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Abstract 

Free radicals, atomic or molecular species with an unpaired valence electron, are 

common reactive species in many chemical reactions.  Indeed, radicals often participate 

in many naturally-occurring biological processes as well as in polymerization reactions as 

the active propagating centers in both chain- and step-growth polymerizations.  One 

particularly interesting class of radical-generating compounds consists of 

hexaarylbiimidazoles (HABIs) which have been the focus of significant research activity 

owing to their photo-, piezo-, and thermo-chromic nature.  Upon irradiation, HABIs 

undergo homolytic cleavage to yield two strongly colored, 2,4,5-triarylimidazolyl 

radicals that are relatively unreactive with oxygen and show slow recombination rates, 

attributable to steric hindrance and electron delocalization, and thermally recombine to 

reproduce the HABI dimer.  Because of their unique attributes, HABIs have found 

industrial utility as proofing papers, photoresists, and radical polymerization initiators. 

This dissertation details the design and synthesis of novel HABI derivatives to 1) 

address the deficiencies of conventional HABI photoinitiators, including their poor 

visible light absorption and low solubility, 2) elucidate the recombination mechanism of 

lophyl radicals and resolve the apparent disagreement between reported reaction orders, 

and 3) explore their utilization as a novel class of dynamic covalent bonds to effect the 

photo-mediated healing of cross-linked polymer networks. 
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A novel, bis(hydroxyhexyl)-functionalized HABI was synthesized and employed 

as an efficient, visible light-active photoinitiator for thiol–ene resin formulations in the 

absence of any accompanying photosensitizer.  Owing to the high reactivity of thiol 

functional groups with HABI-derived lophyl radical, in conjunction with the necessarily 

high thiol concentration in thiol–ene formulations, this HABI photoinitiator effectively 

initiated thiol–ene polymerizations upon visible light irradiation and exhibited improved 

visible light absorption and solubility in both organic solvents and resins relative to a 

commercial HABI photoinitiator.  Additionally, the photo-mediated dissociation of 

HABIs and subsequent dark recombination of lophyl radicals were examined, where 

analysis of lophyl radical concentration curves revealed that the recombination reactions 

were well described as 3/2- and second-order reactions for the two respective parent 

HABIs.  Finally, HABI-based functional groups were utilized as a new class of dynamic 

covalent bonds to demonstrate the photo-mediated healing of cross-linked polymer 

networks.  Novel di- and tetra-functional, polymerizable HABI-based monomers were 

synthesized and subsequently incorporated into cross-linked polymer networks.  The 

resultant HABI-incorporating cross-linked polymer networks were able to undergo 

photo-mediated backbone cleavage, temporarily affording reduced cross-link densities 

and dynamic connectivity rearrangement while under irradiation, then reverting back to 

stable, static networks upon irradiation cessation.  This network stability in the dark, 

combined with a highly dynamic nature under irradiation, enabled rapid healing rates 

while precluding the creep that often accompanies the dynamic connectivity of 

intrinsically-healable polymer networks.  Moreover, the cross-link density reduction upon 

irradiation and long half-life of the photo-generated lophyl radicals tethered to network 
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strands provided sufficient time for effective, successful healing within HABI-

incorporating, vitrified, cross-linked polymer networks. 

The findings described herein open up possibilities in the design and synthesis of 

novel, intrinsically-healable cross-linked polymer networks, and suggest the suitability of 

HABIs in advanced, responsive materials applications, including in stress-indicating and 

self-reinforcing materials. 
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Chapter 1 

Introduction  

1.1 Background and research overview 

The ability to spontaneously heal injury is a key feature of biological materials, 

significantly increasing the life span of plants and animals.  In contrast, the longevity of 

synthetic materials is curtailed by the occurrence of macroscopic damage or 

microcracking and fatigue that severely decrease mechanical performance, eventually 

leading to structural failure.  Consequently, a new research area focused on synthetic, 

‘self-healing’ polymeric materials, mimicking natural healing process, has emerged that 

aims to extend material service life spans, improve safety, and ensure sustainability.1-3  

One approach to achieve self-healing in polymeric materials employs embedded, liquid-

filled microcapsules1 or vascular networks3,4 throughout the material that, upon 

catastrophic failure, release monomer which polymerizes to form a healed ‘scar’.  A 

potential drawback of this approach is that, should a repeat-fracture occur, the material is 

unable to re-heal as the healing agent has already been consumed during repair of the 

initial break.  To address this shortcoming, new approaches involving ‘intrinsically-

healable’ materials have been developed.  In these approaches, the bulk polymer contains 

covalent cross-links which are designed to undergo well-defined and fully-reversible 

bond breaking and bond forming reactions (i.e., dynamic rearrangement of the network 

connectivity) during healing.2  As a result, the self-healing process can undergo multiple 
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cycles even upon repeated damage at the same sites and the material within the healed 

zone can be chemically identical to that of the bulk polymer. 

Dynamic covalent chemistry refers to a class of covalent bond-forming reactions 

whose products can be rearranged or reverted back to the constituent reactants under 

specific reaction conditions.  Over the last few decades, introducing these chemical 

dynamics into synthetic, covalently cross-linked polymeric materials has drawn much 

attention in efforts to fabricate adaptable, healable networks.5-7  Although all bimolecular 

addition reactions are, to some extent, reversible as dictated by the equilibrium constant 

temperature dependence, most reactions can essentially be considered irreversible as 

several temperature constraints exclude the majority of these reactions from being 

thermally-reversible dynamic covalent building blocks, including consideration of a 

practical temperature range, high temperature-induced side reactions, and chemical 

decomposition temperatures. 

 

 

Figure 1.1.  Reversible photo-mediated homolysis of HABIs into lophyl radicals.  The 

spontaneous recombination reaction proceeds over tens of seconds to minutes in solution. 
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Hexaarylbiimidazoles (HABIs) are well known as thermo- and photo-chromic 

materials and photoinitiators that are widely used in proofing papers, photoimaging and 

photoresists.8,9  They efficiently produce lophyl radicals upon light irradiation and can 

thermally recombine to reproduce the dimer (see Figure 1.1).  The photochromic 

behavior of HABI derivatives can be attributed to the homolytic, reversible cleavage of 

the carbon-nitrogen (C-N) bond between the imidazole rings.  Owing to the extraordinary 

stability of lophyl radicals and concomitant reversibility, we hypothesize that the HABI 

functional group can be used as a new class of dynamic covalent bonds within the 

polymer network.  We aim to utilize the sluggish lophyl radical recombination reaction 

rates to yield a significant, although temporary, reduction in cross-link density, 

decreasing the Tg to sub-ambient temperatures upon application of light and dramatically 

increasing chain mobility, enabling photo-induced crack healing in cross-linked 

polymers. 

Herein, we have modified HABI moieties to afford a novel visible light-active, 

single component photoinitiator with improved optical and chemical properties, and 

studied the kinetic behavior of HABIs depending on their chemical structures and 

surrounding environment.  Also, we have synthesized new HABI monomers and utilized 

them as a new class of dynamic covalent bonds to demonstrate the photo-mediated 

healable materials. 
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1.2 Self-healing polymers 

Polymeric materials underpin almost every aspect of everyday life with 

employing a very wide range of organic macromolecules; however, repeated exposure of 

these polymers to environmental stresses such as chemical attack, radiation, mechanical 

abrasion, impact, and fluctuating temperature can result in degradation of the material’s 

physical properties and lead to irreversible failure.  It has been proposed10 that this 

process starts at the microscopic level with the formation of microvoids, which then 

expand to generate microcracks and ultimately lead to formation of macroscopic cracks.  

The resulting loss of structural integrity leads to weakening of mechanical properties and 

ultimately to failure of the polymeric component.  Incorporating an ability to repair 

physical damage and cracks can effectively prevent catastrophic failure, thus extending 

the lifespan of materials.  Consequently, the development of self-healing materials, 

defined as “materials where damage automates a healing response”, has recently attracted 

significant attention.11,12 

Numerous strategies have been reported to afford self-healing polymers.  Based 

on the nature of self-healing and external triggers applied, they can be classified into non-

autonomous and autonomous systems.  Non-autonomous self-healing polymers require 

external triggers such as light, temperature, and pH change, whereas autonomous self-

healing materials do not need any triggers to initiate the self-healing process.  

Alternatively, a number of strategies can be classified as intrinsic and extrinsic.13  

Extrinsic self-healing involves the encapsulation of external healing agents, in the form 

of microcapsules or fibers, impregnated deliberately in the polymer matrix.14,15  When 

cracks or damages occur, the contents encapsulated in these containers are released to fill 
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the disrupted parts, which then begin self-repairing either by polymerization or chemical 

reactions.  In contrast to extrinsic self-healing occurring in a single event, intrinsic self-

healing is repeatable and occurs in multiple events.  Intrinsic self-healing materials are 

designed with reversible cross-links, and self-healing is accomplished by bonding upon 

external stimuli to the system.16,17  When the damage is below the critical limit, the 

damaged portion can be rejoined with the aid of either chemical cross-linking through 

dynamic covalent bond formation18 or physical cross-linking through supramolecular 

(non-covalent) interactions.19 

 

1.2.1 Extrinsic healing methods 

In 2001, White and co-workers first reported self-healing concept based on the 

polymeric materials incorporating microencapsulated healing agent.1  Microcapsules 

incorporated in these materials contain the healing agent while the catalyst for the healing 

polymerization reaction is dispersed in the polymer matrix.  When a crack forms, the 

capsules are broken and the healing agent is released, pulled into the crack by capillary 

forces, and exposed to the catalyst, leading to polymerization and crack repair (see Figure 

1.2).  Although this seminal report initiated the entire field of self-healing materials and 

this microcapsule approach shows great promise for extending the lifetime of thermoset 

materials, it is still far away from the sophistication of natural healing as, owing to the 

loss of capsules upon healing, the repair is a one-time healing process rather than a 

continuous regeneration of the material properties.  In addition, microcapsules can only 

efficiently repair microcracks since insufficient healing agent is available for larger 

defects.  Inspired by healing process in biological systems, White et al. have proposed the 
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use of vascular channels with healing agent to overcome these limitations.3  A cut in the 

skin triggers blood flow from the capillary network in the skin to wound site rapidly 

forming a clot.  After the model of this healing process in nature, they prepared an epoxy 

coating contains a pervasive three-dimensional microvascular network.  Solid catalyst 

particles are incorporated within the coating and the network is filled with a liquid 

healing agent.  After damage occurs in the coating, healing agent wicks from the 

microchannels into the crack through capillary action.  Once in the crack plane, the 

healing agent interacts with the catalyst particles in the coating to initiate polymerization, 

re-bonding the crack faces autonomically.  Although above-mentioned mechanisms do 

achieve self-healing behavior, questions remain concerning the long-term stability of the 

catalyst and the ability of the materials to heal injury multiple times.  Moreover, this 

approach necessarily reduces the strength and modulus of the virgin materials as the 

liquid-filled inclusions do not provide any load-bearing contribution.20  Nevertheless, this 

approach does contribute to the development of self-healing materials and provides 

tremendous inspiration and momentum for other researchers in the field.21-24  
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Figure 1.2.  The autonomic healing concept.  A microencapsulated healing agent is 

embedded in a structural composite matrix containing a catalyst capable of polymerizing 

the healing agent. 

 

1.2.2 Intrinsic healing methods 

The design of these materials involves the incorporation of dynamic covalent 

bonds as cross-linkers in self-healable networks.  These reversible linkages are later 

utilized through the reformation of covalent bonds to reattach materials fractured by 

mechanical forces.  Unlike physical cross-linking methods based on supramolecular 

interactions, chemical cross-linking methods utilizing reversible covalent bond formation 
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provide higher mechanical strength and dimensional stability.  These features can be 

advantageous in the development of tough self-healable materials. 

 

1.2.2.1 Thermally-reversible dynamic covalent bonds 

Several thermally-reversible reaction mechanisms have been used to fabricate 

adaptable networks (Figure 1.3).  Nucleophilic addition reactions are well-suited as 

thermoreversible reactions; however, the nucleophile must also be a good leaving group 

in order for the reaction to revert over a reasonable temperature range.  Although the 

reaction of isocyanates with imidazoles has been successfully employed for a 

thermoreversible network under inert conditions (Figure 1.3a),25 the intolerance of 

isocyanates to moisture significantly limits its implementation.  Carbene dimerization, 

another candidate thermoreversible reaction (Figure 1.3b), has been used to fabricate 

dynamic, thermally-responsive polymers26,27 and, given its capacity to yield electrically 

conductive polymers, has been proposed as a path to yield materials that self-heal by 

ohmic heating, where the electrical resistance of the material dramatically increases upon 

fracture.28  Unfortunately, carbenes tend to highly reactive species where, for example, 

exposure of the carbene species shown in Figure 1.2b to oxygen results in the formation 

of a cyclic urea.26 
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(a)  

(b)  

(c)  

Figure 1.3.  Temperature-mediated dynamic covalent chemistries.  Thermoreversible (a) 

nucleophilic addition between isocyanate and imidazole, (b) carbene dimerization, and 

(c) Diels–Alder cycloaddition between furan and maleimide. 

 

While these reactions have their own particular advantages, the cyclical reversion 

potential of the [4+2] cycloaddition between a conjugated diene and, typically, an 

electronically-activated double bond (i.e., a dienophile), known as Diels–Alder (DA) 

reaction, is prevalent in thermoreversible polymer networks.  DA reactions exhibit 

reasonable tolerance of typical environmental species such as water and oxygen, and can 

be turned to respond over a wide range of temperatures.  In particular, furan and 

maleimide functional groups have been the predominant species used to fabricate the 

thermoreversible networks owing to their synthetic accessibility and the convenient 

temperature range over which the reaction shifts from products to reactants.10  In 1969, 

Craven first described the cross-linking of linear polymers having pendant furan moieties 

with bis- and tris-maleimide moieties via a DA reaction to afford a material that was 

reshapeable upon heating but formed an insoluble network upon cooling.  Several 
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researchers have adopted this strategy; however, the common use of functionalized linear 

chains, which essentially act as prepolymers with a high degree of functionality, 

significantly reduces the gel’s ability to undergo a gel-to-sol transition.  Thus, other 

researchers have employed low molecular weight, low functionality diene and dienophile 

monomers to raise the gel-point conversion and significantly improve the ability of these 

systems to revert to liquids at reasonable temperatures.2,29,30  Unfortunately, many 

networks that utilize diene and dienophile pairs require excessive heating to undergo the 

retro-DA reaction, which can also trigger irreversible side reactions.31 

In order to decrease the working temperature for dynamic covalent bond rupture 

and re-forming reaction, urea bonds bearing a bulky group on the nitrogen have been 

developed.32  They can dissociate into the corresponding isocyanate and amine; they then 

reversibly form the urea bonds.  This dynamic hindered urea chemistry has been 

exploited in the development of catalyst-free, low-temperature self-healing of 

poly(urethane-urea) containing hindered urea bonds (HUBs).  The HUBs in cuts were 

involved in the reverse process of typical urea bond formation, leading to the occurrence 

of autonomous repairing for 12 hours at 37°C.33  This chemistry has been further 

explored to synthesize hydrolysable polyureas bearing HUBs.34 

 

1.2.2.2 Photochemically-reversible dynamic covalent bonds 

Although temperature-mediated reactions have proved capable of effecting 

network connectivity rearrangement and healing, they suffer from inherent poor spatial 

and temporal reaction confinement.  Unlike thermoreversible networks, photoreversible 

networks only undergo bond rearrangement upon irradiation, otherwise exhibiting little to 
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no creep or adaptation in the absence of irradiation.  Furthermore, photochemical 

approaches enable three-dimensional spatial control of the reaction reversion as well as 

the ability to remotely trigger a process on and off.  Several distinct approaches to 

photochemically-triggered rearrangeable polymer networks have been developed, 

including photoinduced cyclization reactions and photochemical radical-mediated 

addition-fragmentation approaches.  The cyclization reactions exhibit limited relative 

response rates, as at most a single cross-link is reversibly broken for each absorbed 

photon, afford relatively low quantum yields,35,36 and necessitate short wavelength 

irradiation.37  Conversely, the addition-fragmentation reactions undergo a network 

rearrangement cascade, where multiple reversible bond breaking and re-forming reactions 

occur for each absorbed photon.38  However, the addition-fragmentation reactions are 

limited by never having a large fraction of the bonds cleaved at a given time,38,39 thus 

restricting such materials from any applications where a gel-to-sol transition is required. 

Photoinduced cyclization reactions, commonly known as photodimerizations, 

occur when two functionalities incorporating carbon-carbon double bonds undergo a 

photo-induced cycloaddition reaction.  The corresponding photo-scission reaction is 

achieved simply by exposure of the sample to a different irradiating wavelength.  This 

process, with its associated ability to effect spatially patterning, has been utilized 

extensively for reversible polymer network connectivity rearrangement.40  Several 

functionalities, including coumarins,40-42 cinnamates,37,43 anthracenes,44-46 and 

thymines,47 have been investigated for polymer network rearrangement.  With the 

exception of anthracenes, which undergo a [4+4] cycloaddition (Figure 1.4a), 

photodimerization typically proceeds via a [2+2] cycloaddition of ethylenic bonds 
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(Figure 1.4b).  Near-ultraviolet irradiation of materials incorporating photodimerizable 

functionalities induces the forward, cycloaddition reaction while irradiation at shorter 

wavelengths favors the reverse, scission reaction.37  Thus, these reactions are analogous 

to the thermally controlled DA forward and retro reactions where the light intensity, 

controlling the rates of the forward and reverse reactions, and the wavelength, controlling 

the equilibrium extent of the cyclization and scission reactions, are analogous to the 

temperature control exerted over DA and other thermoreversible systems.  Additionally, 

photoinduced cyclization systems are, with sufficient light exposure at the appropriate 

wavelength, capable of reverting to a liquid state, providing the assorted benefits of 

crack-healing and mending available to materials in that state.44 

 

(a)  

(b)  

Figure 1.4.  Photo-mediated dynamic covalent cyclization chemistries.  Photoinduced (a) 

[4+4] cyclization of anthracenes and (b) [2+2] cyclization of coumarins affords 

dimerized products.  Near-ultraviolet irradiation of materials incorporating 

photodimerizable functionalities effects the forward, cycloaddition reaction while 

irradiation at shorter wavelengths favors the reverse reaction. 

 

A unique, photoinduced, non-destructive scission approach was recently 

developed for rearranging network connectivity by utilizing addition/fragmentation chain 
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transfer functionalities incorporated in the backbone of cross-linked polymers.38,39  This 

technique exhibits all the advantages of photoinduced reactions whereby the network 

exists in a permanent, nonadaptable state in the absence of light, the network adaptation 

response is photo-patternable, and the adaptation process can be commenced and ceased 

on demand.  When first described by Scott et al., these polymer networks were fabricated 

such that a significant residual amount of a radical generating photoinitiator remained 

after polymerization.38,39  Thus, upon irradiation of polymerized films, cleavage of the 

residual photoinitiator introduces radicals into these materials, initiating the addition-

fragmentation chain transfer reaction (shown in Figure 1.5) and ultimately effecting 

network adaptation.  In post-polymerization studies, allyl sulfide-containing networks 

demonstrated the utility of this phenomenon via photoinduced creep, stress relaxation, 

and photoinduced actuation.38,39  Irradiating these samples while a tensile stress is 

applied, network rearrangement due to the reversible addition-fragmentation chain 

transfer process allows for either stress relaxation or creep, depending on the mode of the 

applied stress, and the equilibrium shape and state of the material are altered (i.e., 

permanent set48).  Unlike its photodimerization/scission counterpart, this approach does 

not effect a concomitant variation in the cross-link density since, although individual 

bonds are being broken and re-formed, the overall cross-link density remains essentially 

constant throughout irradiation.  However, although photomediated 

addition/fragmentation chain transfer has been used to effect self-healing in cross-linked 

elastomeric and organogel materials, the processes are sluggish and typically proceed 

over several hours.49,50 
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Figure 1.5.  Stress relaxation in cross-linked polymers.  Radical-mediated addition-

fragmentation chain transfer (AFCT) allows for rearrangement of polymer connectivity. 

 

1.2.2.3 Other dynamic covalent bonds 

Disulfide linkages are cleaved to the corresponding thiols either under a reducing 

condition in the presence of reducing agents such as phosphines or through thiol-disulfide 

exchange reactions in the presence of thiols.51,52  They can also be cleaved to the 

corresponding thiyl radicals under conditions such as thermal scission,53 mechanical 

load,54 or light irradiation.55  Reversibly, the formed thiols or thiyl radicals are utilized to 

reform disulfide bonds by several reactions: oxidation of thiols, thiol-disulfide exchange 

reaction, and recombination of thiyl radicals.  More, disulfide linkages can be exchanged 

through disulfide metathesis (or disulfide rearrangement) catalyzed by phosphine,56 

tertiary amine,57,58 or photo-irradiation.59  These unique redox chemistries have been 

utilized in the design and construction of disulfide-containing self-healing materials.60-66 

 

 

Figure 1.6.  Reversible disulfide linkage.  
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1.2.2.4 Dynamic non-covalent bonds 

Another type of intrinsic healing method utilizes non-covalent interactions, 

typically hydrogen bonding, metal complexation, π- π, ionic, and host-guest interactions.  

The formed physical cross-links within polymer networks are easily disrupted in response 

to external stimuli such as heat, light, pH change, and mechanical stress.  Such physical 

disruptions are restored to their original interactions owing to the typically ready 

reversibility of these relatively weak, transient cross-links. 

The utilization of hydrogen bonds for the development of self-healable, 

supramolecular networks requires the incorporation of hydrogen bonding moieties as 

donors and acceptors into polymer strands as pendant groups, within arms, or at chain 

ends.  Widely explored hydrogen bonding motifs include 2-ureido-4-pyrimidinone67 and 

secondary amide groups.  Thymine/2,6-diaminotriazine,68 urea moieties,69 and carboxylic 

acids70,71 have also been used.  These functional groups enable the formation of reversible 

supramolecular cross-linking networks through their intermolecular hydrogen bonding.  

Upon mechanical stresses, the non-covalent cross-links are disrupted; however, they can 

be reformed because of their unique reversibility; however, most self-healable materials 

utilizing hydrogen bonding interactions exhibit weak mechanical strength owing to the 

use of soft polymers as self-healable matrices for these systems. 

Self-healing through dynamic π- π stacking utilizes aromatic units, mostly pyrene 

moieties as π-electron-rich residues and diimide units as π-electron-deficient residues 

which form complexes adopting chain-folded conformation through π- π stacking 

interactions.  These supramolecular interactions can be disrupted and reformed upon 

external stimuli, a consequence of which is the healing of physical damage. 



16 

 

Besides the interactions described above, various other non-covalent interactions 

have been used to effect self-healable supramolecular networks, including metallo-

supramolecular interactions, ionic interactions, and host-guest interactions.  For 

approaches utilizing metal-ligand interactions, these materials are designed to have ligand 

motifs that bind to metal ions at the chain ends or in the side chains.  Upon the 

incorporation of metal ions, such as Zn, Fe, Co, and Ni, linear supramolecular polymers 

or supramolecular cross-linked networks can be formed through specific metal-ligand 

interactions.  These interactions can be disrupted physically, thermally, or upon UV 

irradiation.  Subsequent restoration of such interactions can induce self-healing behavior 

of the materials.  Ionic interactions have also been commonly employed for the 

development of self-healable, supramolecular networks.  This method utilizes ionic cross-

linking between anionic polymers and cationic species as metal ions, small molecules, or 

macromolecules.  The formed ionic cross-linking networks can be broken when 

physically disrupted and subsequently restored in response to change in stimuli under 

ambient conditions.72  Specific interlocking host-guest interactions are reversibly 

disassembled in response to stimuli such as redox potential, pH, and temperature.  Such 

reversibility has been explored in the design of self-healing polymeric materials in the 

form of supramolecular hydrogels, nanofibers, and organo-gels.73 

 

1.3 Hexaarylbiimidazoles 

Free radicals, atomic or molecular species with an unpaired valence electron, are 

common reactive species in many chemical reactions.  Indeed, radicals participate in 

many naturally-occurring biological processes74-76 as well as in polymerization reactions 
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as the active propagating centers in both chain- and step-growth polymerizations.77  One 

particularly interesting class of radical-generating compounds is that of 

hexaarylbiimidazoles (HABIs).  HABIs, 2,4,5-triaryl-substituted imidazole dimers that 

were first synthesized by Hayashi and Maeda in 1960,78 are well known thermo- and 

photo-chromic materials and photoinitiators that have been widely used in proofing 

paper, photoimaging, and photoresist applications.79,80  Upon irradiation, HABIs undergo 

reversible, homolytic cleavage of the carbon-nitrogen (C-N) bond between the imidazole 

rings to efficiently afford two colored 2,4,5-triarylimidazolyl (i.e., lophyl) radicals (see 

Figure 1.7) which thermally recombine to reproduce the imidazole dimer.81  With some 

notable exceptions (e.g., nitroxides), organic radicals are typically highly reactive species 

that recombine at diffusion-controlled rates; in contrast, the lophyl radicals generated by 

HABI homolysis are insensitive to atmospheric oxygen and show extraordinary slow 

recombination rates,82 attributable to their unique chemical structure affording 

stabilization by steric hindrance and electron delocalization.83  Indeed, HABI 

photoinitiators show no initiation activity in (meth)acrylate formulations without the 

presence of a hydrogen-donating coinitiator such as a thiol,84 where hydrogen abstraction 

by the HABI-derived lophyl radicals yields initiating thiyl radicals (Figure 1.7).  HABIs 

also exhibit mechanochromic behavior owing to the low bond energy of the inter-

imidazole C-N bond, where the homolytic cleavage of this bond can be effected by 

application of a threshold pressure through, for example, grinding. 
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Figure 1.7.  Reversible photo- or mechano-mediated homolysis of HABIs into lophyl 

radicals.  The spontaneous recombination reaction proceeds over tens of seconds to 

minutes in solution.  In the presence of thiol, a lophyl radical can abstract a thiol 

hydrogen, generating a thiyl radical capable of initiating polymerization. 

