetrahydrofuran (75 mL) in a 250-mL round-bottomed flask equipped with 

a magnetic stir bar. The solution was heated to 60 °C under a nitrogen atmosphere. 
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Triethylsilyl dimethyl amine (11.6 g, 0.0578 mol, 0.952 eq) was added to the reaction flask 

and the reaction proceeded for 18 h. The white solid product was collected upon vacuum 

filtration and washed with additional tetrahydrofuran. 1H NMR (D2O, δ, Figure S9.4, 

Supplemental Information) 3.42-3.34 (m, 2H, a), 3.30-3.23 (m, 2H, b), 3.07-3.00 (s, 6H, 

c), 1.80-1.70 (m, 2H, d), 1.39-1.31 (t, 3H, e) 1.00-0.91 (t, 9H, f) 0.63-0.56 (q, 6H, g), 0.56-

0.54 (d, 2H, g’); 13C NMR: (D2O, δ, Figure S9.5, Supplemental Information) 63.69, 57.21, 

47.46, 13.91, 5.01, 4.71, 4.52, 0.01. 29Si NMR: (D2O, δ, Figure S9.6, Supplemental 

Information) 7.15. 

9.3 Results and Discussion 

Photocatalyzed hydrosilylation provided hydrophobic N,N-dimethyl-3-

(triethylsilyl)propan-1-amine. Subsequent reaction with either 1,3-propane sultone or 

bromoethane as depicted in Scheme 9.1, provided two surfactants with the same 

hydrophobic tail but differing hydrophilic heads. Ring-opening of 1,3-propane sultone 

provided a zwitterionic surfactant with both positive and negative charges covalently 

bound to the triethylsilyl hydrophobic tail (TESDMAPS). In contrast, the SN2 reaction with 

bromoethane provided a cationic surfactant wherein only the positive charge was 

covalently bound to the hydrophobic tail and the bromide counteranion was not covalently 

bound to the hydrophobic tail (TESDMABr).  These surfactants provided an opportunity 

to explore head group effects on the CMC, surface tension, foam stability, and viscoelastic 

behavior of a new family of silicon-containing surfactants. 
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Scheme 9.1. Two-step synthesis of zwitterionic TESDMAPS (top) and cationic 

TESDMABr (bottom) triethylsilyl-containing surfactants. 

DLS, as shown in Figure 9.2, revealed both CMC and size of surfactant self-assemblies 

in solution above the CMC. Exemplary DLS data is provided in Figure S9.7. Surfactant 

solutions ranging from 0.1 wt.% to 25 wt.% surfactant in water provided size versus 

concentration data for triethylsilyl-containing surfactants. The concentration when particle 

size increased from the baseline 0.7 nm particles to larger particles indicated the CMC. 

These data revealed zwitterionic TESDMAPS to self-assemble in solution at 1 wt.%. In 

comparison, cationic TESDMABr surfactant formed self-assemblies at 3 wt.%. Greater 

electrostatic repulsive forces between cationic heads imparted an additional energy barrier 

to micelle formation, which required a greater hydrophobic force and ultimately a higher 

concentration to self-assemble.27 Additionally, a 50:50 wt.% mixture of TESMAPs and 

TESDMABr formed self-assemblies in solution at 2 wt.%, which suggests an averaging 

effect when zwitterionic and cationic surfactants with the same tails are mixed. These 

results are consistent with many previous studies exploring head effects on CMC.28  

Surface tension measurements across surfactant concentration, shown in Figure S9.8, 

confirmed these trends. Furthermore, DLS experiments showed TESDMAPS self-
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assembled structure increased in size above the CMC whereas the cationic surfactant 

remained consistent at 2 nm above the CMC.  

 

Figure 9.2. Size vs. concentration data from DLS revealed TESDMAPS and TESDMABr 

CMC and self-assembled size above the CMC.   

TESDMAPS displayed a continual size increase above the CMC, which suggested 

either micelle to micelle aggregation in the zwitterionic surfactant, or the development of 

larger micelles in solution at these concentrations.36 Cryo-transmission electron 

microscopy, as shown in Figure 9.3, revealed the nanoscale structure of TESDMAPS self-

assembly in solution. TESDMAPS self-assembled structures appeared similar to 

previously reported short rod/wormlike micelles.18,22,37 Furthermore, large irregularly 

shaped aggregates were observed within the TEM grid, which presumably accounted for 

increased sizes above the CMC as observed with DLS. Association between zwitterionic 

head groups enabled micelle to micelle aggregation at these concentrations and resulted in 

the presence of larger particles. 
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Figure 9.3. TEM micrograph of 5 wt.% TESDMAPS reveals formation of short/branched 

rod/wormlike micelles in addition to larger assemblies. 

It is well known that surfactant solution surface tension plays a critical role in AFFF 

formulation. PFAS surfactant solutions with surface tensions of approximately 17 mN/m 

afforded a positive spreading coefficient, which enabled aqueous film formation on top of 

the fuel layer. This mechanism is known to afford improved fire-fighting performance. 

Previous work showed siloxane surfactants provided minimum surface tensions on the 

order of 20 mN/m, which enabled aqueous film formation and improved fire suppression.38  

This improved surface activity was often attributed to  Si-O-Si bond flexibility, which 

results in improved surface activity.39–41 However, other silicon-based surfactants have not 

been investigated to confirm this hypothesis. Triethylsilyl-containing surfactants provided 

a platform to isolate silicon effects within the hydrophobic tail without Si-O-Si bonds. 

Surface tension measurements at concentrations above the CMC, as summarized in Table 

9.1, revealed both TESDMAPs and TESDMABr surfactants only lowered surface tension 
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to 38.2 and 35.9 mN/m, respectively. This confirmed the desirability of Si-O-Si bonds in 

silicon-containing surfactant tails to sufficiently lower surface tension for AFFF 

applications.  

