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ABSTRACT 

Since Bakelite and Rayon were first introduced in the early twentieth century, global plastic 

production has grown to over 300 million metric tons per annum and is expected to double in the 

next twenty years. Unfortunately, plastics were integrated into our daily lives and virtually every 

industrial sector without first considering the lifecycle of these materials. Despite their ease of 

processing, polymeric materials require significant external energy inputs during manufacturing, 

and subsequently, plastics have an embodied energy that greatly exceeds most material classes. 

Further, the covalent chemical networks to which plastic materials owe their exceptional 

performance also prevents their degradation. Polymeric materials are, therefore, accumulating in 

our landfills and oceans at alarming rates. To prevent further damage to our ecosystem, both the 

initial manufacture and the end of life of plastic materials must be engineered for sustainability. 

We first created a model system capable of cycled polymerization and depolymerization 

utilizing an engineering thermoplastic with a low ceiling temperature, cyclic poly(phthalaldehyde) 

(cPPA). cPPA depolymerization proceeded under mild thermal conditions, and quantitative 

recovery of the monomer was possible. Direct repolymerization of the recovered monomer yielded 

high quality materials with chemical and mechanical properties equivalent to or greater than the 

original material. Closed-loop recycling of cPPA was also extended to fiber-reinforced polymer 

composites. cPPA depolymerization proceeded without damage to the fibers, and both the fiber 

reinforcements and the composite materials retained 100 % of their mechanical performance 

through multiple generations.  

To improve the performance of cPPA-based materials, we explored the thermal 

depolymerization mechanism and discovered that single electron transfer (SET) and cleavage of 

the resulting radical cation served as the primary thermal trigger for cPPA depolymerization. These 
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findings were extended to other modes of SET triggering, including photoredox catalysis. 

Incorporation of acridinium salts into cPPA blends yielded photodegradable monolithic solids that 

rapidly deteriorated in the presence of UV-light. The discovery of an SET triggering mechanism 

provides a route towards novel environmental triggers including electrochemical oxidation and 

enzymatic catalysis.  

We next sought to address the initial manufacture of polymeric materials, specifically patterned 

materials. In synthetic systems, patterns are often generated through lengthy multistep processes 

and access to spatially varying properties is limited. Patterns in natural systems, however, arise 

through non-deterministic symmetry breaking events. Impressively, natural patterns are replicated 

throughout species with high fidelity of both function and form. Inspired by natural phenomenon, 

we leveraged the competition between reaction and thermal transport processes of frontal 

polymerization to create tunable thermal instabilities and spontaneous breaks from symmetry. The 

undulations in reaction temperature were harnessed to drive orthogonal chemistries and pattern the 

morphological, optical, chemical, and mechanical properties of engineering polymers. The 

complex dynamics of frontal polymerization represent a path towards non-deterministic, 

developmental manufacturing of synthetic materials.  

Finally, the concepts of frontal polymerization and degradable materials were combined by 

copolymerizing cleavable cyclic olefins during the frontal ring-opening metathesis polymerization 

(FROMP) of dicyclopentadiene (DCPD). FROMP copolymers possessed material properties that 

were comparable with native pDCPD, but they were easily degraded into high value fragments by 

hydrolysis. The degradation fragments, which were rich in hydroxyl functionality, were recycled 

into polyurethane networks by reaction with commercially available diisocyanates. The recycled 

materials displayed thermomechanical properties that greatly exceeded those of the original 
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copolymer, a true embodiment of upcycling. We foresee many opportunities for the energy 

efficient manufacture of multifunctional materials by frontal copolymerization.  
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Chapter 1: Introduction 

1.1 Shortcomings of Synthetic Materials 

Prior to the widespread use of commodity plastics, everyday essentials were made from natural 

products such as ivory and tortoiseshell. In the mid 1800s, annual demand for ivory reached over 

two million pounds, the equivalent of over 40,000 elephant tusks.1,2 To reduce reliance on ivory, 

a New York firm put out a prize for $10,000 to anyone that created a suitable substitute.1 Soon 

after the call by the firm, John Wesley Hyatt introduced Celluloid, a mixture of cellulose nitrate 

and camphor which was easily molded into a variety of shapes.1 By 1870, celluloid began to 

replace tortoiseshell and ivory in products like toothbrushes, knife handles, and combs. Ironically, 

the product that formed the foundation of the plastics revolution was believed to be the savior of 

the tortoise.1  

The light weight, low cost, chemical and mechanical resilience, and wide range of accessible 

mechanical properties of plastic materials has contributed to their global proliferation. Plastics are 

the preferred choice of material for most consumer products, especially for the food and beverage 

sector. Their excellent barrier properties have improved the health and safety of consumers and 

reduced food waste3 by significantly extending the lifetimes of packaged products4. Further, the 

light weight and mechanical performance of fiber-reinforced polymer composites (FRPCs) have 

ensured widespread adoption of polymeric materials in the energy and transportation sectors. 

Developments in FRPC technologies have significantly increased the attainable wind turbine blade 

lengths and improved wind energy production. Early wind turbine designs, which utilized metal 

blades, were limited to outputs of approximately 200 kilowatts5. Modern wind turbines, which 

utilize FRPCs blades, are now capable of generating over 2 megawatts6, a two order of magnitude 

increase in power output. Further, the high specific strength and stiffness of FRPCs has led to 
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dramatic reductions in the necessary weight of structural materials in vehicles and aircraft, greatly 

improving fuel efficiency and CO2 emissions.7 As a result, the transportation industry is drastically 

increasing the amount of FRPCs being utilized. The Boeing 787 Dreamliner, for example, contains 

80 % composites by volume.8 With the countless applications for polymeric materials, global 

production has reached over 300 million metric tons per year and is estimated to double within the 

next twenty years4. By 2050, plastic production is expected to account for twenty percent of the 

global oil consumption4,9 and fifteen percent of annual carbon emissions4.  

Mechanical performance, thermal and chemical stability, and a long lifetime are all achieved 

through the high-strength covalent networks of polymeric materials. However, these covalent 

networks are exceptionally challenging to break down or recycle – often requiring temperatures in 

excess of 400 °C, supercritical fluids, or concentrated acids10–12 – when a material reaches the end 

of its useful lifespan. Coupled with collection costs, lack of infrastructure, and poor demand for 

recycled goods, the steep energetic barriers to material degradation make recycling end-of-life 

materials impractical.4,9,13 Consequently, more than 100 million metric tons of plastic waste are 

disposed of in landfills or dumped illegally each year9,13, creating significant economic losses 

(projected at $200 billion in raw materials annually13) and grave environmental concerns.  

Plastics constitute approximately ten percent of the municipal solid waste stream, but, due to 

their low density, they occupy a disproportionate amount of space in landfills.9 This conundrum is 

particularly prevalent as we have reached the 30 year life span of FRPC wind turbine blades that 

were introduced into large scale solar farms across the states in the 1980s and 1990s. The sheer 

size of these structures, which often exceed 25 m in length and are increasing in size with 

technological developments, is overwhelming municipal landfills. A landfill in Casper, Wyoming 

could only accommodate 870 turbine blades this year, a fraction of the thousands that are being 
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decommissioned annually.14 The challenges of disposing large-scale structures will be 

compounded in the future by the pervasive use of FRPCs in civil infrastructure15, vehicles16, and 

aircraft7,8.  

Due to the durability and light weight of plastics, two features for which they are highly prized, 

plastic waste often infiltrates marine environments. A staggering 5.25 trillion plastic pieces17 

weighing approximately 275 million metric tons18 are floating in the world’s oceans. The 

MacArthur foundation predicts that the amount of plastic afloat at sea will outweigh the fish in the 

ocean by 2050.19 The macro- and micro-plastics floating in oceans pose both immediate and long-

term hazards to aquatic and terrestrial life.20 Animals often become entangled in larger plastic 

pieces, while smaller plastic pieces are mistaken for food.9 Ingestion can cause tears and blockages 

in the gastrointestinal tract, leading to loss of appetite, severe weight loss, and sometimes death. 

While the immediate dangers of plastic waste to aquatic life (choking, entanglement, etc.) are 

apparent, the long-term effects remain unknown to the general public. Plastics are typically viewed 

as chemically inert, but they contain residual monomers, plasticizers, fire retardants, and a host of 

other additives, many of which are known endocrine disruptors21. Several studies have shown that 

the microplastics ingested by aquatic life can be transferred to higher trophic levels22, along with 

the small molecule additives within the plastics, a grave concern for both marine and terrestrial 

life. 

The issues with polymeric materials are not limited to their disposal or recycling. Their initial 

manufacture is exceptionally energy intensive and also presents a significant environmental 

challenge. Both thermoplastic and thermoset polymers are processed at high temperature and often 

under high external pressure. Thermoplastics are melt processed into their final morphology via 

injection or compression molding, thermoforming, or extrusion, consuming an estimated 105 
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Joules per kilogram of polymer.23 Thermosets, which do not display melt transitions, must be cured 

from a reactive resin into the final crosslinked polymer. Cure cycles can take several hours and 

require ovens or heated molds operated in excess of 150 °C, consuming between 106 and 108 Joules 

per kilogram of polymer produced.24,25 Between the energy for feedstock preparation and 

processing energy, polymeric materials are estimated to have an embodied energy of 60 to 100 

megajoules per kilogram, which is substantially higher than paper, wood, glass, and most metals4. 

In either case, the energetic requirements and the size of the needed equipment scales with the size 

of the desired part.7,23 This caveat is especially problematic as the number of large scale, polymeric 

structures employed in civil infrastructure and the energy and transportation sectors is steadily 

increasing7,8,15,16. For example, the autoclave utilized to cure the FRPC in a section of the Boeing 

787 fuselage reaches over 9 meters in diameter and 30 meters in length. This massive piece of 

equipment consumes over 350 gigajoules of energy and produces over 80 tons of carbon dioxide 

during a single cure cycle7, the energetic equivalent of powering nine American households26 and 

the emissions equivalent of operating sixteen passenger vehicles27 for an entire year. 

The impact of the plastics industry will be felt by generation after generation and will forever 

be recorded in geologic history. In 2016, the International Commission of Stratigraphy searched 

for an event which would mark the end of the Holocene Epoch and the beginning of the 

Anthropocene Epoch.9 One of their primary candidates was the global proliferation of polymeric 

materials following the Second World War.28 Other candidates were increases in greenhouse gas 

emissions from fossil fuels and spikes in radiocarbon levels from atomic bomb tests28. To bring an 

end to this global crisis and provide a brighter future for our children and grandchildren, we must 

design the next generation of polymeric materials sustainably. They must be manufactured with 

minimal external energy inputs and incorporate end-of-life strategies. The present work achieves 
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a sustainable materials design by employing two systems: transient polymers and frontal 

polymerization.  

1.2 Transient Polymers 

Transient polymers are those capable of disintegrating on demand following the application of 

a designed stimulus.29 Stimuli are typically mild in nature and, ideally, orthogonal to the conditions 

of the intended material application. The concept of triggered degradation is not new, but the recent 

surge in interest in stimuli-responsive materials has contributed to a myriad of novel polymer 

designs29–35. Each of these designs differ in mechanical performance, rates of degradations, and, 

of particular importance, the degradation products. In most cases, degradation products differ from 

the starting materials of the polymer, making synthesis of the original material challenging. 

However, one class of materials, low ceiling temperature polymers, reverts selectively to the 

monomeric components upon triggering.33 This key feature enables closed-loop utilization of 

resources. 

The ceiling temperature phenomenon was first reported in 1943 when Snow and Frey observed 

that the copolymerization of sulfur dioxide and olefins could be stopped or started at will by simply 

raising or lowering the temperature just a few degrees, respectively.36 They attributed the ceiling 

temperature effect to the formation of a short-lived inhibitor at higher reaction temperatures. Five 

years later, Dainton and Ivin correctly assigned this puzzling temperature dependence to polymer 

thermodynamics.37 Based on the work of Mesrobian and Tobolsky38, Dainton and Ivin suggested 

that polymerizations have both a forward and a reverse reaction. Coupled with the fact that, in 

almost all cases, polymerization reactions proceed with a release of heat (ΔH < 0) and a decrease 

in entropy (ΔS < 0), they concluded that there must be a temperature, the ceiling temperature, 

where thermodynamic equilibrium is reached and propagation is halted. Below the ceiling 
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temperature, the forward reaction is favored, and propagation continues. However, if the 

temperature exceeds the ceiling temperature, the reverse reaction is favored, and the polymer chain 

unzips.33  

It is important to note that the ceiling temperature phenomenon was not encountered until the 

1940s33, despite several decades of polymer research. Most olefin polymerization reactions are 

highly exothermic, yielding 10 – 20 kcal mol-1,37 and the enthalpic release heavily outweighs 

entropic losses. Subsequently, poly(olefin)s typically have extremely high ceiling temperatures (> 

300 °C) and experience degradation prior to reaching their ceiling temperature.33 The reduced 

enthalpy of olefin and sulfur dioxide copolymerizations36,37 significantly reduced the ceiling 

temperature of poly(olefin sulfone)s and enabled researchers to observe depolymerization at 

elevated temperatures rather than polymer degradation. This fundamental finding formed the 

foundation of low ceiling temperature polymer research.  

As their name suggests, low ceiling temperature (Tc) polymers are thermodynamically unstable 

and readily depolymerize near ambient temperature, limiting their application in materials 

research. However, by trapping the growing polymer chain in a local energy minimum, these 

polymers can be isolated well above their ceiling temperatures as metastable polymers. Capping 

of the polymer chain end below the ceiling temperature provides a sufficient energy barrier to 

prevent unwanted depolymerization above Tc. A number of “capping” strategies have been 

developed, including intramolecular cyclization39, copolymerization with monomers that yield 

high Tc blocks40, and the introduction of a stable end cap41. Cleavage of either the end cap or the 

low Tc polymer backbone reveals reactive chain ends which are capable of depolymerization. 

Depending on the introduced end cap or the nature of the polymer backbone, low Tc polymers can 

be tuned to be sensitive to a variety of environmental stimuli. Low Tc polymers have, therefore, 
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become wildly popular as stimuli-responsive materials. Applications such as lithography42, signal 

amplification43,44, triggered release45,46, and transient electronics47,48 have all been explored with 

low Tc polymers. Importantly, the clean depolymerization of low Tc polymers has been exploited 

for facile recycling of polymeric materials49–52, which will be discussed further in chapter 2. 

1.3 Frontal Polymerization 

Frontal polymerization (FP) is a curing strategy that harnesses latent chemical energy stored 

within the monomer to drive materials synthesis. Similar to combustion, a small energetic input 

initiates a cascade of chemical reactions which rapidly transforms the starting materials into the 

final product. During combustion, a small spark ignites the fuel (gasoline, wood, etc.), and the 

chemical potential of the fuel is released as light and heat as the fuel burns. The heat released in 

one region ignites the fuel in another region, and the flames propagate until all of the fuel is 

consumed or the fire is extinguished. During frontal polymerization, a local stimulus activates a 

thermally latent initiator that mediates the conversion of monomer to polymer, releasing the latent 

chemical energy stored within the monomer.53 Transport of the released heat activates initiator in 

neighboring locations and drives the propagating wave of polymerization. The autocatalysis 

present in both combustion and FP translates localized stimuli into global changes.54 Where a fire 

destroys the fuel, FP transforms its monomeric fuel into structural polymeric networks.  

FP has been employed in polymer synthesis for almost 50 years. Chechilo and coworkers made 

the first report on FP when they studied the frontal free radical polymerization of methyl acrylate 

with a benzoyl peroxide (BPO) initiator in a high-pressure reactor in 1972.55 Since the initial 

introduction of FP, a large body of literature with more than 300 publications has amassed. The 

library of FP resin systems has grown to include a variety of acrylates55–61, epoxies62–66, and cyclic 

olefins67–70, and front velocities of up to 30 cm min-1 have been reported59. 
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To be employed sensibly in materials manufacturing, FP systems must meet several criteria. 

The FP chemistry must possess sufficient energy density to sustain fronts in the presence of various 

boundary conditions and high loadings of inactive fillers such as fiber reinforcements. Second, the 

FP resin must have sufficient latency to permit materials preparation and handling (e.g. infusion 

of fabric with resin during composite preparation) with minimal background polymerization at 

room temperature. Finally, the resultant mechanical properties must be suitable for the intended 

application. 

Acrylates, which have been featured in a significant portion of FP literature, possess 

exceptionally high energy densities. Enthalpies of polymerization in excess of 40 kcal mol-1 have 

been reported.71 Additionally, the high activation barriers for the cleavage of the O–O or C–N bond 

in a radical initiator (approximately 35 kcal mol-1)72 limits any background polymerization at room 

temperature and provides for very long pot lives. Unfortunately, the energy density of acrylate 

resins can generate excessively high front temperatures (> 300 °C)73, leading to deleterious effects 

such as void formation or charring in the final products. Further, the mechanical performance of 

poly(acrylate)s are typically insufficient for structural applications74. Epoxy based systems, on the 

other hand, yield high performance materials. However, the low energy density of the epoxide 

structure63,64 and the activity of the amine hardener at room temperature64, limit both the achievable 

front velocities and pot lives.  
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Figure 1.1. Overview of the frontal-polymerization concept | a, Scheme for the frontal ring-opening 
metathesis polymerization (FROMP) of dicyclopentadiene (DCPD) using a ruthenium catalyst (Ru) and an 
alkyl phosphite inhibitor (P(OR)3). b, Comparison of the energy required for curing versus the time taken 
for curing via frontal polymerization and conventional curing. We calculated that the curing of a section of 
the Boeing 787 fuselage by FROMP (red square) reduces the energy consumption by ten orders of 
magnitude compared with conventional techniques. c, In the technique used here, the FROMP solution is 
triggered to polymerize in its liquid state rapidly transforming the liquid into a durable thermoset polymer. 
Adapted from Robertson et al.74 

Strained cyclic olefins which readily undergo ring-opening metathesis polymerization are 

known to generate thermoplastics75 and thermosets76 with robust mechanical, thermal, and 

chemical properties. FP of these systems, especially the frontal ring-opening metathesis 
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polymerization (FROMP) of dicyclopentadiene (DCPD), have been shown to support frontal 

velocities greater than 10 cm min-1, but with more modest front temperatures (ca. 200 °C) than 

acrylate systems.77 However, the high catalytic activity of the ruthenium catalysts employed in 

FROMP of DCPD led to extremely short pot lives, on the order of several minutes.68,77 In 2017, 

Robertson and coworkers introduced alkyl phosphite inhibitors into FROMP resins and realized 

unprecedented pot lives of up to 30 hours.78 This fundamental contribution to the FP community 

enabled the fabrication of high performance composite materials by frontal polymerization 

(Figure 1.1).74 Importantly, well-controlled FP offers substantial savings in manufacturing energy, 

a reduction of up ten orders of magnitude, and effectively eliminates the need for costly 

infrastructure. 

1.4 Summary 

Both low ceiling temperature polymers and frontal polymerization show great potential in 

improving the sustainability of polymeric materials. The majority of low Tc polymer investigations 

has highlighted triggered transience, but little emphasis has been placed on recycling. The mild 

depolymerization triggers and clean unzipping to monomer are two features that remain 

underexploited. They also represent a potential solution to the harsh conditions associated with 

composite recycling, which is the focus of chapter 2. Further, while FP addresses the energetics of 

manufacturing, disposal of end-of-life materials remains an issue. Incorporation of cleavable units 

into FROMP resins, the topic of chapter 4, enables triggered transience while retaining the 

manufacturing benefits of FP. Finally, the surplus of heat generated during FP has not been utilized 

to drive additional chemical or physical transformations. We envision this wasted resource as a 

route to multifunctional materials. Chapters 5 and 6 will center on exploiting the surplus of heat to 
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autonomously pattern materials. We are in the midst of a global crisis, but with careful design, the 

next generation of materials will contribute to a more sustainable future.  
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Chapter 2: Fully Recyclable Metastable Polymers and Composites 

2.1 Introduction 

Traditional polymeric materials rely on high-strength covalent bonds to achieve exceptional 

mechanical properties and maintain stability throughout their lifespans. However, covalent 

chemical networks are difficult to repair, and when reaching end of life, exceptionally challenging 

to recover/recycle. The conditions and energy required to break down these networks (e.g. T > 400 

°C, supercritical fluids, or concentrated acids)1–3 make recycling end-of-life materials 

impractical.4,5 Consequently, 150 million tons of end-of-life polymers are disposed of in landfills 

or dumped illegally each year.4,5 Discarded plastics represent both immediate (e.g. choking and 

entanglement hazards) and long term (e.g. release and concentration of persistent organic 

pollutants) environmental concerns, as well as significant economic losses (estimated at $200 

billion in raw materials annually).4–6  

In contrast to synthetic polymeric materials, biological materials take a much different 

approach to ensure stable, long term performance coupled with ease of recycling. Bone tissue, for 

example, undergoes cycles of degradation and formation in response to changes in mechanical 

stress, a process known as remodeling.7 Through these cycles, bone tissue not only heals in 

response to damage, but also recycles end-of-life tissue.8 We envisage a synthetic mimic to bone 

remodeling using a polymer capable of undergoing an indefinite number of degradation 

(depolymerization) and formation (polymerization) cycles in response to a desired stimulus. We 

also seek to develop materials capable of recycling under relatively mild conditions through 

volatile and low-viscosity monomers, allowing facile reclamation of any incorporated secondary 

species (e.g. fillers or fiber reinforcements) in pristine condition, a feat which remains challenging 

when recycling conventional fiber-reinforced polymer composites (FRPCs).1,9–12 
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Low ceiling temperature (Tc) polymers that rapidly and selectively depolymerize in response 

to a stimulus13 are promising mimics to bone remodeling. These polymers have been demonstrated 

to depolymerize in the presence of a variety of environmental stimuli,14–29 allowing material 

selection to be tailored to various processing conditions and applications. Low Tc polymers have 

found utility in lithographic resists,30,31 transient electronics,28,32,33 signal amplification,34–36 

triggered release,37,38 block copolymers,39,40 and smart packaging41. Recycling stimuli-responsive 

low Tc polymers has only been reported for poly(benzyl ether)s,21 cyclic poly(phthalaldehyde) 

(cPPA),22 and poly(ethyl glyoxylate)s17. However, these processes were limited by low yields and 

the inability to produce materials with properties equivalent to the pristine material. Baker and 

coworkers were only able to recover benzyl ether monomers in 26% yield, and the recycled 

poly(benzyl ether) suffered from a 22% reduction in number average molecular weight (Mn).21 

Diesendruck and coworkers reported ca. 67% recovery of o-phthalaldehyde, but they resynthesized 

linear poly(phthalaldehyde) instead of cPPA.22 Fan and coworkers reported a 12% 

repolymerization yield of poly(ethyl glyoxylate) with a 95% decrease in Mn.17 Routes to 

chemically recyclable polymers have also been explored with the ring-opening polymerization of 

𝛾-butyrolactone derivatives.42,43 Zhu and coworkers reported quantitative recovery of the 

monomer upon heating at 180 °C for 3-5 h in the presence of ZnCl2 (2 mol %), and direct 

repolymerization was possible with addition of a metal catalyst to the recovered monomer.43  

Here we report on the thermally-mediated recycling of cPPA and carbon fiber-reinforced cPPA 

composites. At temperatures near 100 °C, the acetal backbone of cPPA was cleaved, yielding a 

thermodynamically unstable polymer chain (Tc = -42 °C)27,29,44–46. The low Tc of the reactive 

polymer chain favored rapid depolymerization to the monomer o-phthalaldehyde (oPA), which is 

volatile at the conditions required to initiate depolymerization (oPA b.p. = 83 °C at 0.8 torr). The 
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gaseous oPA was recovered in a cold trap and subsequently repolymerized to complete one cycle. 