 

The ready synthetic accessibility of HABIs enables their facile modification to 

afford particular properties.  For example, the solubility of these typically solid materials 

can be dramatically increased by affixing alkyl substituents,80,85 the lophyl radical 

recombination rate can be decreased, with a corresponding bathochromic shift in its 

absorption spectrum, by incorporating extended π-conjugated moieties,86 or dramatically 

increased by attaching both units of the imidazole dimer to a rigid bridge.87  Notably, this 

synthetic adaptability has even been utilized to synthesize linear polymers bearing 2,4,5-

triaryl-substituted imidazole pendant groups which generated polymer networks 

incorporating HABI-based cross-links upon subsequent oxidation,88,89 an approach that, 

as described above, limits the gel-to-sol transition ability owing to the high degree of 

functionality of the precursor polymer. 

Given the low inter-imidazole bond energy and the low reactivity and long 

lifetime of the lophyl radicals originating from HABI cleavage, cross-linked polymers 

composed of HABI-incorporating network strands offer extraordinary properties 
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otherwise unattainable in conventional thermoset materials.  For example, the relatively 

poor reactivity of HABI-derived lophyl radicals yields an inherent reversibility where the 

cleaved covalent bond spontaneously reforms without participating in parasitic side 

reactions, imparting autonomous healing characteristics.  Owing to their longevity, these 

lophyl radicals can countervail the reduced chain mobility within glassy resins and 

provide sufficient time for effective healing.  Moreover, HABI-based functionalities can 

act as mechanophores within the network strands of cross-linked polymer networks, 

where application of a mechanical stress selectively breaks the incorporated HABI 

groups, generating indigo-colored lophyl radicals.  Additionally, the capacity for thiol 

hydrogen abstraction by mechanically-generated lophyl radicals suggests the potential for 

initiating self-reinforcing polymerization exclusively at a damage site. 

As noted above, the thermodynamic and kinetic elements of dynamic covalent 

reactions must coincide with the application-dependent characteristic time scale.  

Consequently, by incorporating HABI moieties as dynamic covalent functional groups in 

the network strands of cross-linked polymers, we aim to utilize the sluggish lophyl 

radical recombination reaction rates to yield a significant, although temporary, reduction 

in cross-link density, decreasing the Tg to sub-ambient temperatures upon application of 

light or a threshold mechanical stress and dramatically increasing chain mobility, 

enabling photo-induced crack healing and pressure-mediated cold welding in cross-linked 

polymers. 
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1.4 Overview of subsequent chapters 

The remaining chapters of this dissertation are organized as follows: 

Chapter 2 details the design and synthesis of a new HABI photoinitiator that 

efficiently generates lophyl radicals upon visible light irradiation and initiates thiol–ene 

polymerization.  Owing to the reactivity of lophyl radicals with thiols and the necessarily 

high concentration of thiol in thiol–ene formulations, HABIs can be used as single-

component, visible light-active initiator for thiol–ene photopolymerizations.  Chapter 2 

also provides a comparison of this novel HABI photoinitiator with contemporary 

photoinitiators, highlighting its advantageous attributes. 

In Chapter 3, the photo-mediated dissociation and recombination kinetics of 

HABIs were examined.  The recombination kinetics of lophyl radicals have been 

previously studied; however, there remains an apparent disagreement between reported 

reaction orders.  Analysis of radical concentration curves revealed that the recombination 

reactions were well fit as 3/2- and second-order reactions for the two respective parent 

HABI compounds. 

Chapter 4 describes the utilization of HABI functional groups as new class of 

dynamic covalent bonds to demonstrate photo-mediated healing of HABI-containing 

polymeric gels, which undergo photo-mediated backbone cleavage, temporarily affording 

reduced cross-link density and dynamic connectivity rearrangement, and revert back to 

stable, static networks upon irradiation cessation.  This network stability in the dark, 

combined with its highly dynamic nature under irradiation, enables rapid healing rates 
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while precluding the creep that often accompanies the dynamic connectivity of 

intrinsically-healable polymer networks. 

Chapter 5 details the design and synthesis of a new HABI-based monomer and its 

utilization to demonstrate vitrified, photo-mediated, healable cross-linked polymer 

network.  Given the dependence of glass transition temperature on cross-link density, the 

reduced cross-link density that accompanies the photo-mediated backbone cleavage 

exhibited by these HABI-incorporating networks provides a route to achieve sub-glass 

transition temperature healing of vitrified thermoset polymers. 

Chapter 6 provides an overall summary and conclusions of this work followed by 

a discussion of future work. 
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Chapter 2 

Hexaarylbiimidazoles as visible light thiol–ene photoinitiators 

2.1 Abstract 

The aim of this study is to determine if hexaarylbiimidazoles (HABIs) are 

efficient, visible light-active photoinitiators for thiol–ene systems.  I hypothesize that, 

owing to the reactivity of lophyl radicals with thiols and the necessarily high 

concentration of thiol in thiol–ene formulations, HABIs will efficiently initiate thiol–ene 

polymerization upon visible light irradiation.  UV-vis absorption spectra of photoinitiator 

solutions were obtained using UV-vis spectroscopy, while EPR spectroscopy was used to 

confirm radical species generation upon HABI photolysis.  Functional group conversion 

during photopolymerization were monitored using FTIR spectroscopy, and 

thermomechanical properties were determined using dynamic mechanical analysis.  

As a result, the HABI derivatives investigated exhibit less absorptivity than 

camphorquinone at 469 nm; however, they afford increased sensitivity at this wavelength 

when compared with bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide.  Photolysis of 

the investigated HABIs affords lophyl radicals.  Affixing hydroxyhexyl functional groups 

to the HABI core significantly improved solubility.  Thiol–ene resins formulated with 

HABI photoinitiators polymerized rapidly upon irradiation with 469 nm.  The glass 

transition temperatures of the thiol–ene resin formulated with a bis(hydroxyhexyl)-

functionalized HABI and photopolymerized at room and body temperature were 
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49.5±0.5°C and 52.2±0.1°C, respectively, values that increased to 82.0±0.2°C and 

81.0±0.1°C, respectively, upon a second temperature ramp. 

Although thiol–enes show promise as the continuous polymeric phase for 

composite dental restorative materials, they show poor reactivity with the conventional 

camphorquinone/tertiary amine photoinitiation system.  Conversely, despite their 

relatively low visible light absorptivity, HABI photoinitiators afford rapid thiol–ene 

photopolymerization rates.  Moreover, minor structural modifications suggest facile 

pathways for improved HABI solubility and visible light absorption. 

 

2.2 Introduction 

Resin formulations primarily composed of dimethacrylate-based monomers, 

including bisphenol A diglycidyl ether dimethacrylate (bisGMA), triethyleneglycol 

dimethacrylate (TEGDMA), and urethane dimethacrylate (UDMA), have been commonly 

utilized as the continuous polymeric phase in composite dental restorative materials for 

several decades.1,2  The long-standing success of these materials is attributable to several 

factors, including their high modulus and glass transition temperature upon 

polymerization, and adequate hydrophobicity and concomitant low water sorption.  

Unfortunately, the radical-mediated polymerization of these dimethacrylates is strongly 

inhibited by oxygen,3,4 yielding tacky surfaces owing to incomplete surface 

polymerization.  Additionally, as the molecular weight evolution of these polymerizations 

proceeds via chain-growth,5,6 large amounts of unreacted, extractable monomer often 

remain after polymerization has ceased, potentially leading to acute toxicity or 

sensitization.7,8  Moreover, as this chain-growth mechanism yields a low gel point 
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conversion, frustration of the shrinkage accompanying polymerization occurs early in the 

reaction, resulting in the development of high shrinkage stress levels in the polymerized 

material.1,9,10  Attempts to mitigate high shrinkage stress, the clinical consequences of 

which include marginal discoloration and debonding, enamel and dentin crack formation, 

and secondary caries,9,11,12 by limiting the conversion via the utilization of resin 

formulations that vitrify early during their polymerization in turn affords materials with 

undesirably high residual methacrylate monomer concentrations.13,14 

In recent years, several polymerization mechanisms have emerged as potential 

alternatives to the prevalent dimethacrylate polymerization for composite dental 

restorative materials, including the cation-mediated ring-opening of oxiranes,15,16 

copper(I)-catalyzed azide–alkyne cycloadditions,17 and radical-mediated thiol–ene 

additions.13,18-20  The utilization of thiol–ene polymerizations for dental restorative 

materials is particularly promising owing to their potential as toxicologically safer 

alternatives to acrylics13 and their unique and desirable combination of characteristics 

relative to other radical polymerization systems.14,19,20  In contrast to the chain-growth 

mechanism typically associated with (meth)acrylate systems, thiol–ene polymerizations 

proceed via a radical-mediated step growth mechanism between multifunctional thiol and 

non-homopolymerizable vinyl monomers,21 where a thiyl radical adds to a vinyl, which 

subsequently abstracts a hydrogen from a thiol, generating a thioether moiety and 

regenerating a thiyl radical (see Figure 2.1a).  These thiol–ene systems demonstrate 

nearly all of the advantages of typical radical-mediated polymerizations in that they 

polymerize rapidly, do not require solvents for processing, are optically clear, and 

provide an excellent range of mechanical properties.22  Additionally, owing to their step-
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growth polymerization mechanism, thiol–ene polymerizations display delayed gelation, 

form homogeneous polymer networks with very narrow glass transitions,13 and exhibit 

less shrinkage per mole of double bonds reacted (12-15 cm3·mol-1 for thiol–enes versus 

22.5 cm3·mol-1 for methacrylates),13,23 leading to reduced polymerization shrinkage stress 

and improved substrate adhesion.  Furthermore, thiol–ene polymerizations demonstrate 

extraordinary resistance to oxygen inhibition,21 attributable to facile hydrogen abstraction 

by peroxy radicals from the ubiquitous thiol. 

Composite dental restorative materials are typically cured via 

photopolymerization where, upon placement of the restorative material at the defect site, 

visible light irradiation, used in preference to ultraviolet light for clinical acceptability, 

initiates the polymerization reaction and hardens the material in situ.  This processing 

approach necessitates the incorporation of a visible light-absorbing photoinitiator in the 

resin formulation.  The most commonly employed visible light-active photoinitiator for 

dimethacrylate-based formulations is camphorquinone (CQ) which, in order to afford 

sufficient radical-generation activity, is used in combination with a tertiary amine.24  

Thus, CQ is a ‘Type II’ photoinitiator (i.e., H-abstraction) where, upon photoexcitation, it 

abstracts a hydrogen from the tertiary amine H-donor to yield a reactive, initiating radical 

centered on the amine and a relatively unreactive camphorquinone-centered radical.25  As 

hydrogen abstraction only proceeds while the Type II photoinitiator remains in its excited 

state, the lifetime of which is often short,26 the radical generation quantum yield for these 

compounds can be low.  In contrast, ‘Type I’ photointiators undergo direct homolysis 

upon irradiation to yield two polymerization-initiating radicals at typically high radical 

generation efficiencies.26  Moreover, the necessity for Type II photoinitiators to be 
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formulated with a co-initiator can lead to potentially deleterious consequences such as co-

initiator discoloration and toxicity.27 

Although the CQ/tertiary amine photoinitiation system is employed extensively in 

dimethacrylate dental formulations, it displays poor reactivity in thiol–ene-based 

resins.28,29  Conversely, direct-cleavage-type photoinitiators have been shown to 

efficiently initiate thiol–ene formulations upon irradiation.13,29,30  Notably, whereas the 

absorbance peak of CQ is centered at approximately 470 nm,31,32 only a very few single 

component photoinitiators, such as benzoyl phosphine oxides,33 titanocenes,34,35 and 

benzoyl germanes,27 absorb well into the visible spectral region.  HABIs, a class of 

photoinitiators first synthesized by Hayashi and Maeda in 1960,36 are presented here as 

promising direct cleavage, visible light-active photoinitiators specifically for thiol–ene 

systems.  Upon irradiation, HABIs undergo homolytic cleavage to yield two lophyl 

radicals (Figure 2.1b) that are unreactive with oxygen and show slow recombination 

rates,37 attributable to steric hindrance and electron delocalization,38 indeed, HABI 

photoinitiators show no initiation activity in (meth)acrylate formulations without the 

presence of a hydrogen-donating coinitiator.39  Thiols are commonly used as coinitiators 

in conjunction with HABIs,39 where hydrogen abstraction by the HABI-derived lophyl 

radicals yields initiating thiyl radicals (Figure 2.1b), suggesting a particular suitability for 

HABI photoinitiators in thiol–ene formulations.  Unfortunately, commercial HABIs often 

exhibit poor absorption in the visible spectrum, sometimes requiring a photosensitizer, 

and low solubility in common resins and organic solvents.40,41  Here, we examine the 

hypothesis that HABIs will effectively initiate thiol–ene polymerization upon visible light 

irradiation by describing the synthesis of a novel, dihydroxy-functionalized HABI with 



36 

 

enhanced solubility and visible light absorptivity, and investigating its utilization as a 

photoinitiator in thiol–ene formulations, focusing on its influence on the polymerization 

kinetics and thermomechanical properties of the resultant polymers. 

 

(a)  

(b)  

Figure 2.1.  (a) The radical-mediated thiol–ene polymerization mechanism proceeds via 

alternating propagation and chain transfer events, where a thiyl radical initially 

propagates to a vinyl group, yielding a thioether and carbon-centered radical reaction 

product.  This radical subsequently abstracts a hydrogen from a thiol, regenerating a 

thiyl radical.  (b) Upon irradiation, the inter-imidazole HABI bond undergoes homolytic 

cleavage, generating two relatively stable, long-lived lophyl radicals which then abstract 

a hydrogen from thiol to produce thiyl radicals. 

 

2.3 Experimental 

2.3.1 Materials 

The monomers bisphenol A bis(2-hydroxy-3-methacryloxypropyl) ether 

(bisGMA, Esstech Inc., Essington, PA, USA) and triethylene glycol dimethacrylate 

(TEGDMA, Esstech) were formulated as a mixture consisting of 70 wt% bisGMA and 30 
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wt% TEGDMA and used as a model dimethacrylate-based resin.  The monomers 

pentaerythritol tetra-3-mercaptopropionate (PETMP, Evans Chemetics, Teaneck, NJ, 

USA) and 1,3,5,-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO, Sigma-

Aldrich, St. Louis, MO, USA) were similarly formulated as a mixture, such that the thiol 

(i.e., mercapto) and ene (i.e., allyl) functional groups were present at a 1:1 stoichiometric 

ratio, and used as a model thiol–ene resin.  Prior to thiol and ene component mixing, 0.01 

wt% tris(N-nitroso-N-phenylhydroxylaminato)aluminum (Q1301, Wako Chemicals, 

Richmond, VA, USA) was added to the PETMP as a radical polymerization inhibitor to 

preclude premature thiol–ene polymerization.  Camphorquinone (CQ, Esstech), ethyl 4-

dimethylaminobenzoate (EDAB, Esstech), bis(2,4,6-trimethylbenzoyl)-

phenylphosphineoxide (Irgacure 819, BASF, Florham Park, NJ, USA), 2,2′-bis(2-

chlorophenyl)-4,4′,5,5′-tetraphenyl-1,2′-biimidazole (o-Cl-HABI, TCI America, Portland, 

OR, USA), and 2,2′-bis(2-chloro-4-hexan-1-ol-phenoxy)-4,4′,5,5′-tetraphenyl-1,2′-

biimidazole (p-HOH-HABI) were used as visible light-active photoinitiating systems.  

CQ was used in conjunction with EDAB as a co-initiator (1 wt% CQ:0.5 wt% EDAB), 

whereas Irgacure 819, o-Cl-HABI, and p-HOH-HABI were used at the concentrations as 

indicated in the text.  All commercial monomers and photoinitiators were used without 

further purification, the synthesis of p-HOH-HABI is described below, and their 

structures are shown in Figure 2.2.  The solubility of the HABI photoinitiators was 

determined by addition of a photoinitiator to a liquid monomer or organic solvent (by 

weight ratio) and heating the combined materials in an oven (50–60°C) while mixing.  

Samples were then kept at room temperature for 30 minutes and, if no recrystallization 

occurred, the photoinitiator loading was recorded as soluble.  Photoinitiator increments of 
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0.1 wt% or 5 wt% were employed in this study for systems where the solubility was 

found to be <1 wt% or >10 wt%, respectively.  For example, the solubility of o-Cl-HABI 

in dimethylformamide (DMF) is <20 wt%, which means that its solubility in DMF is 

above 15 wt% but below 20 wt%. 

 

2.3.2 p-HOH-HABI synthesis 

2.3.2.1 Synthesis of 2-Chloro-4-((6-hydroxyhexyl)oxy)benzaldehyde (2). 

2-Chloro-4-hydroxybenzaldehyde (10.0 g, 63.9 mmol) and potassium carbonate 

(26.5 g, 192 mmol) were added to 150 mL of DMF and the mixture stirred.  6-

Chlorohexanol (11.1 mL, 83.0 mmol) was then added and the mixture heated at 120°C 

for 16 hours under nitrogen.  After cooling to room temperature, the mixture was filtered 

to remove potassium carbonate, DMF was evaporated under reduced pressure, and the 

residue was carefully distilled, removing the excess 6-chlorohexanol, yielding 15.0 g of 2 

(91.6% yield).  1H NMR (400 MHz, DMSO-d6), : 1.31-1.45 (m, 6H), 1.69-1.75 (m, 2H), 

3.35-3.41 (q, 2H), 4.08-4.12 (t, 2H), 4.34-4.37 (t, 1H), 7.05-7.08 (q, 1H), 7.16-7.17 (d, 

1H), 7.80-7.82 (d, 1H), 10.18 (s, 1H). 

 

2.3.2.2 Synthesis of 6-(3-Chloro-4-(4,5-diphenyl-1H-imidazol-2-yl)phenoxy)hexyl-acetate 

(3). 

A mixture of 2 (10.0 g, 39.0 mmol), benzil (8.19 g, 39.0 mmol), ammonium 

acetate (25.4 g, 330 mmol), and acetic acid (150 mL) was refluxed for 16 hours under 

nitrogen.  After cooling to room temperature, the solvent was partially removed under 
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reduced pressure and poured into 10-fold water.  The generated brown-yellow precipitate 

was filtered, washed with water, and dried.  The precipitate was recrystallized in 

ethanol/water, yielding 11.2 g of 3 (58.7% yield).  1H NMR (400 MHz, DMSO-d6), : 

1.35-1.47 (m, 4H), 1.57-1.63 (m, 2H), 1.71-1.78 (m, 2H), 2.00 (s, 3H), 4.00-4.02 (t, 2H), 

4.04-4.08 (t, 2H), 7.03-7.05 (q, 1H), 7.15-7.16 (d, 1H), 7.22-7.23 (d, 1H), 7.24-7.32 (t, 

2H), 7.35-7.36 (d, 1H), 7.40-7.43 (t, 2H), 7.47-7.49 (d, 2H), 7.52-7.54 (d, 2H), 7.68-7.70 

(d, 1H), 12.49 (s, 1H). 

 

2.3.2.3 6-(3-Chloro-4-(4,5-diphenyl-1H-imidazol-2-yl)phenoxy)hexan-1-ol) (4). 

A solution of 3 (3.00 g, 6.13 mmol) in tetrahydrofuran (THF) (10 mL) was mixed 

with 3 M NaOH aqueous solution (100 mL) and refluxed at 75°C for 12 hours.  After 

cooling to room temperature, solvent was partially removed under reduced pressure and 

extracted with dichloromethane.  The organic layer was collected, washed with brine, and 

dried over anhydrous magnesium sulfate.  The organic solvents were removed under 

reduced pressure to afford a yellow powder, yielding 2.50 g of 4 (91.2% yield).  1H NMR 

(400 MHz, DMSO-d6), : 1.35-1.47 (m, 4H), 1.57-1.63 (m, 2H), 1.71-1.78 (m, 2H), 4.00-

4.02 (t, 2H), 4.04-4.08 (t, 2H), 7.03-7.05 (q, 1H), 7.15-7.16 (d, 1H), 7.22-7.23 (d, 1H), 

7.24-7.32 (t, 2H), 7.35-7.36 (d, 1H), 7.40-7.43 (t, 2H), 7.47-7.49 (d, 2H), 7.52-7.54 (d, 

2H), 7.68-7.70 (d, 1H), 12.49 (s, 1H). 
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2.3.2.4 2,2’-bis(2-Chloro-4-hexan-1-ol-phenoxy)-4,4’,5,5’-tetraphenyl-1,2’-biimidazole (p-

HOH-HABI). 

To a vigorously stirred solution of potassium ferricyanide (3.29 g, 10.0 mmol) 

and potassium hydroxide (12.0 g, 214 mmol) in water (100 mL), a solution of 4 (1.00 g, 

2.24 mmol) in dichloromethane (50 mL) was added dropwise under nitrogen.  The 

mixture was refluxed at 45°C for 16 hours.  After cooling to room temperature, the 

organic layer was collected, washed with water, dried over anhydrous magnesium sulfate, 

filtered, and the solvent removed under reduced pressure.  The residue was recrystallized 

in diethyl ether/hexane, yielding 0.810 g of p-HOH-HABI (81.1% yield).  1H NMR (400 

MHz, DMSO-d6), : 1.30-1.50 (m, 12H), 1.59-1.70 (m, 4H), 3.36-3.45 (m, 4H), 3.73-

3.87 (m, 4H), 4.33-4.40 (t, 2H), 6.17-7.64 (m, 26H). 
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Scheme 2.1.  Synthetic route of p-HOH-HABI. 
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(a)  (b)  

(c)  (d)  

(e)  (f)  (g)  

(h)  (i)  

Figure 2.2.  Materials used in this study: (a) bisGMA, (b) TEGDMA, (c) PETMP, (d) 

TATATO, (e) CQ, (f) EDAB, (g) Irgacure 819, (h) o-Cl-HABI, and (i) p-HOH-HABI. 

 

2.3.3 Methods 

2.3.3.1 Light source and intensity measurement 

Blue light was provided by an LED-based dental lamp (G-Light, GC America) 

equipped with a longpass filter (435 nm cut-on wavelength) yielding a single emittance 

curve peak centered at 469 nm (full width at half maximum (FWHM) 29 nm), while 

violet light was provided by a collimated, LED-based illumination source (Thorlabs 

M405L2-C) with an emittance centered at 405 nm (FWHM 13 nm), used in combination 

with a current-adjustable LED driver (Thorlabs LEDD1B) for intensity control.  UV light 
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was provided by a high pressure mercury vapor lamp (EXFO Acticure 4000) equipped 

with a filter to isolate the 365 nm spectral line (FWHM 10 nm).  Irradiation intensities 

were measured with an International Light IL1400A radiometer equipped with a 

broadband silicon detector (model SEL033), a 10× attenuation neutral density filter 

(model QNDS1), and a quartz diffuser (model W). 

 

2.3.3.2 UV-vis Spectrophotometry 

UV-visible spectrophotometry was performed on 1 wt% samples of photoinitiator 

in toluene using an Agilent Technologies Cary 60 UV-Vis spectrophotometer.  Spectra 

were collected from 200 to 800 nm on solutions using a 1 mm pathlength quartz cuvette 

both in the dark and under irradiation once the radical concentration reached equilibrium.  

HABI photodissociation and subsequent recombination was examined by monitoring 554 

nm and 598 nm for o-Cl-HABI and p-HOH-HABI, respectively, the wavelengths where 

the visible light absorbance by the generated lophyl radicals was greatest (i.e., λmax), 

while the sample solutions in the cuvette were irradiated with 405 nm for 9.5 minutes to 

ensure radical concentration equilibration, then for a further 10 minutes after the light 

was turned off. 

 

2.3.3.3 EPR Spectroscopy 

Electron paramagnetic resonance (EPR) spectroscopy was performed on 1 wt% 

samples of HABI photoinitiators in toluene using a Bruker EMX spectrometer.  A TE102 

cavity (ER4102ST, Bruker), 100 kHz modulation frequency, and 1 Gpp modulation 
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amplitude were used for all experiments.  Optical access within the cavity was afforded 

by a 10 mm × 23 mm grid providing 50% light transmittance to the sample.  All sample 

solutions were held in a 3.2 mm inner diameter quartz EPR sample tube which was 

inserted into the spectrometer cavity for analysis.  The sample solutions were irradiated in 

situ with 405 nm light at 10 mW·cm-2 and spectra were collected once the radical 

concentration reached steady state.  All experiments were performed at room 

temperature. 

 

2.3.3.4 FTIR Spectroscopy 

Resin formulations were introduced between glass microscope slides separated by 

spacers (250 μm thick for bisGMA/TEGDMA and 50 μm thick for PETMP/TATATO) to 

maintain constant sample thickness during polymerization.  Each sample was placed in a 

Thermo Scientific Nicolet 6700 FTIR spectrometer equipped with a horizontal 

transmission accessory, as described elsewhere,42 and spectra were collected from 2000 

to 7000 cm-1 at a rate of 3 every 2 seconds.  The functional group conversion upon 

irradiation was determined by monitoring the disappearance of the peak area centered at 

2571 cm-1 corresponding to the thiol group stretch, 3083 cm-1 corresponding to the allylic 

vinyl group stretch, and 6164 cm-1 corresponding to the methacrylate group stretch.  All 

experiments were performed in triplicate. 
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2.3.3.5 Dynamic Mechanical Analysis 

Cross-linked polymer films were prepared from PETMP/TATATO formulations 

containing 1 wt% p-HOH-HABI which were polymerized between glass microscope 

slides separated by 250 μm thick spacers for 20 minutes at either 23°C (room 

temperature) or 37°C (body temperature) under 469 nm irradiation at 10 mW·cm-2.  

Samples of approximately 15 mm × 5 mm × 0.25 mm were cut from the cured films and 

mounted in a TA Instruments Q800 dynamic mechanical analyzer equipped with a film 

tension clamp.  Experiments were performed at a strain and frequency of 0.1% and 1 Hz, 

respectively, scanning the temperature from −20°C to 200°C twice at 1°C·min-1, and the 

elastic moduli (E′) and tan  curves were recorded; the repeated temperature scan was 

used to determine the influence of dark polymerization at temperatures greater than the 

glass transition temperature (Tg).  The Tg was assigned as the temperature at the tan  

curve peak. 

 

2.4 Results 

2.4.1 HABI absorbance and photolysis 

The UV-vis absorption spectra presented in Figure 2.3 show the absorption by 1 

wt% (a) o-Cl-HABI and (b) p-HOH-HABI in toluene (black), and the absorbance and 

molar absorptivity of the four photoinitiating systems examined in this study at three 

wavelengths tabulated in Table 2.1.  Both HABIs display extended absorption tails well 

into the visible spectral region; however, whereas o-Cl-HABI displays higher absorbance 

at shorter wavelengths, the absorbance tail of p-HOH-HABI extends further into the 

visible and hence affords higher absorbance in the blue region of the spectrum (i.e., 469 
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nm).  In contrast, CQ exhibits good absorptivity at 469 nm but absorbs poorly at 405 nm 

and 365 nm.  Finally, Irgacure 819 demonstrates negligible absorbance at 469 nm but 

relatively strong absorbance at 405 nm and 365 nm. 