Table 9.1. Summary of surface tension data for TESDMAPS, TESDMABr, and the 50:50 

wt. % mixture. 

Sample γCMC (mN/m) γ3xCMC (mN/m) 

TESDMAPS 37.7 38.2 

50:50 wt.% 37.4 36.2 

TESDMABr 37.8 35.9 

  

Although triethylsilyl-containing surfactants did not sufficiently lower aqueous 

solution surface tension for AFFF applications, TESDMAPS and TESDMABr enabled 

fundamental understanding of hydrophilic head effects in the surface activity of 

surfactants. Cationic TESDMABr solutions at concentrations above the CMC 

demonstrated lower surface tensions than the zwitterionic TESDMAPS analogue. In 

addition, the 50:50 wt.% mixture of TESDMAPS and TESDMABr achieved an 

intermediate surface tension and synergistic head type effects were not observed. 

Molecular dynamics simulations at the air-water interface, as depicted in Figure 9.4, 

predicted molecular interfacial areas of individual surfactant molecules. TESDMABr 

occupied 88 Å2 per molecule whereas TESDMAPS occupied only 66 Å2 per molecule. 

This was consistent with head group repulsive forces that were present in cationic 



  168 

surfactants at the interface, which spaced surfactant molecules further from each other, thus 

decreasing surface tension.  

 

Figure 9.4. Zwitterion and cation molecular dynamics simulations highlight larger 

repulsive forces present in TESDMABr, which result in further distances between 

surfactant molecules at the air-water interface.  

The flow behavior of solution self-assemblies has been shown to influence foam 

properties such as drainage time and expansion ratio.38,42 During extrusion from a high 

shear rate nozzle during fire-fighting, solutions experience shear rates on the order of 103-

104 1/s.43 Thus, initial rheological experiments probed solution viscosities at shear rates 

equal to 103 1/s as shown in Figure 9.5. Steady-shear solution viscosity measurements 

revealed consistent exponential viscosity scaling trends between TESDMAPS, 

TESDMABr, and a 50:50 wt.% mixture of each surfactant from 5 wt.% to 30 wt.%. 

Differences in self-assembled structures in solution are known to impart large differences 

in viscosity.44 Thus, consistent rheological behavior between surfactants indicated 

TESDMABr formed similar short/branched worm-like micelles in solution at these 



  169 

concentrations. However, at concentrations greater than 30 wt.%, the zwitterionic 

TESDMAPS surfactant displayed increased exponential viscosity scaling compared to 

cationic TESDMABr. In addition, the 50: 50 wt.% mixture of TESDMAPS and 

TESDMABr displayed an intermediate scaling relationship. The exponential scaling 

differed from many concentration dependent viscosity scaling relationships for 

macromolecules, which typically demonstrate power law scaling.17,22,45,46 These high 

concentration solution rheology data demonstrated that stronger intermolecular 

interactions between zwitterionic self-assemblies resulted in greater solution viscosities 

under shear at these concentrations. 

 

Figure 9.5. Triethylsilyl-containing surfactants display exponential concentration 

dependent viscosity scaling, and blends result in intermediate values. Data is fit to an 

exponential equation from 5 to 30 wt.% and from 30 to 70 wt.%. 
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DFA of 5 wt.% surfactant solutions, as shown in Figure 9.6, monitored foam height as 

a function of time following a 20 s air sparge. Cationic TESDMABr displayed the longest 

total drainage time, which exceeded the time scale of data collection. Time to 25% foam 

drainage from maximum foam height is typically reported when considering foams for fire-

fighting applications.47,48 TESDMABr drained 25% maximum foam height in 140 s 

whereas both TESDMAPS and the 50:50 wt.% mixture drained  25% maximum foam 

height in only 25 s. For reference, under identical experimental conditions, a 5 wt.% 

solution of sodium dodecyl sulfate (SDS) drained 25% maximum foam height in 94 s.  

TESDMAPS, TESDMABr, and the 50:50 wt.% mixture solutions displayed similar steady 

shear viscosities in the previously discussed rheological experiments and thus foam 

drainage was not directly linked to steady shear solution viscosity. Furthermore, the 50:50 

wt.% mixed surfactant solutions did not display intermediate drainage time, which 

suggested net surface charge at the foam interface did not directly impact foam drainage 

times. 
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Figure 9.6. DFA results reveal TESDMABr solutions produce more stable foams 

following air sparge, and the 50:50 wt.% mixture displayed drainage times consistent with 

TESDMAPS. 

     Drainage time results from DFA experiments initially appeared counterintuitive with 

viscosity trends observed at high shear rates. However, foam drainage occurs at much 

lower shear rates driven by weak stresses generated from gas in the foam 

microstructure.49,50 Previous work correlated low shear rate steady-shear viscosities of 

concentrated surfactant solutions to foam drainage, but the viscoelastic behavior of these 

solutions was not investigated.38,47,48 For these reasons, oscillatory rheological 

measurements probed viscoelastic properties of concentrated surfactant solutions to 

elucidate foam solution properties at low shear rates, which were deemed to be more 



  172 

representative of foam drainage. Preliminary oscillatory rheological experiments 

demonstrated pre-shear effects on TESDMABr solution viscoelasticity (shown in Figure 

S9.7). In the absence of pre-shear, the loss modulus of the solution remained greater than 

the storage modulus across all % strains. However, in experiments with a pre-shear step, 

the loss modulus of the material was less than the storage modulus at low shear rates, which 

revealed TESDMABr solutions displayed more solid-like viscoelasticity with the 

imposition of shear. A 60 s 10 1/s pre-shear produced the most consistent results across 

replicate experiments, and thus this pre-shear method was chosen for comparisons between 

TESDMAPs, the 50:50 wt.% mixture, and TESDMABr solutions. These rheological 

investigations, exemplified in Figure 9.7, revealed only TESDMABr solutions formed 

solid-like gels after shear, which correlated to significantly longer foam drainage times 

observed in DFA experiments. 
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Figure 9.7. Oscillatory rheology showed concentrated (70 wt.%) cationic TESDMABr 

solution to display solid-like properties at low strain rates after a 60 s 10/1s pre-shear, 

whereas both TESDMAPS and the 50:50 wt.% mixture remained liquid-like at the same 

concentration. 