Chemical and mechanical properties of original and recycled polymer were compared with gel 

permeation chromatography, NMR spectroscopy, dynamic mechanical analysis, and quasi-static 

tension. Additionally, cPPA composites with either continuous carbon fiber or carbon nanofiber 

reinforcements were produced via solvent casting and thermally recycled. We report cPPA as a 

first-in-class example and model polymer system for the development of fully recyclable plastics 

and polymer composites.  

 
Figure 2.1. a, Thermally-mediated polymerization and depolymerization of cPPA. b, Illustration of cPPA 
depolymerization, monomer transport and collection, and repolymerization processes inherent to the 
envisaged recycling protocol (artwork was created by Jose Luiz Vasquez, Imaging Technology Group, 
Beckman Institute for Advanced Science and Technology, University of Illinois at Urbana-Champaign). 

Our approach to thermally-mediated recycling is summarized in Figure 2.1. cPPA films were 

generated via drop casting cPPA/chloroform solutions (100 mg cPPA/mL chloroform) into 

polytetrafluoroethylene-lined petri dishes.32 Film thickness was tailored to meet the demands of 
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various tests by adjusting the initial amount of solution cast onto the substrates. Films retained 

mechanical integrity under ambient conditions until exposed to high temperatures (ca. 100 °C), 

which led to cPPA depolymerization with concomitant evaporation of the monomer, oPA. The 

volatile monomer was condensed as a solid on a cold-finger. Recovered monomer was 

repolymerized by cooling to -78 °C in dichloromethane, treating with BF3, quenching with 

pyridine, and precipitating from methanol, to complete one cycle or generation. Three full cycles 

(i.e. four generations of material) have been characterized, and it is expected that this process is 

indefinitely repeatable.  

2.2 Thermal Depolymerization of Cyclic Poly(Phthalaldehyde) 

 
Figure 2.2. Chemical characterization of thermally-initiated cPPA depolymerization | a, Raman 
spectra collected in real time of a cPPA film heated at 100 °C. b, Isothermal TGA traces of cPPA films.  

Thermal depolymerization of cPPA was analyzed chemically by Raman spectroscopy (Figure 

2.2a). cPPA films (40 µm thickness) were placed on a heated stage maintained at 100 °C and 

spectra were obtained in real time. Depolymerization was marked by a decrease in the 

characteristic –COC– peak (1020 cm-1) of the acetal backbone. Simultaneous appearance and 

growth of peaks corresponding to the –C-CHO– (1040 cm-1) and carbonyl (1680 cm-1) of oPA 

suggested clean unzipping of cPPA to oPA. After their initial growth, the intensity of peaks at 
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1040 cm-1 and 1680 cm-1 began to decrease, indicating evaporation of the monomer. Eventually, 

Raman signal was lost, marking complete depolymerization and monomer evaporation.  

 
Figure 2.3. Spectroscopic characterization of cPPA thermal depolymerization | a, MS detection of 
chloroform (m/z 83) and oPA (m/z 134) evolved during TGA isotherm of 40 µm thick cPPA film at 85 °C. 
b, 1H NMR spectra (60 MHz, THF-d8) of the cPPA before and after the TGA isotherm at 85 °C (*residual 
chloroform). c, MS detection of chloroform (m/z 83) and oPA (m/z 134) evolved during TGA isotherm of 
40 µm thick cPPA film at 120 °C. d, MS detection of oPA (m/z 134) evolved during TGA isotherms of 40 
µm thick cPPA films at the specified temperatures. 

Thermal gravimetric analysis was employed to monitor the depolymerization and monomer 

evaporation phenomena in 40 µm thick cPPA films and determine the optimal recycling conditions 

(Figure 2.2b). Minimal mass loss (4.6 wt%) was observed during a 3-hour isotherm at 85 °C. MS 

analysis of the gases evolved during the isotherm showed that the mass loss was attributable to 

residual chloroform (base peak: m/z 83) from solvent casting instead of oPA formation (Figure 

2.3a). The 1H NMR spectrum of the film remaining in the TGA pan was characteristic of cPPA 

and free of any oPA signatures, suggesting minimal cPPA depolymerization (Figure 2.3b). There 
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was a small shift in the GPC trace after the 3-hour isotherm, and the polymer exhibited only a 

minor (6.4 %) decrease in molecular weight. These findings indicate that cPPA is stable for 

extended periods of time at temperatures as high as 85 °C, providing a large temperature window 

for material applications. 

Complete mass loss (< 1 wt% residue) was observed during 3-hour isotherms at temperatures 

≥ 90 °C (Figure 2.2b). In each TGA trace above 85 °C, a plateau region prior to the onset of rapid 

mass loss was observed. The gases evolved during the plateau region were confirmed to be residual 

chloroform (Figure 2.3c). Modest increases in temperature significantly decreased the duration of 

the plateau region. Onset time, determined via the intersection of tangents to the plateau region 

and the linear region of rapid mass loss, decreased from 130.5 ± 2.9 min to 59.2 ± 0.9 min by 

increasing the temperature from 90 °C to 95 °C. Further increasing the temperature to 120 °C 

reduced the onset time to 7.0 ± 0.3 min. The onset of rapid mass loss coincided with the appearance 

of oPA signals (molecular ion peak: m/z 134) in MS analyses of the gases evolved during TGA 

traces (Figure 2.3d).  

After the onset of degradation, weight fraction decayed linearly. Assuming zero-order kinetics, 

rate constants were obtained by applying a linear fit to the region of rapid mass loss. 

Depolymerization with concomitant monomer evaporation accelerated with temperature according 

to Arrhenius kinetics (Figure 2.4). A linear fit of the Arrhenius relationship provided an apparent 

activation barrier of 13.4 kcal/mol for the coupled process. The relatively small activation barrier 

for cPPA depolymerization and subsequent oPA evaporation is in great contrast to the thermal 

degradation of traditional thermoplastics. Polyolefins such as polypropylene, polystyrene, and 

high density polyethylene have pyrolysis activation barriers of 43,47 47,48 and 57 kcal/mol,47 
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respectively. These high activation barriers lead to thermal degradation onsets in excess of 300 

°C47,48 and a marked increase in the energy required for recycling. 

 
Figure 2.4. Arrhenius fit of zero-order rate constants obtained from isothermal TGA experiments (n = 3). 

Aside from the steep energetic barriers, recycling traditional thermoplastics remains 

challenging due to the formation of complex small molecule mixtures during polymer 

degradation.4 The desired monomer must be separated from the mixture in pure form to obtain 

high quality materials upon repolymerization. While the advent of low Tc polymers has enabled 

mild depolymerization conditions, recycling attempts were limited by an inability to recover the 

monomer in sufficient purity. For example, depolymerization of poly(benzyl ether)s with 1,8-

diazabicyclo[5.4.0]undec-7-ene necessitated purification of the monomer with hot hexanes.21 

Repolymerization was possible, but optimization is required to recover the monomer in high yield 

and purity. The evolution of volatile monomers during depolymerization of poly(ethyl 

glyoxylate)s simplified monomer collection, but the air sensitivity of ethyl glyoxylate prevented 

synthesis of high molecular weight recycled polymer.17 The authors have suggested distillation 

(performed at 130 °C)26 of the depolymerization product as a means to improve the quality of the 

recycled polymer, but this represents an additional recycling step and energetic input. The thermal 

depolymerization of cPPA, which proceeds under mild conditions and produces volatile monomers 
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that are stable under ambient conditions for extended periods, addresses the challenges presented 

above.  

2.3 Thermally Mediated Recycling of cPPA 

 
Figure 2.5. Chemical characterization of recovered oPA | a, 1H (500 MHz, CDCl3) and b, 13C (500 MHz, 
DMSO-d6) NMR spectra of virgin (generation 0) oPA and oPA recovered during cPPA thermal 
depolymerization (generation 1). 

During the depolymerization of cPPA in a sublimation apparatus under moderate vacuum (0.1 

torr), the white, fibrous polymer rapidly transformed into a yellow liquid that boiled as it was 

formed. Facile condensation of the volatile product as a solid was possible with a cold-finger 

maintained at 20 °C. The yellow crystalline solid was confirmed to be oPA by 1H NMR. 

Comparison of 1H (Figure 2.5a) and 13C (Figure 2.5b) NMR spectra of the recovered (generation 

1) oPA with that of oPA recrystallized directly after purchase (generation 0) suggested that 

generation 1 oPA was of sufficient quality to permit direct repolymerization. Interestingly, the 

purity of recycled oPA was greater than generation 0 oPA. Trace impurities were detected by 13C 

NMR in generation 0 oPA, and polymerization of this monomer generated 70 kDa polymer. 

Synthesis of higher molecular weight generation 0 cPPA (as high as 201 kDa) was possible when 

the monomer was recrystallized an additional time. In contrast, no impurities were detected by 13C 

NMR in generation 1 oPA, and polymerization of recycled monomer yielded recycled polymer 
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with comparable or even higher molecular weight than generation 0 cPPA. Recycled cPPA 

exhibited number average molecular weights as high as 270 kDa. 

 
Figure 2.6. Time-dependent oPA yields during depolymerization of cPPA in a sublimator maintained at 
0.1 torr and the specified temperatures. Presented values were corrected to account for residual solvents in 
the starting polymer. Solid lines represent sigmoidal fits of the obtained experimental data. 

Recovery of the monomer at varied depolymerization temperatures is demonstrated in Figure 

2.6. Consistent with observations during TGA experiments, an initial dwell time was followed by 

the rapid and complete depolymerization of the polymer and evaporation of the monomer. It was 

found that oPA was recovered quantitatively, within experimental limits, on the cold-finger of the 

sublimator (97% yield). Quantitative recovery of oPA was possible within 0.75 h at 120 °C and 

1.5 h at 110 °C (Figure 2.6). Depolymerization times were extended to 20 h to achieve quantitative 

monomer recovery at 90 °C, a significant increase in time given the relatively small change in 

temperature. The time-temperature relationship shown here demonstrates the feasibility of tailored 

recovery processes. 

The molecular weight of recycled cPPA was found to be independent of the temperatures used 

to depolymerize virgin polymer in this study (Figure 2.7a). To ensure sufficient monomer 

recovery, we performed all depolymerizations at the given temperatures until no polymer remained 

in the bottom vessel of the sublimation apparatus (between 0.75 and 20 h). Depolymerizations 

conducted at 90 °C and 120 °C allowed for the synthesis of recycled polymer with Mn = 248 ± 21 
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kDa and 228 ± 10 kDa, respectively. For all utilized depolymerization temperatures, any 

differences in recycled polymer molecular weight were negligible at the 95% confidence level.  

 
Figure 2.7. Evaluation of the chemical and mechanical properties of virgin and recycled materials | 
a, Number average molecular weight (Mn) of generation 1 cPPA created following the depolymerization of 
generation 0 cPPA at the specified temperature. Polydispersity indices are provided in Table S3. Reported 
values and error bars represent the average and one standard deviation, respectively (n = 3). Red dashed 
line represents generation 0 cPPA molecular weight. Polydispersity index values are provided in Table S3. 
b, Representative thermomechanical responses of virgin and recycled cPPA films determined via dynamic 
mechanical analysis. Storage modulus represented by solid symbols, and loss modulus represented by open 
symbols. c, Representative stress-strain curves for cPPA thin films under quasi-static tensile loading (Inset 
represents an example cPPA thin film with points applied for the virtual extensometer. Distance between 
virtual extensometer points was maintained at 25 mm. Arrows indicate the loading direction). d, Mechanical 
properties of virgin and recycled cPPA thin films. Reported values and error bars represent the average and 
one standard deviation, respectively (n = 5). 

Given that materials typically suffer a reduction in properties during traditional recycling 

processes,49–51 the mechanical properties of virgin and recycled cPPA were assessed with dynamic 

mechanical analysis (DMA, Figure 2.7b) and quasi-static tension (Figure 2.7c,d). cPPA thin films 

(120 μm thickness) were prepared for DMA by drop casting in a chloroform-saturated 
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environment, which slowed the solvent evaporation rate, ensuring uniform thickness and defect-

free films. The films were dried undisturbed in the saturated environment for 18 h, dried in vacuo 

(0.1 torr) for 24 h at room temperature, and subsequently annealed at 70 °C for 30 minutes to 

remove any residual stress from solvent casting. The thin films were subjected to dynamic 

temperature sweeps under oscillatory load until a maximum temperature of 85 °C. The films 

showed no signs of depolymerization during DMA experiments. The tested films were recycled 

by heating to 120 °C for 1 h in vacuo, polymerizing the collected monomer, and solvent casting 

the resulting polymer. This process was repeated until three generations of recycled films were 

prepared and tested. Figure 2.7b demonstrates the similarities in viscoelastic properties of virgin 

and recycled cPPA films. All four generations of polymer films exhibited experimentally identical 

storage moduli at 35 °C (1.6 ± 0.1 GPa). The films remained in glassy regimes until transition 

temperatures of ca. 65 °C were reached – the glass transition temperatures for each generation 

were identical at the 95% confidence level. 

To obtain specimens of the fidelity required for thin film tensile testing, we utilized a tape 

casting method in lieu of drop casting. cPPA/chloroform (125 mg cPPA/mL chloroform) solutions 

were poured onto an ultra-high-molecular-weight polyethylene substrate, and the thickness of the 

film was set with a high precision film applicator. As in the drop casting procedure, films were 

then dried undisturbed for 18 h in a chloroform saturated environment, dried in vacuo (0.1 torr) at 

room temperature for 24 h, and annealed at 70 °C. Films were tested under quasi-static tensile 

loading until failure and then recycled. The similarities in the stress-strain response and bulk 

properties of generation 0-3 cPPA films is evident in Figure 2.7c,d. All tested cPPA films 

deformed elastically under tensile loading until brittle failure at approximately 1.2% strain. 

Impressively, generation 0 cPPA demonstrated a modulus (3.6 GPa) and tensile strength (41.9 
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MPa) comparable to industry standard thermoplastics such as polystyrene,52 polyethylene 

terephthalate,53 and high-density polyethylene54. Virgin and recycled films possessed 

experimentally identical Young’s moduli (3.6 ± 0.1 GPa), and the films retained at least 100% of 

the original tensile strength through three depolymerization and repolymerization cycles. Any 

differences in properties among generations were negligible at the 95% confidence level. 

Thermally-mediated cPPA recycling represents the first approach to low Tc polymer recycling 

which retains both chemical and mechanical properties of the polymer.  

 
Figure 2.8. Photographs of solvent cast cPPA films (dyed with methylene blue or Astrazon Orange R 
during the casting process and laser cut into specified shapes for visualization) and the monomer (oPA) 
collected following depolymerization of the dyed films. The dyed films are held by metal tweezers. Blue 
arrows represent polymerization and film casting, and red arrows represent depolymerization and monomer 
collection. 

The presence of dyes and other additives in plastics poses an additional challenge during 

recycling. Traditional polymers must be separated from other plastics and additives prior to 

recycling.5,50 Impurities in the recycling stream often result in mechanical defects, discoloration, 

or undesirable odors which diminish the value of the recycled product. In contrast, cPPA processed 

with various dyes was successfully recycled without first removing the dye (Figure 2.8). A blue 

cPPA film was generated by adding 2.5 wt% (vs. cPPA) methylene blue into a cPPA/chloroform 

solution prior to solvent casting. The resulting film was laser cut into an I as shown in Figure 2.8 

(top left) and subsequently depolymerized at 120 °C. oPA (top right) was collected (97% yield) 
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without any trace of methylene blue as confirmed by 1H NMR spectroscopy (Figure 2.9a), and 

methylene blue remained at the bottom of the sublimation apparatus. Polymerization of the 

recovered oPA yielded 241 kDa polymer. The resulting cPPA was solvent cast with 2.5 wt% 

Astrazon Orange R, and the orange film was laser cut into the UIUC logo shown in Figure 2.8 

(bottom right). Depolymerization of the orange film generated oPA (bottom left) that was free of 

Astrazon Orange R (Figure 2.9b), and polymerization of this monomer produced 238 kDa cPPA. 

We anticipate that cPPA will be recyclable in the presence of a variety of additives (dyes, plastics, 

fillers, etc.), and the simplicity of direct repolymerization will be maintained provided that the 

additives do not produce volatile products at cPPA depolymerization temperatures. This feature 

offers a solution to a key problem in FRPC recycling: removal of the polymer matrix without 

damaging the fiber reinforcement.   

 
Figure 2.9. a, 1H NMR (500 MHz, CDCl3) of methylene blue (bottom) and oPA obtained during 
depolymerization of film dyed with methylene blue (top). b, 1H NMR (500 MHz, CDCl3) of Astrazon 
Orange R (bottom) and oPA obtained during depolymerization of film dyed with Astrazon Orange R (top) 
(*CHCl3, §water). 

2.4 Recycling of cPPA Composites 

When utilizing conventional FRPC recycling strategies such as pyrolysis or solvolysis, the 

polymer matrix is fully oxidized or decomposed to secondary value chemicals at temperatures in 

excess of 200 °C, enabling reclamation of the fibers.1,9 However, due to the stability of the polymer 
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matrix and severity of degradation conditions, the fibers are typically recovered in a damaged state. 

Mild degradation conditions (i.e. low pyrolysis temperatures) do not allow for complete removal 

of the matrix. Reclaimed fibers are typically encased in a large amount of residual resin, limiting 

the possibility of successful re-impregnation with matrix resin.10 Harsh degradation conditions, on 

the other hand, result in fibers that suffer from severe pitting and surface defects which cause 

significant decreases in fiber strength.10 In either case, the value of the reclaimed fibers is 

significantly diminished. The ability to completely depolymerize cPPA and volatilize oPA under 

mild conditions (temperatures as low as 90 °C) allows for both complete matrix removal and fiber 

property retention when recycling.  

 
Figure 2.10. Characterization of continuous carbon fibers reclaimed from cPPA | a, Representative 
SEM image of continuous carbon fibers recovered after depolymerizing the cPPA matrix at 120 °C and 0.1 
torr for 1 h. b, Mechanical properties of virgin and recycled continuous carbon fibers determined via single 
fiber tension. Reported values and error bars represent the Weibull mean and variance, respectively (n ≥ 
50). 

The properties of carbon fibers reclaimed after depolymerization of cPPA matrices were 

evaluated by SEM (Figure 2.10a) and single fiber tension (Figure 2.10b). For ease of analysis, 

continuous carbon fibers were considered. Composites were prepared by solvent casting cPPA in 

the presence of a single tow of continuous fibers. The resulting films were heated in vacuo at 120 

°C for 1 h to depolymerize the matrix and recover the fibers. Casting and depolymerization were 

repeated until generation 3 samples were acquired. A qualitative evaluation of the fiber 
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morphology and the amount of residual matrix was obtained with SEM, shown in Figure 2.10a. 

Fibers were reclaimed nearly free of residue. TGA analysis confirms less than 0.6% of the mass 

of starting polymer in a film remains on the fibers after depolymerization at 120 °C for 1 h. We 

anticipate that any residues, which are likely small molecules, are easily removable with organic 

solvents. Additionally, reclaimed fibers showed no evidence of surface defects or pitting, a result 

of the mild depolymerization conditions. The mechanical integrity of the reclaimed fibers was 

determined via single fiber tensile tests (Figure 2.10b). All reclaimed fibers were found to retain 

their original strength and stiffness, and any deviations were negligible at the 95% confidence 

level. The excellent property retention and minimal amounts of matrix residue suggest that these 

reclaimed fibers will exhibit exceptional performance when reused.  

 
Figure 2.11. Photographs of a cPPA/CNF composite film (left) and sublimation apparatus after heating the 
composite film to 120 °C for 1 h (right). Depolymerization is achieved by heating in vacuo (0.1 torr) at ca. 
100 °C. The film is recovered after repolymerization and solvent casting from chloroform. 

Carbon nanofiber-reinforced composite films were prepared to assess the recyclability of cPPA 

FRPCs by casting chloroform solutions of carbon nanofibers (CNF) and cPPA (0.15 g CNF, 1 g 

cPPA, 0.9 mL chloroform) with the previously described drop casting and tape casting procedures 

(Figure 2.11, left). The use of carbon nanofiber composites in place of continuous or short fiber 

composites allowed for characterization of recycled composite films without the bias of fiber 

damage incurred during mechanical testing. Upon heating the CNF composite films to the desired 

depolymerization temperature in a sublimation apparatus, the films rapidly disintegrated and a 

yellow solid (oPA) was collected on the condenser. oPA was recovered quantitatively within 1 h 
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at 120 °C and 0.1 torr, and the fibers remained in place, indicating complete separation of the 

matrix and reinforcement phases (Figure 2.11, right). The CNF reinforcement was removed from 

the lower vessel as flakes of agglomerated fibers that immediately collapsed upon agitation, and 

the collected oPA (97% yield) was repolymerized directly (Mn = 231 kDa). The reclaimed fibers 

and recycled polymer were cast to make a recycled composite film. The properties of virgin and 

recycled composite films were compared via quasi-static tension (Figure 2.12). The recycled 

composites exhibited mechanical properties that were experimentally identical to the virgin 

composite. All four generations exhibited moduli of 4.5 ± 0.3 GPa and tensile strengths of 30.3 ± 

3.5 MPa. The recycled composites were found to retain at least 100% of the original tensile 

strength and at least 99% of the original modulus; the differences among generations were all 

negligible at the 95% confidence level. This clearly demonstrates the utility of cPPA for the 

production of composite materials with facile recycling strategies that yield high value products.   

 
Figure 2.12. Mechanical properties of virgin and recycled cPPA/CNF composite films determined via 
quasi-static tension. Reported values and error bars represent the average and one standard deviation, 
respectively (n = 5 for Tensile Strength and n = 6 for Young’s Modulus). 

2.5 Fabrication of High Performance cPPA Monoliths and Composites 

The relatively low degradation temperatures of cPPA (ca. 100 °C) and unpredictable thermal 

degradation behavior46 present significant barriers to thermal processing of cPPA composite 

materials. Feinberg and coworkers recently demonstrated that removal of residual Lewis acid 
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catalysts through dropwise precipitation and the incorporation of a Lewis base stabilizer, N,N’-di-

sec-butyl-p-phenylenediamine (DBPDA), significantly improved the thermal stability and allowed 

for more predictable degradation behavior.46 Further, the addition of phthalate plasticizers reduced 

glass transition temperatures to well below the onset of thermal degradation, enabling the 

production of monoliths through thermoforming. However, the utilized formulations were not 

optimized for material performance, and the very high loadings of plasticizer and stabilizer led to 

soft, tacky plastics at room temperature.  

To manufacture high performance transient plastics, a delicate balance among thermal stability, 

processability, and performance must be achieved. The concentration of small molecule 

plasticizers and stabilizers, which both contribute to a decay in mechanical integrity, must be 

minimized to achieve high performance, significantly reducing the available processing window. 

In addition, to maintain the ease of recycling presented above, the small molecule additives must 

have sufficiently different boiling points from oPA (267 °C). Diphenyl phthalate (DPP) was 

selected as a plasticizer for its high boiling point (ca. 400 °C), and DBPDA was selected as the 

stabilizer due to its ability to improve the thermal stability at extremely low concentrations (as 

little as 0.5 phr needed) and high boiling point (313 °C).  