 

Table 2.1.  Absorbance of 1 wt% photoinitiator in toluene solutions and molar 

absorptivities at various wavelengths. 

Absorbance of photoinitiator and molar absorptivities at various wavelengths. 

Photoinitiator λ = 469 nm λ = 405 nm λ = 365 nm 

Absorbance Molar 

absorptivity 

(M-1·cm-1) 

Absorbance Molar 

absorptivity 

(M-1·cm-1) 

Absorbance Molar 

absorptivity 

(M-1·cm-1) 

CQ/Amine 0.268 51.4 0.035 6.80 0.011 2.05 

Irgacure 819 0.003 1.39 1.44 696 2.07 1002 

o-Cl-HABI 0.007 5.69 0.287 219 0.494 376 

p-HOH-

HABI 

0.014 14.7 0.096 99.0 0.390 401 

 

The solubilities of o-Cl-HABI and p-HOH-HABI in the triallyl monomer 

TATATO and two common, polar organic solvents are tabulated in Table 2.2.  Although 

o-Cl-HABI is reasonably soluble in the solvents examined, it exhibits limited solubility in 

the allylic monomer.  Conversely, p-HOH-HABI is freely soluble in the monomer and 

both solvents. 
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Table 2.2.  Solubility of HABI photoinitiators in monomer and polar organic solvents. 

Solubility of HABI photoinitiators in monomer and polar organic solvents. 

Photoinitiator Solvent 

TATATO Dimethylformamide Tetrahydrofuran 

o-Cl-HABI <0.2 wt% <20 wt% <40 wt% 

p-HOH-HABI <35 wt% <40 wt% <65 wt% 

 

The absorption spectra of 1 wt% o-Cl-HABI and p-HOH-HABI in toluene under 

irradiation with 405 nm (red) are also presented in Figure 2.3a and 3b.  During 

irradiation, these photoinitiator solutions turn indigo, absorbing strongly throughout the 

visible spectrum with absorbance peaks at 554 and 598 nm for o-Cl-HABI and p-HOH-

HABI, respectively.  EPR spectra (Figure 2.3a and 3b, inset) indicate an absence of 

radicals in the as-formulated HABI solutions but confirm significant radical formation 

upon irradiation, establishing the indigo color generation as attributable to HABI-derived 

lophyl radical formation (see Figure 2.1b).37,43  As shown in Figure 2.4, the photo-

generated lophyl radicals are uncommonly stable in the absence of hydrogen abstraction 

source where the HABI photolysis is completely reversible and lophyl radical 

recombination proceeds over several minutes. 

 



48 

 

(a)  (b)  

Figure 2.3.  UV-vis absorbance spectra and EPR spectra (inset) for (a) o-Cl-HABI and 

(b) p-HOH-HABI prior to (black) and during (red) irradiation with 405 nm at 10 mW·cm-

2. 

 

 

Figure 2.4.  Absorbance at λmax versus time for o-Cl-HABI (black) and p-HOH-HABI 

(red), irradiated with 405 nm at 1 mW·cm-2 from 0.5 – 10 minutes. 

 

2.4.2 Photopolymerization kinetics – Influence of photoinitiator 

BisGMA/TEGDMA formulations were prepared with four different 

photoinitiation systems – CQ/EDAB, Irgacure 819, o-Cl-HABI and p-HOH-HABI – at 1 

wt% and their photopolymerization kinetics were examined using FTIR spectroscopy 
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(see Figure 2.5).  The photopolymerization of these dimethacrylate-based resins was 

initiated upon exposure to blue light at 469 nm, a wavelength commonly emitted by 

contemporary LED dental curing units,44,45 and matching the CQ visible absorbance 

peak,31,32 and at several irradiation intensities.  Increased incident irradiation intensities 

afforded correspondingly faster methacrylate polymerization rates and, after the 4 minute 

irradiation period, raised methacrylate conversions (Figure 2.5a).  A short polymerization 

induction period upon irradiation was observed for all CQ/EDAB-containing 

methacrylate formulations, monotonically decreasing from 12 seconds to 2 seconds with 

raised intensity from 1 mW·cm-2 to 20 mW·cm-2.  Conversely, methacrylate 

polymerization only proceeded upon irradiation of the bisGMA/TEGDMA formulated 

with Irgacure 819 at the highest intensity (i.e., 20 mW·cm-2) after a 1.5 minute induction 

period (see Figure 2.5b), and the resultant polymerization rate was markedly slower than 

that for the CQ/EDAB-formulated system under 1 mW·cm-2 irradiation.  The 

bisGMA/TEGDMA formulation containing HABI photoinitiators did not exhibit 

observable polymerization under any of the applied irradiation conditions. 
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(a)  (b)  

Figure 2.5.  Conversion versus time for the photopolymerization of bisGMA/TEGDMA 

irradiated with 469 nm light at intensities of 1 (black), 3 (red), 10 (blue), and 20 (green) 

mW·cm-2 and formulated with 1 wt% (a) CQ/EDAB and (b) Irgacure 819.  No 

photopolymerization was observed for bisGMA/TEGDMA formulations containing 1 wt% 

o-Cl-HABI or p-HOH-HABI under these irradiation conditions. 

 

PETMP/TATATO formulations were similarly prepared with each photoinitiator 

at 1 wt% and their photopolymerization kinetics when exposed to 469 nm light were 

examined using FTIR spectroscopy (Figure 2.6).  All of the examined formulations 

displayed increased thiol–ene polymerization rates as the incident irradiation intensity 

was raised.  Moreover, although the resins were formulated with an initial 1:1 thiol to 

allyl functional group stoichiometry, allyl consumption consistently proceeded faster than 

that of thiol; this allyl and thiol conversion deviation increased throughout the 

polymerization.  Additionally, no distinct polymerization induction period was observed 

for any system even at the lowest irradiation intensity.  The photopolymerization rates for 

CQ/EDAB- and Irgacure 819-containing formulations were similar, both yielding allyl 

and thiol conversions of 50% and 44%, respectively, after 4 minutes of irradiation at an 

intensity of 20 mW·cm-2 (Figure 2.6a and 6b).  In contrast, the HABI-containing thiol–

ene formulations displayed markedly faster photopolymerization rates than either the 
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CQ/EDAB- or Irgacure 819-containing formulations, with the p-HOH-HABI affording 

approximately twice the polymerization rate of the o-Cl-HABI system.  After 4 minutes 

of irradiation at 20 mW·cm-2, the o-Cl-HABI-containing formulation yielded allyl and 

thiol conversions of 76.4±0.8% and 70.7±0.9%, respectively (Figure 2.6c), while the p-

HOH-HABI-containing formulation yielded allyl and thiol conversions of 81.3±0.8% and 

74.5±0.3%, respectively (Figure 2.6d).  Furthermore, whereas the maximum 

polymerization rate (Rp_max) for the Irgacure 819-containing formulation occurs at the 

onset of polymerization, Rp_max occurs at 21.0±0.6% and 41.8±0.4% for the CQ/EDAB- 

and both HABI-containing formulations, respectively, irrespective of the incident 

irradiation intensity (Figure 2.6c and 6d). 
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(a)  (b)  

(c)  (d)  

Figure 2.6.  Conversion versus time for the photopolymerization of PETMP/TATATO 

irradiated with 469 nm light at intensities of 1 (black), 3 (red), 10 (blue), and 20 (green) 

mW·cm-2 and formulated with 1 wt% (a) CQ/EDAB, (b) Irgacure 819, (c) o-Cl-HABI, and 

(d) p-HOH-HABI.  Vinyl conversions are indicated by solid lines, whereas thiol 

conversions are indicated by dashed lines. 

 

To ascertain the ultimate conversions of both bisGMA/TEGDMA and 

PETMP/TATATO upon vitrification for isothermal photopolymerizations at room 

temperature, the conversion trajectories of resins formulated with 1 wt% photoinitiator 

were monitored during irradiation with 469 nm light at 10 mW·cm-2 for extended periods, 

as presented in Figure 2.7.  Photopolymerization of the methacrylate-based resin 

formulated with CQ/EDAB proceeded rapidly and vitrified at 61.9±1.1% conversion 

while, under the same irradiation conditions, the Irgacure 819-containing methacrylate 
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formulation exhibited a long, ~12 minute induction period prior to polymerization and 

did not approach vitrification after over 19 minutes of irradiation, having attained only 

attained 33% conversion (single run) after the elapsed irradiation time (Figure 2.7a).  

Notably, neither HABI-containing methacrylate formulation demonstrated any 

observable photopolymerization, even over this extended irradiation.  In contrast, 

photopolymerization proceeded upon irradiation with no observable induction period for 

all examined PETMP/TATATO formulations (Figure 2.7b).  Although the conversion for 

the CQ/EDAB- and Irgacure 819-containing formulations was still increasing after 20 

minutes of irradiation, the p-HOH-HABI-containing thiol–ene formulation had vitrified 

with allyl and thiol conversions of 83.7±1.2% and 76.1±0.7%, respectively, while the o-

Cl-HABI-containing thiol–ene resin had slightly lower allyl and thiol conversions of 

82.6±0.1% and 74.5±0.3%, respectively, after 20 minutes irradiation. 

 

(a)  (b)  

Figure 2.7.  Conversion versus time for the photopolymerization of (a) 

bisGMA/TEGDMA, and (b) PETMP/TATATO, formulated with 1 wt% CQ/EDAB (black), 

Irgacure 819 (red), o-Cl-HABI (blue), and p-HOH-HABI (green) and irradiated with 469 

nm light at 10 mW·cm-2.  Vinyl conversions are indicated by solid lines, whereas thiol 

conversions are indicated by dashed lines. 
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2.4.3 Photopolymerization kinetics – Influence of irradiation wavelength 

As contemporary dental lamps can emit a variety of wavelengths,45-47 the 

influence of the incident irradiation wavelength on photopolymerization kinetics was 

examined by subjecting the methacrylate systems to three different irradiation 

wavelengths, including 469 nm (blue), 405 nm (violet), and 365 nm (near UV), at an 

intensity of 1 mW·cm-2.  For the CQ/EDAB-containing bisGMA/TEGDMA formulation, 

the induction time increased and photopolymerization rate decreased for progressively 

shorter incident irradiation wavelengths, whereas the Irgacure 819-containing 

methacrylate resin did not polymerize after 4 minutes of 469 nm irradiation but exhibited 

very similar induction times and polymerization rates under 405 and 365 nm irradiation 

(Figure 2.8a and 8b).  Again, no conversion was observed for either HABI-containing 

methacrylate resin. 

 

(a)  (b)  

Figure 2.8.  Conversion versus time for the photopolymerization of bisGMA/TEGDMA 

irradiated at 1 mW·cm-2 with 469 (black), 405 (red), and 365 (blue) nm light and 

formulated with 0.1 wt% (a) CQ/EDAB and (b) Irgacure 819.  No photopolymerization 

was observed for bisGMA/TEGDMA formulations containing 0.1 wt% o-Cl-HABI or p-

HOH-HABI under these irradiation conditions. 
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Equivalent experiments examining the irradiation wavelength on 

PETMP/TATATO photopolymerization were also performed.  For the CQ/EDAB-

containing thiol–ene formulation, the photopolymerization rate was very low, yielding 

conversions of <3% after 4 minutes irradiation, irrespective of wavelength.  In contrast, 

although the Irgacure 819-containing resin also polymerized very slowly under 469 nm 

irradiation, 405 nm and 365 nm irradiation both afforded rapid thiol–ene 

photopolymerization with that photoinitiator at near-identical rates throughout the 4 

minute irradiation period.  HABI-containing PETMP/TATATO resins similarly exhibited 

very low photopolymerization rates under these reaction conditions at 469 nm irradiation; 

however, thiol–ene polymerization proceeded rapidly under 405 nm and even more 

rapidly under 365 nm irradiation for both HABI photoinitiators.  Notably, the thiol–ene 

resin formulated with o-Cl-HABI polymerized more rapidly that that formulated with p-

HOH-HABI at both 405 and 365 nm.  Nevertheless, the p-HOH-HABI-containing thiol–

ene resin achieved allyl and thiol conversions of 81.9±0.5% and 74.4±0.9% after 4 

minutes irradiation at 365 nm, slightly higher than the equivalent o-Cl-HABI system that 

attained allyl and thiol conversions of 79.6±0.4% and 71.7±0.2%, respectively, under the 

same irradiation conditions. 
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(a)  (b)  

(c)  (d)  

Figure 2.9.  Conversion versus time for the photopolymerization of PETMP/TATATO 

irradiated at 1 mW·cm-2 with 469 (black), 405 (red), and 365 (blue) nm light and 

formulated with 0.1 wt% (a) CQ/EDAB, (b) Irgacure 819, (c) o-Cl-HABI, and (d) p-

HOH-HABI.  Vinyl conversions are indicated by solid lines, whereas thiol conversions 

are indicated by dashed lines. 

 

2.4.4 Viscoelastic properties of cured films 

The viscoelastic properties of photopolymerized bisGMA/TEGDMA and 

PETMP/TATATO films, formulated with 1 wt% CQ/0.5 wt% TDAB and 1 wt% p-HOH-

HABI, respectively, and irradiated for 20 minutes with 469 nm at 10 mW·cm-2 and at 

23°C and 37°C, were examined using DMA (see Figure 2.10, summary of results 

tabulated in Table 2.3).  The bisGMA/TEGDMA samples attained methacrylate 

conversions of 60.3±0.8% and 68.6±0.7% when photopolymerized at 23°C and 37°C, 
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respectively; however, after the first temperature ramp in the DMA, the methacrylate 

conversions increased to 85.3±0.5% and 87.3±0.4% for the samples initially 

photopolymerized at 23°C and 37°C, respectively.  The TATATO/PETMP samples 

attained allyl and thiol conversions of 85.4±0.6% and 77.5±0.5%, respectively, when 

photopolymerized at 23°C, and allyl and thiol conversions of 86.1±0.5% and 81.4±0.5%, 

respectively, when photopolymerized at 37°C.  After the first DMA temperature ramp, 

the allyl and thiol conversions increased to 99.1±0.2% and 93.7±0.3%, respectively, for 

the TATATO/PETMP samples initially photopolymerized at 23°C, while the allyl and 

thiol conversions increased to 99.6±0.1% and 94.3±0.2%, respectively, for the samples 

initially photopolymerized at 37°C.  The FWHM of the second DMA temperature ramp 

tan δ curve peaks for the bisGMA/TEGDMA samples initially photopolymerized at 23°C 

and 37°C (Figure 2.10b) were 75.2±0.5°C and 76.7±0.5°C, respectively.  Conversely, the 

FWHM of the second DMA temperature ramp tan δ curve peaks for the 

PETMP/TATATO samples initially photopolymerized at 23°C and 37°C (Figure 2.10d) 

were 15.9±0.1°C and 15.5±0.1°C, respectively. 
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(a)  (b)  

(c)  (d)  

Figure 2.10.  Storage modulus (E′, solid lines) and tan δ (dashed lines) versus 

temperature for photopolymerized films, irradiated for 20 minutes at 10 mW·cm-2 with 

469 nm and at 23°C (black) or 37°C (red), of (a) bisGMA/TEGDMA formulated with 1 

wt% CQ/0.5 wt% EDAB ((b) second temperature ramp), and (c) PETMP/TATATO 

formulated with 1 wt% p-HOH-HABI ((d) second temperature ramp). 
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Table 2.3.  Summary of photopolymerized film viscoelastic properties. 

Summary of photopolymerized film viscoelastic properties. 

Resin 

formulation 

Room temperature 

photopolymerization 

Body temperature 

photopolymerization 

E′ at  

23°C 

(GPa) 

E′ at 

200°C 

(MPa) 

Temp. at 

tan δ 

peak(s) 

(°C) 

E′ at 

23°C 

(GPa) 

E′ at 

200°C 

(MPa) 

Temp. at 

tan δ 

peak(s) 

(°C) 

BisGMA/ 

TEGDMA, 

1st ramp 

2.1±0.1 57.7 

±1.0 

41.0, 

138.1±2.0 

3.6±0.1 80.4 

±1.0 

68.5, 

145.2±2.5 

BisGMA/ 

TEGDMA, 

2nd ramp 

2.7±0.1 57.1 

±1.0 

146.2±2.5 2.9±0.1 68.5 

±1.0 

148.6±2.0 

PETMP/ 

TATATO, 

1st ramp 

2.1±0.03 37.2 

±2.1 

49.5±0.5 2.3±0.1 31.3 

±1.1 

52.2±0.1 

PETMP/ 

TATATO, 

2nd ramp 

1.7±0.1 35.0 

±0.2 

82.0±0.2 1.7±0.1 35.0 

±0.1 

81.0±0.1 
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2.5 Discussion 

Composite dental restorative materials are typically photopolymerized in situ 

using visible, blue light, a wavelength range that ensures clinical acceptability.  

Consequently, CQ, in conjunction with a coinitiator such as a tertiary amine, is the 

predominant radical-generating photoinitiator for dimethacrylate-based dental resins 

owing to its well-known blue light absorbance peak, attributable to the n→π* transition of 

the dicarbonyl group.48,49  Importantly, the absorbance by a photoinitiator at the incident 

irradiation wavelength must be sufficient to ensure rapid polymerization rates, but not 

excessive which would limit polymerization depth and thus necessitate multiple, 

incremental restorative layers to fully address the defect.  Thus, the success of CQ as a 

dental resin photoinitiator is attributable to its moderate absorbance at 469 nm (Table 2.1) 

which offers an excellent compromise between polymerization rate and cure depth.  The 

ubiquity of CQ has resulted in most conventional halogen- and LED-based dental lamps 

emitting across a wavelength range tailored to match the CQ visible absorbance peak.44,50  

Thus, compatibility of novel photoinitiators with these legacy dental lamps would 

promote the rapid clinical adoption of alternate, non-dimethacrylate-based dental resins 

that are not readily photopolymerized by CQ/coinitiator systems. 

HABI photoinitiators are yellow, indicating that they absorb at least somewhat in 

the blue region of the spectrum (see Figure 2.3).  Although the HABI derivatives 

examined here exhibit lower absorptivity than CQ at 469 nm, a common dental lamp 

peak emission wavelength, they do afford higher sensitivity than Irgacure 819 (a 

commercially-available, benzoyl phosphine oxide-based, visible light-active, Type I 

photoinitiator) at this wavelength (see Table 2.1).  Some recently-marketed dental lamps 
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also emit in the violet region of the spectrum (405 nm),46,50 a wavelength range where 

Irgacure 819 and both HABI derivatives exhibit significantly increased sensitivity 

relative to their absorbance at 469 nm.  Of course, photopolymerization initiation rates 

are not exclusively determined by the photoinitiator absorptivity at the incident 

irradiation wavelength; rather, the initiating radical quantum yield must be accounted for 

when determining a photoinitiator’s overall efficiency.  Although HABI photolysis is 

very efficient, with quantum yields approaching 2 (i.e., approximately two lophyl radicals 

generated for each absorbed photon),39,51 the resultant lophyl radicals are uncommonly 

stable and do not initiate vinyl polymerizations in the absence of a hydrogen donating 

thiol coinitiator.39  Importantly, the stability of the generated lophyl radicals results in 

sluggish recombination rates (Figure 2.4), where recombination proceeds over several 

minutes.  Thiol–ene formulations, where thiol and vinyl functional groups are present in a 

1:1 stoichiometric ratio, inherently provide high thiol concentrations for hydrogen 

abstraction by lophyl radicals.  Thus, the generation of long-lived lophyl radicals in thiol-

rich formulations should provide sufficient time for hydrogen abstraction from thiol to 

proceed prior to significant lophyl radical recombination, yielding highly efficient 

photoinitiation by HABIs in thiol–ene formulations. 

Commercially-available HABI photoinitiators such as o-Cl-HABI generally 

exhibit very low blue light absorbance (Figure 2.3 and Table 2.1) and poor solubility in 

common resins (Table 2.2).  Fortunately, the facile synthetic accessibility of HABIs 

enables their ready modification to induce particular properties.  For example, the 

solubility of these typically solid materials has been dramatically increased by affixing 

alkyl substituents,40,41 and the lophyl radical recombination rate has been decreased, with 
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a corresponding bathochromic shift in its absorption spectrum, by incorporating extended 

π-conjugated moieties.52  In the present study, HABI solubility was increased by affixing 

flexible, hydroxyhexyl pendant groups to each triphenylimidazoyl moiety.  As tabulated 

in Table 2, this HABI functionalization greatly increased solubility of the resultant HABI, 

where p-HOH-HABI (i.e., the bis(hydroxyhexyl)-functionalized compound) is 

consistently more soluble in an allyl monomer and polar organic solvents than the 

unfunctionalized o-Cl-HABI.  The hydroxyhexyl HABI functionalization was also 

accompanied by enhanced absorptivity at 469 nm compared with o-Cl-HABI (Table 2.1), 

suggesting a potentially increased photopolymerization rate for p-HOH-HABI-containing 

thiol–ene formulations under conventional dental lamp irradiation. 

To establish a benchmark against which thiol–ene photopolymerizations could be 

compared, the photopolymerization kinetics of methacrylate-based bisGMA/TEGDMA 

resins formulated with four different photoinitiation systems were examined under 

several irradiation intensities (Figure 2.5).  As the CQ visible absorption peak occurs at 

approximately 470 nm,31,32 the rapid photopolymerization observed for the methacrylate-

based resin formulated with CQ/EDAB upon 469 nm irradiation is expected.  As the 

commercially-sourced monomers were used as received, the short polymerization 

induction periods for this system are attributable to radical polymerization inhibitors and 

dissolved oxygen in the resin.  Prior to the onset of polymerization, radicals generated 

upon irradiation rapidly react with adventitious radical inhibitors and oxygen; however 

polymerization proceeds immediately upon complete consumption of the inhibiting 

species.  Raised irradiation intensities increase radical generation rates, consuming 

inhibiting species more quickly and hence reducing the polymerization induction time 



63 

 

(Figure 2.5a).  Moreover, the increased radical generation rates at raised intensities afford 

correspondingly increased polymerization rates (Figure 2.5a).  In contrast, as Irgacure 

819 exhibits very low absorptivity at 469 nm, the radical generation rate upon irradiation 

at 469 nm of methacrylate formulations containing this photoinitiator is so low that the 

consumption of the inhibiting species proceeds over the course of minutes even under a 

high irradiation intensity.  Notably, although o-Cl-HABI and p-HOH-HABI offer raised 

absorptivities at 469 nm compared with Irgacure 819, no polymerization was observed at 

all for bisGMA/TEGDMA resins formulated with these HABI photoinitiators, indicating 

that the lophyl radicals are inactive towards methacrylate groups.39 

To determine the relative efficiency of HABI compounds to initiate thiol–ene 

polymerization upon blue light irradiation, the photopolymerization kinetics of 

PETMP/TATATO resins formulated with four different photoinitiator systems were 

similarly examined under several blue light irradiation intensities (Figure 2.6).  

Interestingly, no polymerization induction period was observed for any system even at 

low irradiation intensity and correspondingly slow polymerization rates, despite the 

inclusion of a potent free radical inhibitor (i.e., Q1301) in the resin formulations.  This 

notable absence of induction period may be attributable to the well-known resistance of 

radical-mediated thiol–ene reaction to oxygen inhibition.13  Additionally, whereas all 

PETMP/TATATO resins examined were formulated in a 1:1 thiol to allyl stoichiometric 

ratio, the unequal monomer consumption rates, where allyl conversion was consistently 

higher than thiol conversion (see Figures 2.6, 7b, and 9), is attributable to a small amount 

of allylic homopolymerization.13 
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With the exception of the CQ/EDAB-containing formulation, the relative thiol–

ene photopolymerization rates proceed according to the absorptivities at 469 nm for the 

respective photoinitiators, where the p-HOH-HABI-containing formulation reacts most 

rapidly while blue light initiated photopolymerization of the Irgacure 819-containing 

formulation proceeds slowest (Figure 2.6).  In contrast, despite relatively strong 

absorbance at 469 nm, the photopolymerization of CQ/EDAB-containing formulations 

proceeds no more rapidly than Irgacure 819-containing formulations upon blue light 

irradiation, confirming the poor compatibility of CQ/tertiary amine 

photoinitiator/coinitiator systems, used ubiquitously in conventional methacrylate-based 

dental resins, for thiol–ene photopolymerization. 

The curves of allyl and thiol conversion versus time for the photopolymerization 

of both HABI-containing thiol–ene formulations followed distinctive ‘S’-shaped 

trajectories at all examined irradiation intensities (Figures 2.6c and 6d).  Similar 

conversion trajectories are typically associated with polymerization autoacceleration by 

the gel effect,53 where the termination reaction rate rapidly drops as radical diffusion is 

restricted, impeding bimolecular radical-radical reactions and leading to a rise in radical 

concentration and concomitant increase in polymerization rate.  However, as the 

polymerization rates are observed to increase prior to gelation, attaining their maxima 

near the gel point conversion (calculated using Flory-Stockmayer theory54,55 as 40.8% 

conversion for an ideal tetrathiol/triallyl step growth reaction), and similar conversion 

trajectories are not observed for the Type I initiation provided by Irgacure 819, 

autoacceleration does not account for the observed characteristic conversion trajectories 

afforded by HABI photoinitiators in thiol–ene resins.  Furthermore, for ideal free radical 
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polymerizations where termination is exclusively bimolecular, the polymerization rate 

(Rp) is anticipated to scale with the square root of the initiation rate (Ri),
30 which for 

photopolymerizations is proportional to the incident irradiation intensity.  The conversion 

versus time data obtained at different intensities (i.e., Figure 2.6), scaled by Ri to an 

exponent, are shown in Figure 2.11.  As indicated by Figure 2.11a, the classical square 

root dependence of Rp on Ri (i.e., Rp ~ Ri
0.5) fails to accurately describe the experimental 

data; rather the data are well fit by an Ri scaling exponent of 0.84, suggesting concurrent 

bimolecular and unimolecular termination mechanism in these polymerizations, as has 

been observed in other thiol–ene systems.30  As the irradiation intensity emitted at the 

light guide tip of conventional dental lamps often approaches or even exceeds 1 W·cm-

2,45,50 high Ri scaling exponents can provide more rapid polymerization rates of dental 

restoratives in clinical settings. 