These rheological experiments suggested TESDMABr surfactants formed stable 

structures under shear, which provided solid-like mechanical properties to the solution. 

Other worm-like micelles have been observed to form birefringent structures during shear, 

which prompted polarized light imaging rheological investigations.51 Figure 9.8 depicts 

concentrated TESDMABr solutions aligning in the shear direction, which formed 

anisotropic assemblies perpendicular to the rheometer plate radius over time. Differences 

in the refractive index of these anisotropic structures resulted in birefringence when viewed 

between cross polarizers.52 In contrast, TESDMAPS did not display birefringence, and thus 

TESDMAPS did not form stable anisotropic structures under shear. The 50:50 wt.% 

mixture did not immediately display birefringence, but after 15 min of steady shear, 

birefringent structures appeared. However, birefringent structures initially formed at the 

plate edge where shear rates are the highest and additional aligned structures continued to 

form with time. Additional rheological investigations will be pursued in the future to better 

understand concentration, temperature, gap height, shear rate, and kinetic effects on 

triethylsilyl-containing surfactant assembly under shear. 
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Figure 9.8. Polarized light rheology highlights surfactant alignment over time at 1000 1/s 

shear rate. Plate diameter is 25 mm.  

9.4 Conclusion 

Triethylsilyl-containing surfactants provided a platform to further understand 

hydrophilic head group effects on surfactant performance. Zwitterionic sulfobetaine 

TESDMAPS and cationic quaternary ammonium TESDMABr confirmed CMC trends 

where zwitterionic heads lowered the CMC. In addition, the cationic head group in 

TESDMABr provided lower minimum surface tensions than the zwitterionic analogue. 

Each surfactant displayed similar exponential concentration dependent viscosity scaling at 

concentrations below 30 wt.%, but TESDMAPS increased viscosity more effectively past 
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this concentration. A 50:50 wt.% mixture of TESDMAPS and TESDMABr increased 

viscosity at an intermediate rate at these concentrations, which demonstrated the effect of 

zwitterionic association on solution viscosity. TESDMABr solutions significantly 

extended foam drainage times compared to TESDMAPS and the 50:50 wt.% mixture. 

Oscillatory rheological experiments revealed TESDMABr solution viscoelasticity, which 

afforded more solid-like mechanical properties at low shear rates representative of foam 

drainage. This solid-like behavior was not observed in either TESDMAPS solutions or the 

50:50 wt.% mixture. Polarized light imaging rheology corroborated this phenomenon and 

monitored the formation of anisotropic birefringent structures under shear. The formation 

of stable anisotropic structures during high-shear foam generation improved low-shear 

foam drainage times. This understanding informed advantageous structure-property-

performance relationships for future surfactant design to replace PFAS in AFFF. 
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9.7 Supplemental Information 

Table S9.1. Case studies to determine the saturated surfactant density at water-vapor 

interface.  

The number of surfactant 

(surfactant type) 

The number of surfactants in 

monolayer  

The number of 

surfactants in water 

50 (zwitterionic) 44 6 

40 (zwitterionic) 36 4 

36 (zwitterionic) 36 0 

36 (cationic) 30 6 

30 (cationic) 30 0 

27 (cationic) 27 0 

 

Figure S9.1. 1H NMR spectrum of 3-(dimethyl(3-(triethylsilyl)propyl)ammonio)propane-

1-sulfonate. 
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Figure S9.2. 13C NMR spectrum of 3-(dimethyl(3(triethylsilyl)propyl)ammonio)propane-

1-sulfonate. 

 

Figure S9.3. 29Si NMR spectrum of 3-(dimethyl(3-

(triethylsilyl)propyl)ammonio)propane-1-sulfonate. 
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Figure S9.4. 1H NMR spectrum of N-ethyl-N,N-dimethyl-3-(triethylsilyl)propane-1-

ammonium bromide. 

 

Figure S9.5. 13C NMR spectrum of N-ethyl-N,N-dimethyl-3-(triethylsilyl)propane-1-

ammonium bromide. 
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Figure S9.6. 29Si NMR spectrum of N-ethyl-N,N-dimethyl-3-(triethylsilyl)propane-1-

ammonium bromide. 

 

 

Figure S9.7. Exemplary DLS data used to determine particle size across surfactant 

concentrations. 
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Figure S9.8. Surface tension vs. concentration data used to determine surface tension and 

confirm CMC trends. 

 

Figure S9.9. Exemplary shear sweep rheological data used to determine viscosity scaling 

profiles at 1000 1/s 
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Figure S9.10. TESDMABr oscillatory rheology confirms structure development during 

shear, which displayed solid-like properties at low  oscillatory strain. 

 
Figure S9.11. Generalized Chalk-Harrod hydrosilylation mechanism. 
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CHAPTER 10 

FUTURE WORKS 

10.1 Triethylsilyl and Trisiloxane Gemini Surfactants for Enhanced Foam Stability 

and Reduced Surface Tension  

 Work conducted in chapter 9 identified that triethylsilyl surfactants with cationic heads 

formed self-assembled structures in solution, which formed stable higher order structures 

under shear. This property of cationic surfactants encouraged investigation into gemini 

surfactants with two cationic heads covalently bound to one another. Furthermore, chapter 

9 demonstrated that triethylsilyl surfactants do not sufficiently lower solution surface 

tension for AFFF applications.1,2 This finding emphasized the need for trisiloxane 

functionality in silicon-containing surfactants for AFFF applications. Thus, both 

triethylsilyl and trisiloxane gemini surfactants were synthesized in a similar manner to the 

reactions outlined in chapter 9 (Scheme 10.1). These structures will further inform tail 

effects in surfactant design and will also confirm shear alignment effects from surfactant 

heads attached to different tails.  
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Scheme 10.1. Synthesis of triethylsilyl cationic gemini (left) and trisiloxane gemini 

cationic surfactant (right) surfactants. 