Feedstocks of various polymer blends were generated by casting from solutions of 

dichloromethane. After drying overnight in a dichloromethane saturated environment, the films 

were pulverized with a coffee grinder, and the resulting powder was dried in vacuo. The dried 

powder was then transferred to an aluminum mold and pressed at various temperatures and 20 

MPa for 15 min. At very low concentrations of DPP (2.5 phr) and DBPDA (0.5 phr), samples 

pressed at 110 °C or below were filled with voids and cracks (Figure 2.13), significantly reducing 

their mechanical integrity. Increasing the temperature to 115 °C resulted in substantial 
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depolymerization, evidenced by severe softening of the material and the appearance of a large 

aldehyde peak in the 1H NMR of the pressed samples. Increased pressure (40 MPa), which was 

much greater than pressure typically utilized during thermal processing of high-density 

polyethylene55, at 110 °C was also attempted with minimal reduction in defects. Increasing the 

plasticizer loading to 5 phr resulted in defect free samples with a modulus of 2.7 ± 0.4 GPa and 

ultimate tensile strength (UTS) of 21.4 ± 0.4 MPa. Further increasing the plasticizer loading 

enables thermoforming at reduced temperatures and pressures, alleviating the risk of unwanted 

thermal depolymerization, but at the expense of mechanical performance. For example, samples 

with 10 phr DPP exhibited moduli of 1.7 ± 0.5 GPa and UTS of 16.8 ± 0.3 MPa. The properties of 

monolithic cPPA blends are comparable with industry standard thermplastics52–54; however, the 

proximity of the processing temperature to the thermal degradation temperature is likely to create 

reproducibility issues and sporadic cPPA depolymerization. Improvement in the thermal stability 

of cPPA is required for further advancement of the material and the potential for 3D printing of 

transient plastics.  

 
Figure 2.13. Optical images of cPPA dogbones (2.5 phr DPP, 0.5 phr DBPDA) pressed at 20 MPa and 110 
°C for 15 minutes. 

After careful optimization of cPPA blends and processing parameters, cPPA nanocomposites 

were explored. To prevent cPPA depolymerization and account for the addition of inert fillers, 

higher plasticizer loadings were utilized. Feedstock blends were prepared by solvent casting 

mixtures of cPPA, DPP (20 phr), DBPDA (0.5 phr), and carbon nanofibers (CNF, x phr) in 
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dichloromethane saturated environments. To ensure dispersal of the nanofibers, mixtures were 

sonicated for 15 min prior to casting. The feedstocks were pulverized in a coffee grinder, and the 

powders were pressed in an aluminum mold at 100 °C and 20 MPa. The presence of carbon 

nanofibers had little influence on pressing at the higher plasticizer loadings under these conditions. 

Samples (Figure 2.14) were free of voids and defects, and the incorporation of nanofibers 

significantly improved mechanical properties. With 5 phr CNF, samples with a modulus of 4 GPa 

and tensile strength of 45 MPa were obtained. Increasing further to 15 phr CNF yielded samples 

with a modulus of 5 GPa while the tensile strength remained the same at 45 MPa. These initial 

results hold promise in the production of electrically active and electrically degradable transient 

materials.  

 
Figure 2.14. cPPA nanocomposite with 15 phr CNF.  

2.6 Conclusions 

The material system presented here is the first demonstration of a fully recyclable polymeric 

matrix material with full monomer recovery and retention of polymer chemical and mechanical 

properties during recycling. cPPA is a model for a new generation of polymers and composites 

designed for ease of recycling. We have demonstrated the ability to depolymerize cPPA and 

quantitatively recover high-purity monomer under mild thermal conditions. Multiple cycles of 

depolymerization and repolymerization were performed, each yielding polymer with excellent 
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properties. Carbon fiber-reinforced cPPA composites were produced via solvent-casting from 

chloroform, and the resulting films were recycled without damaging the reinforcement phase or 

loss in mechanical properties over multiple generations. The presented process, which relies solely 

on a thermal stimulus, is easily scalable. Efficient scaling will require optimization of heat transfer 

during depolymerization and of condensation of the monomer. Thermally-mediated recycling of 

cPPA is not limited to fiber-reinforced composite materials but will likely find use in the 

electronics and consumer product industries as well. The development of polymers capable of 

undergoing an indefinite number of depolymerization and repolymerization cycles in response to 

specific environmental stimuli (e.g. temperature) not only impacts recyclability, but also opens 

new opportunities for self-healing and environmentally adaptive materials. 

2.7 Experimental Details 

2.7.1 cPPA Synthesis and Recycling 

cPPA was synthesized according to literature procedures.14,29,32 oPA was purified by 

recrystallization from a 5:2 dichloromethane:hexanes mixture and stored under argon atmosphere. 

oPA received from the manufacturer and purified by recrystallization served as virgin (generation 

0) material. The purified oPA (12.0 g, 89.5 mmol) was dissolved in anhydrous dichloromethane 

(96 mL) under an inert argon atmosphere in flame dried glassware. The solution was cooled to -

78 °C and 2 mol% boron trifluoride diethyl etherate (240 μL, 1.8 mmol) was added dropwise. The 

reaction was equilibrated for 2 h at -78 °C prior to the addition of pyridine (600 μL, 7.5 mmol). 

Following an additional 2 h equilibration period at -78 °C, polymer was precipitated from methanol 

and washed with diethyl ether. Vacuum filtration afforded a white solid in quantitative yield. cPPA 

depolymerizations were performed in a 40 mL Dailey vacuum sublimator from Chemglass at 0.1 

torr and 120 °C for 1 h, unless otherwise specified. The lower portion of the sublimator was 



 35 

maintained at the target temperature with a silicone oil bath heated on an IKA RCT Basic MAG 

digital round-top stirring hot plate equipped with an IKA ETS-D5 programmable temperature 

probe. oPA was collected in situ on a cold-finger maintained at 20 °C with a continuous stream of 

water. oPA was removed from the cold-finger and repolymerized without any further purification 

to yield recycled cPPA. 

2.7.2 Preparation of cPPA Thin Films 

cPPA thin films were prepared according to a literature procedure.32 In a typical experiment, 

cPPA (100 mg) was dissolved in chloroform (1 mL). To minimize defects and ensure uniform film 

thickness, a chloroform-saturated casting environment was generated by placing a petri dish filled 

with chloroform (10 mL) under a crystallizing dish (90 mm × 50 mm). The cPPA solution was 

drop-cast into a polytetrafluoroethylene-lined petri dish and placed in the chloroform-saturated 

environment. The film was dried in the saturated environment for 18 h, and subsequently dried in 

vacuo (0.1 torr) for 24 h to remove residual solvent. Film thickness (40 µm – 100 µm) was varied 

by adjusting the initial amount of solution cast into the dish.  

2.7.3 Characterization of Thermal Depolymerization 

cPPA thermal depolymerization was monitored by Raman spectroscopy using a Horiba 

LabRAM HR 3D Raman Confocal Imaging Microscope equipped with a 785 nm laser, 300 g/mm 

grating (blazed at 600 nm), a long working distance 20× objective from Olympus, and a Horiba 

Synapse back-illuminated deep-depletion CCD camera. Temperature control was achieved with a 

Linkam THMS600 heating and cooling stage. Target isothermal temperatures were reached 

following a linear ramp of 20 °C/min. Thermal depolymerization was also monitored by Thermal 

Gravimetric Analysis (TGA) with a TA Instruments Q500 TGA equipped with an evolved gas 

analysis furnace and platinum pans. Isothermal segments began after an initial linear ramp of 20 
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°C/min to the target temperature. Chloroform (m/z 83) and oPA (m/z 134) evolution, corresponding 

to the mass loss observed in TGA traces, was monitored in real time with mass spectroscopy (MS) 

using a TA Instruments Discovery Mass Spectrometer. The mass spectrometer included a 

quadrupole detector equipped with a closed ion source, triple mass filter, and a dual (Faraday and 

Secondary Electron Multiplier) detection system. The mass spectrometer and TGA were coupled 

with a heated transfer line maintained at 300 °C. All TGA and MS analyses were performed in 

triplicate. 

2.7.4 Characterization of Virgin and Recycled Materials 

1H and 13C NMR spectra were obtained with a Varian 500 MHz spectrometer provided by the 

School of Chemical Sciences NMR laboratory at the University of Illinois at Urbana-Champaign 

or an NMReady 60Pro 60 MHz NMR. Spectra were obtained in either chloroform-d, dimethyl 

sulfoxide-d6, or tetrahydrofuran-d8. cPPA molecular weight was determined via gel permeation 

chromatography obtained on a system comprised of a Waters 1515 Isocratic HPLC pump, a Waters 

2707 autosampler, a series of four Waters HR Styragel columns (HR1, HR3, HR4, and HR5), and 

a Waters 2414 refractive index detector. The system was calibrated with monodisperse polystyrene 

standards. Analyses were performed in HPLC grade THF (flow rate = 1.0 mL/min) at 25 °C.  

The mechanical properties of virgin and recycled materials were evaluated with a combination 

of dynamic mechanical analysis (DMA) and quasi-static tension. DMA tests on cPPA thin films 

were performed on a TA Instruments RSA III equipped with thin film grips supplied by TA 

Instruments. cPPA films were cut into rectangular samples of 30 mm × 5 mm × 120 µm using a 

steel punch, and the gauge length was maintained at 10 mm. Dynamic loading was applied at 1 Hz 

and 0.1 % strain amplitude while the temperature was increased linearly at 5 °C/min. Data was 

obtained for a minimum of 5 specimens.  
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Tensile measurements of cPPA thin films and cPPA/carbon nanofiber (CNF) composite films 

were performed according to ASTM Standard D882 on a custom built bi-directional-screw-driven 

rail table. Sample dimensions were maintained at 80 mm × 5 mm × 200 µm. Gauge length was set 

at 35 mm, crosshead displacement was maintained at 58.4 μm/s, and the applied load was 

monitored with a 220 N capacity load cell. Strain within the films was measured with a virtual 

extensometer (VE). Points utilized for VE analysis were applied directly to the films with flat 

white or black paint 5 mm from each end of the gauge length. Images were acquired every 125 ms 

with an Allied Vision Stingray F145c CCD camera equipped with an AF Micro-Nikkor 60 mm 

lens from Nikon.  All equipment was controlled with LabView 2015 and a homemade program. 

Data was collected for a minimum of 5 specimens. 

Tensile tests of continuous carbon fibers were performed in accordance with ASTM Standard 

D3822 on a custom-built load frame described by Jones and coworkers56. Single carbon fibers 

were selected at random, mounted on cardstock tabs with a span of 25 mm using cyanoacrylate 

adhesive, and loaded in displacement control at 8 μm/s until failure with a Physik Instrumente M-

230S high resolution linear actuator controlled with LabView 2015 and a homemade program. 

Applied load was measured with a 150 g load cell (Honeywell Sensotec). The fracture surfaces 

were collected, and the diameters were determined optically. Data was collected for a minimum 

of 50 specimens. The properties of virgin and recycled continuous carbon fibers were also 

qualitatively analyzed with Scanning Electron Microscopy (SEM) with a Philips XL30 ESEM-

FEG. Prior to SEM imaging, fibers were mounted on carbon conductive tape and sputtered with a 

12 nm layer of gold/palladium via a Denton Desk II TSC turbo-pumped sputter coater. 

  



 38 

2.7.5 Production and Testing of cPPA Monoliths and Composites. 

Feedstocks were generated by mixing cPPA, diphenyl phthalate (DPP), N,N’-di-sec-butyl-p-

phenylenediamine (DBPDA), and carbon nanofibers (CNF) at the desired concentrations in 

dichloromethane. Mixtures containing CNF were sonicated for 15 min to ensure dispersal of the 

fibers. The mixtures were poured onto an ultra-high-molecular-weight polyethylene substrate, and 

the thickness of the film was set at 200 μm with a high precision film applicator. The films were 

dried overnight in a dichloromethane saturated environment. After drying, the films were 

pulverized with a coffee grinder and the powder was dried for 24 h in vacuo (0.1 torr). Dried 

powders were transferred to an aluminum mold (ASTM Standard D638 Type V dogbone). The 

mold was preheated at the desired temperature (100 – 115 °C) for 5 min, pressed at the desired 

pressure (20 – 40 MPa) and temperature for 5 min, and cooled to room temperature at 20 °C min-

1. The samples were removed from molds and polished to remove any surface defects with a 

MetPrep 3 polisher from Allied High Tech Products, Inc, equipped with a series of silicon carbide 

grinding papers (with a minimum grit of 1200) from Buehler.  

Mechanical performance of cPPA monoliths and composites were evaluated via quasi-static 

tension on an Instron 5984 equipped with a 150 kN load cell and video extensometer. Tensile tests 

were performed at a crosshead speed of 1 mm min-1 until material failure. Young’s moduli were 

calculated over a range of strain from 0.1% to 0.25%.  

2.8 Notes and References 

2.8.1 Notes 

This is a collaborative effort with multiple contributors. E.M.L performed the experiments and 

authored the entire text. Hector Lopez Hernandez analyzed tensile measurements. Elizabeth 

Feinberg assisted with collection and analysis of NMR data and contributed to the fabrication of 
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cPPA monoliths. Mostafa Yourdkhani assisted with experimental design. Edwin Zen assisted with 

single fiber tension experiments. Edgar Mejia assisted with thin film preparation. Sydney 

Butikofer assisted with the fabrication of cPPA monoliths.  

Portions of this chapter have been published. Lloyd, E. M.; Lopez Hernandez, H.; Feinberg, 

A. M.; Yourdkhani, M.; Zen, E. K.; Mejia, E. B.; Sottos, N. R.; Moore, J. S.; White, S. R. “Fully 

Recyclable Metastable Polymers and Composites” Chem. Mater. 2019, 31, 398-406. They are 

reproduced/adapted with permission. Copyright 2019 American Chemical Society. 
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Chapter 3: Triggering Transience of Plastics 

3.1 Introduction 

Synthetic polymers are ubiquitous in our day-to-day lives due to their ease of manufacture1, 

wide range of mechanical properties2, and resistance to corrosion and aging3. In contrast to 

polymer production, plastic waste remediation has proven challenging. Synthetic polymers are 

largely unrecovered at the end of the material lifespan; notably, less than 10% of plastic waste in 

the U.S. was recycled in 2015, with the remainder largely being sent to landfills (ca. 75%) or 

burned (ca. 15%). This lack of end-of-life management has resulted in the global plastic pollution 

crisis.4 Transient materials may provide controlled end-of-life strategies for plastic waste 

mitigation.  

The ideal transient material has good mechanical properties, is readily accessible from 

inexpensive feedstocks, is processable by conventional methods, and is easily tailored to respond 

to different and orthogonal triggering stimuli. Depolymerization reactions are typically triggered 

by light5, acid6, and specific ions7, stimuli that are ubiquitous in everyday use. Single electron 

transfer (SET) triggering of transient polymers presents an alternative route to tunable transient 

materials. An SET-triggered polymer unzipping reaction offers versatility for materials 

formulation. Tailored additives would enable SET-triggering from specific light8, chemical9,10, or 

electrical11 input to initiate depolymerization using a single, easily-accessible pathway. In this 

work, we sought to demonstrate a transient material that is easily synthesized, has a storage 

modulus of at least 1 GPa, is processable, and is triggered to depolymerize by SET. 

A promising transient polymer is cyclic poly(phthalaldehyde) (cPPA), which has a room 

temperature storage modulus of 1.5-2 GPa12 and is prepared in a scalable, one-step cationic 

polymerization reaction from ortho-phthalaldehyde (oPA), a readily available monomer13,14. cPPA 



 43 

rapidly unzips to form oPA on thermal15, acid16, or mechanical17 triggering due to its low ceiling 

temperature (Tc = -36 °C18). The mechanisms of acid-triggered19 and mechanically-triggered17 

cPPA unzipping are well known, but the mechanism of thermal triggering has not been established. 

While purely ionic and purely radical thermolytic depolymerization mechanisms have been 

previous proposed20, we hypothesized that SET effectively initiates the unzipping of cPPA by 

mesolytic cleavage of the radical cation intermediate (Figure 3.1). Here, we present evidence in 

support of the SET-triggered depolymerization of cPPA and demonstrate the application of this 

mechanism in the manufacture of sunlight-degradable monolithic materials. 

 
Figure 3.1. Putative single electron transfer (SET) induced depolymerization of cyclic 
poly(phthalaldehyde) | One electron oxidation of cPPA either via chemical oxidation using p-chloranil 
(pCA) or photoredox catalysis using N-methylacridinium hexafluorophosphate (NMAPF6) results in the 
formation of the corresponding cation radical intermediate I. Following SET activation, mesolytic cleavage 
of I forms the distonic cation radical II, which is hypothesized to undergo cationic unzipping of the activated 
oxonium chain end, forming intermediate III, and ultimately the monomer oPA. 

  



 44 

3.2 Single Electron Transfer Induced Depolymerization of cPPA 

 
Figure 3.2. Thermolysis of cPPA in the presence of reductants and oxidants | (a) Change in degradation 
onset temperature during 5 °C/min dynamic TGA scans of cPPA thin films as a function of 1,3,5-
trimethoxybenzene (TMB) and p-chloranil concentration, phr = parts per hundred resin. (b) Evolution of 
molecular weight (Mn) as a function of conversion during thermolysis of cPPA thin films containing 2 phr 
TEMPO. In each plot, error bands and error bars represent 95% confidence. Plotted points in (a) represent 
the average of three measurements.   

We hypothesized that, during thermolysis, SET oxidation of cPPA leads to the formation of a 

benzylic cation radical21. Mesolytic fragmentation of the benzylic cation radical22,23 is followed by 

subsequent cationic chain unzipping throughout the polymer chain (Figure 3.1). To test the SET-

triggering hypothesis, we first examined the effect of a small molecule oxidant, p-chloranil (pCA, 

Ered = -0.005 V vs SCE in acetonitrile24), on cPPA thermal stability (Figure 3.2a). If SET triggers 

cPPA depolymerization, addition of an oxidant is expected to destabilize the polymer. The addition 

of pCA resulted in significantly reduced thermal stability, which decreased in a dose-dependent 

manner. This linear dependence enabled tuning of the thermal degradation onset temperatures over 

a ca. 15 °C range (0-2 phr (parts per hundred resin) pCA). These results demonstrate that SET is 

an effective method for triggering cPPA degradation, but do not indicate whether the SET 

triggering mechanism is operative under typical thermolytic conditions, as SET requires a 

reductant/oxidant pair. A plausible thermo-oxidant is BF3-pyridine, known to be both a mild 

oxidant25 and a common impurity in cPPA which results in lowered polymer thermal stability20. 
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Though it is not possible to determine if the BF3-pyridine in cPPA is the operative oxidant, we 

can conclusively establish whether SET is the primary mode of thermolytic cPPA 

depolymerization. This SET triggering mechanism further predicts that electron donors, such as 

1,3,5-trimethoxybenzene (TMB, Eox = 1.539 V vs SCE)26, will inhibit the thermal degradation of 

cPPA. As shown in Figure 3.2a, addition of TMB to cPPA films results in a material with a higher 

degradation onset temperature. The onset of polymer degradation measured during dynamic TGA 

experiments varied linearly with TMB concentration. GPC analysis of the cPPA films during 

thermolysis in the presence and absence TMB show no significant differences in Mn evolution in 

doped and undoped samples. This result indicates that the inhibitory action of TMB occurs before 

the activation of cPPA chains, consistent with the SET triggering mechanism and inconsistent with 

purely radical or purely ionic thermolysis mechanisms. 

The addition of TEMPO to cPPA is known to stabilize the polymer toward thermolysis.20 This 

effect had previously been rationalized by trapping of radical chain ends by TEMPO. In contrast, 

the SET triggering hypothesis predicts that TEMPO inhibition is due to sacrificial oxidation of 

TEMPO (Eox = 0.50 V vs SCE27). To probe the nature of TEMPO inhibition, we monitored by 

GPC the evolution of polymer molecular weight during the thermolytic depolymerization of cPPA 

films in the presence and absence of added TEMPO. If the stabilizing effect of TEMPO was due 

to radical trapping, i.e. the deactivation of reactive cPPA termini after a scission event, the change 

in Mn during depolymerization would follow a non-linear trend28, generating low molecular weight 

chains at low conversion. Instead, Mn of cPPA samples without TEMPO and with 2 phr added 

TEMPO followed statistically similar linear trends during depolymerization, with no observable 

low Mn species at low conversion (Figure 3.2b). This trend indicates that the stabilizing effect of 

TEMPO is not due to radical trapping, but rather suggests that TEMPO inhibits SET-activation of 
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the polymer chain. These results exclude a homolytic thermal depolymerization mechanism and 

further support the SET-triggering hypothesis. Having established a novel SET triggering 

mechanism as the primary thermal depolymerization pathway for cPPA, we were interested in the 

application of SET chemistry to develop photodegradable monolithic materials using 

photoinduced single electron transfer. 

3.3 Mechanical Deterioration during Photo-Oxidative Depolymerization of cPPA 

While photodegradable thin films have been demonstrated previously by the creative 

application of photoacid generators (PAGS)6,29, the thermal decomposition of PAGs precludes 

their use in the manufacture of monolithic photodegradable materials30,31, which generally requires 

extended time at elevated temperature for melt processing. Thermally stable organic photooxidants 

present a promising tool for the manufacture of monolithic, photodegradable engineering plastics. 

Bulk material samples were fabricated following our previously reported procedure20. Briefly, 

cPPA was solvent-blended in dichloromethane with a plasticizer (diphenylphthalate, 40-60 phr) 

and a photooxidant (NMAPF6, 1 mol %) and drop cast in a dark enclosure to exclude ambient 

light. After 24 hours, the blended films were pulverized, and the resultant powder was used as a 

feedstock for thermoforming. Type V dog-bone samples (ASTM standard D638) were fabricated 

by hot-pressing the cPPA-NMAPF6-DPP feedstock at 90 °C, 10 MPa for 5 minutes. The resultant 

monolithic materials were high-quality, optically transparent thermoplastics with an average 

storage modulus of 1.8 GPa, as measured by dynamic mechanical analysis (DMA). 

To study photooxidative depolymerization of bulk polymers, the mechanical integrity of cPPA 

samples (thickness = 500 µm) was measured by DMA during exposure to UV light. Optical images 

of a cPPA-NMAPF6-DPP sample during UV irradiation at 0.35 Wcm-2 in the DMA instrument are 

shown in Figure 3.3a-c. The bulk material completely degrades in the irradiated area, resulting in 
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a viscous liquid composed of monomer, plasticizer, and the photooxidant by-products. Unexposed 

and under-exposed regions remained visibly unaffected. As shown in Figure 3.3d the rate of 

material degradation is controlled by irradiation intensity. Bulk samples were monitored in the 

dark for a 300 second pre-exposure period to obtain a baseline stiffness, at which point the UV 

light source (375 nm) was turned on. Samples exposed to 0.1, 0.15, and 0.2 Wcm-2 UV irradiation 

rapidly lost mechanical integrity, failing under tension within 600, 300, and 200 seconds, 

respectively. Samples that were not exposed to UV light maintained their original stiffness 

throughout the experiment. Control samples without NMAPF6 did not undergo significant change 

on exposure to equivalent UV irradiation.  