 

(a)  (b)  

Figure 2.11.  Conversion versus time, scaled assuming that (a) Rp ~ Ri
0.50, and (b) Rp ~ 

Ri
0.84, for the photopolymerization of PETMP/TATATO formulated with 1 wt% p-HOH-

HABI and irradiated with 469 nm light at intensities of 1 (black), 3 (red), 10 (blue), and 

20 (green) mW·cm-2.  Vinyl conversions are indicated by solid lines, whereas thiol 

conversions are indicated by dashed lines. 
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As seen in Figure 2.7, the CQ/EDAB-containing bisGMA/TEGDMA formulation 

vitrifies at a relatively low conversion such that a significant amount of unreacted 

monomer could potentially leach out if this material were in an oral environment.  In 

contrast, the p-HOH-HABI-containing PETMP/TATATO formulation, which of the 

thiol–ene samples reaches the highest conversion contains significantly less unreacted 

functional groups post-polymerization, and hence it is anticipated to contain significantly 

less low molecular weight, extractable material. 

BisGMA/TEGDMA formulations containing CQ/EDAB and Irgacure 819, 

photopolymerized slowly using a light intensity of 1 mW·cm-2 and a photoinitiator 

concentration of 0.1 wt%, mitigating both the temperature rise owing to the exothermic 

polymerization and lessening light intensity gradients through the sample thicknesses at 

shorter wavelengths, respectively, demonstrate opposing Rp trends for progressively 

shorter incident irradiation wavelengths (see Figure 2.8).  Here, the CQ/EDAB-

containing formulation polymerizes fastest under 469 nm irradiation but exhibits 

negligible polymerization under 365 nm, whereas the Irgacure 819-containing 

formulation exhibits negligible polymerization under 469 nm irradiation but polymerizes 

rapidly under both 405 and 365 nm.  These trends are readily explained by considering 

the absorptivities of the two photoinitiators at the relevant wavelengths (Table 2.1).  

Thus, as CQ exhibits good absorptivity at 469 nm and progressively lower absorptivity at 

405 and 365 nm, the Ri for the CQ/EDAB-containing formulation will be reduced at these 

shorter wavelengths which is reflected in the relative Rps.  Similarly, Irgacure 819 

exhibits very low absorptivity at 469 nm but good absorptivity at 405 and 365 nm, 

reflected in the relative polymerization rates of the Irgacure 819-containing formulations.  
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Notably, irradiation of the HABI-containing methacrylate formulations again did not 

afford any observable polymerization, even at shorter wavelengths where both HABIs 

offer good absorptivity (Table 2.1), confirming lophyl radical inactivity towards 

methacrylate functional groups. 

This relation between Rp and photoinitiator absorptivity is likewise applicable to 

the photopolymerization of PETMP/TATATO formulations under various incident 

irradiation wavelengths (Figure 2.9).  For the Irgacure 819-containing thiol–ene 

formulation, the negligible Rp under 469 nm but rapid photopolymerization at shorter 

wavelengths is a consequence of the relative absorptivity of this photoinitiator at the 

relevant wavelengths.  Interestingly, the relatively more rapid thiol–ene polymerization of 

the o-Cl-HABI-containing formulation versus the p-HOH-HABI-containing formulation 

under 405 nm irradiation, again a consequence of the relative absorptivities of the two 

photoinitiators at this wavelength, would afford reduced cure time in a clinical setting 

where the dental lamp used emits violet light.  However, unlike the commonplace blue 

light emitted by conventional dental lamps, 405 nm has yet to see widespread clinical use 

and thus the raised Rp for o-Cl-HABI at this wavelength is less relevant than the higher 

relative Rp for p-HOH-HABI under blue light irradiation.  The very low Rps afforded by 

irradiation of CQ/EDAB-containing PETMP/TATATO formulations again illustrates the 

poor compatibility of this photoinitiator system for thiol–ene photopolymerizations. 

As composite dental restorative materials are polymerized in situ at defect sites, 

vitrification of the continuous resin phase as the polymerization proceeds is essential to 

approximate tooth mechanical properties and fully recover the utility of this hard tissue.  

To determine the capacity of p-HOH-HABI to act as a thiol–ene photoinitiator and yield 
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cross-linked, vitrified polymers, DMA was performed on the model p-HOH-HABI-

containing thiol–ene and, for comparison, CQ/EDAB-containing dimethacrylate 

formulations.  In the absence of polymerization during a DMA temperature ramp 

experiment, the tan δ curve peak preceding the rubbery plateau is assigned as the Tg.  The 

two distinct tan δ peaks and corresponding storage modulus reductions displayed by the 

dimethacrylate films photopolymerized at both room and body temperature (Figure 

2.10a) could be the result of either radicals, generated during irradiation but trapped in 

the vitrified matrix, gaining sufficient mobility during the temperature ramp to induce 

dark polymerization, or could result from a phase separated film.  Notably, the significant 

methacrylate conversion increase observed after the first DMA experiments and the 

single thermal transition revealed upon second DMA temperature ramps (Figure 2.10b) 

discounted phase separation and confirmed the two transitions as attributable to 

polymerization mediated by trapped radicals; nevertheless, although this dark 

polymerization prevents accurate assessment of the Tg in these methacrylate-based 

materials, they are vitrified at room temperature with storage moduli in excess of 2 GPa 

(Table 2.3). 

In contrast to the methacrylate-based materials, the single tan δ curve peaks 

exhibited by the thiol–ene films photopolymerized at room and body temperature upon a 

first DMA temperature ramp (Figure 2.10c) indicates that the temperature at the tan δ 

peak for these samples closely reflected the Tg.  Thus, the Tgs for these samples of 

approximately 50°C, in conjunction with storage moduli in excess of 2 GPa at room 

temperature, demonstrates that p-HOH-HABI is capable of photoinitiating thiol–ene 

formulations to afford vitrified polymeric matrices.  Interestingly, a small increase in 
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storage modulus towards the end of the glass transition, but prior to the rubbery plateau, 

is observed during the first temperature ramp of both thiol–ene samples.  Given the raised 

allyl and thiol conversion after the first DMA temperature ramp and the absence of 

similar storage moduli increases during the second temperature ramp, we again attribute 

the observed storage moduli increases to dark polymerization.  The notably narrower tan 

δ curve peak FWHMs, obtained from the second DMA temperature ramp experiments, 

for the thiol–ene films as compared to the dimethacrylate films demonstrates the 

homogeneity of cross-linked thiol–ene networks (Figure 2.10b and 10d), a consequence 

of their step-growth polymerization mechanism.13  Finally, although the monomer 

conversion is raised, a significant decrease in the room temperature storage modulus for 

the thiol–ene films is observed after the polymer networks have been subject to the first 

temperature ramp (Figure 2.10c and 10d, Table 2.3); indeed, the storage moduli of the 

thiol–ene films are lower than those of the methacrylate-based materials, and a similar 

storage modulus drop is observed for the bisGMA/TEGDMA sample polymerized at 

body temperature after its first temperature ramp (Figure 2.10a and 10b, Table 2.3).  

Similar results have been previously observed in cross-linked epoxy/amine polymer 

networks, where the modulus passed through a maximum value with increasing fractional 

chemical conversion.56  This counterintuitive effect was attributed to ‘self-

antiplasticization’, where the unreacted functional groups can decrease the Tg but increase 

the modulus of certain glassy, polymeric networks.56  Consequently, this suggests a path 

to yield thiol–ene polymer networks with increased moduli by employing rigid, high 

functionality monomers that vitrify at low conversions, thus enhancing the 
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antiplasticization effect; however, the associated leachability of low molecular weight 

species from such materials limits the potential utility of this approach. 

 

2.6 Conclusion 

Upon irradiation with UV or short wavelength visible light, HABI compounds 

generate lophyl radicals that are inactive towards methacrylate groups but are capable of 

abstracting thiol hydrogens to afford thiyl radicals.  Unlike the conventional CQ/tertiary 

amine photoinitiator system, HABI compounds were shown to be efficient as visible- and 

UV-active initiators for thiol–ene photopolymerizations owing to the aforementioned 

thiol hydrogen abstraction mechanism.  To address the shortcomings of o-Cl-HABI, a 

commercially-available HABI photoinitiator with limited solubility and low visible light 

absorptivity, a novel, bis(hydroxyhexyl)-functionalized HABI was successfully 

synthesized and demonstrated improved solubility in monomer and organic solvents, in 

addition to raised blue light absorbance, resulting in increased thiol–ene 

photopolymerization rates upon blue light irradiation.  Notably, both examined HABI 

compounds exhibited good absorptivity and afforded rapid thiol–ene polymerization rates 

upon 405 nm irradiation, demonstrating their compatibility with emergent violet LED 

dental light sources. 

The potential for p-HOH-HABI to act as photoinitiator of a glass-forming, thiol–

ene based dental restorative was demonstrated using a model thiol–ene formulation.  

Extended blue light irradiation of the resin formulation yielded vitrified, cross-linked 

polymer matrices that were significantly more homogeneous than methacrylate based 
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polymer networks photopolymerized under equivalent irradiation conditions.  The 

observed disparity in network homogeneity was attributed to the different polymerization 

mechanisms for the two examined systems. 
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Chapter 3 

Re-examining the photomediated dissociation and recombination 

kinetics of hexaarylbiimidazoles 

3.1 Abstract 

The recombination of lophyl radicals generated by the photodissociation of 

hexaarylbiimidazole (HABI) compounds has been previously reported to proceed as 

either first, 3/2, or second order reactions.  Here, we re-examine the recombination of 

HABI-derived lophyl radicals to resolve these disparate reported recombination reaction 

orders.  EPR spectroscopy was used to monitor the radical concentration for two HABI-

based compounds in solution both during irradiation until steady state was achieved, then 

in the dark where only the radical recombination reaction proceeded.  Over short dark 

periods, lophyl radical recombination could be adequately described by second order 

reaction kinetics.  To better evaluate these reactions, UV-vis spectrophotometry 

measurements were performed over longer dark recombination periods.  The molar 

absorptivities of the lophyl radical species were determined and used to express UV-vis 

absorbance data as radical concentrations.  Analysis of these radical concentration curves 

over extended dark periods revealed that the recombination reactions at low initial HABI 

concentrations and incident irradiation intensities were well fit as 3/2 and second order 

reactions for the two respective parent HABI compounds; however, raised initial HABI 

concentrations and irradiation intensities progressively increased deviation from the 
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reaction order fits.  The fitted recombination and corresponding photodissociation rate 

constants were validated by predicting radical concentration curves using stepped 

irradiation intensity profiles, which were compared against experimentally-determined 

radical concentrations obtained under identical reaction conditions. 

 

3.2 Introduction 

Free radicals, atomic or molecular species with an unpaired valence electron, are 

common reactive species in many chemical reactions; indeed, radicals participate in 

many naturally-occurring biological processes where they both fulfill essential functions 

as well as are linked to the cause of many diseases.1-3  Radical species find particularly 

wide application in polymerization chemistry as the active propagating centers in both 

chain- and step-growth polymerizations.4,5  Although radical are typically extremely 

reactive species with negligible recombination activation energies, resulting in diffusion-

controlled termination rates, several examples of stable radical species exist.  For 

example, trityl (i.e., triphenylmethyl) radicals in solution exist in equilibrium with their 

dimer form owing to the radical stability afforded by resonance and steric stabilization.6  

Additionally, the unpaired electron of nitroxides, resonance-stabilized and sterically-

shielded nitroxyl radical species, is persistent and commonly employed for oxidation 

catalysis7,8 and as mediator for controlled radical polymerizations.9-11 

One particularly interesting class of radical-generating compounds consists of 

hexaarylbiimidazoles (HABIs) which have been the focus of significant research activity 

owing to their photochromic, piezochromic, and thermochromic nature for more than five 

decades12-19 and have found industrial utility as radical polymerization initiators.  First 
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synthesized by Hayashi and Maeda in 1960,20 they have since been investigated for use in 

photographic films as leuco dye photooxidants, color proofing systems,21 and as radical 

polymerization photoinitiators.22,23  HABIs exhibit photochromism where, upon 

irradiation, they undergo homolytic cleavage to yield two strongly colored lophyl (i.e., 

triphenylimidazolyl) radicals (Figure 3.1) that are relatively stable in oxygen-saturated 

surroundings and show slow recombination rates; thus, analogous to the influence of 

temperature on the trityl radical/quinoid dimer equilibrium, light can be employed to shift 

the lophyl radical/HABI dimer equilibrium, an attribute that allows for lophyl radical 

generation and recombination kinetics to be readily studied. 

The recombination kinetics of thermally- and photolytically-generated lophyl 

radicals have been previously studied spectroscopically22,24-27 and efforts to explain the 

complex recombination behavior described.  The photodissociation rate of a parent HABI 

compound into lophyl radicals is anticipated to scale with its absorptivity at the 

irradiation wavelength, the irradiation intensity, the quantum yield, and the concentration 

of the HABI solution itself.  To better utilize the transient HABI photodissociation and its 

concomitant photochromic and chemically reactive properties, a more comprehensive 

understanding of the lophyl radical/HABI system reaction kinetics is required.  Initial 

studies by Hayashi and Maeda found that lophyl radical recombination was a first order 

reaction, however they later revised this assessment to second order.28  Subsequently, 

Wilks and Willis found lophyl radical recombination to be better described as 3/2 order 

rather than second order and postulated a complex recombination mechanism 

incorporating ionic species to account for their observations.29  Notably, their 

experimental data was ill-fit by this perhaps unexpected 3/2 reaction order at long 
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reaction times whereupon a first order reaction mechanism emerged.  In recent years, 

HABI derivatives based on rigid, bridged imidazole dimers have been synthesized that 

exhibit rapid, first order lophyl radical recombination, attributable to radical diffusion 

suppression.30-34 In disagreement with the previously observed 3/2 reaction order for 

lophyl radical recombination, studies on conventional HABI compounds have employed 

second order reaction kinetics to describe the lophyl radical recombination reactions.35-38 

Here, we re-examine the reaction kinetics of HABI photodissociation and subsequent 

lophyl radical recombination in an attempt to better understand and resolve the apparent 

disagreement between reported reaction orders.  Two HABI compounds, one 

commercially available and one synthesized for improved solubility and visible light 

absorption, are examined to assess the influence of the HABI structure on the subsequent 

recombination rates. 

(a)  

(b) (c)  

Figure 3.1.  Upon irradiation, the inter-imidazole HABI bond undergoes homolytic 

cleavage, reversibly generating two relatively stable, long-lived lophyl radicals.  (b) o-

Cl-HABI, and (c) p-HOH-HABI. 
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3.3 Experimental 

3.3.1 Materials 

Two visible light-active HABI compounds were used for comparison throughout 

this study.  2,2′-Bis(2-chlorophenyl)-4,4′,5,5′-tetraphenyl-1,2′-biimidazole (o-Cl-HABI, 

TCI America) was used as received, whereas 2,2′-bis(2-chloro-4-hexan-1-ol-phenoxy)-

4,4′,5,5′-tetraphenyl-1,2′-biimidazole (p-HOH-HABI) was synthesized.  2,2-Diphenyl-1-

picrylhydrazyl (DPPH, Sigma-Aldrich) was used as received for standard radical 

concentration solutions.  Toluene (Fisher Chemical) was used as solvent for all samples. 

 

3.3.2 Methods 

3.3.2.1 Light sources and intensity measurement 

All samples were irradiated with blue light provided by a collimated, LED-based 

illumination source (Thorlabs model M455L2-C1) with an emittance centered at 455 nm 

(FWHM 20 nm), used in combination with a current-adjustable LED driver (Thorlabs 

model LEDD1B) for intensity control.  Irradiation intensities were measured with an 

International Light IL1400A radiometer, equipped with a broadband silicon detector 

(model SEL033), a 10× attenuation neutral density filter (model QNDS1), and a quartz 

diffuser (model W), by positioning the detector at the sample site and irradiating it both 

before and after each experiment to ensure that the light intensity had not changed during 

the experiments. 
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3.3.2.2 Ultraviolet-visible spectrophotometry 

Ultraviolet-visible (UV-vis) spectrophotometry was performed using an Agilent 

Technologies Cary 60 UV-Vis Spectrophotometer.  Spectra were collected from 650 to 

350 nm at 4800 nm.min-1 on HABI solutions in toluene using a 1 mm pathlength quartz 

cuvette both in the dark and under irradiation.  HABI photodissociation and subsequent 

recombination were examined while the sample solutions were either irradiated with 455 

nm light, supplied by the Thorlabs LED light source positioned approximately 20 cm 

from the sample, or in the dark by monitoring the absorbance at 554 nm and 598 nm for 

o-Cl-HABI and p-HOH-HABI, respectively, wavelengths where the visible light 

absorbance by the generated lophyl radicals was greatest (i.e., λmax).  All experiments 

were performed in triplicate. 

 

3.3.2.3 Electron paramagnetic resonance spectroscopy 

Electron paramagnetic resonance (EPR) spectroscopy was performed with a 

Bruker EMX spectrometer.  The spectrometer was equipped with a TE102 cavity (Bruker 

model ER 4102ST), and a frequency of 9.717 GHz, 2.05 mW microwave power, 5.02 × 

103 receiver gain, 100 kHz modulation frequency, and 1 G modulation amplitude were 

used for all experiments.  Optical access to the cavity was afforded by a 10 mm × 23 mm 

grid providing 50% light transmittance to the sample.  A 3.2 mm inner diameter quartz 

sample tube was filled with 190 μL of sample solution and inserted into the spectrometer 

cavity for analysis.  Photodissociation and subsequent recombination was monitored at a 

3453 G static field, the first derivative signal intensity maximum for both HABI 

compounds under irradiation, while the sample solutions were irradiated with 455 nm 



83 

 

light, again supplied by the Thorlabs LED light source positioned approximately 60 cm 

from the sample, for 5 minutes to ensure reaction equilibrium, then for a further 15 

minutes in the dark.  All experiments were performed at room temperature.  Radical 

concentrations were quantified by calibrating the EPR spectrum integral against known 

concentration solutions of DPPH in toluene using the same sample geometry, volume, 

and acquisition conditions employed for the HABI solutions (Figure 3.2). 

 

 

Figure 3.2.  Integrated absorbance, as determined by EPR spectroscopy, versus DPPH 

concentration in toluene for 190 μL of solution (black squares) and least squares linear 

fit (red line, y = 13851 + 1696070x, r2 = 0.999). 

 

3.4 Results and discussion 

Dissolution of HABI compounds typically affords yellow solutions that exhibit 

moderate absorbance in the violet to blue region of the spectrum; however, these 

solutions undergo a dramatic color change upon irradiation, generating colors ranging 

from indigo to teal and attributable to the photoinduced dissociation of HABIs to yield 
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strongly colored lophyl radical species.39  This color change suggests UV-vis 

spectrophotometry as a convenient and sensitive approach to monitor the 

photodissociation of HABIs and subsequent dark recombination of the generated lophyl 

radicals.  The evolution of ultraviolet/visible light absorbance of 5 mM solutions of o-Cl-

HABI and p-HOH-HABI in toluene in the dark and upon irradiation with 455 nm light at 

10 mW·cm-2 until the reactions attain steady state are shown in Figure 3.3a and 3b, 

respectively.  Here, the unirradiated HABI species display slight absorbance at 455 nm 

and the increase in absorbance at this wavelength while the solutions are under irradiation 

is relatively low (Figure 3.3a and 3b).  Consequently, 455 nm light was selected as the 

irradiation wavelength throughout this study to effect HABI photolysis while avoiding 

excessive light attenuation and concomitant concentration inhomogeneity through the 

sample thicknesses.  The peak absorbance wavelengths (i.e., λmax) of the o-Cl-HABI and 

p-HOH-HABI solutions while under irradiation (554 and 598 nm, respectively) are not 

overlapped by the absorbance spectra of the respective parent HABI solutions, enabling 

the lophyl radical concentration curves to be readily determined by simply monitoring 

λmax without any additional steps deconvoluting the radical absorbance from an 

underlying absorbance by the parent compound.  Notably, the absorbances at these 

wavelengths do not provide a direct measure of the radical concentration; rather, the as-

yet-unknown molar absorptivity of the radical species at λmax must be employed to obtain 

radical concentration information. 
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(a)  (b)  

Figure 3.3.  UV-vis absorption spectra for 5 mM solutions of (a) o-Cl-HABI and (b) p-

HOH-HABI in toluene prior to (black) and under irradiation at 10 mW·cm-2.  An 

individual wavelength scan took 3.75 seconds and scans were collected at 5.3 second 

intervals. 

 

Although perhaps less convenient than UV-vis spectrophotometry owing to 

sample geometry and spectrometer cavity constraints, EPR spectroscopy does have the 

advantage of allowing for direct measurement of radical concentration in solution.  Here, 

the influences of varying initial HABI concentration and incident irradiation intensity on 

photoinduced dissociation and dark recombination were examined by in situ sample 

irradiation in an EPR spectrometer.  Whereas studies examining photoinitiator photolysis 

typically employ either spin traps40 or severely restricted molecular mobility at low 

temperatures41 to attain sufficient radical concentrations for detection, the stability of the 

lophyl radicals generated by HABI photolysis affords readily detectable radical 

concentrations in solution and at room temperature, even at moderate HABI 

concentrations and irradiation intensities.  Upon irradiation, the radical concentrations for 

all samples rapidly increased to a plateau value and, upon irradiation cessation, decreased 

ultimately to undetectable levels over several minutes (see Figure 3.4).  The radical 

generation rates and steady state radical concentrations for both HABI compounds 
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increased with raised irradiation intensity and initial HABI concentration (Figure 3.4), 

and the steady state radical concentrations for all conditions examined are tabulated in 

Table 3.1.  At the highest HABI concentration and applied irradiation intensity (i.e., 5 

mM and 5 mW·cm-2), the steady state radical concentrations of 0.081 mM and 0.12 mM 

for o-Cl-HABI and p-HOH-HABI (Table 3.1) indicate reaction extents of 0.0081 and 

0.012, respectively.  That is, the instantaneous percentage of HABI interimidazole C–N 

bonds cleaved at steady state are 0.81% and 1.23% for o-Cl-HABI and p-HOH-HABI, 

respectively, under these reaction conditions.  Interestingly, the steady state radical 

concentrations achieved under the reaction conditions used here are similar to those 

typically attained upon gelation and vitrification during radical-mediated cross-linking 

polymerizations,42 where the precipitous termination rate decrease owing to restricted 

radical mobility leads to a dramatic radical concentration increase,43 despite no mobility 

restrictions imposed on lophyl radicals in solution.  Moreover, irradiation of p-HOH-

HABI solutions yielded higher radical concentrations than o-Cl-HABI solutions under 

equivalent reaction conditions for all conditions investigated, attributable in part to the 

raised molar absorptivity at 455 nm of p-HOH-HABI (21.3 M-1·cm-1) compared with that 

of o-Cl-HABI (16.0 M-1·cm-1). 
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(a)  (b)  

(c)  (d)  

Figure 3.4.  Lophyl radical concentration, as determined by EPR spectroscopy, versus 

time for 5 mM solutions of (a) o-Cl-HABI and (b) p-HOH-HABI in toluene, irradiated at 

intensities of 0.5 (black), 1.0 (red), 2.0 (blue), and 5.0 (green) mW·cm-2, and for solutions 

of (c) o-Cl-HABI and (d) p-HOH-HABI in toluene at concentrations of 0.5 (black), 1.0 

(red), 2.5 (blue), and 5.0 (green) mM, irradiated at 5 mW·cm-2.  All solutions were 

irradiated from 30 seconds to 330 seconds (i.e., 5 minutes irradiation), and were 

otherwise in the dark. 

 

The reaction scheme described in Figure 3.1a suggests that, whereas HABI 

photodissociation is a first order reaction with a rate constant that scales with the incident 

irradiation intensity, lophyl radical recombination in dilute solution to form dimeric 

HABI species should proceed as a second order reaction with respect to the lophyl radical 

concentration.  Thus, the radical generation rate can be described by the relation: 
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where kdis is the photodissociation rate constant, the value of which is directly 

proportional to the irradiation intensity, krec is the recombination rate constant, and α is 

the recombination reaction order and equal to 2 for a simple, bimolecular, second order 

reaction.  At steady state, where the radical concentration is invariant, the forward and 

reverse reactions proceed at the same rate such that Equation 1 simplifies to: 
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where [species]0 denotes the initial species concentration, [species]ss the steady 

state species concentration, and xss the steady state reaction extent.  Thus, under two 

different reaction conditions, labeled 1 and 2, respectively, Equation 2 under these two 

conditions can be expressed by the ratio: 
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To the best of our knowledge, evidence of photomediated recombination of lophyl 

radicals has not been previously described, such that we assume krec to be independent of 

both incident irradiation intensity and [HABI]0.  Moreover, as described above, 

monomolecular photodissociation reaction rates scale with the irradiation intensity at a 

given wavelength, such that 
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, where I0 is the incident irradiation intensity.  

Thus, steady state radical concentrations under two different reaction conditions can be 

compared using the ratio: 
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Given the steady state lophyl radical concentration under specific reaction 

conditions, Equation 4 can be employed to predict the lophyl radical concentration at 

steady state under different conditions and confirm the recombination reaction order α.  

The steady state radical concentrations under varying incident irradiation intensities and 

initial HABI concentrations, as measured using EPR spectroscopy, and predicted radical 

concentrations using the reference reaction conditions as shown and assuming a second 

order recombination reaction are tabulated in Table 3.1.  Here, the predicted radical 

concentrations closely match those experimentally determined, where the largest 

discrepancy between the experimental and predicted radical concentrations is only 12.3% 

(Table 3.1), indicating that the assumed second order lophyl radical recombination is 

experimentally supported for both HABI compounds under the reaction conditions 

examined 
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Table 3.1.  EPR spectroscopy-measured steady state lophyl radical concentrations for o-

Cl-HABI and p-HOH-HABI solutions under varying initial HABI concentrations and 

incident irradiation intensities, and radical concentrations predicted using reference data 

assuming second order recombination. 