 Preliminary analysis of the triethylsilyl gemini surfactant informed gemini head effects 

on surface tension and foam stability. Surface tensiometry, shown in Figure 10.1a 

elucidated that the gemini head lowered minimum surface tension of triethylsilyl surfactant 

solutions to 28.2 mN/m. This value is significantly lower than both the zwitterionic and 

cationic triethylsilyl surfactants, which had minimum surface tensions of 37.7 and 35.9 

mN/m respectively. This result further encourages development of novel gemini surfactant 

structures, as this head type profoundly decreased surface tension compared to cationic and 

zwitterionic surfactants with similar tail types. If this trend follows in trisiloxane tails, the 

25% decrease in surface tension compared to a zwitterionic head will ensure aqueous film 

formation in fire-fighting applications.3 

 

Figure 10.1. (a) surface tensiometry revealed the cationic gemini surfactant to display 

significantly lower surface tensions compared to triethylsilyl surfactants with different 

head types. 
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 In addition to surface tensiometry, dynamic foam analysis measured foam height over 

time shown in Figure 10.1b. These experiments demonstrated the gemini surfactant to 

form very stable foams, which did not drain to 75 % foam height within the timeframe of 

the experiment. Furthermore, with a 5 wt. % solution, foam height increased after the air 

sparge, which was unique to this surfactant solution from all other tested samples. The 

increased foam stability of the cationic triethylsilyl surfactant suggested the surfactant also 

formed self-assemblies which established stable micelle alignments under shear as seen in 

the triethylsilyl cationic surfactant in chapter 9. Preliminary rheological experiments 

shown in Figure 10.2 tested this hypothesis by measuring viscoelastic properties of 

concentrated triethylsilyl surfactant solutions before and after shear. As expected, the 

solution remained liquid like across the oscillatory stress sweep without performing a pre-

shear step in the experiment. Additionally, the solution behaved as a viscoelastic solid at 

low oscillatory stresses following a 60 second pre-shear at 1000 1/s. This validated the 

previous rheological methodology when applied to another surfactant system and it also 

suggests the triethylsilyl cationic gemini surfactant self-assemblies formed stable aligned 

structures under shear, which improved foam stability. Further polarized optical rheology 

will confirm the formation of these structures under shear as they have for other wormlike 

micelles.4 
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Figure 10.2. Oscillatory rheology revealed 70 wt.% triethylsilyl cationic gemini surfactant 

solutions to behave as viscoelastic solids following shear-induced micelle alignment.  

Preliminary DLS investigations, shown in Figure 10.3a, revealed trisiloxane cationic 

gemini surfactant solutions to contain large self-assemblies greater than 100 nm in aqueous 

solution at concentrations greater than or equal to 0.0001 wt.%. These large surfactant-self-

assemblies are either micelle to micelle aggregates or vesicles surrounding an internal 

aqueous phase. Zeta potential measurements of  0.01 wt. % solutions of the synthesized 

trisiloxane cationic gemini surfactant, shown in Figure 10.3b, revealed an average zeta 

potential of 47 mV. This zeta potential is much larger than 30 mV, which is often regarded 

as a lower limit to prevent aggregation of suspended particles.5 Thus, it is unlikely that 

these surfactant self-assemblies aggregate in solution, and it is more likely that these large 

self-assemblies are vesicles in solution. Further morphological experiments such as small 
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angle neutron scattering and cryo-transmission electron microscopy remain necessary to 

further validate this hypothesis. 

 

Figure 10.3. a) dynamic light scattering revealed trisiloxane cationic gemini surfactants to 

form large self-assemblies in solution at low wt.% concentrations. B) zeta potential 

measurements of 0.01 w.t% solutions of trisiloxane cationic gemini surfactants suggested 

no micelle to micelle aggregation occurred. 

Additionally, solutions of trisiloxane cationic gemini surfactants formed stable foams 

following gentle shaking agitation as shown in Figure 10.4. Furthermore, the amount of 

foam formed varied as a function of concentration. Foams did not form stable foams at 

concentrations less than 0.001 wt.%, and solutions with concentrations greater than 0.01 

wt. % formed stable foams. This data highlights decreased surface tension in these 

surfactant solutions, which affords foamability. Dynamic foam analysis will further 

quantify the expansion ratios and drainage times of these surfactants as a function of 

concentration. Additionally, surface tensiometry will quantify the minimum surface tension 
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of this surfactant, which will validate the trend towards lower surface tension observed in 

the triethylsilyl cationic gemini surfactant.  

 

Figure 10.4. Trisiloxane cationic gemini surfactant formed stable foams upon agitation and 

the expansion ratio varied as a function of surfactant concentration. 