 
Figure 3.3. Controlled depolymerization of bulk cPPA samples by photochemical SET triggering | (a-
c) Photographs of a cPPA-NMAPF6 dog bone under 375 nm radiation (0.35 Wcm-2) at 5, 65, and 125 s, 
showing physical destruction of the polymer matrix. (d) Normalized E’ of NMAPF6-doped cPPA dog bones 
during photolysis at 375 nm at varying light intensities. Samples were monitored in the absence of light for 
150 s, at which point the lamp was turned on. Each curve is an average of 3 samples, and error bands 
represent 95% confidence. 

3.4 Sunlight Degradation of Monolithic Solids 

Finally, the efficacy of SET-triggering for applications in environmental degradation was 

tested. Using the above thermoforming procedure, an I-shaped monolithic solid was manufactured 

(thickness = 2.0 mm). The sample was exposed to solar radiation (measured light intensity = 30 

mWcm-2) and photographed at regular intervals (Figure 3.4a-e) on a white cardstock background. 

After 3 minutes of exposure to sunlight, the sample discolored along its surface. Within 6 minutes, 



 48 

viscous liquid had begun to pool around the sample. After 12 minutes of exposure, large, needle-

like crystals appeared, indicating the formation of the crystalline monomer, oPA. Within 24 

minutes of sunlight exposure, no visible polymer remained. By using the novel SET triggering 

mechanism, we have successfully produced a sunlight-degradable monolithic material. 

 
Figure 3.4. Sunlight degradation of cPPA plastics | (a-e) Bulk cPPA-NMAPF6 degrading in sunlight on 
a sunny day in August in Champaign, IL, US, over the span of 25 minutes. UV intensity during sunlight 
photodegradation was measured at 30 mWcm-2, and the outdoor temperature was 24.5 °C. 

3.5 Conclusions 

We have presented for the first time a transient polymer which undergoes rapid chain 

unzipping depolymerization to its constituent monomer following a single electron transfer trigger. 

SET triggering is achieved through multiple modes and was realized in both thermal and 

photochemical depolymerization of cyclic poly(phthalaldehyde). The collection of evidence 

presented here supports the mechanistic hypothesis of SET activation and subsequent mesolytic 

cleavage. This mechanism was used to tune the thermal stability of cPPA by the addition of 

oxidants and reductants. Additionally, photooxidation of cPPA using NMAPF6 was demonstrated 

as an effective method of depolymerization in solution and in thin films. Finally, monolithic solids 

comprised of cPPA, diphenylphthalate, and NMAPF6 were fabricated. These photooxidant-doped 

bulk solids were shown to exhibit desirable mechanical properties (E’ = 1.8 GPa), and to respond 

rapidly to applied UV light, degrading completely into the corresponding monomer. Additionally, 

it was shown that the monolithic cPPA materials fully degraded to monomer within 25 minutes of 

sunlight exposure. 
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Given the ease with which cPPA depolymerizes by frequently encountered stimuli, it is 

unlikely to serve as a candidate to mitigate the environmental burden of single use plastics. 

Nonetheless, as a bulk engineering plastic that rapidly depolymerizes via photoredox catalysis, the 

chemical concepts presented here may inspire the development of new transient packaging. Even 

in its present state the applications for cPPA are evident, such as in the manufacture of transient 

delivery systems, and environmental sensing applications. For examples, it is conceivable that 

SET-triggered cPPA is well-suited for use in the manufacture of air gliding vehicles that deliver 

critical supplies and subsequently vanish by programmable transience, leaving no trace of the 

device. Most importantly, this work demonstrates a novel mode of SET-triggered transience and 

raises the prospect of SET as a depolymerization mechanism in a potentially broad range of 

polymers. Thus, SET triggering of transient polymers is viewed as a promising area for future 

exploration. 

3.6 Future Work 

The availability of orthogonal triggering mechanisms is of critical importance to the design of 

sustainable materials as a balance between stability in service life and recyclability at the end of 

life must be struck. SET triggered depolymerization can be tailored to be completely orthogonal 

to the polymer service life, and the exploration of SET triggering in thermally stable transient 

plastics, such as poly(benzyl ether)s32 and poly(4,5-dichlorophthalaldehyde)33, will effectively 

demonstrate that this balance is attainable. Further, addition of inert fillers, such as carbon 

nanofibers,34 will enable electron transduction in bulk materials and the development of 

electrically degradable devices. Additionally, through the incorporation of piezoelectric particles35, 

mechanical activation will be possible in the solid state, representing a significant step in the 

realization of bioinspired bone remodeling in synthetic materials. Finally, SET triggered 
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depolymerization presents an avenue towards enzymatic degradation of plastic waste. P450 

enzymes have been found to promote oxidation of aromatic small molecules to radical cations36, 

and are anticipated to support SET initiated depolymerization of transient polymers. 

3.7 Experimental Details 

3.7.1 General 

All materials were purchased from Sigma-Aldrich and used without further purification unless 

otherwise noted. Ortho-Phthalaldehyde (oPA) was purchased from Oakwood Chemical and 

purified via vacuum distillation (0.1 torr, 90 °C). Poly(tetrafluoroethylene) petri dish liners were 

purchased from Welch Fluorocarbon Inc. Ultra-high-molecular-weight polyethylene substrates 

were purchased from McMaster Carr. All prepared thin films were stored at -20 °C until use. 

Analytical Gel Permeation Chromatography (GPC) was performed using a Waters 1515 

isocratic HPLC pump and Waters 2707 96-well autosampler, equipped with a Waters 2414 

refractive index detector and 4 Waters HR Styragel Column (7.8 × 300 mm, HR1, HR3, HR4, and 

HR5) in THF at 30 °C. The GPC system was calibrated using monodisperse polystyrene standards. 

Thermogravimetric analysis (TGA) was performed using a TA Instruments Q500 TGA under 

a nitrogen atmosphere (90 mL/min). Dynamic TGA traces were obtained during a 5 °C/min ramp 

after equilibration at 40 °C. TGA samples consisted of 3-5 mg of the analyte film in a platinum 

pan. 1H NMR spectra were recorded on a Varian VXR 500 (500 MHz) or an NMReady-60 

benchtop NMR (60 MHz) purchased from Nanalysis Scientific Corp. UV photodepolymerization 

was performed using a custom-made 375 nm LED equipped with an AR coated aspherical 

condenser lens and an AR coated biconvex focusing lens (75 mm focal length). All parts were 

purchased from Thor Labs and assembled manually. A Keyence VHX-5000 series digital 

microscope was used to visualize photodegradation of cPPA thin films. A Canon EOS 7D camera 
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equipped with a 100 mm macro lens from Canon was used to image photodegradation of cPPA 

bulk materials.  

3.7.2 Synthesis of Cyclic Poly(Phthalaldehyde) 

Cyclic poly(phthalaldehyde) (cPPA) was prepared via the cationic polymerization of purified 

oPA using a Lewis acid catalyst, BF3-EtO2, according to a known procedure.14 All reactions were 

run in anhydrous dichloromethane at -78 °C. Briefly, 40 g of ortho-phthalaldehyde (300 mmol) 

was dissolved in 200 mL of anhydrous DCM (1.5 M). The solution was first cooled down to -78 

°C for 2 minutes upon which 0.8 mL of BF3-EtO2 (6.5 mmol) was added to the reaction. The 

solution was stirred using a mechanical stirrer for 2 hours, at which point it had become highly 

viscous. The reaction was then quenched using 2 mL of pyridine and was stirred for an additional 

2 hours. Finally, the reaction mixture was precipitated in 4 L of methanol. The precipitated polymer 

was dried via vacuum filtration for 1 hour and subsequently dried on hi-vac overnight to afford 

36.5 g (92%) of a white solid. The polymer was stored at -20 °C until use. 

1H NMR (CD2Cl2, 500 MHz) δ 5.75-7.75 (br, 6 H). Mn = 250 kDa, Ɖ = 1.67. 

3.7.3 Synthesis of N-Methylacridinium Iodide 

N-methylacridinium iodide (NMAI) was synthesized according to literature procedure.37 

Briefly, a 100 mL oven dried round bottom flask was charged with a stir bar.  5.0 g of acridine 

(27.6 mmol) was dissolved in 20 mL DMF and was heated to 35 °C for 10 minutes. 3.4 mL 

iodomethane (55 mmol) was added into the reaction flask. The reaction flask was heated to 50 °C 

overnight under dry nitrogen. 100 mL of diethyl ether was added to the reaction mixture, and the 

precipitated solid was then isolated via vacuum filtration. The compound was dried on hi-vac 

overnight to yield 6.6 g of material (74%) and was used without further purification. 
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1H NMR (CD2Cl2, 500 MHz) δ 10.02 (s, 0.95 H), 8.67 (d, 2 H), 8.61 (dd, 1.96 H), 8.47 (ddd, 

1.99 H), 8.02 (ddd, 1.97 H), 5.00 (s, 3.16 H). 

3.7.4 Synthesis of N-Methylacridinium Hexafluorophosphate 

1.09 g of NMAI (3.3 mmol) was dissolved in 120 mL of water and a 20 mL aqueous potassium 

hexafluorophosphate (1.22 g, 6.6 mmol) solution was added. A yellow precipitate formed 

immediately. The solution was stirred for 30 minutes and the precipitate was isolated via vacuum 

filtration. The precipitate was washed with 3×50 mL water and was then dried under vacuum 

overnight. The dried product purified via recrystallization in methanol, forming small needle-like 

crystals (253 mg, 28.6 % yield).  The resulting compound was dried under vacuum and stored 

away from light. 

1H NMR (CD2Cl2, 500 MHz) δ 9.77 (s, 0.98 H), 8.52 (ddd, 3.95 H), 8.45 (m, 1.99 H), 8.02 

(ddd, 1.95 H), 4.87 (s, 3.13 H). 

3.7.5 Solvent cPPA Thin Films 

Free standing pristine cPPA thin films were prepared according to literature procedure.20 

Briefly, cPPA (100 mg) was dissolved in HPLC grade dichloromethane (3 mL). The solution was 

then cast into a 50 mm diameter PTFE-lined petri dish and allowed to dry for 24 hours in a light-

free cardboard enclosure with solvent-saturated atmosphere. Films used in reductant and oxidant 

stability tests were doped with 0.5, 1.0, 1.5 and 2.0 mg of 1,3,5-trimethoxybenzene (TMB) or p-

chloranil (pCA) before casting. Films used in trapping experiments were doped with 2.0 mg 

TEMPO or TMB before casting.  

3.7.6 cPPA Trapping Experiments 

Small sections of cPPA thin films were cut and weighed out (~5 mg). The films were placed 

into the bottom of scintillation vials. The vials were then immersed in an oil bath that was kept at 
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100 °C. The vials were removed at 5-minute intervals and the depolymerization quenched using 

an ice bath. The vial contents were dissolved in 0.25 ml of THF and analyzed by GPC. The GPC 

traces were normalized by the initial mass of the film, and conversion was determined via the ratio 

of the normalized area of high molecular weight peaks (retention times between 20-35 minutes) of 

samples subjected to thermolysis and a control sample that was not subjected to thermolysis.  

The trends of Mn vs. conversion for samples doped with TMB and with TEMPO were 

compared against those of pristine cPPA films run at the same time using an F-test. The trends 

were not found to be statistically different at the 95 percent confidence level.  

3.7.7 Fabrication of cPPA Monoliths 

cPPA Feedstock Preparation 

5.0 g of cPPA and diphenylphthalate (2.0 or 3.0 g for dog-bone feedstock and I-shaped 

monolith feedstock, respectively) were dissolved in HPLC grade dichloromethane (40 mL). To 

prepare the photooxidant-doped feedstock 127 mg (1 mol % with respect to oPA repeat unit) 

NMAPF6 was added to the solution. Solutions were then tape cast onto an ultra-high-molecular-

weight polyethylene substrate in the dark. Film thickness (200 µm) was set with a high precision 

film applicator. Films were left in a dichloromethane-saturated environment for 24 h. This process 

generated a free-standing film which was then pulverized into a powder feedstock using a coffee 

grinder. 

cPPA Monolith Preparation 

300 mg of cPPA feedstock prepared above (with or without added NMAPF6) were placed into 

an aluminum dogbone mold (ASTM Standard D638 Type V). The filled mold was then preheated 

at 90 °C for 5 minutes. Samples were then pressed at 10 MPa and 90 °C for 5 minutes. The mold 

was cooled down (10 °C/min) to room temperature, and the dog-bones (500 µm thick) were 



 54 

removed from the mold. The same process was used to produce the “I” shaped monoliths using 

1.5 g of cPPA feedstock. 

Storage Modulus Determination 

Dynamic mechanical analysis (DMA) was performed using a TA Instruments RSA III. Both 

pristine cPPA and NMAPF6-doped cPPA samples were loaded onto the DMA using thin film grips 

provided by TA Instruments. The gauge length was set to 8 mm. Oscillatory load was applied at 

10 Hz and 0.1 % strain amplitude at 20 °C.  The storage modulus of three samples was measured 

for both pristine cPPA samples and NMAPF6-doped samples. The average storage moduli of 

pristine and NMAPF6-doped samples were 1.54 ± 0.10 and 1.78 ± 0.11 GPa, respectively.  

3.7.8 Dynamic Mechanical Analysis of cPPA during Photodegradation 

Pristine cPPA and NMAPF6-doped cPPA specimens were loaded onto the DMA, and the gauge 

length was set to 25 mm. Oscillatory loading was applied at 10 Hz and 0.1 % strain amplitude at 

20 °C. The samples were first characterized in the dark for a 300 second pre-exposure period after 

which the UV light source (0.1, 0.15, or 0.2 Wcm-2) was turned on. Specimens were tested until 

they failed in tension. Degradation was monitored optically with a Canon EOS 7D camera 

equipped with a 100 mm macro lens. 

3.7.9 Sunlight Depolymerization of cPPA Monoliths 

“I” shaped cPPA monoliths prepared above were placed on a glass petri dish and placed outside 

on a sunny day, September 6th, 2019 in Urbana, Illinois. Photographs of the specimens were taken 

at 5 second intervals for 25 minutes. The UV intensity during sunlight photodegradation was 

measured to be 30 mWcm-2, and the outdoor temperature was 30.5 °C. The NMAPF6-doped cPPA 

sample showed complete degradation after 24 minutes of exposure whereas the pristine cPPA 

sample showed no visual signs of degradation. 
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3.8 Notes and References 

3.8.1 Notes 

This is a collaborative effort with multiple contributors. E.M.L prepared bulk monoliths, 

performed the dynamic mechanical analysis experiments, and conducted the sunlight degradation 

experiments. Oleg Davydovich performed all syntheses and conducted the thermal gravimetric 

analysis, gel permeation chromatography, and NMR experiments. Douglas Ivanoff aided in sample 

imaging. Elizabeth Feinberg directed the research. Elizabeth Feinberg, Oleg Davydovich, and 

E.M.L authored the text.  

Portions of this chapter have been published. Feinberg, E. C.; Davydovich, O.; Lloyd, E. M.; 

Ivanoff, D. G.; Shiang, B.; Sottos, N. R.; Moore, J. S. “Triggered Transience of Plastic Materials 

by a Single Electron Transfer Mechanism” ACS Cent. Sci. 2020, 6, 266-273. They are 

reproduced/adapted with permission. Copyright 2020 American Chemical Society. 
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Chapter 4: Energy-Efficient Synthesis and Upcycling of Degradable Thermosets 

4.1 Introduction 

Since the invention of the first electricity-generating wind turbine in 1888, the design of turbine 

blades has evolved to center on fiber-reinforced polymer composites (FRPCs).1 The high specific 

stiffness, high specific strength, and physical and chemical resilience of FRPCs enable long service 

lives coupled with exceptional performance and efficiency.2 While wind energy will ultimately 

reduce our reliance on fossil fuels and help to minimize our carbon footprint, the use of FRPCs in 

turbine blades poses two significant environmental challenges. First, the initial manufacture of 

FRPCs is extremely energy intensive. The thermoset resins frequently employed in the glass 

FRPCs of wind turbine blades must be cured under pressure and at elevated temperatures for 

several hours.3 Second, these FRPCs lack end-of-life strategies as the chemical and thermal 

stability of the high-strength covalent networks formed during thermoset curing make degradation 

and recycling impractical.4 Unfortunately, the turbine blades of the first-generation, large-scale 

wind farms are reaching the end of their useful lifespans. Thousands of turbine blades are being 

removed from service annually. It is estimated that eight thousand blades will be decommissioned 

annually for the next few years in the United States alone5, with similar trends across the world. 

Currently, these massive structures, which often exceed 30 m in length and can weigh more than 

12,000 kg6, are being sectioned for transportation and buried in landfills, where they represent 

significant economic losses and environmental concerns. To alleviate these issues and further 

reduce the environmental impact of clean energy sources, the next generation of thermoset 

materials must be manufactured with as little energy as possible and include end-of-life strategies.  

Frontal polymerization (FP), which harnesses the latent chemical energy stored within a resin 

to drive materials synthesis,7 has been shown to reduce both the manufacturing time and energy 
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for thermosets and FRPCs by several orders of magnitude8. To date, the majority of resin 

development has centered on acrylates9–15, epoxies16–20, and strained cyclic olefins8,21–26, all of 

which lack degradable functionality and fail to address the end of life of polymeric materials. 

Recently, several monomers for ring-opening metathesis polymerization (ROMP) which install 

cleavable units into the polymer backbone have been explored.27–30 Moatsou and coworkers 

utilized monosubstituted dioxepins as localized spacers in multiblock poly(norbornenes).27 The 

acid-labile acetal group from the dioxepin monomer enabled precise scission of the spacer and the 

release of poly(norbornene) blocks. Utilizing an analogous approach, Shieh and coworkers 

copolymerized cyclic silyl ethers with norbornene derivatives to create cleavable linear, 

bottlebrush and star copolymers.28 Shieh’s cyclic silyl ethers were also incorporated into 

poly(dicyclopentadiene) (pDCPD) thermosets.29 By installing the cleavable unit into the backbone 

of the thermoset rather than the crosslinks, Shieh and coworkers were able to fully degrade pDCPD 

thermosets at relatively low loadings of cyclic silyl ether (< 10 vol %).  

Inspired by recent advances in FP and degradable ROMP polymers, we seek to combine the 

two concepts to generate degradable thermosets in an energy efficient manner. Cleavable units 

will be incorporated into a pDCPD backbone by copolymerizing cyclic silyl ethers and cyclic 

acetals during the frontal ring-opening metathesis polymerization (FROMP) of dicyclopentadiene 

(DCPD) (Figure 4.1a,b). Hydrolysis of the cleavable units will generate oligomers with a high 

concentration of olefins and terminal hydroxyl groups which will be leveraged for recycling and 

upcycling (Figure 4.1c). Comonomer performance will be evaluated on three criteria: 

synthesizability, copolymerization during FROMP, and degradability.  
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Figure 4.1. Design of cleavable comonomers for FROMP | a, Frontal copolymerization of DCPD and a 
cleavable cyclic olefin in the presence of a ruthenium catalyst and tributyl phosphite inhibitor. The chemical 
unit highlighted in yellow is easily hydrolyzed in the presence of fluoride (X = Si) or acid (X = C). b, 
Schematic representation and several key properties of candidate olefins. Ring strains are estimated via 
DFT calculations. c, Triggered degradation of O-X-O unit within thermosets yields hydroxyl units which 
are leveraged for recycling or upcycling.  

4.2 Synthesizability of Cleavable Cyclic Olefins 

To be competitive with commodity thermoset resins, all components must be made easily and 

cheaply at scale. Eight-membered cyclic silyl ethers (e.g. iPrSi-8) are synthesized from cis-2-

pentene-1,5-diol, which is not commercially available and synthesized over four steps from 3-

butynol28. Multistep syntheses significantly reduce overall yield (30% overall yield observed for 

iPrSi-8) and greatly increase manufacturing time, energy, and waste. Conversely, seven-membered 

cyclic silyl ethers (e.g. iPrSi-7) and cyclic acetals (e.g. iPrAc-7) are synthesized in one step from 

cis-2-butene-1,4-diol, which is available commercially for less than $0.10 per gram, in high yields 

(≥ 70%). Further, eight-membered cyclic monomers suffer from thermodynamic effects that result 

in competitive oligomerization during cyclization. The oligomers are easily removed by 

distillation, but this represents additional energetic inputs and is impractical for high molecular 
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weight species. The synthesis of a seven-membered ring, however, is less susceptible to oligomer 

formation. Both iPrSi-7 and iPrAc-7 are synthesized without oligomer formation or the need for 

distillation. Finally, dichlorosilanes, which are utilized in the synthesis of silyl ethers, are 

significantly more expensive than the aldehydes required in acetal synthesis. For example, 

dichlorodiisopropylsilane is available for approximately $4.00 per gram and isobutyraldehyde is 

available for approximately $0.08 per gram, a fifty-fold difference in price. We therefore rank 

synthesizability of the cleavable cyclic olefins as follows: iPrAc-7 > iPrSi-7 >> iPrSi-8. 

4.3 Frontal Copolymerization of Cleavable Cyclic Olefins 

 
Figure 4.2. Frontal copolymerization of DCPD and cleavable cyclic olefins | a, Optical images of 
FROMP of DCPD and 10 mol % iPrSi-7 containing 150 ppm Grubbs Catalyst M202 and 1 molar equivalent 
(with respect to catalyst) of tributyl phosphite. Images were taken at 5 s intervals. Grubbs Catalyst M202, 
which exhibits a strong color change during propagation, was utilized to enhance visualization of the 
polymerization front. b, Front velocity measured at various loadings of iPrSi-8, iPrSi-7, and iPrAc-7. All 
measurements were conducted at 25 °C with 150 ppm Grubbs Catalyst 2nd Generation (GC2) and 1 molar 
equivalent (with respect to GC2) of tributyl phosphite (TBP). Reported values represent the average and 
one standard deviation (n = 3). 
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Each of the candidate monomers possess significantly less ring strain (Figure 4.1b) than the 

norbornene ring of DCPD31, calculated to be 26.7 kcal mol-1. The low ring strain of the 

comonomers is anticipated to reduce the energy density of the resin, leading to decreased front 

velocities at increased comonomer loadings. While it is preferable to have a high ring strain 

monomer, low ring strain monomers have previously been copolymerized during FROMP of 

DCPD24. Even at 50 vol % cyclooctadiene, Dean and coworkers reported front velocities greater 

than 4 cm min-1.24 Further, Shieh and coworkers required less than 10 vol % of cyclic silyl ether 

to ensure full degradation of oven cured pDCPD. This small fraction of comonomer is expected to 

have minimal impact on frontal propagation. 

Frontal copolymerization of DCPD and cleavable cyclic olefins yields high quality materials 

free of voids (Figure 4.2a) for all comonomers up to the tested 25 mol % loading. Due to the 

significant difference in ring strain between DCPD and the cleavable comonomers, we anticipate 

that propagation dynamics will be dominated by the density of DCPD within the system, and 

monomers with lower molecular weights are, therefore, expected to sustain higher front velocities. 

Initially, the front velocity increases with increasing comonomer concentration, reaching a 

maximum at 5 mol % iPrSi-7 and iPrSi-8 and 10 mol% iPrAc-7 (Figure 4.2b). This nonmonotonic 

increase in front velocity has been reported previously32 and is attributed to the decrease in 

crosslink density from the incorporation of a monofunctional olefin that reduces the effective 

activation barriers for frontal propagation10. Front velocity then decays steadily due to the decrease 

in energy density with increased loadings of the less-strained cleavable olefins. iPrSi-8 and iPrSi-

7 copolymerizations yield statistically similar trends in front velocity, likely a result of the small 

(6%) difference in molecular weight. However, the nearly 30% difference in molecular weight 

between iPrSi-7 and iPrAc-7 leads to significantly higher front velocities when iPrAc-7 is utilized 
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as a comonomer. We further investigated the impact of atom economy on front velocity by 

synthesizing a phenyl-substituted seven-membered cyclic acetal (PhSi-7), which represents an 

increase in molecular weight of 34%. The presence of the phenyl substituents significantly 

decreases front velocity and results in quenched fronts at 25 mol % loading of PhSi-7 (Figure 4.3), 

supporting our initial hypothesis.  