[HABI]0 

(mM) 

I0 

(mW·cm-2) 

o-Cl-HABI p-HOH-HABI 

Experimental 

[R•]ss (mM) 

Predicted 

[R•]ss 

(mM) 

Difference 

(%) 

Experimental 

[R•]ss (mM) 

Predicted 

[R•]ss 

(mM) 

Difference 

(%) 

5.0 

0.5 0.0207 Reference - 0.0334 Reference - 

1.0 0.0305 0.0293 4.1 0.0489 0.0472 3.4 

2.0 0.0491 0.0431 12.3 0.0759 0.0689 9.1 

5.0 0.0811 0.0774 3.2 0.1231 0.1194 2.0 

0.5 

5.0 

0.0228 Reference - 0.0410 Reference - 

1.0 0.0355 0.0324 8.6 0.0558 0.0579 -3.8 

2.5 0.0544 0.0565 -3.9 0.0888 0.0882 0.72 

5.0 0.0811 0.0771 4.8 0.1231 0.1256 -2.0 

 

For the experiments shown in Figure 3.4, data for each individual run were 

collected under two irradiation regimes such that both the forward HABI 

photodissociation and reverse lophyl radical recombination reactions proceed 

concurrently during irradiation, resulting in the observed radical concentration increase 

until steady state is achieved, whereas exclusively radical consumption by recombination 

occurs in the dark.  Consequently, fitting the portion of the curves where irradiation is 
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ceased enables facile calculation of krec, the recombination rate constant, under varying 

initial reaction conditions.  In this dark reaction regime, the generalized relation for the 

radical generation rate (Equation 1) can be simplified to: 

d R•é
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ù
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= -2k
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R•é

ë
ù
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a

 (5) 

The integral form for this rate expression is given as: 

R•é
ë

ù
û

-a

d R•é
ë

ù
û= -

R•é
ë

ù
ûss

R•é
ë

ù
û

ò 2k
rec

dt
t
0

t

ò  (6) 

where t0 is the irradiation cessation time whereupon exclusively the radical 

recombination reaction proceeds.  Finally, integrating Equation 6 across its limits yields 

the relation: 

1
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= 2 a -1( )krec t - t0( )  (7) 

Thus, assuming second order radical recombination (i.e., α = 2), applying linear 

regression to plots of 
1

R•é
ë

ù
û
-

1

R•é
ë

ù
ûss

 versus t - t
0( )  using experimentally-determined data 

affords 2krec as the fitted slope.  Such second order plots using the previously-obtained 

EPR spectroscopy data (see Figure 3.4) and corresponding linear fits are shown in Figure 

3.5.  Only the first 30 seconds upon irradiation cessation are plotted (i.e., 330 seconds to 

360 seconds, Figure 3.4) and fitted as extended reaction times in the dark, where radical 

concentrations are significantly depleted, result in low signal to noise ratios; however, 

under the reaction conditions examined, these first 30 seconds are again well-described 

by second order reaction kinetics and the calculated second order recombination rate 
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constants are tabulated in Table 3.2.  Whereas the second order recombination fits for p-

HOH-HABI yielded slight variation in krec values, ranging from 0.159 to 0.205 mM-1·sec-

1, equivalent second order recombination fits for o-Cl-HABI by over a factor of 3, from 

0.12 to 0.395 mM-1·sec-1.  This suggests that, although p-HOH-HABI-derived lophyl 

radical recombination appears well-described by second order reaction kinetics, the 

recombination of o-Cl-HABI-derived radicals may be better described by alternative 

reaction order exponents. 
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(a)  (b)  

(c)  (d)  

Figure 3.5.  Second order plots of EPR spectroscopy-measured dark lophyl radical 

concentration decay for (a) o-Cl-HABI and (b) p-HOH-HABI at varying initial incident 

irradiation intensities (0.5 (black), 1.0 (red), 2.0 (blue), and 5.0 (green) mW·cm-2), and 

(c) o-Cl-HABI and (d) p-HOH-HABI at varying initial HABI concentrations (0.5 (black), 

1.0 (red), 2.5 (blue), and 5.0 (green) mM).  Experimental data and corresponding linear 

regression fits are shown as solid and dashed lines, respectively. 

 

Having determined krec, assuming second order radical recombination, and given 

forward and reverse reaction rate equality at steady state under irradiation, the 

dissociation rate constant, kdis, can be readily calculated.  By expressing [R•]ss as the 

product 2xss[HABI]0, Equation 2 can be simplified and rearranged in terms of kdis to 

yield: 
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Again assuming second order lophyl radical recombination and applying values 

for xss and krec determined previously (Tables 3.1 and 3.2, respectively), kdis for each 

reaction condition was calculated and tabulated in Table 3.2.  Here, the kdis for p-HOH-

HABI increases by an order of magnitude as the incident irradiation intensity is raised by 

a factor of ten, and remains constant at constant irradiation intensity as [HABI]0 is varied, 

in good agreement with the anticipated photodissociation rate scaling with irradiation 

intensity and further affirming second order reaction kinetics to accurately describe p-

HOH-HABI-derived lophyl radical recombination.  In contrast, the fitted kdis for o-Cl-

HABI decrease by nearly a factor of two with a ten-fold [HABI]0 increase at constant 

intensity (Table 3.2), again suggesting that the o-Cl-HABI-derived lophyl radical 

recombination is not accurately described as a second order reaction. 
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Table 3.2.  Second order lophyl radical recombination and first order HABI 

photodissociation rate constants for EPR spectroscopy-measured HABI photolysis in 

toluene solution under irradiation with 455 nm light and in the dark. 

[HABI]0  

(mM) 

I0  

(mW·cm-2) 

o-Cl-HABI p-HOH-HABI 

krec  

(mM-1·sec-1) 

kdis (sec-1) 

krec  

(mM-1·sec-1) 

kdis (sec-1) 

5.0 

0.5 3.95 × 10-1 0.68 × 10-4 2.05 × 10-1 0.92 × 10-4 

1.0 2.75 × 10-1 1.02 × 10-4 1.95 × 10-1 1.88 × 10-4 

2.0 1.92 × 10-1 1.86 × 10-4 1.73 × 10-1 4.01 × 10-4 

5.0 1.25 × 10-1 3.22 × 10-4 1.66 × 10-1 9.97 × 10-4 

0.5 

5.0 

2.85 × 10-1 6.08 × 10-4 1.77 × 10-1 12.36 × 10-4 

1.0 2.15 × 10-1 5.50 × 10-4 1.72 × 10-1 11.01 × 10-4 

2.5 1.55 × 10-1 3.71 × 10-4 1.59 × 10-1 10.20 × 10-4 

5.0 1.20 × 10-1 3.20 × 10-4 1.63 × 10-1 10.02 × 10-4 

 

Owing to the low signal to noise ratios typically achieved by EPR spectroscopy, 

plots of lophyl radical concentration, as determined by that technique, versus time 

become progressively noisy as the recombination reaction proceeds and reaction order 

fits become unreliable after even relatively short dark periods.  Consequently, increasing 

the time period over which the reaction order fits maintain accuracy necessitates utilizing 

characterization techniques with improved sensitivity, such as UV-vis spectrophotometry.  

By performing both EPR spectroscopic and UV-vis spectrophotometric measurements 

using solutions with varying HABI concentrations while at steady state under identical 
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irradiation conditions with 455 nm light, the λmax absorbances for given radical 

concentrations were obtained and the molar absorptivities at λmax for each of the HABI-

derived lophyl radicals calculated (see Table 3.3), enabling the UV-vis absorption versus 

time data to be expressed as radical concentration curves (Figure 3.6).  A comparison of 

Figure 3.6 with Figure 3.4 reveals similar radical concentration curves under equivalent 

reaction conditions where the radical generation rates upon irradiation and steady state 

reaction extents increase with raised irradiation intensities and [HABI]0.  However, the 

signal to noise ratios, particularly after extended periods in the dark are improved.  The 

small error bars demonstrate the consistency of the data acquisition performed in 

triplicate.  Whereas no radical concentration decrease during irradiation was observed by 

EPR spectroscopy, UV-vis spectrophotometry revealed a small radical concentration drop 

at long irradiation times under reaction conditions using the highest [HABI]0 and I0, 

potentially attributable to radical consumption by reaction with dissolved oxygen to 

afford non-photochromic peroxide adducts.44,45 

 

Table 3.3.  Molar absorptivities of HABI-sourced lophyl radicals in toluene solution. 

Parent HABI Lophyl radical molar absorptivity at λmax (M
-1·cm-1) 

o-Cl-HABI 6132 ± 122 

p-HOH-HABI 9610 ± 26 
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(a)  (b)  

(c)  (d)  

Figure 3.6.  Absorbance at λmax and lophyl radical concentration, as determined by UV-

vis spectrophotometry, versus time for 5 mM solutions of (a) o-Cl-HABI and (b) p-HOH-

HABI in toluene, irradiated at intensities of 0.5 (black), 1.0 (red), 2.0 (blue), and 5.0 

(green) mW·cm-2, and for solutions of (c) o-Cl-HABI and (d) p-HOH-HABI in toluene at 

concentrations of 0.5 (black), 1.0 (red), 2.5 (blue), and 5.0 (green) mM, irradiated at 5 

mW·cm-2.  All solutions were irradiated from 30 seconds to 600 seconds, and were 

otherwise in the dark.  Error bars represent standard error for triplicate experiments. 

 

As performed above, Equation 7 was fit to the dark lophyl radical recombination 

data obtained by UV-vis spectrophotometry (i.e., 600 seconds on, Figure 3.6); however, 

instead of assuming second order recombination reaction behavior, the reaction order α 

was allowed to vary.  Notably, plots of 
1
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 versus t - t

0( )  for the 

experimentally-determined data did not achieve linearity over extended dark periods at 

high initial [R•]ss for any single α value (Figure 3.7); rather, whereas the radical 

recombinations at low initial [R•]ss were well-described by 3/2 and second order reaction 
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kinetics for o-Cl-HABI- and p-HOH-HABI-derived lophyl radicals, respectively) 

demonstrated by the excellent linearity achieved under low [HABI]0 and reduced 

irradiation intensity reaction conditions (e.g., Figure 3.7a and 7b, 0.5 mW·cm-2 and 5 

mM), the fitted experimental data exhibited progressively earlier deviation from linearity 

as the [HABI]0 and irradiation intensity were raised (e.g., Figure 3.7c and 7d, 5 mW·cm-2 

and 5 mM).  Similar initial recombination rate order deviations were previously observed 

where consistent deviations from 3/2 recombination reaction order at extended dark 

lophyl radical recombination times for a simple, non-functionalized HABI were 

reported,29 attributed to a change in the recombination mechanism, although the nature of 

this varying recombination mechanism remains elusive.  To demonstrate the influence of 

α as a fitting parameter, the reaction orders for the two HABIs examined were swapped 

(i.e., second and 3/2 order reaction kinetics for o-Cl-HABI- and p-HOH-HABI-derived 

lophyl radicals plots, respectively); however, the experimental data was ill-described by 

these reaction orders other than over very short periods after irradiation cessation, even at 

low initial [R•]ss (see Figure 3.8).  Values for krec for p-HOH-HABI-derived radical 

recombination were similar across all examined experimental conditions (Table 3.4).  

Moreover, values for p-HOH-HABI kdis approximately scaled with the irradiation 

intensity and were consistent for several [HABI]0 solutions under the same irradiation 

intensity (Table 3.4), confirming p-HOH-HABI photodissociation and subsequent lophyl 

radical recombination being well-described as first and second order reactions, 

respectively.  In contrast, despite the initial linearity observed for the 3/2 order rate plots 

under low [HABI]0 and I0 conditions, values for krec for o-Cl-HABI-derived radical 
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recombination varied significantly over the examined experimental conditions, and 

calculated values for o-Cl-HABI kdis were inconsistent with first order photodissociation. 

 

(a)  (b)  

(c)  (d)  

Figure 3.7.  3/2 and second order plots of UV-vis spectrophotometry-measured dark 

lophyl radical concentration decay for (a) o-Cl-HABI and (b) p-HOH-HABI at varying 

initial incident irradiation intensities (0.5 (black), 1.0 (red), 2.0 (blue), and 5.0 (green) 

mW·cm-2), and (c) o-Cl-HABI and (d) p-HOH-HABI at varying initial HABI 

concentrations (0.5 (black), 1.0 (red), 2.5 (blue), and 5.0 (green) mM).  Experimental 

data and corresponding linear regression fits are shown as symbols and dashed lines, 

respectively.  Error bars represent standard error for triplicate experiments.  For clarity, 

not all experimental data points are plotted. 
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Table 3.4.  3/2 and second order o-Cl-HABI- and p-HOH-HABI-derived lophyl radical 

recombination, respectively, and first order HABI photodissociation rate constants for 

UV-vis spectrophotometry-measured HABI photolysis in toluene solution under 

irradiation with 455 nm light and in the dark. 

[HABI]0 (mM) I0 (mW·cm-2) 

o-Cl-HABI p-HOH-HABI 

krec (mM-0.5·sec-1) 

× 102 

kdis (sec-1) 

× 104 

krec (mM-1·sec-1) 

× 101 

kdis (sec-1) × 

104 

5.0 

0.5 4.25 ± 0.03 0.51 ± 0.01 1.86 ± 0.03 0.83 ± 0.01 

1.0 4.04 ± 0.10 0.86 ± 0.02 1.79 ± 0.02 1.71 ± 0.01 

2.0 3.55 ± 0.09 1.55 ± 0.04 1.67 ± 0.03 3.86 ± 0.07 

5.0 2.87 ± 0.10 2.62 ± 0.09 1.47 ± 0.01 8.83 ± 0.02 

0.5 

5.0 

4.16 ± 0.08 5.87 ± 0.11 1.73 ± 0.01 12.06 ± 0.07 

1.0 3.92 ± 0.10 5.33 ± 0.14 1.67 ± 0.01 10.71 ± 0.08 

2.5 3.33 ± 0.10 3.42 ± 0.10 1.52 ± 0.01 9.80 ± 0.02 

5.0 2.87 ± 0.10 2.67 ± 0.10 1.46 ± 0.01 9.01 ± 0.02 
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(a)  (b)  

(c)  (d)  

Figure 3.8.  Second and 3/2 order plots of UV-vis spectrophotometry-measured dark 

lophyl radical concentration decay for (a) o-Cl-HABI and (b) p-HOH-HABI at varying 

initial incident irradiation intensities (0.5 (black), 1.0 (red), 2.0 (blue), and 5.0 (green) 

mW·cm-2), and (c) o-Cl-HABI and (d) p-HOH-HABI at varying initial HABI 

concentrations (0.5 (black), 1.0 (red), 2.5 (blue), and 5.0 (green) mM).  Experimental 

data and corresponding linear regression fits are shown as symbols and dashed lines, 

respectively.  Error bars represent standard error for triplicate experiments.  For clarity, 

not all experimental data points are plotted. 

 

To validate the reaction orders determined above, the obtained HABI 

photodissociation and lophyl radical recombination rate constants were used to predict 

radical concentration curves anticipated from a stepped irradiation intensity profile and 

compared to experimental data.  Here, the radical concentration evolution in 5 mM 

solutions of o-Cl-HABI and p-HOH-HABI in toluene were monitored by EPR 

spectroscopy where the samples were initially in the dark then subject to irradiation with 
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455 nm light under an irradiation intensity profile from 0.5 mW·cm-2 with step intensity 

increases every 300 seconds to 1.0, 2.0 and finally 5.0 mW·cm-2, followed by step 

intensity decreases every 300 seconds in the reverse irradiation intensity order (see Figure 

3.9).  The applied 300 second step periods are sufficient for steady state to be achieved 

for both increasing and decreasing irradiation intensities.  The radical concentration 

curves were predicted by applying the fitted rate constants for each reaction condition 

(see Table 3.2, Table 3.4, and Table 3.5) to the generalized radical generation rate 

relation, Equation 1, solutions for which are superimposed on the experimental data in 

Figure 3.9.  The predicted p-HOH-HABI-derived lophyl radical concentrations using 

second order rate constants fitted from EPR spectroscopy and UV-vis spectrophotometry 

experiments both closely parallel the shape and steady state concentrations observed 

experimentally for p-HOH-HABI (Figure 3.9, red and blue curves), although the 

predicted curves slightly underestimate the actual radical concentration at high irradiation 

intensity, confirming that the recombination of p-HOH-HABI-derived lophyl radicals is 

well-described as a second order reaction as depicted in Figure 3.1a.  The predicted o-Cl-

HABI-derived lophyl radical concentrations using second order rate constants fitted from 

EPR spectroscopy similarly match the experimental steady state radical concentrations 

for o-Cl-HABI; however, the concentration curves do not match, where the predicted 

radical concentrations approach steady state more rapidly than experimentally observed 

(Figure 3.9, black and orange curves).  Conversely, radical concentrations predicted using 

fitted 3/2 order rate constants from UV-vis and EPR experiments closely match both the 

steady state radical concentrations and concentration curves that were experimentally 

measured (Figure 3.9, black and green curves), indicating that the simple bimolecular 
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reaction of identical species described in Figure 3.1a does not fully capture the 

recombination mechanism of o-Cl-HABI-derived lophyl radicals.  This in part resolves 

the disparate recombination reaction orders reported previously whereby lophyl radical 

recombinations cannot be categorized as a class of second order reactions.  Rather, 

depending on the structure of the parent HABI compound, lophyl radical recombination 

can either proceed as a second order reaction or can exhibit complex recombination 

behavior that is more closely modeled as a 3/2 order reaction. 

 

 

Figure 3.9.  Lophyl radical concentration versus time for 5 mM solutions of o-Cl-HABI 

(black) and p-HOH-HABI (red) in toluene, irradiated at varying intensities as shown.  

Radical concentration predictions for p-HOH-HABI (blue) and o-Cl-HABI (green) 

solutions were performed using second and 3/2 order rate constants, respectively derived 

from EPR (dashed lines) and UV-vis (dotted lines) experiments.  A radical concentration 

prediction for the o-Cl-HABI solution was also performed using second order rate 

constants derived from EPR (orange dashed line). 
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Table 3.5.  3/2 order o-Cl-HABI-derived lophyl radical recombination and first order o-

Cl-HABI photodissociation rate constants for EPR spectroscopy-measured HABI 

photolysis in toluene solution under irradiation with 455 nm light and in the dark. 

[HABI]0 (mM) I0 (mW·cm-2) krec (mM-0.5·sec-1) kdis (sec-1) 

5.0 

0.5 4.68 × 10-2 0.56 × 10-4 

1.0 4.21 × 10-2 0.90 × 10-4 

2.0 3.75 × 10-2 1.64 × 10-4 

5.0 3.28 × 10-2 2.99 × 10-4 

0.5 

5.0 

3.89 × 10-2 5.49 × 10-4 

1.0 3.40 × 10-2 4.62 × 10-4 

2.5 3.23 × 10-2 3.31 × 10-4 

5.0 3.17 × 10-2 2.95 × 10-4 

 

3.5 Conclusion 

The recombination of lophyl radicals generated by HABI photodissociation 

proceeds via a complex mechanism that cannot always be described by simple 

bimolecular reactions that obey second order kinetics and is dependent on the HABI 

molecular structure.  The investigated photodissociation kinetics reveal that, upon 

irradiation at relatively low intensities, HABI compounds rapidly generate appreciable 

lophyl radical concentrations in solution that are comparable to those obtained during 

cross-linking polymerization reactions, radicals which subsequently recombine over 
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several minutes upon irradiation cessation.  Careful real-time lophyl radical concentration 

measurement during the photodissociation of two different HABI compounds in solution, 

o-Cl-HABI and p-HOH-HABI, and recombination of the generated lophyl radicals on 

irradiation cessation, revealed apparent second order radical recombination over short 

periods in the dark.  However, over longer dark periods, the recombination rates were not 

adequately described by second order rate fits for o-Cl-HABI, although good second 

order recombination rate fits were maintained over extended dark periods for p-HOH-

HABI at low initial HABI concentrations and low irradiation intensities, with increasing 

deviation from the described rate orders at raised initial HABI concentrations and 

incident irradiation intensities. 

Examination of the dark recombination of o-Cl-HABI-derived lophyl radicals 

over extended time periods revealed improved description of the reaction as 3/2 order.  

The lophyl radical recombination rate constants calculated postulating a 3/2 order kinetic 

rate fit for o-Cl-HABI and a second order rate fit for p-HOH-HABI, in conjunction with 

steady state lophyl radical measurements, give HABI dissociation constants that, as 

expected, vary in direct proportion to irradiation intensity for p-HOH-HABI but deviate 

from this trend for o-Cl-HABI, suggesting a complex mechanism accounting for the 3/2 

order recombination kinetics of o-Cl-HABI.  For predictive purposes however, the rate 

constants for 3/2 order and second order lophyl radical recombination for o-Cl-HABI and 

p-HOH-HABI, respectively, and first order HABI photodissociation proved capable of 

accurately simulating radical concentration curves for both examined compounds under 

equivalent reaction conditions. 
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Chapter 4      

Rapid, photo-mediated healing of hexaarylbiimidazole-based covalently 

cross-linked gels 

4.1 Abstract 

The intrinsic healing of covalently cross-linked polymer networks is commonly 

effected via the utilization of backbone-borne functional groups able to reversibly cleave 

or rearrange, thereby enabling mixing and co-reaction of network strands that bridge 

contacted interfaces; however, such materials often exhibit slow healing rates and are 

susceptible to creep under load.  To address these deficiencies, we incorporated 

hexaarylbiimidazole (HABI) functionalities, groups that are homolytically cleavable to 

yield relatively low reactivity lophyl radicals under UV or visible light irradiation and 

which, in the absence of light, spontaneously recombine without significantly 

participating in deleterious side reactions, into the backbone of poly(ethylene glycol)-

based polymeric gels.  Whereas the network connectivity of these HABI-incorporating 

gels was stable in the dark, they exhibited significant creep upon irradiation.  The 

influence of swelling solvent on the reaction kinetics of backbone-borne HABI photolysis 

and lophyl radical recombination were examined and revealed that gels swollen with 

1,1,2-trichloroethane (TCE) exhibited higher radical concentrations than those swollen 

with either acetonitrile or water under equivalent irradiation conditions, attributable to the 

relative solvent affinity for the hydrophobic HABI functionalities affording more rapid 
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HABI cleavage and slower radical recombination rates in TCE than in water.  The fastest 

healing rates for cleaved samples brought into contact and irradiated with visible light 

was observed for TCE-swollen gels, although rapid restoration of mechanical integrity 

was achieved for gels swollen with any of the solvents examined where tensile strengths 

approached those of the pristine materials after 1 to 3 minutes of light exposure. 

 

4.2 Introduction 

Significant research attention has been devoted towards reversible crack-healing 

and autonomic healing of cross-linked polymeric matrices in recent years owing to the 

potential for successful implementations to yield tremendous improvements in 

reconfigurability, longevity, and reliability of these materials.1-3  To date, crack-healing 

approaches in covalently cross-linked polymers typically utilize either systems that 

incorporate non-load bearing, liquid-filled inclusions, such as capsules or channels, 

whose contents flow upon rupture and polymerize in situ to bridge the flaw interfaces,4-6 

or that incorporate dynamic covalent functional groups, moieties able to be rearranged or 

reverted back to their constituent reactants under specific reaction conditions, in their 

backbone to effect transient depolymerization or bond rearrangement.7  Unfortunately, 

despite their utility, the incorporation of continuously-active dynamic covalent 

chemistries in the network strands of a cross-linked polymer often results in creep under 

mechanical loads at ambient temperature,8-12 a significantly deleterious trait for stress-

bearing materials.  Additionally, the healing rates typically exhibited by these materials 

are relatively slow, where the healing processes proceed over the course of hours to 

days.11-14  More desirable would be the incorporation of a dynamic chemistry that only 
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proceeds upon application of a specific stimulus, mitigating the potential for creep.  

Moreover, achieving intrinsic crack healing in cross-linked polymers necessitates not 

only bond rearrangement, but the rearrangement reaction should ideally occur on a 

sufficiently long timescale to allow segmental diffusion and mixing to quickly bridge the 

fracture surfaces and effect rapid healing of the damaged region. 

A commonly employed stimulus to afford an intrinsic healing ability in cross-

linked polymers is heat, where the incorporation of thermally-reversible adducts in 

network strands provides a mechanism for bond cleavage and rearrangement at raised 

temperatures which, if above the material’s glass transition temperature, concurrently 

affords the molecular mobility necessary to bridge defects and effect healing.15  Although 

the typically poor spatial and temporal reaction confinement of this healing stimulus can 

be addressed in part by photothermal heating,16,17 enabling heating to be confined to the 

vicinity of the defect in the polymer network, intolerance of the raised temperatures 

necessary for bond rearrangement in these materials precludes their consideration for 

many applications.18  In contrast, the incorporation of functional groups that undergo 

triggered, reversible cleavage or bond rearrangement reactions at ambient temperatures 

would afford healable materials with broader utility. 

Unlike thermoreversible networks, photoreversible networks only undergo bond 

rearrangement upon irradiation, otherwise exhibiting little to no creep or adaptation in the 

absence of irradiation.  Furthermore, photochemical approaches enable three-dimensional 

spatial control of the healing reaction as well as the ability to remotely trigger a process 

on and off.  Several approaches to photochemically triggered rearrangeable polymer 

networks have been developed, including photoinduced cyclization and photo-mediated 
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metathesis, among other reactions.19,20  The photocyclization reactions, exhibited by 

functional groups such as cinnamate,21,22 coumarin,23-25 and anthracene26,27 derivatives, 

exhibit limited relative response rates as at most a single cross-link is reversibly broken 

for each absorbed photon at relatively low quantum yields,28,29 and require irradiation at 

ultraviolet (UV) wavelengths to realize both the forward and reverse reactions.30  

Conversely, photo-mediated metathesis reactions are effected in covalently cross-linked 

polymer networks by incorporating functional groups which undergo a network 

rearrangement cascade, such as disulfides,31 thiuram disulfides,13 allyl sulfides,32,33 and 

trithiocarbonates,34 where multiple reversible bond breaking and re-forming reactions 

occur for each absorbed photon.33  However, as the chain transfer mechanism does not 

afford any significant fraction of network strands being cleaved at a given instant,32,33 this 

approach again results in sluggish healing rates13,34 owing to limited segmental diffusion.  

Several other reactions employed for the photo-mediated repair of cross-linked polymers 

include the photodissociation of alkoxyamine groups,35 radical-mediated polyurea-to-

polyurethane conversion in oxetane- and oxolane-substituted chitosan-polyurethane 

networks,36,37 and Si–O–Si covalent bond reformation mediated by Cu–O coordination 

complexes,38 each of which proceeds under UV irradiation for multiple hours. 