 Gemini surfactant structures present an additional structure variable in surfactant 

design, which is the spacer covalently binding hydrophilic head groups together. Prior 

surfactant research identified spacer length and type effects on critical micelle 

concentration and the interfacial area term in the packing parameter for hydrocarbon 

surfactants.6 This inspires the design of a series of silicon containing cationic gemini 

surfactants with differed spacer lengths and types. Increased spacer length will increase the 

interfacial area term of the packing parameter as seen in prior research, and if the interfacial 

area term is sufficiently increased, the surfactant packing parameter will decrease to values 
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below ½, which will afford wormlike micelles as opposed to the vesicular assemblies 

formed from the trisiloxane cationic gemini surfactant with a spacer length of three 

carbons.7,8  

 Historically, gemini silicon-containing surfactants have been limited to either nonionic 

or cationic gemini head types.9 Little work has explored zwitterionic silicon-containing 

gemini surfactants, which limits surfactants to form stable foams. Fire-fighting applications 

require optimized drainage times to facilitate the efficient spreading of an aqueous film 

over the fuel, while also maintaining enough foam to suppress reignition.10 The data 

presented in chapter 9 highlighted rapid drainage times for zwitterionic surfactants, and 

thus zwitterionic gemini surfactants remain of interest to further decrease the surface 

tension of solutions while providing a fast draining foam. The zwitterionic surfactant 

synthesis requires a tertiary amine in the propane sultone ring-opening step.11 Thus, it is 

necessary to synthesize a secondary amine prior to the coupling reaction with a difunctional 

alkyl bromide. Substitution of allyl chloride with methylamine as opposed to dimethyl 

amine will afford an alkene functionalized secondary amine suitable for hydrosilylation 

reactions with various hydrosilanes.12 Scheme 10.2 introduces a possible synthetic strategy 

for these surfactants to test these hypotheses.  
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Scheme 10.2. Synthetic strategy to develop a catalogue of silicon-containing zwitterionic 

gemini surfactants.  

10.2 Single tail and Double Tail Silicon-Containing Surfactants: Controlling the 

Packing Parameter Through Mixtures 

 Triethylsilyl surfactants presented in chapter 9 present interest for further fundamental 

investigations on surfactant self-assembly in solution. Single tail triethylsilyl zwitterionic 

surfactants formed short wormlike micelles in solution, which suggested the packing 

parameter was on the order of 1/3. Similar reaction strategies presented in chapter 9 yielded 

a double tail triethylsilyl surfactant from diallyl methylamine (Scheme 10.3). Following 

successful synthesis and purification, the double tail triethylsilyl zwitterionic surfactant did 

not dissolve in water, which suggests the surfactant packing parameter to be greater than 

1.  Incorporation of a double tail triethylsilyl zwitterionic surfactant will introduce a 

platform to tune the average hydrophobic volume of surfactants without introducing 

additional head-head repulsive forces as shown in Figure 10.5. Thus, mixtures of single-
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tail and double-tail surfactants provide access to a range of packing parameters in solution 

from approximately 1/3 to values greater than 1.  

 

Scheme 10.3. Synthesis of double tail triethylsilyl zwitterionic surfactant from 

diallylmethlyamine. 

 

Figure 10.5. Combinations of single tail and double tail triethylsilyl zwitterionic 

surfactants access average packing parameters from approximately 1/3 to values greater 

than 1. 

 Preliminary investigations  revealed double tail triethylsilyl zwitterionic surfactants 

remained insoluble in water. However, DLS data shown in Figure 10.6, confirmed that a 

mixture of single tail and double tail triethylsilyl zwitterionic surfactants provided 

homogenous solutions up to 20 wt.% double tail surfactant when the total surfactant 

concentration was 5 wt.%. Furthermore, across this soluble mixing window from 0-20 

wt.% double tail, micelle size systematically increased and remained a monomodal 

distribution, which suggested the surfactants combined to form larger micelles composed 
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of both single tail and double tail surfactants as opposed to forming separate micelles 

composed of only single tail or only double tail. At concentrations greater than 20 wt.% 

double tail, the solution phase separated forming an insoluble hydrated surfactant phase. 

While simply mixing the single tail and double tail surfactants provides control over the 

hydrophobic volume term in the packing parameter, temperature changes will provide a 

means to change the interfacial area term as the sum of hydrophobic and electrostatic 

interactions changes as a function of temperature.13 This will provide two easily controlled 

variables to systematically tailor the packing parameter for surfactant applications. 

 

Figure 10.6. Dynamic light scattering of mixed single tail and double tail (DT) surfactants 

at total concentrations of 5 wt.% in aqueous solution highlights the shift between soluble 

micelle forming solutions and insoluble suspensions at concentrations below or greater 

than 25 wt. % respectively. 

 While this preliminary work highlights mixtures of single tail and double tail 

zwitterionic triethylsilyl surfactants, the synthetic methodology and hypothesis extends to 

other surfactant systems. Most notably, this strategy should be expanded to trisiloxane 
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hydrophobic tails and cationic quaternary ammonium hydrophilic heads as shown in 

Figure 10.7. Dynamic light scattering will expose the effect of total hydrophobic volume 

on the CMC as it approaches insolubility. Furthermore, rheological characterization 

techniques will also provide deeper understanding of shear-induced surfactant assembly in 

these mixed surfactant systems as the average packing parameter changes. Ultimately these 

fundamental solution trends will inform surfactant design and development from a 

quantifiable structure-property relationship perspective. 

 

Figure 10.7. Additional silicon-containing surfactants to explore mixtures of single tail 

and double tail surfactants. (I) Single tail triethylsilyl cation, (II) double tail triethylsilyl 

cation, (III) single tail trisiloxane cation, (IV) double tail trisiloxane cation, (V) single tail 

trisiloxane zwitterion, (VI) double tail trisiloxane zwitterion. 
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10.3 Crystalline Morphology of Double Tail Triethylsilyl Zwitterionic Surfactants 

 While exploring mixtures of single tail and double tail triethylsilyl zwitterionic 

surfactants, the double tail surfactant was notably insoluble in water. However, this 

surfactant was readily soluble in organic solvents such as dimethyl sulfoxide (DMSO). 