 
Figure 4.3. Investigation of the importance of atom economy in frontal copolymerization | Front 
velocity measured at various loadings of iPrSi-7 (MW = 200. 35 g mol-1) and PhSi-7 (MW = 268.39 g mol-
1). All measurements were conducted at 25 °C with 150 ppm GC2 and 1 molar equivalent (with respect to 
GC2) of TBP. Reported values represent the average and one standard deviation (n = 3). 

Minimal residual exotherm (< 1 J g-1) is detected during dynamic differential scanning 

calorimetry (DSC) traces of FROMP copolymers containing up to 15 mol % iPrSi-8 or iPrSi-7. 

Those containing iPrAc-7 exhibit minimal residual exotherm up to 10 mol%, but at 15 mol % a 

residual exotherm of 7.8 ± 3.7 J g-1 is measured. At 20 mol % comonomer loading, residual 

exotherms of 3.8 ± 1.1, 10.5 ± 0.5, and 23.7 ± 3.3 J g-1 are detected for iPrSi-8, iPrSi-7, and iPrAc-

7, respectively. These values increase to 11.4 ± 1.3, 16.9 ± 3.3, and 31.8 ± 3.6 J g-1 at 25 mol % 

comonomer. Unfortunately, the Raman signatures of all three comonomers are masked by pDCPD 

peaks, making solid state detection of residual comonomer difficult. However, Raman spectra of 

the copolymers (Figure 4.4a) show no signs of unreacted DCPD, suggesting that the residual 

exotherm is a result of unreacted comonomer. Together, these findings indicate that the 
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comonomers do not completely incorporate at high concentrations and that iPrAc-7 is incorporated 

into the polymer network with less efficiency than the silyl ether monomers.  

 
Figure 4.4. Characterization of FROMP copolymers | a, Raman spectra of FROMP copolymers 
containing 25 mol % cleavable comonomer. The absence of the norbornene C=C stretch of DCPD at 1575 
cm-1 is noted in all spectra.33 b, Glass transition temperature of FROMP copolymers at varied cleavable 
comonomer loadings. Tg was determined as the inflection point in dynamic DSC traces obtained at 5 °C 
min-1. Reported values represent the average and one standard deviation (n = 3). 

Given that pDCPD is typically employed in structural applications8, we sought to investigate 

the impact of the cleavable comonomers on the mechanical performance of the resulting 

thermosets (Figure 4.4b). The incorporation of long aliphatic chains into the thermoset 

significantly reduces the crosslink density and, subsequently, the glass transition temperature (Tg), 

determined as the inflection point in dynamic DSC traces. The glass transition temperature 

decreases from 162.7 ± 0.3 °C at 0 % comonomer to approximately 100 °C at 7.5 mol % 

comonomer. Further increasing the comonomer loading to 25 mol % yields copolymers with Tg 

values near room temperature. Due to the similarities in the aliphatic chain length and substituents, 

all three comonomers produce statistically similar trends in Tg. To avoid sacrificing material 

performance, the comonomer concentration must be minimized. 
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4.4 Degradation and Upcycling of FROMP Copolymers 

 
Figure 4.5. Degradation of FROMP copolymers | a, Optical images taken at 0 h and 16 h after submerging 
thermosets in 1.0 M degradation solutions (TBAF for silyl ether containing thermosets and HCl for acetal 
containing thermosets) and after removal of the soluble fraction from the residual solids. From left to right, 
the image sets correspond to iPrSi-8, iPrSi-7, and iPrAc-7 samples. Scale bars are 1 cm. b-d, SEC traces of 
isolated degradation fragments.  

The silyl ether and acetal linkages of the comonomers are easily cleaved by hydrolysis in the 

presence of either fluoride or acid, respectively. For a typical structural application, these 

hydrolysis triggers are orthogonal to the service life of the thermoset and are unlikely to result in 

unwanted degradation. To evaluate the degradability of the FROMP copolymers, samples are 

immersed in either 1.0 M tetrabutylammonium fluoride (TBAF) solutions for silyl ether 

copolymers or 1.0 M HCl solutions for acetal copolymers overnight (Figure 4.5a). Discoloration 

is observed in all samples, likely a result of the catalyst reacting with either TBAF or HCl. Samples 

submerged in TBAF turn brown, and those submerged in HCl turn black. Solutions containing 
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sufficient cleavable comonomer became cloudy and a brown or black layer forms at the bottom of 

the vial, which is homogeneously dispersed upon agitation. Samples with insufficient comonomer 

either remain fully intact (e.g. 0 and 2.5 mol % iPrSi-8) or form an insoluble gel (e.g. 5 mol % 

iPrSi-8). Complete degradation, indicated by the absence of any residual solids, is observed for 

samples containing at least 7.5 mol % of iPrSi-8 or iPrSi-7. However, a significantly higher 

concentration of iPrAc-7, 15 mol %, is required to ensure complete degradation. Shieh and 

coworkers previously reported that the formation of a random copolymer is critical to degradation 

at low cleavable comonomer loadings.28,29 If blocks are formed rather than a random distribution, 

the cleavable units will fail to disrupt the DCPD crosslinking, and the network will remain intact 

after hydrolysis of the cleavable units. The relatively higher loadings required when employing 

iPrAc-7 suggest the comonomer distribution is not completely random, supporting our previous 

observations that cyclic acetals do not incorporate as efficiently as silyl ethers. The low molar 

fractions (ca. 7.5 mol %) required to ensure complete degradation in iPrSi-8 and iPrSi-7 will have 

minimal impact on the properties of FROMP copolymers. Glass transition temperatures greater 

than 100 °C and front velocities in excess of 7 cm min-1 are attainable at these loadings. 

Degradation fragments are isolated as white powders from the soluble fraction by dropwise 

precipitation into methanol. Fragments suitable for characterization are obtained for all samples 

that exhibited partial (5 mol % iPrSi-8 and iPrSi-7 or 5, 7.5, 10 mol % iPrAc-7) or complete 

degradation (≥ 7.5 mol % iPrSi-8 and iPrSi-7 or ≥ 15 mol % iPrAc-7). Fragments are isolated in 

near quantitative yield (ca. 90 %) in samples that fully degrade. This facile and high-yield recovery 

of desired products is in great contrast to traditional recycling efforts which are often plagued by 

multiple purification steps and low yields of the desired products34. No fragments are isolated for 

samples which remained fully intact (0 or 2.5 mol % cleavable comonomer). Size exclusion 
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chromatography (SEC) reveals that the fragments are small oligomers with molecular weights of 

less than 10 kDa (Figure 4.5b-d). Both iPrSi-7 and iPrSi-8 containing samples display very strong 

fragment size dependence on the comonomer concentration (Figure 4.5b,c), indicating a random 

copolymer network. In a random network, increasing cleavable comonomer loading further 

disrupts pDCPD containing regions and results in smaller fragments. iPrAc-7 containing 

thermosets show a weak fragment size dependence on comonomer loading (Figure 4.5d). These 

results suggest that frontal copolymerization DCPD and iPrAc-7 produces blocks of cleavable 

units, as increasing comonomer loading increases the size of the cleavable blocks but does little to 

disrupt the pDCPD regions. Subsequently, the size of the fragments changes little at increased 

loadings.  

Hydrolysis of the cleavable units yields oligomers with terminal hydroxyl units and a high 

concentration of olefin functionality. Shieh and coworkers previously utilized the residual olefins 

to seamlessly integrate degradation fragments as fillers in new pDCPD networks.29 Materials 

containing degradation fragments exhibited comparable mechanical properties to a pristine 

pDCPD network. We sought to, instead, utilize the hydroxyl functionality to create new polymeric 

materials, in particular polyurethane networks (Figure 4.6a). 1H NMR of the degradation 

fragments shows peaks corresponding to CH2-OH functionality near 4 ppm, confirming the 

presence of hydroxyl units (Figure 4.6b). Comparison of the integration values of these peaks with 

that of a mesitylene internal standard reveals that the fragments obtained from a 20 mol % iPrSi-7 

thermoset contain 1.0 × 10-3 mmol hydroxyl units per mg of fragments.  
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Figure 4.6. Upcycling of degradation fragments | a, Schematic representation of the incorporation of 
degradation fragments into a polyurethane network with a diisocyanate. b, 1H NMR spectrum of 
degradation fragments from a thermoset containing 20 mol % iPrSi-7. c, Example diisocyanates utilized 
when upcycling degradation fragments (MDI = 4,4’-methylenebis(phenyl isocyanate), TDI = tolylene-2,4-
diisocyanate, benzyl-DI = 1,3-bis(1-isocyanato-1-methylethyl)benzene, hexyl-DI = hexamethylene 
diisocyanate). d, Optical images of the degradation products isolated from a thermoset containing 20 mol 
% iPrSi-7 (left) and the free-standing films obtained after reaction with MDI (right). e, Dynamic DSC traces 
obtained at 5 °C min-1 for a pDCPD thermoset containing 20 mol % iPrSi-7 and the recycled polyurethane 
film shown in d. 

We next probe the reaction conditions required to generate high quality polyurethanes from the 

degradation fragments. The activity of several diisocyanates (Figure 4.6c) is evaluated in the 

presence of a 1,4-diazabicyclo[2.2.2]octane (DABCO) catalyst. The diisocyanates and DABCO 

are mixed with the degradation fragments at 50 and 20 mol % loadings (with respect to the 

hydroxyl content), respectively, in tetrahydrofuran. After 22 h reaction time, both MDI and TDI 

generate a gelled material. Removal of tetrahydrofuran yields a crosslinked material that is 

insoluble in dichloromethane. No observable gelation is detected in samples containing benzyl-DI 
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or hexyl-DI, suggesting less reactivity with the fragments. Further, when DABCO is removed, no 

gelation is observed after 22 h, confirming the need for a catalyst. Utilizing a more active catalyst, 

dibutyltin dilaurate (DBTL), results in gelation for all four diisocyanates. We therefore propose 

the use of MDI and DBTL to generate polyurethane networks from the FROMP copolymer 

degradation products.  

Free-standing polyurethane films are prepared by dissolving degradation fragments and MDI 

(50 mol %) in THF (100 mg solids per 0.7 mL THF). DBTL (20 mol %) is added and the solution 

is rapidly transferred to a mold and allowed to set at room temperature for 1 h. THF is then slowly 

removed by heating at 50 °C under a steady flow of N2 for two days. The robust free-standing 

films (Figure 4.6d) are easily handled and sustain significant bending without cracking. The 

thermomechanical properties of the resulting polyurethane films are probed via dynamic DSC at 

5 °C min-1 and compared to the original pDCPD network, which contained 20 mol % iPrSi-7. By 

replacing the flexible aliphatic chain of the silyl ether with a rigid, aromatic urethane, an increase 

in Tg of 70 °C is observed. Impressively, the glass transition temperature of the polyurethane is 

greater than any of the FROMP copolymers that fully degrade. These promising results suggest 

that recycling, and even upcycling, is possible for high performance thermosets.   

4.5 Conclusions 

We have presented, for the first time, a rapid and energy-efficient route to fully degradable and 

recyclable thermosets through frontal copolymerization. Three cleavable comonomers, seven- and 

eight-membered cyclic silyl ethers and seven-membered cyclic acetals, were evaluated on the 

metrics of synthesizability, performance during frontal copolymerization, and degradability. While 

seven-membered cyclic acetals offered the easiest and most scalable synthetic routes and the 

fastest front velocities, they suffered from inefficient incorporation into the polymer network. 
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Subsequently, a relatively high concentration of acetal was needed to ensure full degradation by 

hydrolysis of the acetal unit. We therefore selected iPrSi-7, which displayed a balance among 

synthesizability, high front velocities, and degradability at low loadings, as the best candidate 

comonomer for degradable FROMP copolymers. Degradation fragments were easily isolated in 

near quantitative yield, and the terminal hydroxyl groups were leveraged to generate polyurethane 

networks upon reaction with a diisocyanate. The thermomechanical properties of the resulting 

polyurethane films were superior to those of the original pDCPD networks, a true embodiment of 

upcycling. With its speed and energy efficiency, frontal polymerization truly represents a paradigm 

shift in materials manufacturing. This fundamental study highlights to ability to generate 

multifunctional materials through frontal polymerization and will stimulate the development of a 

library of functional cyclic olefin comonomers. 

4.6 Experimental Details 

4.6.1 Materials 

All reagents were purchased from commercial suppliers and used as received unless otherwise 

noted. Dogbone molds were prepared with RTV630 silicone rubber compound from Momentive®. 

To depress the freezing point of DCPD, 5 wt% ENB was blended with DCPD at 35 °C. The liquid 

mixture was then degassed overnight at room temperature and 15 kPa with stirring. All references 

to DCPD refer to the 95:5 DCPD:ENB mixture.  
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4.6.2 Synthesis of 7-membered Cyclic Silyl Ethers 

 
iPrSi-7 was synthesized by dissolving 8.8 g of cis-butene-1,4-diol (100 mmol) and 13.6 g of 

imidazole (200 mmol, 2 equiv.) in 2 L anhydrous dichloromethane in a flame-dried flask charged 

with a stir bar. 18.0 mL of dichlorodiisopropylsilane (18.5 g, 100 mmol, 1 equiv.) was dissolved 

in 120 mL of anhydrous dichloromethane and added dropwise to the reaction flask over 1 h, during 

which time a white precipitate formed. The reaction mixture was filtered over a pad of silica and 

concentrated to yield 8.8 g iPrSi-7 (67 %) as a clear oil which was analytically pure. 1H NMR 

(500 MHz, chloroform-d) δ 5.70 (t, J = 1.9 Hz, 2H), 4.50 (d, J = 1.8 Hz, 4H), 1.07 (d, J = 2.0 Hz, 

14 H). 

 

 
PhSi-7 was synthesized by dissolving 8.8 g of cis-butene-1,4-diol (100 mmol) and 13.6 g of 

imidazole (200 mmol, 2 equiv.) in 2 L anhydrous dichloromethane in a flame-dried flask charged 

with a stir bar. 21.0 mL of dichlorodiphenylsilane (25.3 g, 100 mmol, 1 equiv.) was dissolved in 

120 mL of anhydrous dichloromethane and added dropwise to the reaction flask over 1 h, during 

which time a white precipitate formed. The reaction mixture was filtered over a pad of silica to 

remove imidazolium salts and concentrated. The cloudy residue was distilled under vacuum (0.1 

torr, 200 °C) to yield 8.9 g PhSi-7 (33%) as a clear oil. 1H NMR (500 MHz, chloroform-d) δ 7.78 

– 7.73 (m, 4H), 7.52 – 7.46 (m, 2H), 7.46 – 7.39 (m, 4H), 5.79 (t, J = 1.9 Hz, 2H), 4.61 (d, J = 1.9 

Hz, 4H). 
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4.6.3 Synthesis of 8-membered Cyclic Silyl Ether 

 
The 8-membered cyclic silyl ether was synthesized according to literature procedure.28 In the 

first step, a TBS-protected alkyne (S1) was synthesized by dissolving 20.0 g of 3-butynol (285 

mmol) in 200 mL of anhydrous THF in a flame-dried flask charged with a stir bar under a dry 

nitrogen environment. 43.0 g of tert-butyldimethylsilyl chloride (285 mmol, 1 equiv.) and 29.1 g 

of imidazole (428 mmol, 1.5 equiv.) were added. The mixture was stirred at room temperature for 

2 h, filtered to remove imidazolium salts, and concentrated. The remaining oil was diluted in 200 

mL of diethyl ether and washed with 200 mL of saturated ammonium chloride and 200 mL of 

saturated sodium bicarbonate. The organics were dried over sodium sulfate and concentrated. The 

oil was dried overnight in vacuo to yield 48.7 g (92.7%) of S1. NMR spectra matched those 

reported in literature.35  

 
S1 (41.7 g, 226 mmol) was dissolved in 400 mL dry THF in a flame-dried flask charged with 

a stir bar under an ultra-high purity argon environment. The mixture was cooled to -78 °C in a dry 

ice/acetone bath. 95 mL of 2.5 M n-butyllithium (237.3 mmol, 1.05 equiv.) was added dropwise 

over 20 minutes. The reaction mixture was stirred at -78 °C for 1 h and then gently warmed to 0 

°C. Next, 8.1 g of paraformaldehyde (271.3 mmol, 1.2 equiv.) was added in a single portion. The 

reaction mixture was stirred overnight at room temperature and quenched by adding 300 mL 

ammonium chloride. 300 mL of diethyl ether was added, and the organic layer was extracted. The 

aqueous layer was washed with 300 mL of diethyl ether, and the combined organic layers were 

dried over sodium sulfate and concentrated. The pale yellow oil was purified by silica gel 
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chromatography with 6:1 hexanes:ethyl acetate to yield 36.3 g of S2 (75%). NMR spectra matched 

those in literature.36  

 
In the next step, 3.0 g of nickel acetate tetrahydrate (12.2 mmol, 0.13 equiv.) was added to 200 

mL of anhydrous ethanol under a dry nitrogen environment. The reaction mixture was placed under 

a hydrogen atmosphere with hydrogen filled balloons. A solution of 0.630 g of sodium borohydride 

(16.7 mmol, 0.178 equiv.) in 50 mL anhydrous ethanol was added to the reaction mixture. The 

light teal solution immediately turned black upon addition of the sodium borohydride solution. 

The mixture was stirred for 30 min under H2 and 3.7 mL of ethylene diamine (3.3 g, 54.8 mmol, 

0.586 equiv) was added. A solution of S2 (20.0 g, 93.5 mmol) in 60 mL anhydrous ethanol was 

added to the reaction mixture. The mixture was stirred overnight at room temperature under H2 

atmosphere. The flask was evacuated of hydrogen, and 500 mL diethyl ether was added. The 

mixture was passed through a pad of silica to remove Ni salts and then concentrated. The residue 

was purified with a short silica plug using 4:1 hexanes:ethyl acetate to yield 16.7 g (82%) of S3 as 

a clear oil. NMR spectra matched those reported in literature.28 

 
During the deprotection of S3, 16.7 g of S3 (77.0 mmol) was added to 250 mL of MeOH 

containing 1 vol% concentrated HCl. The reaction was stirred at room temperature while 

monitoring the progress by TLC. After 15 min, conversion to product was observed, and the 

reaction was quenched by adding 30 wt% aqueous sodium hydroxide. The mixture was 

concentrated, diluted in 100 mL diethyl ether, and filtered to remove NaCl. The mixture was dried 

over sodium sulfate and concentrated. The residue was purified by silica gel chromatography with 
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10:1 dichloromethane:methanol to yield 7.0 g of S4 (89%) as a clear oil. NMR spectra matched 

those reported in literature.28 

 
iPrSi-8 was synthesized by dissolving 3.6 g of S4 (35.8 mmol) and 4.88 g of imidazole (71.6 

mmol, 2 equiv.) in 1.8 L anhydrous dichloromethane in a flame-dried flask charged with a stir bar. 

Next, 6.5 mL of dichlorodiisopropylsilane (6.63 g, 35.8 mmol, 1 equiv.) was added dropwise over 

5 minutes, during which time a white precipitate formed. The mixture was stirred at room 

temperature for 3 h, filtered to remove imidazolium salts, and concentrated. The cloudy yellow 

residue was distilled under vacuum (50 mTorr, 130 °C) to yield a clear oil free of any oligomers 

that formed during the reaction. The oil was further purified by silica gel chromatography with 

20:1 hexanes:ethyl acetate to yield 4.77 g of  iPrSi-8 (61%) as a clear oil, which was stored at -20 

°C until use. NMR spectra matched those reported in literature.28 

4.6.4 Synthesis of 7-membered Cyclic Acetal 

 
iPrAc-7 was synthesized by dissolving 15.0 g cis-2-butene-1,4-diol (170 mmol), 16.0 g 

isobutyraldehyde (221 mmol, 1.3 equiv.), and 0.97 g p-toluenesulfonic acid monohydrate (5.1 

mmol, 0.03 equiv.) in 120 mL of a 2:1 mixture of dichloromethane:tetrahydrofuran in a flame-

dried flask charged with a stir bar. Sodium sulfate was added until the supernatant was clear, and 

the mixture was stirred overnight at room temperature. The reaction mixture was filtered and 

concentrated under gentle vacuum. The clear oil was purified by basic alumina column 
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chromatography with 8:1 hexanes:ethyl acetate to yield 22.2 g iPrAc-7 (92%) as a clear oil, which 

was stored at -20 °C until use. 1H NMR (500 MHz, chloroform-d) δ 5.72 (m, 2H, CH=CH), 4.43 

– 4.13 (m, 4 H, CH2), 4.33 (d, J = 6.9 Hz, 1 H, acetal), 1.96 – 1.84 (m, 1H, CH), 0.95 (d, J = 6.8 

Hz, CH3). 

4.6.5 Frontal Polymerization of Cyclic Comonomers with Dicyclopentadiene 

To prepare a frontal polymerization resin containing 10 mol % iPrSi-8, 5.0 mg GC2 (0.00589 

mmol) was weighed out in a vial. In a separate vial, TBP (1.6 μL, 0.00589 mmol) was added to a 

mixture of DCPD (4.67 g, 35.3 mmol) and iPrSi-8 (0.84 g, 3.93 mmol). The solution was added 

to the vial containing GC2, and the mixture was sonicated for 10 min to ensure complete 

dissolution of GC2. The resin was filtered with a 0.45 μm PTFE syringe filter from Fisher 

Scientific to remove any particulates. The filtered solution was added to a dogbone mold with 

gauge dimensions of 25.4 mm × 3.75 mm × 4.00 mm consisting of RTV 630 silicone molding 

compound and a glass slide (75.0 mm × 25.0 mm × 1.00 mm) clamped to the open surface of the 

mold. The resin and mold were equilibrated to 25.0 °C in a MicroClimate environmental chamber 

from Cincinnati Sub-Zero Products. Frontal polymerization was initiated within the environmental 

chamber with a soldering iron, and frontal propagation was tracked optically. Front velocity was 

calculated as the slope of a best-fit line of the frontal position over time within the gauge length of 

the dogbone mold. Samples containing various comonomers at varied concentration were prepared 

in a similar manner.  

4.6.6 Degradation of Copolymers and Isolation of Degradation Fragments 

After frontal polymerization, copolymer samples were cut to the desired dimensions (8 mm x 

10 mm x 3 mm) and placed in 7 mL glass scintillation vials. 5 mL of degradation solution, 1.0 M 

TBAF in THF for copolymers containing silyl groups or 1.0 M HCl in cyclopentyl methyl ether 
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for copolymers containing acetal groups, were added to the vials. Degradation was monitored 

optically with a Canon EOS 7D camera equipped with a 100 mm macro lens. Following a 16 h 

period, the soluble fraction was removed, and the residual solids that remained in the vials were 

dried overnight in vacuo. The degradation fragments were isolated from the soluble fraction by 

dropwise precipitation into cold methanol. The fragments were further purified by an additional 

dropwise precipitation from THF in cold methanol. After isolation, the fragments were dried 

overnight in vacuo.  