Here, we describe an approach to address the deficiencies of contemporary, 

intrinsically-healable cross-linked polymers by incorporating hexaarylbiimidazole 

(HABI) functionalities, dimers of triphenyl-substituted imidazoles,39 in the backbone of 

polymeric gels.  HABIs are photosensitive groups that undergo reversible, homolytic 

cleavage of the carbon-nitrogen (C–N) bond between the imidazole rings to efficiently 

afford two teal-colored 2,4,5-triarylimidazoyl (lophyl) radicals which thermally 
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recombine to reproduce the original imidazole dimer (see Scheme 4.1a).40  With some 

notable exceptions (e.g., nitroxides), organic radicals are typically highly reactive species 

that recombine at diffusion-controlled rates;41 in contrast, the lophyl radicals generated by 

HABI homolysis are insensitive to atmospheric oxygen and show extraordinarily slow 

recombination rates,42 attributable to their unique chemical structure affording 

stabilization by steric hindrance and electron delocalization.43  Thus, owing to the low 

reactivity and long lifetime of the lophyl radicals originating from HABI photolysis, 

cross-linked polymers bearing HABI-containing network strands offer a unique 

mechanism for intrinsically-healable materials. 

 

(a) (b)  

Scheme 4.1.  Mechanism and structures of materials used.  (a) Reversible photocleavage 

of cross-linked gels incorporating HABI moieties upon visible light irradiation to afford 

lophyl radicals, the recombination of which proceeds over several minutes, is visualized 

as a yellow/teal color change.  (b) Dialkynyl monomers 2,2′-bis-(2-chloro-4-hexyl hex-5-

ynoate-phenoxy)-4,4′,5,5′-tetraphenyl-1,2′-biimidazole (HHy-HABI) and bisphenol A 

dipropargyl ether (BADPE), and a tetra-azide monomer (PEG tetra-azide). 
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4.3 Experimental 

4.3.1 Materials 

Four-arm PEG tetra-azide (molecular weight = 10 kg·mol-1, Creative PEGWorks), 

copper(II) sulfate pentahydrate (Sigma-Aldrich), (+)-sodium L-ascorbate (Sigma-

Aldrich), and 2,2-diphenyl-1-picrylhydrazyl (DPPH, Sigma-Aldrich) were used as 

received.  Acetonitrile (Sigma-Aldrich), dimethylformamide (DMF, Fisher Chemical), 

and 1,1,2-trichloroethane (TCE, Acros Organics) were used as solvent for all samples.  

2,2′-Bis(2-chloro-4-hexan-1-ol-phenoxy)-4,4′,5,5′-tetraphenyl-1,2′-biimidazole (1) was 

synthesized as described previously,42 whereas the dialkynyl monomers were synthesized 

as described below.  Structures of all monomers used in this study are shown in Scheme 

4.1b. 

 

4.3.2 Synthesis 

4.3.2.1 Synthesis of 2,2’-bis-(2-chloro-4-hexyl-hex-5-ynoate-phenoxy)-4,4’,5,5’-tetraphenyl-

1,2’-biimidazole (HHy-HABI). 

A mixture of 1 (1.00 g, 1.12 mmol), 5-hexynoic acid (0.370 mL, 3.36 mmol), 

N,N′-diisopropylcarbodiimide (0.520 mL, 3.36 mmol), and 4-dimethylaminopyridine 

(74.5 mg, 0.610 mmol) in dichloromethane (50 mL) was stirred at room temperature for 

16 hours under nitrogen.  The solvent was removed under reduced pressure, and then the 

crude product was collected and purified by silica gel chromatography eluting with 

hexane/ethyl acetate (2/1, v/v) to afford 0.890 g of the dialkyne-substituted HHy-HABI 

(73.6% yield).  1H NMR (400 MHz, DMSO-d6), : 1.10-1.19 (m, 4H), 1.36-1.40 (m, 6H), 
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1.65-1.70 (m, 10H), 1.99-2.18 (m, 4H), 2.30-2.38 (m, 4H), 2.77-2.79 (m, 2H), 3.85-3.99 

(m, 4H), 4.00-4.07 (m, 4H), 6.20-7.54 (m, 26H). 

 

4.3.2.2 Synthesis of bisphenol A dipropargyl ether (BADPE). 

Bisphenol A (5.00 g, 21.9 mmol) and potassium carbonate (9.08 g, 65.7 mmol) 

were added to 50 mL of DMF and the mixture stirred.  Propargyl bromide solution (80 

wt% in toluene, 7.32 mL, 65.7 mmol) was then added and the mixture heated at 70°C for 

16 hours under nitrogen.  After cooling to room temperature, the mixture was filtered to 

remove potassium carbonate, DMF was evaporated under reduced pressure, and the 

residue was purified by silica gel chromatography eluting with hexane/ethyl acetate (2/1, 

v/v), yielding 5.45 g of bisphenol A dipropargyl ether (81.8% yield).  1H NMR (400 

MHz, DMSO-d6), : 1.59 (s, 6H), 3.50-3.51 (t, 2H), 4.74-4.76 (d, 4H), 6.85-6.89 (m, 4H), 

7.11-7.15 (m, 4H). 

 

4.3.2.3 Synthesis of cross-linked polymeric gels. 

Dialkyne-functionalized monomer, either HHy-HABI (130 mg, 0.12 mmol) or 

BADPE (36.5 mg, 0.12 mmol), four-arm PEG tetra-azide (MW=10 kg·mol-1, 0.602 g, 

0.060 mmol), copper(II) sulfate pentahydrate (5.94 mg, 0.0238 mmol), and (+)-sodium L-

ascorbate (23.6 mg, 0.119 mmol) were dissolved in N,N-dimethylformamide (DMF, 4.32 

g).  Gel films were fabricated by sandwiching the formulated monomer solutions between 

glass microscope slides separated by 250 μm shims.  After polymerization overnight, the 

cross-linked polymeric films were removed from the glass slides and immersed in 
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acetonitrile for 24 hours then in water for a further 24 hours to ensure thorough extraction 

of residual solvent, copper catalyst, and reducing agent.  Finally, the sample films were 

immersed in the desired solvent for 24 hours to complete the solvent exchange prior to 

use.  For gels swollen with 1,1,2-trichloroethane (TCE), samples were initially immersed 

in acetonitrile prior to immersion in TCE owing to the immiscibility of deionized water 

and TCE. 

Cylindrical gels were fabricated by injecting the formulated monomer solutions 

described above into 6 mm inner diameter poly(tetrafluoroethylene) tubing.  After 

polymerization overnight, approximately 1 cm long sections of tubing were carefully 

removed from around the enclosed gels and the cylindrical samples were subjected to the 

extraction and solvent exchange steps described above.  The residual copper content in 

HABI-incorporating gels digested by nitric acid prior to and after extraction, determined 

by inductively coupled plasma optical emission spectroscopy (ICP-OES, Perkin-Elmer 

Optima 2000 DV), revealed that the extraction procedure yielded a five-fold copper 

concentration decrease. 

 

 

 

 

 

 



119 

 

 

Scheme 4.2.  Synthesis of 2,2’-bis-(2-chloro-4-hexylhex-5-ynoate-phenoxy))-4,4′,5,5′-

tetraphenyl-1,2′-biimidazole (HHy-HABI, 2), a dialkyne-substituted HABI, and its 

subsequent polymerization via copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) 

to afford a HABI-incorporating cross-linked polymer gel. 

 

 

Scheme 4.3.  Synthesis of bisphenol A dipropargyl ether (BADPE) and subsequent 

polymerization via CuAAC to afford a cross-linked polymer gel unable to undergo 

homolytic cleavage under violet light irradiation and used as a negative control. 

 

4.3.3 Light sources and intensity measurement. 

For the spectroscopy experiments, violet light was provided by a collimated, 

LED-based illumination source (Thorlabs M405L2-C) with an emittance centered at 405 

nm (FWHM 13 nm), used in combination with a current-adjustable LED driver (Thorlabs 

LEDD1B) for intensity control.  For the photo-mediated healing experiments, violet light 

was provided by 405 nm LED-based illumination source (Arroyo Instruments, 226 TEC 

LED Lasermount), used in combination with a current-adjustable LED driver (Arroyo 

Instruments, 6340 ComboSource Laser Diode Controller) and delivered via a bifurcated 

light guide.  Irradiation intensities were measured with an International Light IL1400A 
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radiometer equipped with a broadband silicon detector (model SEL033), a 10× 

attenuation neutral density filter (model QNDS1), and a quartz diffuser (model W). 

 

4.3.4 Ultraviolet-visible spectroscopy 

UV-vis spectroscopy was performed on 250 µm thick film samples using an 

Agilent Technologies Cary 60 UV-vis spectrophotometer.  Spectra were collected from 

200 to 800 nm both in the dark and under irradiation once the radical concentration 

reached equilibrium.  HABI photodissociation and subsequent recombination were 

examined by monitoring 609 nm, 597 nm, and 604 nm for the HABI-incorporating gels 

swollen by water, acetonitrile, and TCE, respectively, the wavelengths where the visible 

light absorbance by the generated lophyl radicals was greatest (i.e., λmax), while the 

samples were irradiated with 405 nm for 2.5 min to ensure radical concentration 

equilibration and then for a further 7.5 min after the light was turned off. All kinetics 

experiments were performed in triplicate. 

 

4.3.5 Electron paramagnetic resonance spectroscopy 

Electron paramagnetic resonance (EPR) spectroscopy was performed with a 

Bruker EMX spectrometer.  The spectrometer was equipped with a TE102 cavity (Bruker 

model ER 4102ST), and a frequency of 9.712 GHz, 2.05 mW microwave power, 5.02 × 

104 receiver gain, 100 kHz modulation frequency, and 1 G modulation amplitude were 

used for all experiments.  Optical access to the cavity was afforded by a 10 mm × 23 mm 

grid providing 50% light transmittance to the sample.  For the sample preparation, a 1.1 
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mm inner diameter glass capillary tube was filled with 20 μL of sample formulation and 

allowed to react for 24 hours.  After polymerization, each sample was rigorously 

extracted with acetonitrile and water to remove residual solvent, copper catalyst, and 

reducing agent, then immersed in the desired solvent to complete the solvent exchange 

prior to use.  Each sample capillary tube was then inserted into a 3.2 mm inner diameter 

quartz sample tube and inserted again into the spectrometer cavity for analysis.  The 

samples were irradiated in situ with 405 nm light and spectra were collected after 90 s 

when the radical concentration had reached steady state.  Kinetics of photo-dissociation 

and dark recombination was performed by monitoring at a 3453 G static field, the first 

derivative signal intensity maximum for the HABI-incorporating gel under irradiation.  

All experiments were performed at room temperature.  Radical concentrations were 

quantified by calibrating the EPR spectrum integral against known concentration 

solutions of DPPH in three solvents (water, acetonitrile, and TCE) using the same sample 

geometry, volume, and acquisition conditions employed for the HABI-incorporating 

polymeric gels (see Figure 4.1). 

 

 

 

 

 

 



122 

 

(a)  (b)  

(c)  

Figure 4.1.  EPR radical concentration calibration curves.  Integrated absorbance, as 

determined by EPR spectroscopy, versus DPPH concentration for 20 μL of solution 

(black squares) in (a) water (least squares fit depicted by red line, y = 1062930x, r2 = 

0.983), (b) acetonitrile (red line, y = 1467580x, r2 = 0.984), and (c) TCE (red line, y = 

1477790x, r2 = 0.983). 

 

4.3.6 Rheometry 

Rheological measurements to monitor the polymerization of HABI- and bisphenol 

A-incorporating cross-linked gels were performed using a TA Instruments AR-G2 

rheometer equipped with a 60 mm diameter parallel plate geometry.  Immediately after 

preparation as described in the Experimental Section, 500 μL of a monomer formulation 

incorporating either HHy-HABI or BADPE was pipetted onto the lower plate of the 

rheometer fixture and the upper plate was lowered to achieve a gap of 300 μm.  Time 
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sweep measurements were recorded at a rate of approximately one point every 9 seconds 

while applying a strain of 1% at a frequency of 1 Hz. 

Photo-mediated creep tests were performed using the TA Instruments AR-G2 

rheometer equipped with a parallel plate, UV-LED curing accessory consisting of a 20 

mm diameter upper plate and a transparent, a quartz bottom plate, below which an LED 

array provides irradiation to the sample at a wavelength of 365 nm.  HABI-containing 

cross-linked polymeric gel films were prepared as described in the Experimental Section, 

although 500 μm thick shims were used to separate the microscope slides, immersed in 

acetonitrile for solvent exchange, and mounted on the UV-LED test fixture.  During the 

measurement, no shear stress was applied to the sample from t = 0 to 1 minute; however, 

from 1 minute through to the end of the experiment, a constant shear stress of 100 Pa was 

applied.  From 3 minutes through 6 minutes, the gel films gels were subjected to 

alternating irradiation and dark periods of 15 and 45 seconds, respectively. 

 

4.3.7 Swelling measurement 

A 15 wt% HABI-incorporating gel was prepared and its swelling behavior in 

water, acetonitrile, and TCE was calculated from the volume of the polymeric gels in 

their dry and swollen states at room temperature.  The swelling degree (Q), defined as the 

ratio of the volume of absorbed solvent to that of the dry polymer, was determined using 

the equation (eq. 1): 

  (1) 
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where Vwet and Vdry are the volumes of the swollen and dry polymeric gels, respectively.  

The volume of absorbed solvent was determined from both the mass change of an 

initially dry sample after immersion in solvent for 24 hours in the dark and the density of 

the solvent. 

 

4.3.8 Photo-mediated healing and mechanical testing 

6 mm diameter cylindrical gel samples were sectioned perpendicular to their axes 

using a razor blade and the exposed surfaces were re-contacted immediately.  The 

samples were then irradiated at room temperature with 405 nm light at 10 mW·cm-2, 

delivered to the vicinity of the re-contacted gel surfaces via a bifurcated light guide to 

ensure sufficient light penetration through the sample thickness, for different periods of 

time. 

Pristine or healed polymeric gel samples were deformed in tension under air at 

room temperature using an electromechanical test machine (TestResources 100Q1000) 

equipped with a 25 lb load cell (TestResources SM-25-294) at a crosshead speed of 0.1 

mm·sec-1.  All experiments were performed in triplicate. 

 

4.4 Results and discussion 

The utilization of reactive functional groups such as HABIs to afford intrinsically-

healable, covalently cross-linked polymers necessitates the incorporation of these 

functionalities in the network backbone.  Cross-linked polymers incorporating HABI 

functional groups have been synthesized previously,44-47 one approach being to treat 
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polymers bearing triaryl-substituted imidazole pendant groups, synthesized via a radical-

mediated, chain growth polymerization mechanism, with potassium ferricyanide to 

oxidize the imidazole groups and yield HABI cross-links.44,46,47  Notably, this synthetic 

approach affords cross-linked particles which would require further treatment to yield 

monolithic materials.  In contrast, the cross-linked gels examined here were synthesized 

by treating solutions of PEG tetra-azide and a dialkynyl monomer, where the 

polymerizable moieties flank either side of the monomer core, in DMF with CuSO4 and 

sodium ascorbate to effect polymerization by Cu(I)-catalyzed azide-alkyne cycloaddition 

(CuAAC), thereby ensuring incorporation of either the HABI or bisphenol A functional 

groups in the backbone of the resultant cross-linked, monolithic gels.  The progress of 

these CuAAC polymerizations were monitored by parallel plate rheometry (see Figure 

4.2a and 2b), revealing that gelation, determined here by the crossover in the storage and 

loss moduli,48 occurred after approximately 10 minutes and 75 minutes for the HABI- 

and bisphenol A-based formulations, respectively.  Although unexpected, the relatively 

rapid reaction rate observed for the HABI-based system is perhaps a result of the 

imidazole moiety acting as a ligand for the generated Cu(I) species,49,50 increasing its 

stability and improving its catalytic activity.  Nevertheless, a storage modulus plateau of 

~10 kPa was achieved within 4 hours for both systems, indicating reaction completion 

after that time and assuring that the overnight reaction used to synthesize cross-linked 

samples was sufficient for full polymerization. 
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(a)  (b)  

(c)  (d)  

Figure 4.2.  Rheological characterization of covalently cross-linked gels.  The CuAAC-

mediated polymerization between a 4-arm PEG tetra-azide and either (a) HHy-HABI or 

(b) BADPE in DMF solution, monitored by oscillatory parallel plate rheometry (storage 

modulus, solid black line; loss modulus, dashed red line).  The photo-induced creep of 

gel films, swollen with acetonitrile and incorporating (c) HABI or (d) bisphenol A 

functional groups in their backbone, under 100 Pa shear stress (initially applied at 1 

min) and intermittently irradiated with 365 nm light at 0.5 (black), 1 (red), 3 (blue), and 

5 (green) mW·cm-2.  The periods of irradiation are indicated by the shaded regions, and 

the experiments were performed in triplicate. 
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As noted above, covalently cross-linked, photo-reversible networks undergo 

network connectivity rearrangement exclusively under irradiation and consequently 

should undergo plastic deformation upon irradiation while not exhibiting significant 

creep in the absence of exposure to light.  To confirm whether the HABI-incorporating 

gels exhibited this property and thus held promise as photo-healable materials, gel films 

swollen with acetonitrile were mounted in a parallel plate rheometer, equipped with a UV 

curing accessory to enable irradiation of the sample, and subjected to a constant shear 

stress with alternating periods of irradiation and darkness (see Figure 4.2c and 2d).  The 

initial application of shear stress in the dark to the HABI-incorporating films resulted in 

consistent elastic deformation of the samples with no discernable creep for the duration 

of the experiment; however, significant plastic deformation proceeded immediately upon 

exposure of the samples to UV irradiation for all intensities examined (Figure 4.2c), 

indicating that the network rearrangement necessary for the photo-mediated healing of 

this material does proceed under light exposure.  Increasing the irradiation intensity 

afforded raised rates and extents of plastic deformation, attributable to the photolysis 

reaction equilibrium progressively tending towards the cleaved state (see Scheme 4.1a), 

increasing the network rearrangement rate.  Notably, the observed creep under irradiation 

did not discontinue immediately upon cessation of light exposure; rather, although the 

creep rate did rapidly decrease, plastic deformation continued for several seconds after 

terminating the irradiation, an effect most apparent at the highest light intensity 

examined.  This delayed cessation of plastic deformation is indicative of the stability and 

slow recombination of lophyl radicals, resulting in a continued, though progressively 

diminished, capacity for network rearrangement immediately after exposure of the 
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samples to light is ceased.  The bisphenol A-based gel films, employed here as a light-

insensitive, negative control material, similarly exhibited constant elastic deformation 

upon application of shear stress; however, in contrast to the HABI-incorporating films, 

they did not exhibit any discernable creep under irradiation (Figure 4.2d), indicating an 

absence of photo-induced network rearrangement in this material. 

The photo-mediated cleavage of HABI moieties within polymeric gels in response 

to visible light irradiation at 405 nm was further examined using UV-vis 

spectrophotometry by in situ sample irradiation to determine the influence of varying 

incident irradiation intensity and swelling solvent (see Figure 4.6).  Prior to irradiation, 

the HABI-incorporating gels exhibited weak absorption tails extending into the visible 

spectral region; however, irradiation at 405 nm irradiation resulted in a dramatic color 

change from yellow to teal (see Scheme 4.1a) and the emergence of an absorbance peak 

in the visible region (λmax = 609, 597, and 604 nm in water, acetonitrile, and TCE, 

respectively), which became progressively stronger with raised irradiation intensity 

(Figure 4.3 and 4.6a), attributable to generation of the visible light-absorbing lophyl 

radical.42  Subsequently ceasing irradiation of the gels resulted in complete reversion of 

their color from teal back to yellow and corresponding disappearance of the visible 

region absorption peak over the course of several minutes.  The capacity of the gels in the 

three solvents examined (i.e., water, acetonitrile, and TCE) to generate radicals in 

response to 405 nm irradiation was confirmed by EPR spectroscopy.  Whereas studies 

examining photoinitiator photolysis commonly employ spin traps51 or the severely 

restricted molecular mobility at low temperatures52 to attain detectable radical 

concentrations, the low recombination rates of lophyl radicals generated by HABI 
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photolysis affords sufficient radical concentrations for facile detection at room 

temperature.40,42,53  Although no radicals were observed in the EPR spectra of the HABI-

incorporating gels in the absence of light, significant radical formation proceeded upon 

irradiation, the concentration of which increased with raised irradiation intensity (Figure 

4.3 and 4.6b), establishing the visible absorbance peaks as attributable to HABI-derived 

lophyl radical formation.42,53  In contrast, no radicals were observed in the bisphenol A-

incorporating gels under any of the irradiation intensities at 405 nm examined, 

irrespective of the solvent employed to swell the gels (see Figure 4.4), confirming the 

stability of this polymer network under visible light irradiation. 
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(a)  (b)  

(c)  (d)  

Figure 4.3.  UV-vis absorbance spectra of HABI-based gels in (a) water and (b) TCE, 

and EPR spectra of HABI-based gels in (c) water and (d) TCE, prior to (black) and at 

equilibrium during 405 nm irradiation at intensities of 1 mW·cm-2 (red), 5 mW·cm-2 

(blue), 10 mW·cm-2 (magenta), and 50 mW·cm-2 (green). 
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(a)  (b)  

(c)  

Figure 4.4.  EPR spectra of bisphenol A-based gels in (a) water, (b) acetonitrile, and (c) 

TCE, prior to (black) and after 90 s irradiation under 405 nm at intensities of 1 mW·cm-2 

(red), 5 mW·cm-2 (blue), 10 mW·cm-2 (magenta), and 50 mW·cm-2 (green). 

 

To further characterize the influence of solvent and irradiation intensity on 

network strand cleavage of the HABI-incorporating gels, reaction kinetics experiments to 

examine photodissociation and lophyl radical recombination rates were performed.  Here, 

HABI-incorporating gels were subjected to cycles of alternating light and dark periods at 

progressively raised irradiation intensities while monitoring either λmax by UV-vis 

spectrophotometry (Figure 4.6c) or the radical concentration by EPR spectroscopy 

(Figure 4.6d).  Whereas UV-vis spectrophotometry data were used to examine reaction 

rate orders owing to their low noise, data obtained by EPR spectroscopy were used to 
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determine kinetic rate constants given the direct measurement of radicals afforded by that 

technique.  As is apparent from this spectroscopic characterization, the solvent used to 

swell the gels greatly affected the concentration of lophyl radicals generated.  The 

equilibrium functional group dissociation in TCE was approximately double that in 

acetonitrile and an order of magnitude greater than that in water (Figure 4.6d), 

attributable to a higher affinity of the hydrophobic HABI groups and, upon photolysis, 

resultant lophyl radicals for TCE than for acetonitrile or water.  This is supported by 

swelling measurements performed in the dark where, in contrast to previously-reported 

swelling behavior of cross-linked, PEG diacrylate gels which were most swollen by water 

and less so by acetonitrile and toluene,54 the HABI-incorporating gels were most swollen 

by, and hence had the highest affinity for, TCE and least by water (see Figure 4.5).  

Notably, since two lophyl radicals result from every HABI bond broken, the maximum 

percentage of cleaved network strands was 0.07, 0.35, and 0.64% for HABI-incorporating 

gels swollen with water, acetonitrile, and TCE, respectively, under 405 nm light 

irradiation at 50 mW·cm-2, one to two orders of magnitude greater than contemporary 

polymer networks incorporating radical-mediated, dynamic covalent bonds such as those 

incorporating diarylbibenzofuranone (DABBF) groups in their backbone where less than 

0.01% of the DABBF network strands are dissociated even at 50°C.55  A small decrease 

in the absorbance at λmax for the HABI-incorporating gels swollen with water and TCE 

while under the highest irradiation intensity investigated indicated that, instead of 

exclusively participating in self-recombination, some of the generated lophyl radicals 

were being consumed in an irreversible side reaction, potentially owing to the 
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susceptibility of the residual copper azide-alkyne cycloaddition catalyst to radical-

mediated reduction from Cu(II) to Cu(I).56 

 

(a)  (b)  

(c)  (d)  

Figure 4.5.  Swelling behavior of HABI-incorporating gels swollen with different 

solvents.  Photographs of 15 wt% HABI-incorporating polymeric gels in their dry (left) 

and swollen (right) state in (a) water, (b) acetonitrile, and (c) TCE, and (d) their swelling 

degrees (Q). 

 

The reversible HABI photocleavage mechanism described in Scheme 4.1a 

suggests that the lophyl radical recombination should proceed as a second order reaction; 

however, we previously established that this reaction can be described by either 1.5 or 

second order reaction kinetics, depending on the structure of the parent HABI 

compound.42  Although fitting of the λmax absorbance curves (presented in Figure 4.6c) 

during lophyl radical recombination in the dark revealed that lophyl recombination was 
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well described as a near-second order reaction for HABI-incorporating gels swollen with 

TCE (see Figure 4.7), the recombination reaction for acetonitrile- and water-swollen gels 

was better fit by 1.6 and 1.2 order kinetics, respectively (Figure 4.7).  Notably, radical 

diffusion-inhibited HABI derivatives have exhibited rapid, first order lophyl radical 

recombination kinetics.57,58  Thus, the respective reaction orders for the recombination of 

network backbone-borne lophyl radicals suggest that, whereas the HABI groups for gels 

swollen with TCE are not subject to significant diffusion inhibition, HABIs in gels 

swollen with acetonitrile or water may be subject to partial diffusion inhibition, yielding 

sub-second order recombination behavior.  Thus, despite the structural similarity between 

the respective chromophores of HHy-HABI and 1, a HABI-derived compound which 

affords radicals that recombine according to second order kinetics,42 we analyzed the 

HHy-HABI photolysis and lophyl radical recombination results shown in Figure 4.6d by 

assuming first and sub-second order reactions, respectively (see Table 4.1).  As expected, 

the dissociation rate constant kdis increased with raised irradiation intensity.  Moreover, 

under equivalent irradiation conditions, kdis was lowest for water and highest for TCE, 

attributable to the relative affinities the HABI functional group had for the examined 

solvents as described above.  Although their dissimilar reaction orders impede direct 

comparison of the recombination rate constants (krec) for each respective gel, only minor 

krec variation was observed for each gel as the irradiation intensity was varied. 
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(a)  (b)  

(c)  (d)  

Figure 4.6.  UV-Vis and EPR with kinetics.  (a) UV-vis and (b) EPR spectra of HABI-

incorporating gels swollen with acetonitrile at equilibrium under irradiation with 405 nm 

light at 0 (black), 1 (red), 5 (blue), 10 (green), and 50 (magenta) mW·cm-2.  (c) 

Absorbance at λmax as determined by UV-vis spectrophotometry, and (d) lophyl radical 

concentration and network strands dissociated as determined by EPR spectroscopy, of 

HABI-incorporating gels swollen with water (black), acetonitrile (red), and TCE (blue) 

under alternating conditions of darkness and irradiation with 405 nm light at 1 (2.5 – 5 

minutes), 5 (12.5 – 15 minutes), 10 (22.5 – 25 minutes), and 50 (32.5 – 35 minutes) 

mW·cm-2. 
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Table 4.1.  Sub-second-order lophyl radical recombination (krec) and first order HABI 

photodissociation (kdis) rate constants for photolysis under varying irradiation intensities 

(I0) with 405 nm light and in the dark of HABI-incorporating gels swollen with varying 

solvents. 