Prior work within our research group explored zwitterionic and gemini surfactants which 

formed wormlike micelles in organic solution.14–16 This prompted an exploration into 

solution casting robust films from these solutions by leveraging wormlike micelles with 

ionic interactions inside the organophobic phase. However, initial attempts to form these 

solution cast films yielded unique and unprecedented crystalline structures shown in 

Figure 10.8. These crystals were grown from a 10 wt.% solution of the double tail 

triethylsilyl zwitterion surfactant, which was heated to 100 °C in a Teflon dish covered 

with a petri dish and left to evaporate slowly over 7 d. The crystallites were removed from 

the solution and dried in vacuo for 24 h.  

 

Figure 10.8 Scanning electron microscopy imaging of double tail triethylsilyl surfactants 

crystallized from DMSO. 
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 Upon initial observation, multiple types of crystal structures present themselves 

throughout the sample. There appear to be straight lamella like structures present as 

highlighted in Figure 10.9 in addition to cochleate crystallites as shown in Figure 10.10. 

These crystal structures remain uncharacterized and present interesting avenues for future 

morphological analysis such as powder X-ray diffraction and single crystal X-ray 

diffraction. Figures 10.9 and 10.10 also include possible crystalline structures for the 

straight lamella and cochleate crystallites. The electrostatic attraction between the cationic 

quaternary ammonium and the anionic sulphate most likely templates the crystalline 

morphology as they precipitate from organic solution.17 Furthermore, there are three 

possible hypothetical configurations for these ionic interactions to occur. The first 

possibility, shown in Figure 10.9 demonstrates an elongated state of the zwitterionic head 

where the positive and negative charges are aligned between two surfactants. In a similar 

fashion, the zwitterionic head may adopt a six-membered ring conformation and similarly 

form lamella crystallites. However, this is less likely owing to recent investigations into 

sulfobetaine monomer conformations, which did not observe evidence of six-membered 

ring conformations.18 Finally, the zwitterionic head may form a staggered conformation as 

shown in Figure 10.10 where the quaternary ammonium and sulphate from a single 

surfactant is coordinated with adjacent zwitterionic heads in a staggered conformation. 
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Figure 10.9. Hypothetical crystalline conformations of double tail triethylsilyl zwitterionic 

surfactants to form lamella crystallites. 
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Figure 10.10. Possible orientation of double tail triethylsilyl zwitterionic surfactants to 

form the cochleate features observed in SEM. 
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 To test these hypothetical crystal structures, single crystal XRD of a single spiraled 

pillar crystallite attempted to characterize these complex crystal structures. The result of 

this analysis, shown in Figure 10.11 demonstrated that the cochleate morphology showed 

a scattering pattern consistent with a polymorphic sample.19 Thus, many crystal structures 

orient themselves in such a way to yield this cochleate crystal. However, the exact structure 

of these distinct crystallites remains unknown, and future work with powder XRD will 

reveal possible crystal structures within these samples. Furthermore, variations in crystal 

growing strategies such as changes in initial concentration, annealing temperature, and 

solvent will reveal processing conditions in which each of these different crystal structures 

or favored. Detailed morphological studies of this unique and unprecedented crystal 

structure will provide valuable insight into the structure-processing relationships dictating 

the self-assembly of organic matter. 

 

Figure 10.11. Single crystal XRD scattering pattern obtained from a cochleate crystallite 

of double tail triethylsilyl zwitterionic surfactant. 
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10.4 Expanding Trisiloxane Surfactant Platforms to Bolaform and Polymeric 

Trisiloxane Surfactants  

 Trisiloxane hydrophobic tails remain leading competitors to fluorinated surfactants in 

fire-fighting foam formulations owing to the flexibility of the Si-O-C bond. Chapter 9 

demonstrated that other silicon-containing surfactants do not sufficiently reduce solution 

surface tension to form aqueous films over the fuel layer. Currently, there is an extensive 

catalogue of synthesized trisiloxane surfactants, which includes various examples cationic, 

anionic, nonionic, zwitterionic, and gemini trisiloxane surfactants.9 However, there are no 

reported accounts of bolafrom siloxane surfactants or ionene siloxane surfactants deployed 

in fire-fighting foams. Bolaform surfactants contain two hydrophilic heads but differ from 

gemini surfactants as the two hydrophilic heads are joined together by the hydrophobic tail. 

This typically increase the critical micelle concentration of the surfactant.20 Furthermore, 

bolaform surfactant self-assemblies differ from other surfactant self-assemblies since they 

assemble in an elongated form, which leads to self-assemblies with covalent bonds across 

the width of the self-assemblies. This further stabilizes the micelles, which will likely lead 

to increased foam stability compared to other surfactant types. Scheme 10.3 introduces a 

two step synthetic strategy to develop cationic and zwitterionic bolaform trisiloxane 

surfactants from 1,1,3,3,5,5, hexamethyl dihydrosiloxane. 
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Scheme 10.3. Synthetic strategy for cationic (top) and zwitterionic (bottom) trisiloxane 

bolaform surfactants. 

 Initial synthetic efforts successfully synthesized the cationic bolaform trisiloxane 

surfactant, and 1H NMR, shown in Figure 10.12, confirmed the structure after 

recrystallization from 80:20 vol.% mixture of tetrahydrofuran and isopropanol. Upon 

agitation a 1 wt.% aqueous solution of this bolaform surfactant formed a stable foam, which 

did not fully drain over the course of several days. Future work will initially determine the 

critical micelle concentration and minimum solution surface tension of this novel surfactant 

structure using dynamic light scattering and surface tensiometry. Dynamic foam analysis 

will also quantify both solution drainage time and foam drainage time across various 

surfactant concentrations. Oscillatory stress sweep rheology of concentrated surfactant 

solutions will probe solution viscoelasticity before and after shear, which will demonstrate 

shear induced alignment of bolaform surfactants for the first time. The combination of these 

preliminary experiments will validate this novel surfactant for applications in fire-fighting 

foams while providing deeper fundamental understanding of bolaform surfactants.  
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Figure 10.12. 1H NMR spectrum of trisiloxane cationic bolaform surfactant confirmed 

successful synthesis. (inset) 1 wt.% solution of trisiloxane bolaform surfactant forms stable 

foam after agitation.   