4.6.7 Upcycling of Degradation Products 

The activity of several diisocyanates and catalysts was evaluated by charging a two-dram vial 

equipped with a stir bar with 40 mg of degradation products, 50 mol % (relative to the molar 

concentration of hydroxyl groups in the degradation products, as measured by 1H NMR) of 

diisocyanate (4,4’-methylenebis(phenyl isocyanate), tolylene-2,4-diisocyanate, 1,3-bis(1-

isocyanato-1-methylethyl)benzene, or hexamethylene diisocyanate), and 20 mol % (relative to the 

hydroxyl groups of the degradation products) of either 1,4-diazabicyclo[2.2.2]octane (DABCO) 

or dibutyltin dilaurate (DBTL). The vial was backfilled with nitrogen three times and 0.5 mL 

anhydrous THF was added. The reaction mixtures were stirred at room temperature for 22 h. 

Gelation of the mixture indicated the formation of a crosslinked network. Free-standing polymer 

films were prepared in a similar manner. Degradation products and 50 mol % diisocyanate were 

dissolved in minimal THF (approximately 100 mg solids per 0.7 mL THF). 20 mol % of the 

catalyst was added, and the mixture was rapidly transferred to a mold. The mixture was allowed 

to set at room temperature for 1 h, and then solvent was removed slowly by heating at 50 °C under 

a steady flow of N2 for two days.  
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4.6.8 Materials Characterization 

1H and 13C NMR spectra were obtained in chloroform-d or dichloromethane-d2 with a Carver 

500 MHz spectrometer provided by the School of Chemical Science NMR laboratory at the 

University of Illinois at Urbana-Champaign. Raman spectra were obtained with a Horiba LabRAM 

HR 3D Raman confocal imaging microscope equipped with an 830 nm laser, a 300 groove mm-1 

grating (blazed at 600 nm), a long working distance 20× objective from Leica, and a Horiba 

Synapse back-illuminated deep depletion CCD camera provided by the Imaging and Technology 

Group at the Beckman Institute for Advanced Science and Technology at the University of Illinois 

at Urbana-Champaign. Analytical size exclusion chromatography (SECC) traces were obtained in 

THF at 30 °C using a system consisting of a Waters 1515 isocratic HPLC pump, Waters 2707 96-

well autosampler, Waters 2414 refractive index detector, and 4 Waters HR Styragel Column (7.8 

× 300 mm, HR1, HR3, HR4, and HR5). The GPC system was calibrated using monodisperse 

polystyrene standards. 

Differential scanning calorimetry (DSC) traces were obtained with a Discovery 250 DSC 

equipped with an RCS 90 cooling system and an autosampler. DSC samples were prepared by 

grinding the top and bottom surfaces of the frontally polymerized dogbones until the specimens 

were 500 μm thick on a MetPrep 3 polisher from Allied High Tech Products, Inc. equipped with 

silicon carbide grinding papers. A small section (approximately 8.0 mg) of the polished dogbone 

gauge length was cut with a razorblade, weighed on an analytical balance (XPE205, Mettler-

Toledo), and transferred to Tzero® aluminum pans. Traces were obtained from -50 to 200 °C at 5 

°C min-1. The glass transition temperature was defined as the inflection point in DSC traces.  
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4.7 Notes and References 

4.7.1 Notes 

This is a collaborative effort with multiple contributors. E.M.L synthesized and characterized 

all comonomers and performed the frontal polymerization, DSC, and degradation experiments. 

Julian Cooper performed NMR and GPC characterization of the degradation products. E.M.L, 

Douglas Ivanoff, and Julian Cooper contributed to recycling and upcycling efforts. E.M.L authored 

the text. 
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Chapter 5: Spontaneous Patterning during Frontal Polymerization 

5.1 Introduction 

Throughout nature, patterns of various shapes, sizes, and colors adorn biological materials. 

These multiscale patterns impart organisms with unique characteristics that are critical to their 

survival. Patterns serve a diverse array of functions, including extraordinary fracture toughness 

(e.g. the layering of hard and soft domains in glass sea sponge spicules1 and nacre2,3), tactile 

sensing (e.g. textured surface of a fingertip4), intimidation (e.g. the coloration of an emperor angel 

fish), and camouflage (e.g. the spots on a cheetah) (Figure 5.1a). Structural complexity and 

function in natural systems are derived from initial states of high symmetry and emerge during the 

growth and development of an organism5–8. In great contrast, patterns and structures in synthetic 

materials are generated by multistep manufacturing processes such as layer-by-layer assembly9, 

lithography10, or molding and casting. In lieu of traditional manufacturing processes, we seek 

autonomous routes of patterning synthetic structural materials more akin to biological patterning. 

Coupled reaction-transport processes are versatile yet underexplored methods for 

manufacturing as they exhibit unique opportunities to control the spatial properties of materials, 

achieving order through spontaneous symmetry breaking events11,12. Elegant and controllable 

multiscale patterns and structures have been created in a variety of media with reaction-mass 

transport processes13–20. These initial demonstrations are limited to solutions, gels, or thin 

membranes as mass transport is prohibitively slow in solid media. Thermally driven reaction-

transport networks provide an unexplored yet promising route to the autonomous formation of 

patterns in structural materials, since thermal transport is orders of magnitude faster than mass 

transport. In this report, we exploit frontal polymerization as an alternative to traditional reaction-
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mass transport networks and demonstrate spontaneous pattern development during the frontal ring-

opening metathesis polymerization of strained cyclic olefins.  

 
Figure 5.1. Conceptual design of patterning with frontal polymerization. a, Complex patterns in nature 
that enable functional properties – (i) microstructure of a glass sea sponge spicule (image courtesy of Peter 
Fratzl, Max Planck Institute of Colloids and Interfaces. From Aizenberg et al.1), (ii) textured surface of a 
fingertip, (iii) adult emperor angel fish (used with permission from Florent Charpin), and (iv) spots of a 
cheetah (used with permission from Brian Jones). b, Equation (1): coupled reaction and thermal transport 
(only diffusion considered for simplicity) inherent to frontal polymerization, where T, 𝛼, and 𝜆 represent 
the temperature, extent of reaction, and thermal diffusivity of the resin, respectively. Equation (2): ratio of 
power density generated by reaction (PR) and spread by thermal transport (PT) during frontal 
polymerization. c, Computed thermal profiles of frontal polymerization with different values of φ. The inner 
and outer radii of the circular area are 0.5 mm and 5 mm, respectively. d, Feedback mechanism for 
spontaneous patterning during frontal polymerization via competition between thermal transport and 
chemical reaction. Using the heat generated by the reaction (Hr), thermal transport to the reaction 
spontaneously heats unreacted monomer, activating the initiator toward polymerization. Once the 
polymerization reaction consumes the available monomer within the activated zone, the rate of heat release 
decreases, inhibiting further activation. Competition between reaction and transport generates thermal 
patterns that are exploited for material property variations. e,f, Frontal ring-opening metathesis 
polymerization (FROMP) of dicyclopentadiene (e) and 1,5-cyclooctadiene (f) by a thermally activated 
ruthenium catalyst (Grubbs 2nd generation, GC2) inhibited by tributyl phosphite. 
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5.2 Breaking Symmetry with Frontal Polymerization 

During frontal polymerization (FP), a small energetic input activates a thermally latent 

initiator, and transport of heat (either through diffusion, convection, or advection) from the highly 

exothermic polymerization reaction drives the propagation of the polymerization front. In the 

absence of propagation instabilities, uniform temperature profiles and a homogeneous final state 

are obtained21–24. Unstable frontal propagation, however, spontaneously generates complex 

thermal instabilities25–31. We hypothesize that, when combined with orthogonal chemistries, the 

undulations in temperature which emerge in the presence of propagation instabilities can be 

harnessed to pattern material properties.  

To guide experimental design, we sought, in collaboration with Philippe Geubelle’s group, to 

numerically determine the key parameters governing propagation stability. Previous models of 

propagating reaction fronts (e.g. combustion and self-propagating high-temperature synthesis) 

utilize the Zeldovich number to describe the transition into instability32–35. However, the Zeldovich 

number considers only the initial temperature, maximum front temperature, and activation energy. 

Our numerical simulations (Figure 5.1b,c and Figure 5.2) revealed that the spatial and temporal 

balance of thermal power density (expressed by the ratio φ in Equation 2 in Figure 5.1b) generated 

by the polymerization reaction (PR, J m-3 s-1) and diffused by thermal transport (PT, J m-3 s-1) 

dictates the development of thermal instabilities during frontal propagation (detailed description 

of φ in Figure 5.2). Under typical conditions, the power generated during polymerization far 

exceeds that diffused by thermal transport (φ >> 1), and the polymerization front propagates with 

constant velocity and temperature (Figure 5.1c, φ = 5). When transport is dominant (φ << 1), heat 

diffuses away from the reaction zone faster than it is locally supplied by polymerization, and the 

front quenches immediately after initiation (Figure 5.1c, φ ≈ 0). In either limiting case, 
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homogeneity is preserved in the system. However, when reaction and transport powers are similar 

in value (φ ≈ 1), undulations in reaction temperature are observed (Figure 5.1c, φ = 0.4 or 0.5), 

indicating that frontal instabilities result from a competition between reaction and transport. 

 
Figure 5.2. Numerical simulation of frontal polymerization | a, Schematic representation of the 
axisymmetric model of frontal polymerization in a quarter fan-shaped domain. Inset represents a schematic 
of the mesh utilized to discretize the domain. b, Ratio of power density (j) generated by reaction (PR) and 
spread by thermal transport (PT) during frontal polymerization. 𝜌, Hr, A, EA, R, 𝑇& , 𝜅, and 𝐿! represent the 
density of the resin, heat of reaction, activation energy, universal gas constant, average of the maximum 
and initial temperature, and the width of the thermal front, respectively. c, Polymerization trigger conditions 
(expressed in terms of the temperature Ttrig applied over a duration ttrig) used for various values of j. d, 
Radial profiles of maximum temperature computed for various values of j. e, Material properties of 
dicyclopentadiene and cyclooctadiene used in the computational models. f, Cure kinetic parameters 
obtained by fitting dynamic DSC traces. g, h, Evolution of the polymerization front in DCPD and COD. 

Spontaneous patterning with a reaction-thermal transport process is summarized in Figure 

5.1d. After an initial energy input, liquid monomer is converted to solid polymer with an 

accompanying release of energy (Hr, Figure 5.1d). The rapid transport (through diffusion, 

convection, or advection) of the energy supplied by the reaction (Hr) spontaneously heats 
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unreacted monomer, leading to local activation according to Arrhenius kinetics. Consumption of 

the activated monomer during polymerization depletes the latent chemical energy, preventing 

further activation by thermal transport. Following complete consumption of the activated 

monomer, propagation rates slow, transport becomes dominant again, and the process repeats 

cyclically to generate the undulations in reaction temperature shown in Figure 5.1c. In the absence 

of competition (φ >> 1), monomer is consumed before significant local activation occurs due to 

the greater reaction power and a homogenous final state is obtained. Conversely, as φ approaches 

zero, the heat from Hr is lost to the surroundings faster than it is supplied to the reaction, inhibiting 

the polymerization reaction and quenching fronts immediately after initiation.  

 
Figure 5.3 Experimental mold geometry | a, b, Schematic representation of cylindrical (a) and channel 
(b) molds. Initiation was achieved by powering a resistive wire in contact with the molds at the indicated 
locations.  

Experimentally, we leverage the competition between reaction rate and thermal transport 

during the frontal ring-opening metathesis polymerization (FROMP) of dicyclopentadiene 

(DCPD) and 1,5-cyclooctadiene (COD) (Figure 5.1e,f) to break symmetry and generate emergent 

patterns. Competition between reaction rate and thermal transport is observed in an open-mold 

geometry with a free surface (Figure 5.3), which allows for increased rates of advective and 

convective transport22 in addition to thermal diffusion. Precise control over this competition and 

the resulting temperature profiles are achieved by tuning the reaction rate through altering the 
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chemistry or the ambient temperature. Spatial variations in reaction temperature are exploited to 

drive changes in polymer morphology, chemistry, and mechanical properties.  

5.3  Radial Patterning during FROMP of Dicyclopentadiene 

 
Figure 5.4. Radial patterning during FROMP of dicyclopentadiene | a, Thermal images revealing 
circumferential propagation in an open circular mold with an initial temperature of 30 °C: (i) spontaneous 
heating ahead of the polymerization front at t = 15s after initiation; (ii,iii) frontal propagation around the 
circumference following spontaneous heating; and (iv) maximum local temperature during polymerization. 
b, Topographic profile of sample shown in a, obtained by optical profilometry; the vertical axis is scaled 
by 150% for clarity. c, Surface height measurements of samples prepared with varied initial temperature. 
Profiles are offset for clarity. d, Optical image obtained under UV light (365 nm) of the sample in a; 0.25 
wt% of 1,1,2,2-tetraphenylethylene was incorporated into the resin prior to frontal polymerization to 
enhance the fluorescence of resulting samples. e, Feature wavelength as a function of radial distance from 
the center of samples prepared with varied initial temperature, determined from optical images of 
fluorescent samples. f, Temperature dependence of the wavelength decay constant, obtained from the linear 
fit of wavelength vs. radial distance. Reported values and error bars represent the average and standard 
deviation, respectively (n = 3).  
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During free-surface FROMP of DCPD, thermal transport away from the reaction zone 

spontaneously heats a localized region of monomer ahead of the polymerization front (Figure 

5.4a,i). Once this preheated region reaches ca. 80 °C, a new front initiates and propagates 

circumferentially, rapidly consuming the available preheated monomer (Figure 5.4a,ii-iii). The 

onset of initiation is in agreement with the polymerization onset temperature measured during 

dynamic DSC traces. Peak front temperatures as high as 270 °C and as low as 180 °C are recorded 

in circular patterns with radial periodicity (Figure 5.4a,iv). These undulations in reaction 

temperature lead to significant differences in thermal expansion of the liquid monomer, which is 

confined by the polymerization reaction, generating circumferential surface ridges (Figure 

5.4b,d). Based on thermal expansion alone (assuming a coefficient of thermal expansion of 0.001 

°C-1,36 and initial resin depth of 5 mm), a height difference of 450 μm is expected for a 90 °C 

difference in maximum reaction temperature, in good agreement with the experimentally measured 

maximum amplitude of 485 μm for an ambient temperature of 30 °C (Figure 5.4b,c).  

The amplitude and wavelength of the ridges are systematically varied by adjusting the initial 

temperature of the resin immediately prior to initiation (Figure 5.4c). As the initial temperature 

increases, the undulations in reaction temperature damp (Figure 5.5a), leading to decreased 

differences in thermal expansion and smaller ridge amplitudes (Figure 5.4c). When the initial 

temperature reaches 50 °C, no undulations in reaction temperature were observed (Figure 5.5a), 

suggesting that PR is greater than PT. Additionally, the initial wavelength of the ridges, determined 

by analysis (Figure 5.5b-e) of fluorescent images of the samples (Figure 5.4d), decreases with 

increasing initial temperature. Interestingly, the pattern wavelength decays with radial distance 

(Figure 5.4e). Thermal imaging (Figure 5.5f) reveals that the unreacted monomer ahead of the 

front steadily increases in temperature, resulting in the subsequent decay in wavelength. This 
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temperature rise is likely due to advective motion induced by thermal expansion during 

polymerization. The zeroth-order wavelength decay constant, k (Figure 5.4f), is defined as the 

negative slope of the linear fits in Figure 5.4e and roughly follows Arrhenius behavior.  

 
Figure 5.5. Characterization of DCPD circumferential propagation | a, Representative maximum 
temperature profiles obtained for various initial resin temperatures (𝑇"). Data represent measurements along 
a single radial line. b, Representative fluorescent image of a pDCPD sample (𝑇" = 30 °C) used for 
wavelength analysis. c, Result of binary conversion, pixel erosion, and pixel dilation of the image depicted 
in b. d, Radial intensity profile of the binary image in c with the peaks selected to calculate the feature 
wavelength depicted in red. e, Feature wavelength as a function of radial distance at various initial 
temperatures. Both initial wavelength and the wavelength decay constant (defined as the slope of the linear 
fits) decrease with increasing initial temperature. f, Representative maximum temperature profiles at 
various time points after initiation. The temperature of the monomer ahead of the polymerization front 
steadily increases with increasing time, which contributes to the decay in feature wavelength. 

5.4 Spontaneous Patterning with Phenylenediamine Thermochromes 

To further explore the decay in wavelength and extend the length scale of study, we adopted a 

rectangular channel geometry (Figure 5.3b). Free-surface FROMP of DCPD in a channel results 

in similar circumferential propagation as in radial geometries. As the wavelength of 

circumferential propagation tends toward zero, a large zone (~1 cm) of heated monomer 

accumulates spontaneously ahead of the front (Figure 5.6a,i). Analogous to the short-range 

experiments in radial geometries, this large preheated zone is subsequently consumed in a rapid, 

high temperature polymerization reaction that exceeds 270 °C (Figure 5.6a,ii). Following the 
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consumption of all of the available preheated monomer, reaction rates slow, and reaction 

temperatures decrease to around 200 °C. This process repeats cyclically to generate the striped 

thermal profiles shown in Figure 5.6a,iii. The size and the spacing of the features are controlled 

by varying the initial temperature, again demonstrating the utility of tuning the boundary 

conditions to generate distinct thermal profiles (Figure 5.7).   

 
Figure 5.6. Color patterning with a thermochrome | a, Evolution of maximum temperature profiles 
during FROMP of DCPD in a rectangular channel: (i) a zone of spontaneously heated monomer, (ii) rapid, 
high temperature polymerization encountered during consumption of the preheated monomer, and (iii) large 
thermal gradients encountered during unstable propagation. Scale bar = 1cm. b, Putative single electron 
transfer oxidation of DBPDA to form a highly colored and stable radical cation and subsequent temperature-
dependent cleavage of the radical cation to form colorless species. Reported half-life determined during ex 
situ bleaching at 275 °C (Figure 5.8). c, Optical image of the sample after the frontal polymerization in a; 
2 wt% DBPDA was incorporated into the resin prior to frontal polymerization (sample was polished to 
remove surface features and enhance visualization of the DBPDA thermochrome). d, Glass transition 
temperature (Tg, determined by DSC analysis) and maximum front temperature as a function of distance 
from the initiation location for a polymerized sample containing 2 wt% DBPDA. Inset is an optical image 
of the tested sample.  
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Figure 5.7. Tuning of thermal profiles during free-surface FROMP of DCPD | Maximum temperature 
profiles obtained with various initial resin temperatures. Feature size and spacing decrease with increasing 
initial resin temperature. 

The presence of large, spatially defined regions of high and low reaction temperatures provides 

an opportunity to produce permanent patterns by the application of a secondary chemical reaction, 

the rate of which varies widely over the observed range of peak temperatures. Specifically, the 

incorporation of a phenylenediamine-based thermochrome enables patterning of the optical and 

thermomechanical properties of pDCPD. Substituted phenylenediamines, such as N,N’-di-sec-

butyl-p-phenylenediamine (DBPDA), readily undergo single electron transfer oxidation (EOX ≈ 
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0.2 V vs. SCE37) to form stable and highly colored radical cations, known as Wüster’s dyes (Figure 

5.6b).38 We postulate that while stable at modest temperatures, the radical cations undergo 

mesolytic cleavage at high temperature to form colorless species. When DBPDA is incorporated 

into DCPD resins cured at room temperature, we observe a slow transition from faint red to deep 

purple over the course of several hours, indicating formation of radical cation species in the 

presence of Grubbs catalyst 2nd generation (GC2) (Figure 5.8b,c). The presence of DBPDA (2 

wt%) has minimal impact on frontal propagation; resins with DBPDA exhibit nearly identical front 

velocities to those without DBPDA (Figure 5.8d). Importantly, the deep purple color is retained 

at modest front temperatures, ca. 200 °C. Heating the resulting samples on a hot stage at 

temperatures in excess of 250 °C results in rapid (t1/2 = 25 s at 275 °C), complete, and irreversible 

bleaching to the innate color of pDCPD, supporting our conjecture that the radical cation dye 

serves as a permanent thermochrome (Figure 5.8e,f).  

In addition to ex situ bleaching, DBPDA displays highly selective thermochromism in situ, 

enabling a permanent visual indication of the local front temperature (Figure 5.6c). Decay of the 

radical cation results in visible bleaching at front temperatures near 250 °C, and bleaching 

increases with increasing front temperature, up to ca. 270 °C. The decay of radical cations may 

generate reaction byproducts, altering the thermomechanical properties of the resulting polymer. 

Indeed, the bleached regions exhibit a 20 °C decrease in the glass transition temperature (Tg) 

compared to the unbleached regions (Figure 5.6d). The undulations in Tg correlate to trends in 

both bleaching and front temperature. In the absence of DBPDA, a similar thermal profile is 

obtained, but only a modest 8 °C change in Tg is observed, indicating that DBPDA reaction 

products are responsible for the changes in thermomechanical properties.  
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Figure 5.8. Characterization of DBPDA thermochromes | a, UV-Vis absorption spectra of DBPDA 
treated with increasing amounts of iodine in dichloromethane, showing the characteristic absorption 
spectrum of the p-phenylenediamine radical cation2,3. b, Evolution of the absorption spectra (obtained at 
2 min intervals) of DBPDA treated with 0.075 molar equivalents of Grubbs catalyst 2nd generation (GC2) 
in dichloromethane. c, Absorption spectrum obtained after treatment of a solution of DBPDA and GC2 in 
dichloromethane with a single drop of trifluoroacetic acid (TFA), demonstrating clean formation of the 
DBPDA radical cation. It is believed that GC2 facilitates the formation of a DBPDA radical cation dimer, 
which is disrupted by the addition of acid. d, Front velocities obtained with various concentrations of 
DBPDA. The presence of DBPDA has minimal impact on frontal propagation. e, Optical images of a 
sample loaded with 2 wt% DBPDA after frontal propagation in a mold with a star shaped projection at 200 
°C (temperature confirmed with a thermocouple submerged in resin) (left) and after heating on a metal 
substrate maintained at 275 °C for 60 s. The presence of a deep purple color is indicative of radical cation 
formation during mild temperature front propagation, while the return to the native yellow color of pDCPD 
is suggestive of radical cation fragmentation to colorless species. f, Ex situ bleaching of pDCPD samples 
containing 2 wt% DBPDA after heating on a hot stage at the indicated temperature. Degree of bleaching 
was determined by analyzing the yellow channel of optical images of the heated samples. Rapid bleaching 
is observed at temperatures in excess of 250 °C. 

5.5 Mechanical Patterning During FROMP of Cyclooctadiene 

While the DCPD-DBPDA system exhibits interesting optical and thermomechanical 

patterning, we sought to apply this concept to other materials. Inspired by the impressive fracture 

toughness that results from patterning hard and soft domains, which differ in stiffness by several 

orders of magnitude in biological materials such as glass sea sponges1and nacre3, we targeted 

material systems that would generate significant differences in material stiffness in response to 
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front temperature. We recently demonstrated that frontally polymerized 1,5-cyclooctadiene (COD) 

has a propensity to crystallize due to high trans content.39 We suspected that the cis/trans ratio 

would vary with reaction temperature, resulting in patterned regions of amorphous and crystalline 

material. During free-surface FROMP of COD, we observe significant thermal transport ahead of 

the reaction zone, generating a large region of heated monomer, which upon initiation (at ca. 70 

°C) is rapidly consumed in a high temperature polymerization reaction. As with the DCPD 

systems, this process repeats cyclically until all monomer is consumed (Figure 5.9a, top image).  