I0 (mW·cm-2) krec × 101 

Water 

(mM-0.2·sec-1) 

Acetonitrile 

(mM-0.6·sec-1) 

TCE 

(mM-0.9·sec-

1) 

5 1.13  0.03 1.96  0.04 1.86  0.09 

10 1.06  0.03 1.54  0.02 1.45  0.07 

50 0.94  0.02 1.36  0.03 1.46  0.05 

I0 (mW·cm-2) kdis (sec-1) × 104 

Water Acetonitrile TCE 

5 0.58  0.02 1.55  0.03 3.88  0.20 

10 0.81  0.02 2.19  0.03 4.96  0.23 

50 1.32  0.03 6.75  0.13 14.06  0.53 
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(a)  (b)  

(c)  

Figure 4.7.  (a) 1.2-, (b) 1.6-, and (c) 1.9-order plots of UV-vis spectrophotometry-

measured dark lophyl radical concentration for HABI-incorporating gel swollen by (a) 

water, (b) acetonitrile, and (c) TCE at varying initial incident irradiation intensities (5 

(black), 10 (red), and 50 (blue) mW·cm-2). 

 

Having established the solvent-dependent backbone cleavage behavior in the 

presence of light and recombination in its absence, the photo-mediated healing capability 

of the HABI-incorporating gels was investigated at room temperature and under aerobic 

conditions.  To demonstrate this, the exposed surfaces of sectioned gel cylinders, swollen 

in one the three solvents examined (i.e., water, acetonitrile, or TCE) were brought into 

contact and irradiated with visible light to effect cleavage and rearrangement of network 

strands at the interface of contacted surfaces; these healed materials, as well as the 
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pristine gels, were subsequently subjected to tensile testing.  The exposed region of each 

HABI-incorporating gel again turned from yellow to teal upon irradiation and back to 

yellow upon irradiation cessation, confirming the backbone cleavage and subsequent 

recombination necessary for healing, whereas no light-induced color change was 

observed for the bisphenol A-incorporating gels.  Although many backbone-borne, 

dynamic functional groups have been employed to achieve intrinsically-healable 

polymeric gels and elastomers,59 effective restoration of mechanical properties upon 

contacting fracture surfaces can take several hours or days,13,14 while more rapid healing 

rates afforded by materials with a more dynamic network connectivity are generally 

accompanied by correspondingly faster stress relaxation or creep.10  In contrast, by 

inducing reversible, photo-mediated cleavage of network strands, far more rapid healing 

rates can be attained in polymer networks that, in the absence of light, are not susceptible 

to creep under load.  As shown in Figure 4.8 and tabulated in Table 4.2, the healing rate 

order corresponds to the radical under equivalent irradiation conditions, where the HABI-

incorporating gel with the highest light-induced radical concentration (i.e., the TCE-

swollen gel) afforded the most rapid tensile strength recovery upon healing while the 

water-swollen gel recovered its tensile strength slowest.  Nevertheless, all of the HABI-

incorporating gels had recovered over half of their tensile strength after only 30 seconds 

of visible light irradiation and were approaching the tensile strength of the pristine 

materials after 3 minutes irradiation, demonstrating the rapid healing attainable in these 

materials even under a moderate irradiation intensity.  No photo-mediated healing was 

observed for the bisphenol A-incorporating material upon irradiation at any of the 

conditions examined (Figure 4.8d), establishing that cleavage of the backbone-borne 
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HABI functional group was responsible for the observed photo-mediated healing of these 

covalently cross-linked networks. 

 

Table 4.2.  Tensile strength (TS) of 15 wt% HABI-incorporating gels prior to and after 

photo-mediated healing. 

Solvent TS of pristine gel (kPa) % recovery of TS after irradiation 

30 s 1 minute 3 minutes 

Water 71.61.3 56.21.8 83.91.4 94.71.0 

Acetonitrile 58.21.8 65.91.7 88.41.1 97.61.1 

TCE 58.61.8 67.12.0 97.11.3 >99 
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(a)  (b)  

(c)  (d)  

Figure 4.8.  Mechanical testing of healed polymer networks.  Stress-strain curves for 

cylindrical samples under tensile deformation were determined for 15 wt% HABI-

incorporating gels swollen with (a) water, (b) acetonitrile, and (c) TCE, and for (d) 15 

wt% bisphenol A-incorporating gels swollen with acetonitrile.  Shown are the stress-

strain curves of pristine samples (black) and healed samples after irradiation with 405 

nm light at 10 mW·cm-2 for 30 seconds (red), 1 minute (green), and 3 minutes (blue). 

 

4.5 Conclusion 

In summary, the HABI-incorporating, covalently-cross-linked gels developed 

here undergo photo-mediated backbone cleavage under irradiation with near-UV or 
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visible light, temporarily affording reduced cross-link density and dynamic connectivity 

rearrangement, and revert back to stable, static networks upon irradiation cessation.  This 

network stability in the dark, combined with its highly dynamic nature under irradiation, 

enables rapid healing rates while decoupling the creep that often accompanies the 

dynamic connectivity of intrinsically-healable polymer networks.  As noted above, 

molecular mobility is necessary to achieve effective mixing and reaction at the interface 

of contacted polymeric materials; thus, given the dependence of glass transition 

temperature on cross-link density, the reduced cross-link density that accompanies the 

photo-mediated backbone cleavage exhibited by these HABI-incorporating networks may 

provide a route to achieve sub-glass transition temperature healing of vitrified thermosets. 
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Chapter 5 

Sub-Tg photo-mediated welding of vitrified polymer networks 

5.1 Abstract 

The intrinsic healing of covalently cross-linked polymer networks is commonly 

obtained by the incorporation of dynamic covalent bonds; however, hard autonomously 

self-healing materials have been considered a contradiction in terms because dynamic 

intermolecular interactions necessitate sufficient chain dynamics attainable only above 

the glass transition temperature (Tg).  To address this intractable problem, we 

incorporated HABI moieties, groups that are homolytically cleavable, to yield relatively 

low reactivity lophyl radicals under visible light irradiation and which, in the absence of 

light, spontaneously recombine without significantly participating in deleterious side 

reaction, into vitrified, polyurethane networks.  Owing to the slow recombination of 

lophyl radicals and photo-mediated backbone cleavage upon irradiation with visible light, 

temporarily affording reduced cross-link density and dynamic connectivity 

rearrangement, sub-Tg healing of vitrified thermosets was achieved. 

 

5.2 Introduction 

Covalently cross-linked, vitrified polymer networks find utility as structural 

materials across a wide variety of applications where in situ polymerization, dimensional 

stability, environmental resistance, and permanence are required.  Additional chemical 
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functionality can be readily introduced to these networks by incorporating desired 

functional groups in the monomeric precursors employed for material fabrication; 

however, once set, the reuse, repair, and post-polymerization manipulation of these 

vitrified polymer networks are, as suggested by their common description as 

‘thermosets’, limited.  To address this shortcoming, strategies to afford a capacity for 

healing in these otherwise intractable polymeric matrices have either necessitated heating 

the material above its glass transition temperature (Tg) and effect concomitant transient 

depolymerization1,2 or bond rearrangement,3-5 or involved the incorporation of liquid-

filled inclusions, such as capsules or channels, whose contents flow upon rupture and 

polymerize in situ to bridge the flaw interfaces.6,7  Notably, all of these approaches utilize 

systems with either significant chain mobility and associated segmental diffusion or 

simple fluid flow to achieve mass transport and reaction at the damage site.  A recent 

commentary recognized that self-healing mechanisms based on reversible, dynamic 

intermolecular interactions necessitate sufficient chain dynamics attainable only above 

the Tg, and asked whether hard autonomous self-healing [supramolecular] materials 

might be a contradiction in terms.8  Indeed, the example of a relatively hard self-healing 

thermoplastic elastomer,9 reported by Guan et al., exhibited a modulus of 38 MPa,9 well 

below that of vitrified, cross-linked polymers which typically exhibit moduli of ~1-3 

GPa, or even up to ~10-14 GPa for poly(hexahydrotriazine)s.10,11  Although certainly 

attainable in elastomeric materials, achieving analogous sub-Tg, ‘cold welding’ behavior 

in thermosets, where chain mobility is severely limited, remains an unmet challenge. 

HABIs, first synthesized by Hayashi and Maeda in 1960,12 are well known as 

thermo- and photo-chromic materials and photoinitiators that are widely used in proofing 
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papers, photoimaging, and photoresists.  The photochromic behavior of HABI derivatives 

can be attributed to the photoinduced homolytic, reversible cleavage of carbon-nitrogen 

(C-N) bond between the imidazole rings.  They efficiently produce indigo-colored, 2,4,5-

triarylimidazolyl (lophyl) radicals upon either UV or visible light irradiation and can 

thermally recombine to reproduce the dimer.  In comparison to other radical species, 

lophyl radicals generated by HABI photolysis are insensitive to atmospheric oxygen and 

exhibit extraordinary long lifetimes, on the order of tens of seconds to minutes or hours, 

in solution13 or even when embedded in polymer matrices,14 attributable to their unique 

chemical structure affording stabilization by both π-conjugation and steric hindrance.15  

This relatively low reactivity of the lophyl radicals originating from HABI cleavage 

affords an inherent reversibility where the cleaved covalent bond spontaneously reforms 

without participating in deleterious side reactions.  Notably, HABIs were recently utilized 

as a new class of dynamic covalent bond to afford photo-mediated healable polymeric 

gel.16 

The incorporation of dynamic covalent bonds into cross-linked polymer networks 

has been widely used to fabricate adaptable networks in recent years.17,18  However, 

despite their utility, the incorporation of dynamic covalent chemistries in the network 

strands of a cross-linked polymer often results in creep under mechanical stress,16 a 

significantly deleterious trait for structural materials.  Rather, more desirable is the 

incorporation of a dynamic chemistry that only proceeds upon application of a specific 

stimulus.19  Achieving intrinsic crack healing in rigid, cross-linked polymers necessitates 

not only activated bond rearrangement and recombination, but the reaction needs to occur 

on a sufficiently long timescale to allow segmental diffusion and mixing to bridge the 
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fracture surfaces.  Thus, both thermodynamic and kinetic elements of a given dynamic 

covalent reaction must be considered in conjunction with the application and its 

characteristic time scale.  The Tg of cross-linked polymers decreases with reduced cross-

link density; consequently, reversibly breaking network strands to afford sufficiently 

long-lived species would enable a significant, though temporary, reduction in the cross-

link density and concomitant reduction in Tg, imparting high chain mobility prior to 

strand reformation.  Here, we describe the incorporation of reversible, photo-latent, long-

lived reactive species in the backbone of cross-linked polymers to impart transient high 

chain mobility and enable temporally-controlled healing of vitrified polymeric networks 

at sub-Tg ambient temperatures. 

 

5.3 Experimental 

5.3.1 Materials 

Isophorone diisocyanate (IPDI, Acros) and dibutyltin dilaurate (Sigma-Aldrich) 

were purchased and used without further purification.  Diphenyl-1-picrylhydrazyl 

(DPPH, Sigma-Aldrich) was used as received for standard radical concentration 

solutions.  Dimethylformamide (DMF, Fisher Chemical), anhydrous tetrahydrofuran 

(THF, Sigma-Aldrich) and 1,4-dioxane (Fisher Chemical) were used as solvents. 

 

5.3.2 Synthesis of vitrified, HABI-containing, cross-linked polymer networks 
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Scheme 5.1.  Synthesis of tetrakis(hydroxy)-substituted HABI (6), and its subsequent 

polymerization to yield a HABI-containing glassy, cross-linked polymer network via the 

alcohol-isocyanate reaction. 

 

5.3.2.1 Synthesis of 1,2-bis(4-hydroxyphenyl)ethane-1,2-dione (2) 

In a 100-mL three-necked flask, 4,4′-dimethoxy benzil 1 (10.0 g, 37.0 mmol) was 

added into 30 mL acetic acid, followed by heating to 85°C for 30 minutes.  Hydrobromic 

acid (40%, 20.0 mL, 0.10 mol) was added into the mixture and refluxed at 120°C for 5 

days.  After the reaction, the solution was distilled to remove acetic acid and excessive 

hydrobromic acid.  The residue was dissolved in 50.0 mL ethyl acetate and washed with 

water.  The solution was dried with anhydrous magnesium sulfate and the organic 

solvents were removed under reduced pressure.  And then the crude product was purified 

by silica gel chromatography eluting with hexane/ethyl acetate (1/1, v/v) to afford 7.88 g 

of 2 (87.9% yield).  1H NMR (400 MHz, DMSO-d6), : 6.91-6.94 (d, 4H), 7.72-7.75 (d, 

4H), 10.82 (s, 2H). 
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5.3.2.2 Synthesis of 1,2-bis(4-((6-hydroxyhexyl)oxy)phenyl)ethane-1,2-dione (3) 

2 (7.50 g, 31.0 mmol) and potassium carbonate (12.8 g, 92.9 mmol) were added to 

100 mL of DMF and the mixture stirred.  6-Chlorohexanol (11.0 g, 80.5 mmol) was 

added and the mixture heated at 120°C for 16 hours under nitrogen.  After cooling to 

room temperature, the mixture was filtered to remove potassium carbonate, DMF was 

evaporated under reduced pressure, and the residue was purified by silica gel 

chromatography eluting with hexane/ethyl acetate (1/3, v/v), yielding 11.4 g of 3 (83.2% 

yield).  1H NMR (400 MHz, DMSO-d6), : 1.24-1.46 (m, 12H), 1.69-1.76 (m, 4H), 3.36-

3.41 (q, 4H), 4.06-4.10 (q, 4H), 4.33-4.36 (t, 2H), 7.09-7.13 (d, 4H), 7.82-7.84 (d, 4H). 

 

5.3.2.3 Synthesis of (((2-(2-chlorophenyl)-1H-imidazole-4,5-diyl)bis(4,1-phenylene))bis(oxy)) 

bis(hexane-6,1-diyl) diacetate (4) 

A mixture of 3 (10.0 g, 22.6 mmol), 2-chlorobenzaldehyde (3.18 g, 22.6 mmol), 

ammonium acetate (14.8 g, 192 mmol), and acetic acid (150 mL) was refluxed for 16 

hours under nitrogen.  After cooling to room temperature, the solvent was partially 

removed under reduced pressure and poured into 10-fold water.  The generated 

precipitate was filtered, washed with water, and dried.  The precipitate was purified by 

silica gel chromatography eluting with hexane/ethyl acetate (1/2, v/v) to afford 12.6 g of 

4 (86.0% yield).  1H NMR (400 MHz, DMSO-d6), : 1.29-1.48 (m, 8H), 1.55-1.63 (m, 

4H), 1.67-1.75 (m, 4H), 1.99-2.00 (t, 6H), 3.93-4.04 (m, 8H), 6.84-6.87 (d, 2H), 6.95-

6.98 (d, 2H), 7.36-7.39 (d, 2H), 7.43-7.46 (t, 4H), 7.57-7.60 (t, 1H), 7.76-7.78 (t, 1H), 

12.40 (s, 1H). 
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5.3.2.4 Synthesis of 6,6’-(((2-(2-chlorophenyl)-1H-imidazole-4,5-diyl(bis(4,1-phenylene)) 

bis(hexa-1-ol) (5) 

A solution of 4 (10.0 g, 15.5 mmol) in tetrahydrofuran (THF) (100 mL) was 

mixed with 3 M NaOH aqueous solution (100 mL) and refluxed for 12 hours.  After 

cooling to room temperature, solvent was partially removed under reduced pressure and 

extracted with dichloromethane.  The organic layer was collected, washed with brine, and 

dried over anhydrous magnesium sulfate.  The organic solvents were removed under 

reduced pressure to afford a yellow powder, yielding 7.87 g of 5 (90.5% yield).  1H NMR 

(400 MHz, DMSO-d6), : 1.30-1.46 (m, 12H), 1.67-1.76 (m, 4H), 3.37-3.42 (m, 4H), 

3.93-4.05 (m, 4H), 4.34-4.37 (m, 2H), 6.85-6.87 (d, 2H), 6.96-6.98 (d,2H), 7.37-7.39 (d, 

2H), 7.43-7.46 (t, 4H), 7.57-7.60 (t, 1H), 7.76-7.78 (t, 1H), 12.41 (s, 1H). 

 

5.3.2.5 Synthesis of tetrakis(hydroxy)-substituted HABI (6) 

To a vigorously stirred solution of potassium ferricyanide (13.2 g, 40.0 mmol) 

and potassium hydroxide (24.0 g, 428 mmol) in water (200 mL), a solution of 5 (7.50 g, 

13.3 mmol) in dichloromethane (100 mL) was added dropwise.  The mixture was 

refluxed for 16 hours.  After cooling to room temperature, the organic layer was 

collected, washed with water, dried over anhydrous magnesium sulfate, filtered, and the 

solvent removed under reduced pressure.  The residue was purified by silica gel 

chromatography eluting with hexane/ethyl acetate (1/2, v/v) to afford 12.2 g of 6 (81.3% 

yield).  1H NMR (400 MHz, DMSO-d6), : 1.28-1.48 (m, 24H), 1.59-1.77 (m, 8H), 3.36-

3.44 (m, 8H), 3.83-4.07 (m, 8H), 4.31-4.39 (m, 4H), 6.67-6.71 (t, 4H), 6.77-6.79 (d, 2H), 
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6.86-6.89 (d, 2H), 7.06-7.11 (m, 4H), 7.15-7.28 (m, 8H), 7.39-7.43 (t, 1H), 7.52-7.54 (d, 

2H), 7.68-7.70 (d, 1H). 

 

5.3.2.6 Synthesis of HABI-containing, cross-linked polyurethane network 

HABI-incorporating, cross-linked polyurethanes were synthesized via the alcohol-

isocyanate reaction between tetrahydroxy HABI monomer and isophorone diisocyanate 

(IPDI) with a catalytic amount of dibutyltin dilaurate in anhydrous THF.  For example, 

tetrahydroxy HABI monomer (500 mg, 0.44 mmol) and IPDI (197.7 mg, 0.89 mmol) 

were dissolved in chloroform (468.6 µL) and 10 µL of dibutyltin dilaurate solution in 

anhydrous THF (10%, v/v) were added.  The liquid formulation was then injected 

between two glass microscope slides separated by 250 µm thick spacers.  Cross-linked 

polymer films were polymerized overnight at ambient temperature and post-cured in a 

vacuum oven at 60°C for 24 hours.  Samples of approximately 15 mm × 2.5 mm × 0.13 

mm were cut from the cured films. 

 

5.3.3 Light sources and intensity measurement 

Violet light was provided by a collimated, LED-based illumination source 

(Thorlabs M405L2-C) with an emittance centered at 405 nm (FWHM 13 nm), used in 

combination with a current-adjustable LED driver (Thorlabs LEDD1B) for intensity 

control.  Irradiation intensities were measured with an International Light IL1400A 

radiometer equipped with a broadband silicon detector (model SEL033), a 10× 

attenuation neutral density filter (model QNDS1), and a quartz diffuser (model W). 
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5.3.4 Fourier transform infrared (FTIR) spectroscopy 

Resin formulations were introduced between glass microscope slides separated by 

50 µm thick spacer to maintain constant sample thickness.  Each sample was placed in a 

Thermo Scientific Nicolet 6700 FTIR spectrometer equipped with a horizontal 

transmission accessory, as described elsewhere,20 and spectra were collected from 2000 

to 4000 cm-1.  The residual functional group and solvent concentrations were determined 

from the peak area centered at 2275 cm-1 corresponding to the thiol group stretch, 3019 

cm-1 corresponding to C-H stretch from chloroform, and 3300 cm-1 corresponding to the 

N-H stretch from urethane linkage formation.  The sample thickness for the resin 

formulations was selected to ensure that the functional group peaks remained within the 

linear regime of the instrument detector while affording good signal to noise and 

maintaining optically thin and isothermal polymerization conditions.  As the 

polymerization proceeded (after overnight reaction at ambient temperature and post-

curing at 60°C for 1 day), the residual functional groups and solvent were again 

determined by monitoring the disappearance of the thiol group peak and the C-H stretch 

peak from chloroform and formation of the N-H stretch peak from urethane linkage 

(Figure 5.4a). 

 

5.3.5 Dynamic mechanical analysis 

Using the method described above, cross-linked polyurethane films were 

prepared.  Samples of approximately 15 mm × 2.5 mm × 0.13 mm were cut from the 

cured films and mounted in a TA Instruments Q800 dynamic mechanical analyzer 
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(DMA) equipped with a film tension clamp.  Experiments were performed at a strain and 

frequency of 0.1% and 1 Hz, respectively, scanning the temperature from -25°C to 180°C 

at 2°C·min-1, and the elastic moduli (E′) and tan δ curves were recorded (Figure 5.4b). 

Two strips of sample were healed upon irradiation, using the method described 

below, and then mounted in the DMA with a film tension clamp to measure the stress-

strain curve.  Samples were stretched out from 0.01 N of preload force to 18 N along with 

ramp force of 3.00 N·min-1. 

 

5.3.6 Ultraviolet-visible spectrophotometry 

UV-vis spectrophotometry was performed using an Agilent Technologies Cary 60 

UV-vis spectrophotometer.  The same sample concentration (5 mM in DMF) was used 

for all HABI monomers used in this study (o-Cl-HABI, dihydroxy HABI, and 

tetrahydroxy HABI) and the absorbance spectra of these solutions were collected from 

200 to 800 nm using 1 mm pathlength quartz cuvette both in the dark and under 

irradiation once the radical concentration had reached equilibrium.  HABI 

photodissociation and subsequent recombination was examined by monitoring 557 nm, 

606 nm, and 599 nm for o-Cl-HABI, dihydroxy HABI, and tetrahydroxy HABI, 

respectively, the wavelengths where visible light absorbance by the generated lophyl 

radicals were greatest (i.e., λmax), while the sample solutions in the cuvette were irradiated 

with 405 nm at 10 mW·cm-2 for 5 minutes to ensure radical concentration equilibration, 

then for a further 32.5 minutes after the light was turned off. 
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Using the method described above, 130 µm thick HABI-based thermoset films 

were prepared and spectra were collected from 200 to 800 nm both in the dark and under 

irradiation.  To collect spectra on samples after irradiation, HABI-based films were 

irradiated with 405 nm light at 10 mW·cm-2 for 70 minutes.  HABI photodissociation and 

subsequent dark recombination within polymer network were also examined by 

monitoring λmax of the HABI-based thermoset films, while the samples were irradiated 

with 405 nm at 10 mW·cm-2 for 70 minutes, then a further 17.5 minutes after the light 

cessation (see Figure 5.1). 

 

5.3.7 Electron paramagnetic resonance spectroscopy 

Electron paramagnetic resonance (EPR) spectroscopy was performed with a 

Bruker EMX spectrometer.  The spectrometer was equipped with a TE102 cavity (Bruker 

model ER 4102ST), and a frequency of 9.712 GHz, 2.05 mW microwave power, 5.02 × 

104 receiver gain, 100 kHz modulation frequency, and 1 G modulation amplitude were 

used for all experiments.  Optical access to the cavity was afforded by a 10 mm × 23 mm 

grid providing 50% light transmittance to the sample.  For the sample preparation, a 1.1 

mm inner diameter glass capillary tube was filled with 20 μL of 5 mM HABI monomer 

solutions (o-Cl-HABI, dihydroxy HABI, and tetrahydroxy HABI) in DMF.  For the 

HABI-based thermoset sample, 20 μL of resin formulations were prepared, as described 

above, and inserted into glass capillary tube.  Glassy, HABI-containing polyurethane 

networks were polymerized within the glass capillary tube overnight reaction at room 

temperature and then post-cured in a vacuum oven at 60°C for 1 day.  Each sample 

capillary tube was inserted into a 3.2 mm inner diameter quartz sample tube and inserted 
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again into the spectrometer cavity for analysis.  The samples were irradiated in situ with 

405 nm light at varying irradiation intensities and spectra were collected once the radical 

concentration reached steady state (90 seconds for HABI monomer solutions and 70 

minutes for HABI-based thermoset polymers).  Photodissociation and subsequent 

recombination of lophyl radicals was monitored at a 3468 G static field for HABI 

monomer solutions and a 3454 G static field for HABI-based thermoset polymers, the 

first derivative signal intensity maximum for the HABI species under irradiation, while 

the sample solutions were irradiated with 405 nm light for 5 minutes to ensure reaction 

equilibrium, then for a further 32.5 minutes in the dark.  For HABI-based thermoset 

polymers, the samples were irradiated with 405 nm light for 70 minutes, then for a further 

17.5 minutes in the dark.  All experiments were performed at room temperature. 

To measure the bond dissociation energies of HABI-based monomers, the 

spectrometer was equipped with a temperature-controlled cavity, and a frequency of 

9.712 GHz, 2.05 mW microwave power, 5.02 × 104 receiver gain, 100 kHz modulation 

frequency, and 1 G modulation amplitude were used for all experiments.  For the sample 

preparation, a 3.2 mm inner diameter quartz sample tube was filled with 190 μL of 

sample solutions and inserted into the spectrometer cavity for analysis.  The spectra were 

collected at varying temperature from 50°C to 100°C with an increment of 5°C (Figure 

5.3b and 3d).  Radical concentrations were quantified by calibrating the EPR spectrum 

integral against known concentration solutions of DPPH in toluene using the same 

sample geometry, volume, and acquisition conditions employed for the HABI monomer 

solutions (Figure 5.3a). 
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5.3.8 Measurement of surface temperature on cross-linked polymer film 

incorporating HABI moiety 

The surface temperature of glassy, HABI-containing polyurethane films during 

irradiation was measured using a FLIR TG165 spot thermal camera using an emissivity 

() of 0.95.  Surface temperature was recorded in every 15 seconds and the distance 

between the thermal camera and the sample was varied at 5, 12, and 30 cm.  Sample 

strips were irradiated for 30 minutes, starting 2.5 minutes after data recording was begun, 

with 405 nm light at 40 mW·cm-2, and then left in the dark for a further 27.5 minutes. 