 In addition to bolaform trisiloxane surfactants, siloxane ionenes remain unexplored 

polymer families in fire-fighting applications. Ionenes describes a family of 

polyelectrolytes where the charge-bearing functionality exists within the main polymer 

chain.21 1,1,3,3,5,5, hexamethyl dihydrotrisiloxane provides a suitable difunctional 

monomer for step growth hydrosilylation polymerization with diallylmethylamine. This 

step growth polymerization provides molecular weight control through stoichiometric 

offset according to the modified Carothers equation. Subsequent functionalization of this 

poly(trisiloxane N,N,Ndiethylmethylamine) with either bromoethane or propane sultone 

will yield either a cationic or zwitterionic ionene respectively. This polymeric surfactant 

platform will introduce additional structure variables such as molecular weight, percent 

functionalization, and siloxane segment length to further understand fundamental structure 
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property relationships of siloxane containing ionenes in not only within fire-fighting foam 

formulations, but also within the field of thermoplastic elastomers. 

 

Scheme 10.4. Synthetic strategy for cationic (top) and zwitterionic (bottom) trisiloxane 

ionene surfactants.  

10.5 Templated Photopolymerizable Domains Through Shear-Induced Alignment of 

Methacrylate Functionalized Surfactants 

 The work presented in chapter 9 highlighted the shear induced alignment of triethylsilyl 

cationic wormlike micelles, which had implications for firefighting foam applications. 

However, this finding and these trends are not limited to producing stable foams but should 

be expanded to other research areas such as photo-assisted additive manufacturing. This 

future work section proposes an avenue to template photopolymerizable surfactants 

through high shear extrusion, such as direct ink-writing, and then subsequently 

photopolymerizing these templated nanoscale domains to liberate aligned nanoscale fibers 

from solution. Figure 10.13 depicts this process schematically for a generalized 

photopolymerizable surfactant monomer. Schoen et. al amongst others reported 

polymerizable surfactants in the late 90s, but these processes yielded anisotropic 

suspensions of polymerized tubules at low concentration.22,23 These studies leveraged only 
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vesicle forming micelles in which the bilayer polymerized, and upon solidification formed 

straight rigid tubules. While this work demonstrated exciting preliminary results for the 

field of photopolymerizable surfactants, little work has pushed this field forward in the last 

25 years. Research in this space would provide both novel material design and would 

catalyze deeper fundamental understanding of self-assembly templated polymerization 

strategies.  

 

Figure 10.13. Cartoon depiction of shear induced micelle alignment and subsequent 

polymerization of templated hydrophobic domains.  

 Dimethylaminoethyl methacrylate (DMAEMA) is a readily available and extensively 

used photopolymerizable monomer for additive manufacturing processes ranging from vat 

photopolymerization to UV-assisted direct ink-writing.24–26 Prior work leveraged the 

basicity of the tertiary amine to establish supramolecular interactions between carboxylic 

residues in both polymers and small polymers, but this tertiary amine also demonstrated 

significant nucleophilicity to form cationic and cationic gemini surfactants. Thus, this 

monomer presents an opportunistic starting ground for initial efforts in templated 

photopolymerization. A gemini surfactant will more likely favor wormlike micelle self-
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assembly relative to a simple quaternary ammonium cationic surfactant based on previous 

research. Therefore, initial efforts in this research space should explore gemini surfactants. 

Scheme 10.6 proposes a facile synthetic path for the synthesis of a cationic gemini 

surfactant from DMAEMA and 1,3 dibromopropane. If this structure provides insufficient 

hydrophobicity, longer chain dimethyl amino methacrylates should be synthesized from 

dimethylamino propane or dimethylaminobutane and methacryloyl chloride. Finally, 

addition of a hydrophobic dimethacrylate or diacrylate such as butane diacrylate will 

provide additional crosslinking within the shear-aligned micelles. 

 

Scheme 10.6. Synthetic strategy to develop photopolymerizable cationic gemini surfactant 

from DMAEMA and 1,3 dibromopropane. 
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CHAPTER 11 

SUMMARY AND CONCLUSIONS 

 Fundamental structure-processing-property trends informed material design across a 

range of material families including thermoplastic polymers, covalently crosslinked 

polymer networks, and small molecule self-assemblies in solution. These investigations 

provided new insight to address emerging topics in sustainability such as molecular 

design for chemical recyclability, material waste reduction, additive manufacturing, and 

replacements for chemicals with known environmental toxicity. Throughout each 

chapter, spectroscopic, thermomechanical, rheological, and light scattering analysis 

provided a holistic understanding of both chemical and physical interactions responsible 

for ultimate material properties. The consistent analytical strategies revealed fundamental 

similarities regarding material assembly in solid viscoelastic materials with storage 

moduli spanning 9 orders of magnitude from 10 to 109 Pa. The influence of reactivity, 

thermodynamic self-assembly, and shear induced alignment informed appropriate design, 

processing, and analysis of next-generation technologies in the field of sustainability.  

 The fundamental concept of thermodynamic self-assembly presents itself across 

numerous industries including packaging, adhesives, high-performance materials, 

biomedical engineering, additive manufacturing, and fire-fighting technologies. IUPAC 

defines self-assembly as “spontaneous and reversible organization of molecular entities 

by noncovalent interactions”. Thus, polymer crystallization, polymer aggregation in 

solution, and small molecule self-assembly presented three subdivisions of this critical 

field of chemistry to investigate fundamental trends in solubility and mechanical 

properties. Chapter 3 presented the incorporation of a kinked aromatic unit in the design 
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of a novel family of linear polyesters with predictable glass transition temperatures and 

crystallinity. In addition to this molecular level influence on thermomechanical 

properties, this work demonstrated the effect of polymer semicrystallinity on solubility. 