 
Figure 5.9. Spontaneous patterning with cyclooctadiene | a, Maximum temperature profile during free-
surface FROMP of 1,5-cyclooctadiene (top) and optical image (bottom) of the resulting pattern showing 
crystalline (white) and amorphous (yellow) domains. The numbered markers represent measurement 
locations in subsequent characterization. b, WAXS profiles obtained at the locations indicated in a. c, 
Raman spectra obtained at the locations indicated in a. d, Reduced modulus as a function of distance from 
the initiation point obtained via nanoindentation. The indentation profile follows the same trajectory as the 
numbered locations in a. e, Reduced modulus as a function of maximum front temperature obtained through 
spatial correlation of nanoindentation scans and thermal profiles. The smoothed curve (black) was obtained 
from adjacent averaging 100 points of raw data (grey). 

After polymerization, the sample is cooled and held at room temperature for 24 h. During this 

time, the areas that experienced low front temperatures (ca. 120 °C) crystallize to form a white 



 93 

opaque material (Figure 5.9a, bottom image), while regions with front temperatures greater than 

145 °C remain a transparent yellow. Wide-angle X-ray scattering (WAXS) analysis of the white 

opaque material shows a sharp peak centered at 16.5 nm-1 (Figure 5.9b, region 1), confirming the 

presence of crystalline pCOD domains. The intensity of the crystalline peak decreases significantly 

through the transition region (Figure 5.9b, region 2), until only an amorphous halo remains 

(Figure 5.9b, region 3), indicating a fully amorphous phase. Raman spectroscopy of region 1 

(Figure 5.9c) indicates high trans content in the crystalline domains.40 The high trans content 

suggests that chain transfer is rapid on the timescale of frontal polymerization. In regions with 

higher peak temperatures, a mixture of cis and trans pCOD is produced (Figure 5.9c, regions 2 

and 3), indicating either that trans-selectivity of the chain transfer reaction decreases above 145 

°C or that polymerization kinetics become competitive with chain transfer at higher temperature. 

The trans content of the crystalline and amorphous domains as measured by 1H NMR is 88% and 

76%, respectively. Additionally, we observe that the amorphous domains are only partially 

soluble, suggesting some degree of crosslinking, possibly a result of radical formation at high 

temperatures. Together, the higher cis content and crosslinking contribute to the formation of an 

amorphous domain.  

The temperature-responsive crystallization of pCOD yields our target result: spontaneously 

patterned materials with hard and soft domains. The changes in stiffness between the crystalline 

and amorphous domains are measured by nanoindentation. The reduced modulus varies by several 

orders of magnitude, reaching a maximum of 1.3 GPa and a minimum of 3 MPa in a representative 

example (Figure 5.9d). The stiffness correlates well with the physical characteristics, 

spectroscopic properties, and the maximum front temperature, where higher front temperature 

results in lower stiffness. Correlation between front temperature and stiffness reveal three distinct 
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stiffness regimes (Figure 5.9e): (1) a hard domain with moduli ranging from 200 MPa to 1 GPa, 

where front temperatures remain less than 143 °C; (2) a transitional domain with moduli near 30 

MPa; and (3) a soft domain with moduli of approximately 5 MPa, where front temperatures remain 

above 160 °C. The relationship between stiffness and front temperature is a key design principle 

when developing patterns for engineering applications. 

 
Figure 5.10. Numerical simulation of COD frontal polymerization in a channel geometry | a, 
Schematic representation of the frontal polymerization in a channel domain with glass boundaries. b, 
Maximum temperature profiles obtained with various initial resin temperatures. The solution of the 
reaction-diffusion equations captures the FP-induced thermal instabilities and the resulting pattern 
complexity that decreases with increasing initial resin temperature. 

The low ring-strain of cyclooctadiene limits PR generated during the ring-opening reaction, 

leading to a system that displays a weak, transport-dominated imbalance. As a result, pattern 

control with COD was significantly more challenging than with DCPD. To address this issue, 

future work will center on measuring the thermal expansion driven advection associated with free-

surface FROMP and development of strategies to accurately modulate and predict thermal 

transport. Further, we anticipate that modification of boundary conditions may enable 



 95 

spatiotemporal control of the resin temperature and produce more highly controlled patterns such 

as those predicted in Figure 5.10. 

 
Figure 5.11. Controlling instabilities during free-surface FROMP of COD | a, Maximum temperature 
profile obtained after adding 5 wt % PBD to COD resins (100 ppm GC2). b, Maximum temperature profile 
obtained after reducing the catalyst concentration to 50 ppm. The high temperature region at the center of 
the samples in a and b is a result resistive heating during initiation. c, Optical image acquired after aging 
the sample depicted in b for 12 h at room temperature. White, opaque regions represent crystalline domains, 
and the clear, faint yellow regions represent amorphous domains. 

A key element of producing more controlled patterns with COD is to control the thermal 

transport during frontal polymerization. To suppress advective transport during free-surface 

FROMP (decrease in PT and increase in j), the viscosity of COD resins is increased by dissolving 

commercial cis-polybutadiene (PBD) into COD prior to the addition of catalyst and inhibitor. At 

2.5 wt% PBD, minimal preheating of the monomer ahead of the polymerization front was 

observed, suggesting a significant reduction in advective transport. However, unstable fronts 

which resemble a Rayleigh-Taylor instability41 are observed. Increasing PBD content to 5 wt% 

yields stable propagation and a uniform thermal profile (Figure 5.11a), indicative of a value of PR 

much greater than PT.  

In the absence of advective transport, the competition between reaction and transport which 

yields patterned thermal profiles is easily tuned by adjusting the reaction kinetics. Propagation 

instabilities are introduced by reducing reaction rates (reducing PR) such that φ ≈ 1. Reducing the 

catalyst concentration from 100 ppm to 50 ppm results in well controlled radial patterns (Figure 
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5.11b) that are similar to those obtained with DCPD (Figure 5.4). Unfortunately, the reduced 

reaction rate generates smaller differences in temperature (ca. 40 °C) on a much smaller size scale 

than those in Figure 5.9a. As a result, the differences between amorphous and crystalline regions 

are much less pronounced (Figure 5.11c). Therefore, future work will need to explore the 

spatiotemporal dependence of crystallization on temperature. Importantly, the minimum scale at 

which amorphous domains form within crystalline domains in response to thermal spikes must be 

investigated to determine if this approach is a viable method to produce the micro- and nano-scale 

patterning that leads to increased toughness in biological materials1,3. Further, other cyclic olefins 

that are capable of generating crystalline thermoplastics upon polymerization must be developed 

to expand the library of available material properties.  

5.6 Conclusions  

We have demonstrated that thermally driven reaction-transport during frontal polymerization 

produces spontaneous patterns in structural materials. Patterning of surface morphology, color, 

and Tg was realized in pDCPD resins. Control of boundary conditions such as the initial 

temperature of the monomer enabled fine-tuning of pattern development and evolution. 

Application of this patterning technique to frontal polymerization of COD resulted in materials 

with clearly defined regions varying more than two orders of magnitude in stiffness. The ability to 

create and control large thermal gradients creates opportunities for new chemical and physical 

transformations in response to temperature such as liquid crystal mesogens, thermochromes, 

catalyst inhibition schemes, and crosslinking reactions. Provided that the transformation kinetics 

are competitive with frontal polymerization, we anticipate that this patterning strategy can be 

combined with the wide variety of thermally responsive materials and chemistries that have been 

developed to date.  
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The reaction-thermal transport processes of frontal polymerization are akin to the reaction-

mass transport processes in Turing’s model of biological morphogenesis (5), and we envision that 

our results will form the foundation of a synthetic analogue to biological development. These 

fundamental findings in polymer science are expected to have significant impacts on the design 

and manufacture of macroscale functional materials, and the creation of developmental materials 

will be a paradigm shift in polymer manufacturing, enabling the autonomous growth of structures 

and patterns. 

5.7 Experimental Details 

5.7.1 Numerical Simulations 

Frontal polymerization in a two-dimensional concentric fan-shape domain (Figure 5.1b) and 

in a two-dimensional channel (Figure 5.10) was modeled by solving the following partial 

differential equations: 

"
𝜅∇!𝑇 + 𝜌𝐻"

𝜕𝛼
𝜕𝑡

= 𝜌𝐶#
𝜕𝑇
𝜕𝑡

𝜕𝛼
𝜕𝑡 = 𝐴exp 2−

𝐸$
𝑅𝑇6𝑔

(𝛼)
 

The variables of interest are the temperature T (K) and the degree of cure a (non-dimensional), 

both evolving with time and position. The first equation describes thermal conservation with the 

power density transported by diffusion (𝜅∇!𝑇) and the power density generated by polymerization 

(𝜌𝐻"
%&
%'

). The associated material properties are the thermal conductivity,  k (W m-1 K-1); the 

specific heat capacity, Cp (J kg-1 K-1); the density, r (kg m-3); and the heat of reaction, Hr (J kg-1). 

The second equation models the cure kinetics of the considered material, where the parameters 

(pre-exponential factor, A (s-1); activation energy EA (J mol-1); and the evolution of the degree of 

cure, 𝑔(𝛼)) are determined by performing nonlinear fitting optimization with the data obtained 
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from dynamics DSC tests performed on the resins. R (8.314 J mol-1 K-1) represents the ideal gas 

constant. 

The initial and boundary conditions used to solve the governing equations in the adiabatic fan-

shape domain are: 

⎩
⎪
⎨

⎪
⎧

𝑇(𝑟, 𝜃, 0) = 𝑇(
𝛼(𝑟, 𝜃, 0) = 𝛼(

𝑇(𝑟(, 𝜃, 𝑡) = 𝑇'")*							0 < 𝑡 ≤ 𝑡'")*
𝜕𝑇
𝜕𝑟
(𝑟(, 𝜃, 𝑡) = 0				𝑡 > 𝑡'")*

 

where 𝑇(, 𝛼(, 𝑇'")* and 𝑟( are the initial temperature, initial degree of cure, triggering temperature 

and the inner radius of the fan-shape domain. Figure 5.2a depicts the initial mesh adopted for the 

finite element analysis. The inner and outer radii of the domain were 0.5 and 5.0 mm, respectively. 

11,712 four-node quadrilateral elements uniformly distributed in the angular direction were used 

to discretize the domain at the beginning of the simulation, and a maximum refinement level of 5 

was applied to adapt the mesh and capture the sharp gradients in T and a in the vicinity of the 

advancing front.   

In the channel with glass boundaries (Figure 5.10a), the governing equations were solved in 

two sub-domains. The first sub-domain, where no chemical reaction is considered, consisted of 

glass with Cp = 840 J kg-1 K-1, r = 2500 kg m-3,  k = 1.14 W m-1 K-1, and Hr = 0 J kg-1. The second 

sub-domain consisted of cyclooctadiene resin. The initial and boundary conditions are described 

as follows: 

⎩
⎪
⎨

⎪
⎧

𝑇(𝑥, 𝑦, 0) = 𝑇(
𝛼(𝑥, 𝑦, 0) = 𝛼(

𝑇(𝑥(, 𝑦, 𝑡) = 𝑇'")*							0 < 𝑡 ≤ 𝑡'")*
𝜕𝑇
𝜕𝑥

(𝑥(, 𝑦, 𝑡) = 0				𝑡 > 𝑡'")*
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where 𝑥( = 0 represents the left boundary of the channel where polymerization is triggered. Since 

there is no chemical reaction in the glass, only thermal diffusion is considered in this subdomain. 

The domain (Figure 5.10a), representing the top view of an adiabatic channel, is 75mm long and 

7mm width with additional 0.5mm of glass at top and bottom boundaries. The overall domain is 

divided into 32,000 four-node quadrilateral elements with a maximum refinement level of 3 near 

the front vicinity. 

The numerical analysis was conducted using the Multiphysics Object-Oriented Simulation 

Environment (MOOSE)42, an open source C++ finite element solver that includes robust mesh 

adaptivity capability. The implicit Euler time stepping scheme and a preconditioned Jacobian-free 

Newton-Krylov method were adopted to solve the transient, nonlinear equations.43,44 The ratio of 

power densities, φ, was computed as follows: 

𝜑 =
𝑃+
𝑃,

=
𝜌𝐻"𝐴𝑒

-.! +,/0

𝜅 𝑇K
𝐿1!

 

where 𝑇K and 𝐿1 represent the average of the initial and maximum temperature and the width of the 

thermal front, respectively. Parameters for computing the cases discussed in Figure 5.1b and 

Figure 5.10 are summarized in Figure 5.2c,e,f. 

Figure 5.2d shows the radial variation of the maximum temperature, 𝑇234, predicted by 

numerical analysis, which is a quantitative description of Figure 5.1b. When φ ≈ 0, frontal 

polymerization is unable to initiate, and 𝑇234 decreases from 𝑇'")* to 𝑇( as 𝑟 increases. When φ = 

0.4, several peaks of 𝑇234 at different 𝑟 are obtained, reflecting the unstable propagation of the 

front. The magnitude and wavelength of the peaks in 𝑇234 decreases when φ = 0.5, indicating an 

increase in stability. At φ = 5, no peaks in 𝑇234	are observed, indicating stable front propagation. 

Figure 5.2g,h demonstrate snapshots of numerical simulation of stable and unstable front 
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propagation, respectively. Figure 5.10b shows the maximum temperature profiles computed for 

COD when the front propagates in a long glass channel. The symmetry of frontal propagation and 

the resulting pattern size, spacing, and shape are readily tuned by varying the initial temperature 

of the resin, 𝑇(. At high initial temperatures, e.g. 𝑇( = 40 °C, fronts propagate in a steady fashion, 

and the resulting temperature profile is homogeneous. At reduced initial temperatures, e.g. 𝑇( ≤

	20 °C, propagating fronts display symmetry breaking events, leading to striped patterns that 

increase in complexity with distance from the initiation point.  

5.7.2 Materials 

Dicyclopentadiene (DCPD), 5-ethylidene-2-norbornene (ENB), Grubbs catalyst 2nd generation 

(GC2), tributyl phosphite (TBP), 1,1,2,2-tetraphenylethylene (TPE), and cis-polybutadiene (Mw = 

200,000 – 300,000 Da) were purchased from Sigma-Aldrich and used without further purification. 

TBP was stored under inert atmosphere to prevent hydrolysis of the phosphite. 1,5-cyclooctadiene 

(COD) and N,N’-di-sec-butyl-p-phenylenediamine (DBPDA) were purchased from TCI America. 

DBPDA was used as received and stored under inert atmosphere. COD was passed through a 1 cm 

plug of basic alumina to remove the octadecyl 3-(3’,5’-di-tert-butyl-4’-hydroxylphenyl)propionate 

stabilizer which was found to interact negatively with GC2, preventing frontal polymerization. 

RTV630 silicone rubber compound was purchased from Momentive® and used as received. 26-

gauge Kanthal wire (D = 0.40 mm, resistivity = 1.4×10-4 W cm) was used to initiate FROMP. 

Polyurethane rubber gaskets, laminated glass plates, and aluminum plates were purchased from 

McMaster-Carr.  
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5.7.3 Free-Surface Frontal Ring-Opening Metathesis Polymerization 

To depress the freezing point of DCPD, 5 wt% ENB was blended with DCPD at 35 °C. The 

liquid mixture was then degassed overnight at room temperature and 15 kPa with stirring. Unless 

otherwise noted, all references to DCPD refer to the 95:5 DCPD:ENB mixture. To enhance the 

fluorescence and aid in visualization of radial samples, 0.25 wt% TPE was dissolved in DCPD and 

degassed for an additional 12 h at room temperature and 15 kPa. In a typical experiment, 30 mg 

GC2 (0.0353 mmol) was weighed out in a vial. In a separate container, TBP (9.6 μL, 0.0353 mmol) 

was added to DCPD (46.6 g, 10,000 molar equivalents to GC2) or COD (38.4 g, 10,000 molar 

equivalents to GC2). The monomer/inhibitor solution was then added to the vial containing GC2, 

and the resulting mixture was sonicated for 10 min to ensure complete dissolution of GC2. The 

solution was then filtered through a 0.22 μm PVDF membrane to remove any particulates. Filtered 

solutions were added to either a radial or channel mold to give a resin depth of 5 mm and incubated 

until the desired initial monomer temperature was achieved. Frontal polymerization was then 

initiated by local heating with a resistive wire. Polymerized samples were stored under a 

continuous flow of nitrogen gas to prevent surface oxidation. 

Radial (D = 100 mm) and channel (150 mm × 25 mm) molds were fabricated by compressing 

an 8 mm thick polyurethane rubber gasket, cut into the desired geometry by waterjet, between a 1 

mm thick laminated glass plate and a 3 mm thick aluminum plate. The top aluminum plate was 

machined to match the geometry of the rubber gasket and coated with Krylon ultra-flat black spray 

paint prior to assembly to simulate a black body during thermal imaging. Initiation was achieved 

by heating a portion of the mold surface at 200 °C for 5 s with a resistive heater. Radial molds 

were heated in the center (Dinitiation = 3.0 mm), and channel molds were heated along one 25 mm 

edge. Schematics of the molds and initiation schemes employed for individual experiments are 
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summarized in Error! Reference source not found.. Front temperatures were monitored from o

verhead with a FLIR T1020 thermal infrared camera focused at the liquid surface. The initial resin 

temperature and the ambient temperature were maintained in a custom-built environmental 

chamber equipped with an AC-162 Peltier module, TC-720 temperature controller, and PS-24-25 

power supply from TE Technology, Inc. Resin temperature was monitored with a thermocouple 

and the overhead infrared camera.  

5.7.4 Materials Characterization 

3D surface profiles as shown in Figure 5.4b were obtained with a Keyence VK-X1000 3D 

Laser Scanning Confocal Microscope equipped with a 5× objective and 405 nm laser. Due to the 

fluorescence of polymerized samples, inverse molds of the circumferential ridges were generated 

by casting degassed silicone resin onto the sample surface and curing for 24 h at room temperature 

and 1 h at 100 °C. Surface profiles of the silicone molds were then inverted to quantify the pDCPD 

surface.  

Differential scanning calorimetry (DSC) traces were obtained with a Discovery 250 DSC 

equipped with an RCS 90 cooling system and an autosampler. Disks (D = 1.5 mm) were punched 

from the samples at 2 mm intervals, weighed on an analytical balance (XPE205, Mettler-Toledo), 

and transferred to Tzero® aluminum pans. Traces were obtained between 25 °C and 250 °C at 10 

°C min-1. Glass transition temperatures were defined as the inflection point in DSC traces. 

Dynamic curing traces were obtained for 2-3 mg samples of freshly prepared resin sealed in Tzero® 

aluminum pans with hermetic lids. Traces were obtained between -50 °C and 250 °C at various 

ramp rates. 

Nanoindentation was performed with a Hysitron TI-950 TriboIndenter equipped with a 

Hysitron 3D OmniprobeTM high load transducer and Berkovich tip from Bruker. Samples were 
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loaded at 3 mN s-1 up to a maximum load of 15 mN, which was held for 2 s, and subsequently 

unloaded at 3 mN s-1. Reduced moduli were extracted from the unloading curves utilizing the 

Oliver-Pharr method45. Prior to indentation, samples were ground and polished to ensure a uniform 

surface on a MetPrep 3 polisher from Allied High Tech Products, Inc, equipped with a series of 

silicon carbide grinding papers (with a minimum grit of 1200) from Buehler. 

Raman spectra were obtained with a Horiba LabRAM HR 3D Raman confocal imaging 

microscope equipped with an 830 nm laser, a 300 groove mm-1 grating (blazed at 600 nm), a long 

working distance 20× objective from Leica, and a Horiba Synapse back-illuminated deep depletion 

CCD camera. 1H NMR spectra were obtained in chloroform-d with a Carver 500 MHz 

spectrometer provided by the School of Chemical Sciences NMR laboratory at the University of 

Illinois at Urbana-Champaign. UV-Vis spectra were obtained with a Shimadzu UV-2401PC 

spectrometer and quartz cuvettes purchased from Starna Cells. 

Transmission wide-angle X-ray scattering was conducted with a Xenocs GeniX3D Cu Kα X-

ray source (1.54 Å) and a Pilatus 2D detector. A rod beam stop placed in front of the detector was 

used to attenuate the primary beam, and the sample-to-detector distance was calibrated with silver 

behenate powder. Scattering patterns were collected with a 10-minute exposure time under 

ambient conditions. The 2D diffraction data were radially averaged using FIT2D software and the 

intensity was plotted as a function of scattering vector q.  

Ex situ bleaching of DBPDA was evaluated in pDCPD panels containing 2 wt% DBPDA. The 

panels were prepared by pouring DCPD resin containing 2 wt% DBPDA into cell casting molds (t 

= 1.0 mm) and allowing the samples to cure for three days at room temperature. Disks (D = 5.0 

mm) were punched from the panels and placed on a Linkam THMS600 heating stage which was 

preheated to the desired temperature. The disks were then imaged optically, and the intensity of 
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the yellow channel was averaged over the sample area. The degree of bleaching was calculated 

according to the following relation: 

Degree of Bleaching (%)	 =  
𝐼( − 𝐼'
𝐼(

× 100% 

where I0 and It represent the average intensity of the yellow channel prior to and after thermal 

treatment, respectively. 

5.7.5 Image Analysis 

All image analysis was performed using FIJI (ImageJ 1.49v). The wave features of radial (D 

= 100 mm) pDCPD samples were analyzed by converting full color optical image to binary using 

the default color threshold function. Noise was removed by 2-3 pixel erosion steps, followed by 

an equal number of pixel dilation steps. After denoising, a radial profile function was run, centered 

at the sample initiation point, to provide a 2-D plot of feature intensity as a function of radial 

distance. Peak picking afforded the radii at maximum feature intensity, which was then used to 

calculate the feature wavelength. 

5.8 Notes and References 

5.8.1 Notes 

This is a collaborative effort with multiple contributors from the Moore, Sottos, and Geubelle 

groups. E.M.L performed the experiments, characterized all materials, and authored the text. 

Elizabeth Feinberg performed image analysis, collected UV-Vis data, and contributed to ideation. 

Yuan Gao and Julie Hemmer performed the numerical simulations. Julie Hemmer also contributed 

to the development of the power ratio. Bhaskar Soman collected and analyzed the WAXS data. 

Suzanne Peterson performed the bleaching experiments. Leon Dean and Qiong Wu developed 

FROMP of cyclooctadiene which was utilized in this work. 
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Chapter 6: Materials Concepts for Developmental Manufacturing 

6.1 Introduction 

Prized for their light weight, ease of manufacture, and vast array of properties, polymeric 

materials have become integral to virtually every aspect of daily life. Global plastic production has 

exceeded 300 million metric tons annually and is expected to double by 20501. Reaching these 

massive production volumes has required highly deterministic – or carefully planned, engineered, 

and orchestrated – manufacturing approaches which ensure a high fidelity of form. Unfortunately, 

traditional manufacturing approaches such as injection molding, thermoforming, and autoclave 

curing are limited in the complexity of structures, patterns, and functions that can be generated. 

Additional post-processing steps such as lithography2 or high-temperature vascularization3,4 are 

required to impart patterns or complex structures, severely limiting access to multifunctional 

materials. Subsequently, the majority of polymeric materials remain passive and monofunctional 

throughout their lifecycles.  