Whereas amorphous polymers demonstrated solubility, semicrystalline polymers 

remained insoluble owing to the strong non-covalent physical interactions present 

between polymer chains.  

This concept was applied to a more complex polyurethane copolymer system, in 

chapter 4, where side reactions impacted polymer processability. It previously remained 

uncertain if covalent crosslinking or physical interactions were responsible for 

differences in extrudability between spectroscopically similar batches. Progressive 

increases in the polarity of an organic solvent revealed all polyurethane samples to be 

soluble in sufficiently polar solvents. However, those lots which demonstrated poor 

extrudability remained insoluble in solvents incapable of disrupting physical interactions 

between all polymer chains in solution. This simple solubility study suggested physical 

interactions were largely responsible for poor extrusion performance. Furthermore, 

differential scanning calorimetry revealed poor extrusion lots demonstrated larger 

endothermic events at temperatures greater than the extrusion temperature which 

provided additional evidence of these non-covalent self-assemblies in poor extrusion lots.  

 While chapter 4 highlighted the deleterious effects of side reactions during polymer 

synthesis, chapters 5-7 demonstrated control of multiple reaction pathways during 

photochemical processes to predictably tune mechanical properties and degradation 

profiles. Chapter 5 introduced radical thiol-ene addition to this body of work in the 

design of degradable hydrogels for medical applications. This work revealed a need for 
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precise stoichiometric control in simple thiol-ene gelation. Chapter 6 demonstrated 

intentional incorporation of a known thiol-ene side reaction, acrylate polymerization. 

This additional reaction pathway afforded hydrogels with increased modulus compared to 

the previous work and demonstrated the formation of highly crosslinked domains in 

hydrogel networks with increased acrylate homopolymerization. These highly 

crosslinked domains controlled bulk degradation rates. However, it remains unknown if 

these highly crosslinked domains resulted from the kinetics of each reaction or if they 

were templated by self-assembly in solution prior to polymerization. 

 Chapter 7 and 8 expanded on this concept in two additional systems with multiple 

crosslinking reaction pathways. Photoacid generators provided a photoinitiated avenue to 

establish acetal functionality from vinyl ether and hydroxyl functionalized monomers, 

which were previously synthesized with a simple para-toluene sulfonic acid catalyst. The 

photoacid generator provided controllable acid generation, which not only catalyzed the 

acid forming reaction, but also initiated vinyl ether cationic homopolymerization. In a 

similar fashion to the reactive systems presented in chapter 6, a simple stoichiometric 

offset of vinyl ether and hydroxyl functionality provided control over crosslink density. 

This control predicted both mechanical properties and degradation behavior. Chapter 8 

expanded this binary photopolymerization strategy to base catalyzed carbon-Michael 

additions, in which the acrylate functionality participated as both a Michael acceptor and 

as  a free radical monomer. However, as the investigated photobase generators produced 

both a radical and basic species, the acrylate homopolymerization occurred at a much 

faster rate, which ultimately prevented any detectable carbon-Michael additions. 
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Furthermore, the addition of radical scavengers and antioxidants did not ameliorate this 

kinetic issue.  

 Finally, the concepts of thermodynamic self-assembly, photoinitiated reactivity, and 

shear-induced morphological rearrangements provided deeper understanding of structure-

processing-property relationships in fire-fighting foams. Photoinitiated hydrosilylation 

afforded two novel surfactant structures based on triethylsilyl hydrophobic tails. Dynamic 

light scattering and concentration dependent rheology revealed the zwitterionic surfactant 

to possess a lower critical micelle concentration than the cationic surfactant. Most 

notably, cationic surfactants significantly improved foam stability. Oscillatory 

rheological experiments demonstrated solid-like viscoelastic properties in concentrated 

cationic surfactant solutions after shear. Polarized optical light imaging rheology shed 

further light on this phenomenon, and this experimental technique revealed the formation 

of birefringent structures in solution. This shear-induced alignment of cationic surfactant 

self-assemblies provided foams with more solid like properties compared to zwitterionic 

surfactants which did not form higher order assemblies under shear. This knowledge 

informed a previously unknown, but critical feature of surfactant self-assemblies in fire-

fighting applications. 

Key Takeaways: 

▪ 4,4’ dimethyloxybisbenzoate provided predictable control over polyester glass 

transition temperatures and crystallinity. 

▪ Solubility tests in solvents with varied polarity in addition to dynamic light 

scattering afforded analytical methodology to validate polyurethane extrusion 

performance. 
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▪ Acid catalyzed vinyl ether hydroxyl polymerization provided acetal 

functionalized, selectively degradable, and photo processable oligomers for 

radical thiol-ene gelation. 

▪ Binary thiol-acrylate polymerization of acetal functionalized telechelic acrylate 

precursors provided hydrogels with controlled network architecture, which 

predicted degradation behavior. 

▪ Photoacid generators enabled in-situ acetal functionalization during network 

formation from multifunctional vinyl ether and hydroxyl monomers. These gels 

required base stabilization to prevent unwanted acetal degradation. 

▪ Current photobase generator technologies proved insufficient for photocatalyzed 

carbon-Michael addition of acetoacetate to acrylate functionalities due to the 

generation of a radical species during base generation. 

▪ Triethylsilyl-containing surfactants did not lower solution surface tension as 

effectively as siloxane surfactants. 

▪ Oscillatory and polarized light imaging rheology revealed the impact of shear-

aligned surfactant self-assemblies on foam stability. Cationic surfactants formed 

stable alignments under shear and zwitterionic surfactants did not.  
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