Natural systems, in great contrast, evolved sophisticated mechanisms to impart organisms with 

multiscale structures and patterns, enabling a variety of multifunctional processes. These 

functional attributes are possible even though pattern formation is a non-deterministic process 

which relies on spontaneous symmetry breaking events5–9. Impressively, these non-deterministic 

processes achieve both high fidelity of form and function throughout nature. Further, living 

systems come to be via biochemical processes that take place in the wild, rather than a pristine 

manufacturing plant. Living organisms, therefore, interact with and adapt to their environments as 

they grow and develop. While significant progress has been made in understanding the 

fundamental processes governing biological development and enabling functional responses in 

nature, the translation of these findings to synthetic systems is still in its infancy.  
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Recent efforts by the Autonomous Materials Systems (AMS) group at the University of Illinois 

at Urbana-Champaign and our colleagues in the field of multifunctionality materials have centered 

on mimicking biological structures10,11 and functions such as healing12–14 and remodeling15–18 in 

synthetic materials. Once fully passive, polymeric materials are beginning to interact with and 

respond productively to environmental cues. However, manufacturing techniques remain highly 

deterministic, and synthetic systems still fail to fully encompass the complexity and sophistication 

of biological materials. Drawing inspiration from nature, we believe non-deterministic 

manufacturing approaches are needed for the design of next generation materials. In this chapter, 

we provide a brief overview of several key processes in biological morphogenesis. We then draw 

an analogy between morphogenesis and an emerging materials manufacturing technique, frontal 

polymerization. Finally, we discuss several principles that we believe are integral to the sustainable 

design of synthetic materials. 

6.2 Biological Development 

During biological development, a number of evolutionary processes give rise to form and 

function in natural systems. The most transformational of all mechanisms in biological 

development is morphogenesis. Through morphogenesis, periodic patterns and complex, 

multifunctional structures emerge from initial states of high symmetry during a series of 

symmetry-breaking events6. Remarkably, the patterns and structures that emerge through 

morphogenesis are replicated throughout nature with unprecedented fidelity. No two patterns or 

structures are perfectly identical, but they have the same characteristic features and perform the 

same functions within the species. Aside from the rare defects or mutations, we are born with four 

limbs, ten digits, ten toes, two eyes, two ears, one mouth, and one nose. We may not have identical 

fingerprints, but the ridges and furrows are arranged into characteristic whorls, loops, and arches19. 
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The ridges and furrows also serve the same purpose: improving our tactile sensing20. Within 

developmental biology, a number of theoretical models for morphogenesis have been proposed, 

including Turing’s reaction-diffusion model, Wolpert’s concept of positional information, and 

mechanochemical coupling. For a more comprehensive discussion of theories of developmental 

biology, we direct the readers to several texts by J. D. Murray, P. K. Maini, and H. G. Othmer.21–

24 

In 1952, Alan Turing postulated that patterns emerge through precise feedback-driven 

promotion and inhibition of chemical species, known as morphogens6,25. These morphogens, one 

an activator and the other an inhibitor, react chemically and diffuse throughout space. Given the 

random nature of diffusion, systems experience fluctuations and deviations from their initially 

symmetric states.25 In a system at equilibrium, these chance fluctuations average out and symmetry 

is retained. However, for a system far from thermodynamic equilibrium, small perturbations are 

amplified, and spontaneous symmetry breaking events can occur25. Turing provided the analogy 

of a marble on a dome6 to describe how small fluctuations can drive a break from equilibrium. 

With this concept of coupled reaction and diffusion and relatively simple mathematics, Turing 

predicted patterns, by hand, that bore a striking resemblance to natural patterns6.  

Turing’s revolutionary ideas were met with skepticism and largely ignored for nearly two 

decades26. From the physicist’s perspective, diffusion was believed to disrupt patterns26 by 

favoring disorder and maximizing entropy. Further, the dependence of Turing’s model on random 

fluctuations and sensitivity to initial conditions did not agree with the robust nature of biological 

pattern formation27. However, twenty years after Turing’s seminal paper, Grier and Meinhardt 

created a resurgence of interest in reaction-diffusion processes by formalizing the conditions 

required to generate patterns from the coupled reaction and diffusion of chemical species7. First, 
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the two chemical species, as Turing suggested, are an activator and an inhibitor. Second, the 

activator must display autocatalysis such that chance fluctuations are amplified, and the inhibitor 

suppresses the autocatalysis of the activator. Finally, Grier and Meinhardt recognized that the 

diffusion of the two species must be different. To prevent uncontrolled growth of the activator, the 

inhibitor must diffuse faster than the activator. Turing’s idea of coupled reaction and diffusion, 

with over thirteen thousand citations, has formed the framework of a number of theoretical and 

experimental depictions of biological pattern formation.5,8,28–38 

Where Turing sought to answer the question of how patterns could emerge from symmetry, 

Lewis Wolpert sought to address how asymmetries could drive the emergence of more complicated 

patterns26, publishing his ideas on positional information in 196939. Wolpert proposed that when 

subject to a spatial gradient in morphogen concentration, cells would sense the local concentration 

and differentiate into whatever fate was appropriate.39–42 One of the key aspects of Wolpert’s 

hypothesis was the presence of this interpretation step.26,43 In Turing’s model, cell fate was tied 

directly to morphogen concentration. However, with positional information, a continuous 

concentration gradient could generate any arbitrary pattern, and importantly, concentration 

gradients could be interpreted differently among species26. Additionally, the concept of positional 

information is independent of size. The solution to Wolpert’s French flag problem remains the 

same regardless of the size of the flag, and a French flag can be obtained regardless of the number 

or size of parts that are removed.39 Wolpert recognized that this feature corresponded well with 

experimental observations in biological systems: the original pattern of an organism can be 

regenerated even if small or large pieces are removed.39 Positional information was further 

supported when Drosophila segments were found to develop in response to gradients in gap 

genes.44,45  
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Together, Turing’s reaction-diffusion processes and Wolpert’s positional information 

represent the foundational chemical concepts which govern biological morphogenesis. However, 

it is also believed that mechanochemical coupling is critical to creating form and function.46–51 The 

Murray–Oster continuum mechanochemical model is rooted in experimental observations that 

cells generate large traction forces during motion which are capable of deforming elastic substrates 

and creating anisotropies in the local environment52–54. Fibroblasts were found to align collagen 

fibers within the extracellular matrix (ECM) into linear tracts that were more than two orders of 

magnitude greater than the cell diameter.54 The alignment of collagen fibers locally increases the 

density of cell adhesion sites, leading to directed cellular motion by haptotaxis and contact 

guidance.46,49 Murray and coworkers observed that the interactions between cells and the ECM 

provides a feedback loop for cellular motion: mobile cells significantly deform the ECM and 

deformations in the ECM direct motion.46 The coupling of traction forces and cell motility leads 

to the spontaneous patterning of cellular aggregates.46,47 The mechanochemical model for 

morphogenesis has successfully been applied to number of systems including the formation of 

vasculature from mesenchymal stem cells51, condensation of chondrocytes46, and hydra 

regeneration55.  

While each of these processes were discovered and described independently, it is believed that 

biological development relies on their synergy. Reaction-diffusion processes are strongly 

dependent on initial and boundary conditions and are unlikely to produce the same patterns and 

structures in different environments. However, mechanical signaling provides an additional level 

of feedback55, ensuring the correct final form is reached in a plethora of conditions. Braun and 

Keren elegantly stated that the closed loop dynamics of mechanical and biochemical signaling 
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ensures fidelity of form and function across multiple length scales.55 Similarly, developmental 

manufacturing of synthetic materials will require a multifaceted approach.   

6.3 Frontal Polymerization: A Molecular Toolkit for Developmental Manufacturing 

Since Leo Hendrik Baekeland first introduced Bakelite in the early 1900s56,57, the global 

plastics industry has grown exponentially as polymeric materials are easily manufactured at large 

scale and low cost. However, in all cases, synthetic polymer manufacturing is deterministic. 

Precision-machined molds and dies, accurately controlled ovens and autoclaves, and teams of 

engineers and technicians are all required to produce components with a wide range of shapes and 

sizes. In contrast, natural systems rely on non-deterministic symmetry breaking events to bring 

about form and function. Impressively, non-deterministic manufacturing imparts biological 

materials with levels of complexity which are well beyond the scope of the molds, ovens, and 

printers of synthetic manufacturing. We believe that there must be a paradigm shift in 

manufacturing to create the next generation of polymeric materials, and frontal polymerization 

provides one promising route.  

Our interests and explorations into frontal polymerization (FP) began in the early 1990s when 

our late colleague and dear friend, Scott R. White, pioneered a novel fiber-reinforced composite 

manufacturing technique58–60. S.R.W sought to reduce the manufacture time and potential for 

deleterious thermal spikes in thick composite lamina by stacking prepreg layers as a reaction front 

propagated through the thickness. To avoid thermal spikes and ensure adequate interlaminar 

strength, a delicate balance between the material feed rate and the reaction rate was required. If 

the reaction front propagated faster than the material was supplied, the matrix would cure prior to 

the formation of any interlaminar bonding. Conversely, if the material supply rate greatly exceeded 

the reaction rate, the advantages of the simultaneous process were negated. S.R.W. may not have 
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recognized it at the time, but this pioneering work set the stage for a revolution in the AMS group. 

Nearly thirty years after his initial publication, the focus of our group has shifted heavily towards 

frontal polymerization. 

The concept of frontal polymerization was first explored in the 1970s61–67 and has a rich history 

of innovation rooted in combustion theory and dynamics. During frontal polymerization, a 

thermally latent catalyst is activated by a localized thermal stimulus to participate in a highly 

exothermic reaction.68 The heat of polymerization drives further reaction, generating a propagating 

wave of polymerization which rapidly converts monomer into polymer. Work led by Prof. John 

Pojman at Louisiana State University has greatly advanced the field providing a number of 

fundamental studies into the dynamics of FP69–75 and expanding the library of FP resins76–85. His 

excitement for the application of FP in art displays and household construction86 serves as a 

continuous inspiration to explore the limits and applications of science.  

Nearly 20 years after S.R.W. published his paper on simultaneous lay-up and epoxy curing, 

our interest in frontal polymerization was renewed when Ian Robertson and coworkers utilized an 

acrylate resin to create a microfluidic endoskeleton which would globally stiffen in response to a 

local thermal stimulus87. Soon after, the Illinois team began pursuing FP to manufacture fiber-

reinforced composites and was strongly encouraged to investigate more mechanically robust FP 

systems for composite manufacturing, such as the frontal ring-opening metathesis polymerization 

(FROMP) of dicyclopentadiene (DCPD) pioneered by Alberto Mariani and coworkers80,88,89. To 

translate FROMP of DCPD to composite manufacturing, the latency, which was limited from 

seconds to several minutes, required significant improvement. The discovery of alkyl phosphite 

inhibitors for FROMP of DCPD90 provided unprecedented pot lives and culminated in the energy-

efficient manufacture of high-performance composite materials91. Alkyl phosphites have become 



 114 

a staple in all AMS laboratories at Illinois and have enabled us to creatively explore the bounds of 

polymer manufacturing. 

While we were finishing our initial work with composite manufacturing through FP, S.R.W., 

Jeffrey S. Moore, Nancy R. Sottos, and Philippe H. Geubelle, were also inspired by the similarities 

of the reaction-transport systems in FP and Turing’s model for morphogenesis. They approached 

E.M.L. with an annotated copy of Philip Ball’s commentary25 on Alan Turing’s 1952 paper ‘The 

Chemical Basis of Morphogenesis’6 and asked E.M.L. if he was up for the challenge of generating 

a formal analogy and finding routes to patterns with FP. It is important to note that we are not the 

first to recognize the analogy between propagating reaction waves and Turing’s model for 

morphogenesis. A. G. Merzhanov and coworkers recognized this analogy92 at a time when S.R.W. 

was first exploring FP. 

(1)	
𝜕𝑇
𝜕𝑡 = 𝑔(𝛼, 𝑇) + 𝜆∇!𝑇 

(2)	
𝜕𝑐5
𝜕𝑡 = 𝑓(𝑐$, 𝑐6) + 𝐷5∇!𝑐5 

A close look at the reaction-transport equations of FP (Equation 1) and Turing’s framework 

for morphogenesis (Equation 2) demonstrates the parallel between the two. The temperature of the 

polymerization front, T, is analogous to the morphogen concentration, cJ, and the monomer 

thermal diffusivity, λ, mirrors morphogen mass diffusivity, DJ. Further, a key feature of both 

systems is the presence of autocatalysis.6,68 During morphogenesis, autocatalysis enables the local 

growth of an activator following a small perturbation from the initial state, rather than a return to 

equilibrium. Similarly, in FP, the transport of heat from the highly exothermic polymerization 

reaction drives the propagation of the polymerization front following a small energetic input. 

Where these two systems differ is the final output. The reaction-diffusion processes of 
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morphogenesis generate well defined and periodic patterns. Conversely, under typical 

experimental conditions, polymerization fronts propagate uniformly, transforming liquid 

monomer into solid polymer with a uniform temperature profile.  

When studying gasless combustion, Merzhanov and coworkers observed that propagation 

instabilities, which lead to undulations in propagation velocity, developed under conditions of 

rapid thermal diffusion.92 This observation highlighted a fundamental difference between the 

reaction-diffusion processes of biological patterning and frontal propagation. A key aspect of 

Turing’s model was rapid diffusion of the inhibitor to prevent uncontrolled growth of the activator. 

During combustion, instabilities require rapid diffusion of heat, the activator. Our theoretical 

studies of FP in high-volume fraction carbon fiber-reinforced composites, led by P.H.G., supported 

Merzhanov’s claims.93 A reduction in reaction rate and an increase in thermal transport due to the 

high thermal conductivity of carbon fibers led to propagation instabilities. Similar instabilities have 

been reported widely throughout combustion and FP literature and are known to generate large 

undulations in reaction temperature.68–70,72,73,92,94–99 We believe that controlling and harnessing 

these undulations in reaction temperature are the key to patterning during frontal polymerization. 

In 1938, Yakov Zeldovich introduced a dimensionless parameter to describe the boundary 

between modes of frontal propagation.95,100 Widely known as the Zeldovich number, it considers 

the role of the effective activation energy and the initial and maximum temperature of the reagents. 

John Pojman and coworkers have demonstrated facile methods of controlling propagation 

dynamics in acrylate FP resins by tuning the Zeldovich number.73 By changing the effective 

activation energy, they observed a period doubling behavior of the spin modes encountered during 

unstable FP. E.M.L. and coworkers recently proposed a new dimensionless parameter, j (Equation 

3), which compares the power densities of both reaction (PR) and thermal transport (PT), as a 
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phenomenological descriptor of front stability (r, Hr, A, EA, R, 𝑇K, k, and 𝐿1 respectively represent 

the resin density, enthalpy of reaction, pre-exponential factor, universal gas constant, average of 

the initial and maximum temperature, thermal conductivity, and the width of the thermal front). 

We observed that, when the power density of thermal transport was slightly greater than that of 

the reaction, propagation instabilities appeared, and the thermal profiles were readily controlled 

by tuning the ratio of reaction and transport powers. This work again highlighted the importance 

of rapid transport of the activator in creating patterns with FP.  

(3)	𝜑 =
𝑃+
𝑃,

=
𝜌𝐻"𝐴𝑒

-.! +,/0

𝜅 𝑇K
𝐿1!

 

The large ΔT generated by propagation instabilities provides opportunities to apply thermally 

responsive chemistries to permanently pattern the material properties in response to the thermal 

history. John Pojman utilized free radical scavenging dyes which changed color in response to the 

increased decomposition of peroxide initiators at locations of high front temperature.71 E.M.L. and 

coworkers employed thermochromic radical cations which locally bleached when polymerization 

temperatures exceed 250 °C. They also explored the temperature dependent cis/trans isomerization 

of poly(cyclooctadiene) to locally control the crystallinity and stiffness of frontally polymerized 

materials. We envision that the vast body of work in stimuli-responsive materials will find a home 

in FP, provided that the transformation kinetics are compatible with the polymerization kinetics 

during unstable propagation. We direct the readers to several review articles in the areas of self-

assembly101–105, liquid crystals106–109, and transient materials110–113 for additional inspiration. 

The similarities between biological development and frontal polymerization are not limited to 

Turing’s theory of morphogenesis. Alberto Mariani and coworkers has elegantly shown that the 

pre-patterning of resins enables the synthesis of functionally graded materials114, providing an 
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analogy to Wolpert’s theory of positional information. We anticipate that this analogy would be 

easily extended by also pre-patterning the thermal profile of an FP resin to amplify propagation 

instabilities and create larger differences in material properties. Further, we recently incorporated 

mechanical feedback into frontal polymerization. By applying an oscillatory load to an elastic gel 

undergoing FP, highly regular and readily tuned surface undulations were created. Combining each 

of these FP concepts – propagation instabilities, pre-patterning, and mechanochemical coupling – 

provides a wholistic approach to developmental manufacturing and will enable the spontaneous 

growth of functional materials.  

6.4 Incorporating Lifecycle Control 

As we embark on the journey towards the next generation of synthetic materials, we must 

consider the entire lifecycle of a material, not just the intended application. Polymeric materials 

were manufactured at million-ton scales and integrated into nearly every aspect of our everyday 

lives with excitement over their ease of manufacture and little thought applied to their inevitable 

end of life. Subsequently, plastic pollution is now a global crisis that will plague society for years 

to come. To reduce our footprint and work towards a better tomorrow, we require materials which 

mitigate their global impact at each stage: birth, life, and death. Currently, synthetic material 

design is inferior to natural systems in all three stages.  

As discussed in previous sections, the deterministic manufacturing of polymeric materials fails 

to recapitulate the complexity and multifunctional nature of biological tissues. We believe that 

pursuing non-deterministic manufacturing approaches, such as frontal polymerization, will not 

only provide access to patterns, structures, and functions which are beyond our current 

technologies but also reduce the energetic requirements of polymeric materials. Further, improving 
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the multifunctionality of synthetic materials will greatly improve the next two stages of the 

material lifecycle.  

Unlike biological systems, synthetic materials fail to interact with and adapt to their 

environments, resulting in a steady accumulation of damage and decay throughout their lifetime. 

Biological tissues achieve both interactions and adaptations through a process known as signal 

transduction, which transforms an extracellular or intracellular event into a series of reactions. 

Eventually this reaction cascade generates a global change in the organism. Environmental stimuli 

range from anywhere from concentration gradients to applied mechanical force. Over the past 

several decades there have been tremendous advancements in recapitulating signal transduction in 

synthetic materials. S.R.W., J.S.M., N.R.S., and P.H.G. entered into this field in the early 2000s, 

creating a microcapsule design for self-healing materials12. Since this early contribution, we have 

developed new healing strategies3,4,14,115–118 and damage sensing materials119–122 and discovered 

new uses for vasculature in synthetic materials123–125. Several of our comrades in the field of 

multifunctional materials have joined us in creating additional healing chemistries13,126,127, novel 

mechanophores128–132, and strategies toward adaptation16–18,133,134. For a more detailed discussion 

of multifunctional materials, we direct the readers to a recent review article135 by Jason Patrick 

and coworkers. 

Work in self-healing and adaptive materials has truly pushed the boundaries of materials design 

into unprecedented areas. However, the emphasis has been placed on extending the material 

lifespan and not on engineering for the inevitable death of a material. This brings a very important 

question to the surface: will a material that heals or adapts be more difficult to dispose of when it 

is removed from service? In light of this question, we argue that continued efforts to improve the 

longevity of materials, without considering the end of life for a material, are irresponsible. 
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For synthetic materials, the end of life is reached after a single use or after many years of 

service, during which time damage steadily accumulates. However, removal from service is not 

really the end of a polymeric material. The high strength covalent networks of polymeric materials 

ensure continued existence, albeit as waste, for an unknown amount of time. Some materials, such 

as thermoplastics, are recycled and reborn as new products, but, in most cases, that history of 

damage remains. Recycled plastics are continuously downgraded with each successive cycle until 

they can no longer fulfill a purpose and are discarded.136 For natural systems, the end of life is very 

different. Everything from a single macromolecule to an entire organism is broken down into 

building blocks for future use. This perfectly circular economy is the true embodiment of 

sustainability. 

Over the past decade there has been an amazing outpouring of research into polymers with 

end-of-life strategies.137 We and several of our colleagues, such as Prof. Scott Philipps at Boise 

State University and Prof. Elizabeth Gillies at Western University, have emphasized research into 

low ceiling temperature (Tc) polymers as a route to a circular plastics economy.138–141 Low Tc 

polymers, which readily revert to monomer under relatively mild conditions, emulate nature’s 

modular design for macromolecules and enable closed-loop utilization of resources. Others, such 

as Prof. Jeremiah Johnson at the Massachusetts Institute of Technology, have explored the 

installation of cleavable units into commodity thermoset networks through copolymerization.142 

When random copolymers are formed, the cleavable comonomers can be incorporated at relatively 

low loadings with no impact on the manufacturing methods and minimal changes to the final 

mechanical properties. Prof. Johnson’s work with cleavable cyclic olefins has encouraged us to 

explore recyclable and multifunctional monomers for frontal polymerization.  
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6.5 Systems-Level Engineering 

Our recent emphasis on degradable materials has inspired us to begin thinking about systems-

level engineering. In our recent demonstrations and those of our comrades, material disintegration 

hinges on surface degradation or swelling in a degradation solution. While this is acceptable for 

small, laboratory-scale pieces, how would you efficiently degrade the thermoset matrix of a 50 m 

long wind turbine blade? It would not be practical to drop the blade into container filled with the 

required degradation reagents. Instead, degradation should be triggered from internal vasculature, 

which brings about another major question. How do we create a vascular network which ensures 

complete deconstruction prior to the failure of the channels? The answer lies in digital design and 

optimization.  

Digital design and optimization have already found a home in the AMS labs. P.H.G. led efforts 

to optimize cooling performance and blockage tolerance in vascular polymers and 

composites.123,124 Computational predictions were coupled to high-speed fabrication techniques to 

validate the designs. Similar approaches have been successfully implemented by Prof. Martin 

Dunn’s group at the University of Colorado Denver.143 They sought to disrupt the traditional 

computer-aided design and computer-aided manufacturing workflows common in product 

development by creating a new design workflow for additive manufacturing. His workflow was 

formed on three pillars: design autonomation based on multiscale topology optimization, 

computational geometry algorithms with spatially-variable multimaterial microstructures, and 

digital fabrication through voxel-based additive manufacturing. With this new workflow, Dunn’s 

group was able to create highly optimized structures for a variety of applications, all with 

unmatched performance. We believe that digital design and optimization approaches like these 

examples will be instrumental in developmental manufacturing. Through these workflows, 
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material performance will be optimized for a variety of functions, ranging anywhere from healing 

to programmed degradation.  

6.6 Conclusions 

This chapter has highlighted the similarities between biological morphogenesis, specifically 

Turing’s reaction-diffusion model, and frontal polymerization. FP represents an avenue toward 

developmental manufacturing that is akin to the non-deterministic developmental processes which 

ensure high fidelity of form and function in natural systems. The nearly fifty years of research into 

FP has generated a large library of FP resins, making this concept applicable to a wide range of 

product sectors. We also provide our perspective on two key concepts, life cycle control and 

systems-level engineering, which must be considered as we embark on the journey towards next 

generation polymeric materials. We hope that the ideas and insights in this chapter will inspire 

researchers in multifunctional materials to continue pursuing nature’s great example of 

development.  
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