 

5.3.9 Photo-mediated healing 

Sample strips were cut from fully cured film to have dimensions of approximately 

15 mm × 2.5 mm × 0.13 mm.  Two sample strips were wet with DMF and immediately 

wiped to dry the surfaces but ensure intimate contact between samples, and then were 

assembled with each other to have 5 mm × 2.5 mm of overlapped region at the end of 

sample strips and mounted between glass microscope slides.  Steel weights with masses 

varying from 10 g to 25 kg were placed on the top of glass microscope slide during the 

irradiation and dark recombination periods to determine the influence of weight on the 

photo-healing rate and efficiency.  Sample strips were irradiated from underneath with 

405 nm at 40 mW·cm-2 for 3, 10, and 30 minutes. 
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5.3.10 Surface profilometry 

Samples for surface profilometry were prepared by soaking fully cured films in a 

mixture of acetonitrile and butyl 3-mercaptopropionate, then subjecting them to 

irradiation through a photomask with 405 nm light at 40 mW·cm-2 for different time 

periods (1, 5, and 15 minutes).  After light cessation, the samples were rinsed with 

acetonitrile and dried prior to surface topography measurement. 

Surface profilometry (Alphastep 500, Tencor Instruments) was used to measure 

the topography of photo-patterned surface of vitrified, HABI-thermosets.  The letter ‘I’ 

from the ‘Michigan’ logo was scanned with 1 mm of scan length at a rate of 100 µm·s-1. 

 

5.3.11 Measurement of bond dissociation energy 

EPR data obtained from the temperature dependence of the dissociation 

equilibrium was used to determine the bond dissociation energy (BDE) for the C-N bond 

of each HABI monomer.  The data was analyzed using a simplified form of the van ’t 

Hoff equation, 

ln 𝐾𝑒𝑞 =  
∆𝑆

𝑅
 −  

∆𝐻

𝑅𝑇
 (1) 

where Keq = [R·]2/[HABI], and R· and HABI represent the lophyl radical and HABI 

monomer, respectively.  The lophyl radical concentration at various temperatures was 

calculated using a standard DPPH calibration curve.  Equation 1 shows that a plot of ln 

Keq versus the reciprocal temperature yields a slope of –∆H/R.  Slopes obtained from 

plots of ln Keq against the reciprocal temperature and resultant ∆H (BDE) are summarized 

in Table 5.1 below (Note: the BDE of o-Cl-HABI has been reported as 17 kcal/mol).21 
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Table 5.1.  Bond dissociation energies of HABI monomers. 

 Slope ∆H (BDE, kcal·mol-1) 

Dihydroxy HABI -7.75 15.40 

Tetrahydroxy HABI -9.20 18.29 

 

5.4 Results and discussion 

 

(a)  (b)  (c)  

Scheme 5.2.  HABI monomers used in this study.  (a) o-Cl-HABI (M.W.: 659.61 g·mol-1).  

(b) Dihydroxy HABI (M.W.: 823.05 g·mol-1).  (c) Tetrahydroxy HABI (M.W.: 1124.25 

g·mol-1). 

 

The intrinsic healing capability of cross-linked polymer networks highly depends 

on the performancesof dynamic covalent bonds incorporated in the backbone of 

polymeric strands, such as how efficiently covalent bonds can be cleaved upon light 

irradiation, how many cleaved covalent bonds are able to participate in the bond 

exchange reaction, and how much time can be provided for the bond rearrangement 
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reaction.  Three HABI monomers are examined here to compare the quantity of photo-

cleaved lophyl radicals upon equivalent irradiation condition and lifetime of lophyl 

radicals to determine the HABI structure most capable of demonstrating superior healing 

capability upon incorporation in the backbone of cross-linked polymer networks (see 

Scheme 5.2).  o-Cl-HABI is a commercially-available HABI photoinitiator, whereas 

dihydroxy HABI is a HABI photoinitiator synthesized for improved solubility and visible 

light absorbance, as described in Chapter 2.  Tetrahydroxy HABI monomer was newly 

designed and synthesized here (Scheme 5.1). 

The photo-mediated cleavage of HABI species were examined using UV-vis 

spectrophotometry.  Prior to irradiation, these HABI monomers show weak absorption 

tails extending into the visible spectral region; however, irradiation at 405 nm yields a 

dramatic color change, as shown in Figure 5.1e, and the emergence of an absorption peak 

in the visible region (λmax = 557, 606, and 599 nm for o-Cl-HABI, dihydroxy HABI, and 

tetrahydroxy HABI, respectively), originating from the generation of lophyl radicals.  

The area under the newly-generated absorbance curve was greatest for the tetrahydroxy 

HABI monomer, suggesting that this monomer exhibits superior lophyl radical capability 

under equivalent irradiation conditions.  In order to examine the subsequent lophyl 

radical recombination after ceasing the light irradiation and their kinetic behavior, HABI 

monomer solutions were exposed to the visible light irradiation until their absorbance 

peak reached steady state, after which the light was turned off (Figure 5.1d).  

Tetrahydroxy HABI monomer-sourced lophyl radicals showed the longest lifetime 

among three HABI monomers examined here, and thus were expected to provide longest 

time for actual healing processes. 
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(a)  (b)  

(c)  (d)  

(e)  

Figure 5.1.  UV-vis spectrophotometry with kinetics.  UV-vis spectra of 5 mM (a) o-Cl-

HABI, (b) dihydroxy HABI, (c) tetrahydroxy HABI monomer solution in DMF prior to 

irradiation (black) and at equilibrium under 405 nm irradiation at 10 mW·cm-2 for 90 

seconds (red).  (d) Absorbance at λmax versus time for 5 mM o-Cl-HABI (black), 

dihydroxy HABI (red), and tetrahydroxy HABI (blue) monomer solutions in DMF, 

irradiated with 405 nm at 10 mW·cm-2 from 2.5-7.5 minutes.  (e) Photographs of HABI 

monomer solutions showing the color change, attributable to the generation of lophyl 

radical upon visible light irradiation. 
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(a)  (b)  

(c)  (d)  

Figure 5.2.  Visible light-triggered lophyl radical generation and its recombination.  

EPR spectra of (a) o-Cl-HABI, (b) dihydroxy HABI, and (c) tetrahydroxy HABI monomer 

solutions (5 mM in DMF), prior to (black) and during irradiation of 405 nm with varying 

irradiation intensities of 1 mW·cm-2 (red), 5 mW·cm-2 (blue), 10 mW·cm-2 (magenta), and 

40 mW·cm-2 (green), respectively.  (d) Signal at field where maximum signal intensity 

exists, as determined by EPR spectroscopy, versus time for o-Cl-HABI (black), dihydroxy 

HABI (red), and tetrahydroxy HABI monomer solutions (blue). 

 

Electron paramagnetic resonance (EPR) spectroscopy was also used to compare 

the lophyl radical generating capability of HABI monomers and their lifetime during the 

recombination process.  Whereas solutions of tetrahydroxy HABI showed no absorption 

peak in the dark, they demonstrated the greatest absorption peak of the HABI monomers 

examined here under equivalent irradiation conditions.  Additionally, the generated 
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radicals displayed the longest lifetime, supporting results obtained by UV-vis 

spectrophotometry described above. 

 

(a)  

(b) (c)  

(d)  (e)  
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Figure 5.3.  Measurement of bond dissociation energies of HABI monomers.  (a) 

Integrated absorbance, as determined by EPR spectroscopy, versus DPPH concentration 

in toluene and least squares linear fit (red line, y = 18473400x, r2 = 0.999).  (b) EPR 

scan of 5 mM tetrahydroxy HABI monomer solution in toluene at varying temperature, 

from 50°C to 100°C.  (c) van ’t Hoff plot according to equation 1 for 5 mM tetrahydroxy 

HABI monomer solution in toluene.  (d) EPR scan of 5 mM dihydroxy HABI monomer 

solution in toluene at varying temperature, from 50°C to 100°C.  (e) Van’t Hoff plot 

according to equation 1 for 5 mM dihydroxy HABI monomer solution in toluene. 

 

Bond dissociation energies of three HABI monomers were examined to 

understand the difference of lophyl radical-forming capability and their lifetime.  Radical 

concentrations were quantified by calibrating the EPR spectrum integral against known 

concentration solutions of DPPH using the same sample geometry, volume, and 

acquisition conditions employed for HABI monomer solutions (see Figure 5.3a).  EPR 

spectra were at varying temperatures to determine the temperature-dependent dissociation 

equilibria, and the data were analyzed using a simplified form of the Van’t Hoff equation 

(equation 1) for tetrahydroxy HABI and dihydroxy HABI monomer solutions (see Figure 

5.3c and 3e).  Equation 1 shows that a plot of ln Keq against the reciprocal temperature 

will yield –∆H/R from the slope.  Slopes obtained from plots of ln Keq against the 

reciprocal temperature and resultant ∆H values (BDE) are summarized in the table below 

(Note: BDE of o-Cl-HABI is known to 17 kcal·mol-1).21  As the BDEs of three HABI 

monomers do not demonstrate large differences, we anticipate that the difference of 

lophyl radical-forming capability of HABI monomers and their lifetime originates not 

from BDE differences but from other factors, such as steric hindrance. 
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(a)  (b)  

Figure 5.4.  (a) The alcohol-isocyanate polymerization between tetrahydroxy HABI and 

IPDI, monitored by FTIR.  FTIR spectra of monomer solution before reaction starts 

(blue), after overnight reaction at room temperature (red), and after post-curing for 1 

day (black).  (b) Storage modulus versus (E’, black) and tan δ (red) versus temperature 

for polymerized films. 

 

Sample HABI-based thermoset films were synthesized via the alcohol-isocyanate 

reaction between tetrahydroxy HABI and IPDI in the presence of a catalytic amount of 

dibutyltin dilaurate catalyst.  The complete conversion of this polymerization was 

monitored by FTIR (Figure 5.4a).  The strong absorption peak around 2270 cm-1, 

corresponding to -NCO stretch, dramatically decreased after reaction overnight at room 

temperature and completely disappeared after post-curing for 1 day at raised temperature.  

Additionally, a new peak around 3330 cm-1, corresponding to an -NH stretch from the 

generated urethane functional group, arose after the polymerization, implying the 

completion of the alcohol-isocyanate reaction and successful network formation.  DMA 

was subsequently used to determine the viscoelastic properties of the resultant glassy, 

HABI-incorporating cross-linked polymer networks.  Here, the storage modulus of the 

polymerized film at room temperature was approximately 3 GPa and the Tg was ~140°C, 

showing that the resultant sample is the vitrified and glassy.  A single broad peak in the 
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tan δ curve demonstrated homogeneous mixing of the tetrahydroxy HABI and IPDI 

species throughout the cross-linked material. 

 

(a)  (b)  

(c)  (d)  

Figure 5.5.  (a) UV-vis spectra of vitrified, HABI-containing cross-linked polymer 

network prior to (black) and during irradiation (red) with 405 nm at 10 mW·cm-2.  (b) 

UV-vis kinetics of vitrified, HABI-containing cross-linked polymer network, irradiated 

with 405 nm at 10 mW·cm-2 from 2.5 to 72.5 minutes.  (c) EPR spectra of vitrified, HABI-

containing cross-linked polymer network, prior to irradiation (black) and irradiated with 

405 nm at 1 mW·cm-2 (red), 5 mW·cm-2 (blue), 10 mW·cm-2 (magenta), and 40 mW·cm-2 

(green).  (d) Photographs of vitrified, HABI-containing cross-linked polymer network 

showing color change upon visible light irradiation and schematics of molecular 

structures of HABI moiety within networks. 
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After network formation, the HABI-based thermoset samples were exposed again 

to the visible light irradiation to confirm the lophyl radical-forming capability within 

glassy networks.  Prior to light irradiation, these samples showed a weak absorption peak 

in the visible region; however, a newly-generated, strong peak around 600 nm arose upon 

irradiation, confirming the lophyl radical-forming capability within glassy network.  The 

rate of photo-mediated HABI dissociation and subsequent dark recombination was also 

examined using UV-vis spectrophotometry (see Figure 5.5b).  Relative to the result of 

HABI monomer solutions, the rates of the photodissociation upon light irradiation and 

the subsequent dark recombination were sluggish.  These differences likely arise from the 

different mobility environments the respective HABI species.  In solution, individual 

HABI molecules are able to freely diffuse such that they can readily dissociate and 

associate.  In contrast, the mobility of HABI functional groups when they are 

incorporated in the glassy networks is significantly more restricted.  Nevertheless, 

photographs in Figure 5.5d show that HABI functionalities, despite limited chain 

mobility, can still generate lophyls radical upon irradiation and the transition between 

HABI and lophyl radicals remains reversible. 
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Figure 5.6.  Temperature change on the surface of glassy, HABI-containing polyurethane 

film, as determined by FLIR camera, during the irradiation by 405 nm at an intensity of 

40 mW·cm-2 (grey area) and after incident light cessation.  Distances between the lamp 

and the HABI-based thermosets were varied at 5 cm (blue triangle), 12 cm (red circle), 

and 30 cm (black square). 

 

To examine the influence of temperature on the photo-mediated healing capability 

of vitrified, HABI-based thermoset polymers, the temperature change on the sample 

surface upon irradiation were measured using an FLIR camera (see Figure 5.6).  Here, the 

irradiation conditions employed were identical to those utilized for the actual photo-

mediated healing process as described in the experimental section above.  Upon 

irradiation and subsequent light cessation, there was no observable temperature change.  

Thus, any influence of the temperature on the photo-mediated healing of vitrified, HABI-

based thermoset polymers can be excluded. 
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(a)  (b)  

(c)  

Figure 5.7.  Mechanical testing of photo-mediated healed HABI-based thermoset 

polymer.  Samples were wiped with DMF and then irradiated with 405 nm at 40 mW·cm-

2.  (a) Stress-strain curves of pristine (black) and healed samples, irradiated for 3 

minutes having 5 kg (red) and 500 g (green) of calibration weight on the top of the 

samples.  (b) Stress-strain curves of un-healed (black) and healed samples, irradiated for 

10 minutes having 5 kg (red), 500 g (green), and 200 g (blue) of calibration weight on the 

top of the samples during irradiation.  (c) Stress-strain curves of pristine (black) and 

healed samples, irradiated for 30 minutes having 5 kg (red), 500 g (green), 200 g (blue), 

100 g (magenta), and 50 g (purple) of calibration weight on the top of the samples during 

irradiation. 

 

The photo-mediated healing capability of HABI-incorporating, cross-linked 

polymer networks was investigated at room temperature and under aerobic conditions.  

To demonstrate this, two samples strips were wiped with DMF and immediately dried to 

ensure intimate contact between the sample strips and afford some chain mobility at the 
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overlapped interface.  The overlapped region of the two sample strips was then exposed 

to the visible light irradiation for 3, 10, or 30 minutes while various calibration weights 

were placed on the top of the sample during the light irradiation until the completion of 

recombination process, to examine the influence of weights for the photo-mediated 

healing capability.  Sample strips, irradiated for 3 minutes, didn’t exhibit acceptable 

healing capability even when 5 kg were placed on the top of the sample strips (Figure 

5.7a); however, the healing efficiency improved significantly as the irradiation time was 

increased.  Sample strips, irradiated for 30 minutes, showed almost complete restoration 

of their mechanical integrity with the aid of 5 kg and 500 g calibration weights.  

Mechanical pressure also assisted the photo-mediated healing process, likely owing to 

ensuring better contact at the overlapped area of two sample strips.  
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(a)  (b)  

(c)  (d)  

Figure 5.8.  Storage modulus (blue) and tan δ (black) versus temperature for vitrified, 

HABI-incorporating thermoset polymer, swollen with methanol for (a) 0 hour, (b) 6 

hours, (c) 24 hours, and (d) 48 hours. 
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(a)  (b)  

(c)  

Figure 5.9.  Mechanical testing of photo-triggered healed, vitrified HABI-based 

thermoset polymer.  Samples were soaked in methanol for (a) 6 hours, (b) 24 hours, and 

(c) 48 hours and irradiated with 405 nm at 40 mW·cm-2 for 30 minutes. 

 

Samples examined in Figure 5.7 was lightly swollen with DMF.  Although the 

results of photo-mediated healing experiment were satisfactory, those can be attributable 

to the presence of organic solvent, DMF, and subsequent enhancement of chain mobility 

on irradiated and healed area.  In order to exclude the solvent effect, DMA was used to 

examine the viscoelastic properties of samples, which were soaked in methanol for 

varying periods of time (6, 24, and 48 hours) prior to photo-mediated healing 

experiments (see Figure 5.8).  Notably, the swelling degree for samples in methanol was 
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relatively low at 12.6%.  As a result, the HABI-incorporating thermoset polymers 

swollen with methanol remained vitrified even after being soaked in methanol for 48 

hours. 

The mechanical properties of the samples soaked in methanol, prior to and after 

photo-mediated healing experiment, were examined and are shown in Figure 5.9.  

Varying calibration weights were placed on the top of the overlapped samples during 

light exposure to ascertain the effect of pressure on photo-mediated healing.  Similar to 

the results reported in Figure 5.7, HABI-incorporating thermoset polymers exhibited 

exceptional photo-mediated healing capability within glassy networks, where the 

mechanical integrity of the samples was fully restored after visible light irradiation with 

moderate intensity (40 mW·cm-2) for 30 minutes.  As the pressure or weights on the 

samples were increased, the healing efficiency improved, likely attributable to the 

pressure affording better contact at the interface of the samples, leading to more HABIs 

participating in bond rearrangement reaction.  Despite restricted chain mobility within 

these glassy networks, the HABI-containing thermoset polymers exhibited superior 

healing capability, which could be attributable to several factors, including 1) the 

transient reduction in Tg at the overlapped and healed area owing to photo-mediated 

backbone cleavage upon irradiation, and 2) the presence of methanol within the glassy 

network acting as a plasticizer, enhancing the chain mobility during photo-mediated 

healing process. 
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(a)  

(b)  

(c)  (d)  

(e)  (f)  
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(g)  (h)  

(i)  (j)  

Figure 5.10.  Photopatterning of glassy, HABI-based thermoset sample, attributable to 

the irreversible characteristics of HABI moiety in the presence of hydrogen donating 

molecules.  (a) Selective reversibility during the transition between HABI and lophyl 

radical in the presence of H-donor.  (b) Photomask used in this study and optical 

microscopic image of photopatterned surface of glassy, HABI-based thermoset (bar 

represents the scanned area for the measurement of depth of the trench, as shown in 

figure 5.9(f), (h), (j)).  (c) Photograph of HABI-based film upon visible light irradiation.  

Photographs of photopatterned, vitrified HABI-based thermoset sample, irradiated with 

405 nm at 40 mW·cm-2 for (e) 1 minute, (g) 5 minutes, and (i) 15 minutes.  The depth of 

trench, measured using surface profilometry, for the sample irradiated with 405 nm at 40 

mW·cm-2 for (f) 1 minute, (h) 5 minutes, and (j) 15 minutes. 

 

Introducing enhanced molecular mobility and chemical dynamics into cross-

linked polymer network affords the capability for intrinsic healing; however, once set, 

chemical dynamics in the polymeric strands ceases and is only turned on and off by light 
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irradiation and light cessation, although the reversible nature of HABIs can be 

permanently turned off on demand by adding hydrogen-donating species.  In the presence 

of a hydrogen donor, such as aromatic alcohols or thiols, HABI-derived lophyl radicals 

abstract hydrogen from the H-donor and irreversibly convert into imidazole groups (see 

Figure 5.9a).  Inspired by the selective reversibility of HABI functionalities, a 

photopatterning experiment was conducted here where fully-cured, HABI-containing 

thermoset samples were prepared and soaked in a mixture of acetonitrile and a mono-

functional thiol, butyl 3-mercaptopropionate.  The samples were then irradiated with 405 

nm for different time periods, during which the HABI cross-links were converted into 

irreversible imidazole functionalities, resulting in the loss cross-link density at the 

irradiated area.  As a result, de-cross-linked polymeric strands in the irradiated regions 

could be washed away when the samples were rinsed with acetonitrile; however, cross-

linked polymeric strands at the shaded area remain intact, resulting in topographical 

featured patterned throughout the cross-linked polymer samples.  The depths of the 

trenches in the irradiated areas were measured using the surface profilometry.  Upon 1 

minute of light irradiation, the depth of trench was about 2 µm, and increased from 2 µm 

to 30 µm as the irradiation time increased from 1 minute to 15 minutes. 

 

5.5 Conclusion 

In summary, HABI-incorporating, covalently cross-linked thermoset polymers 

developed here were able to undergo photomediated backbone cleavage under visible 

light irradiation, temporarily affording reduced cross-link density and dynamic 

connectivity rearrangement, and revert back to stable, static networks upon irradiation 
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cessation.  The slow recombination of lophyl radicals provided sufficient time for 

effective healing of these vitrified thermosets and the reduction in cross-link density 

temporarily decreased the Tg of materials in the irradiated area, enabling sub-glass 

transition temperature healing of vitrified thermosets to be achieved. 
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Chapter 6 

Conclusion 

6.1 Summary of research 

Hexaarylbiimidazoles (HABIs) were first synthesized more than five decades 

ago.1  Their unique properties, including a coloration upon visible light irradiation and 

slow recombination kinetics of the lophyl radicals generated by HABI photolysis, 

attracted much attention immediately after the synthesis of this class of compounds.2-5  

DuPont in particular was instrumental in the development of this functional group and, 

after extensive research, commercialized HABIs for proofing paper, photoimaging and 

photoinitiators.  After its release, this product line, named DYLUX®, showed steady 

growth until the early 2000s; however, the line has since been discontinued owing to 

financial difficulties, resulting from corporate overexpansion.  Consequently, this class of 

photo- and thermo-chromic compounds is well known and the chemistry of HABIs has 

been intensively studied both in academia and industry.6-8  Nevertheless, many attributes 

of HABIs remain under-examined.  For example, although the recombination kinetics 

and mechanisms of HABIs have been studied for more than five decades, there is still 

apparent disagreement between reported reaction orders.9-11  Moreover, as new 

applications are found for these existing compounds, contemporary research continues to 

HABIs back into the spotlight (e.g., the mechanophoric nature of HABIs has been 

recently used for the development of stress-sensing materials12).  Thus, in this dissertation, 

we designed and synthesized a novel HABI photoinitiator for improved solubility and 
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visible light absorbance6 (Chapter 2) and re-examined the reaction kinetics of HABI 

photodissociation and subsequent lophyl radical recombination in an attempt to better 

understand and resolve the apparent disagreement between reported reaction orders 

(Chapter 3).7  Additionally, we utilized the HABI functional group as a new class of 

dynamic covalent bond and demonstrated novel, HABI-containing photo-healable 

materials (Chapter 4 and 5).8 

In Chapter 2, we designed and synthesized a novel HABI photoinitiator.6  

Conventional dental resin formulations are primarily composed of (di)methacrylate based 

monomers.  Unfortunately, the radical-mediated chain growth polymerization of these 

dimethacrylate formulations has some drawbacks, including strong polymerization 

inhibition by oxygen, high concentrations of extractable monomers after polymerization 

cessation, and the development of high shrinkage stress in the polymerized materials.  In 

order to address these shortcomings of conventional resins, several polymerization 

mechanisms, including the radical-mediated thiol–ene step growth mechanism, have 

emerged as potential alternatives for composite dental restorative materials.  We 

proposed a newly-synthesized HABI photoinitiator as a visible light-active candidate to 

initiate thiol–ene polymerization and yield vitrified, cross-linked polymer networks with 

good polymerization rates.  As a result, blue light irradiation of thiol–ene resin 

formulations incorporating this HABI photoinitiator yielded vitrified, cross-linked 

polymer matrices that were significantly more homogeneous than methacrylate-based 

polymer networks photopolymerized while polymerizatiunder equivalent irradiation 

conditions. 
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Chapter 3 details the examination of the reaction kinetics of HABI 

photodissociation and subsequent lophyl radical recombination.  Free radicals are 

common reactive species in many chemical reactions and biological processes.  Although 

there have been efforts to explain the complex recombination behavior of HABI-derived 

lophyl radicals, their mechanism is still unclear.  Thus, by carrying out extensive study 

using UV-vis spectrophotometry and EPR spectroscopy, we tried to elucidate the 

mechanism of HABIs in solution.  We examined two model HABI photoinitiators, o-Cl-

HABI and p-HOH-HABI in this study, and revealed that they are well fit as 3/2- and 

second-order reactions for the two respective parent species. 

The study on the development of new classes of dynamic covalent bonds has 

recently received much attention, in part owing to the potential for intrinsic self-healing 

or external stimuli-triggered healable materials development when these special types of 

covalent bonds are incorporated into cross-linked polymer networks.  In Chapter 4 and 5, 

we utilized HABI-based functional groups as a new class of dynamic covalent bond to 

demonstrate the photo-mediated healable polymeric materials.  HABIs have never been 

used for the application of self-healing materials.  Lophyl radicals generated by HABI 

homolysis are insensitive to atmospheric oxygen and show extraordinary slow 

recombination rates, attributable to their unique chemical structure affording stabilization 

by steric hindrance and electron delocalization.13  Thus, owing to the low reactivity and 

long lifetime of the lophyl radicals originating from HABI photolysis, cross-linked 

polymers bearing HABI-containing network strands offer a unique mechanism for 

intrinsically healable materials. 
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To demonstrate the photo-mediated healing capability of HABI-incorporating, 

cross-linked polymer networks, we synthesized two novel HABI monomers bearing 

polymerizable functional groups at their termini and polymerized them to obtain HABI-

containing, intrinsically-healable cross-linked polymer networks as polymeric gels8 

(shown in Chapter 4) and vitrified cross-linked polymer (described in Chapter 5).  The 

HABI-containing polymeric gel showed photo-mediated healing and rapid restoration of 

mechanical integrity only after 1 to 3 minutes of visible light exposure.  Although many 

backbone-borne, dynamic functional groups have been employed to achieve intrinsically-

healable polymeric gels and elastomers, effective restoration of mechanical properties 

upon contacting fracture surfaces typically takes several hours or days.14,15  In contrast, 

exceptionally fast healing rate was achieved by the incorporation of HABIs into the 

cross-linked polymeric gels. 

Covalently cross-linked, vitrified polymer networks find utility as structural 

materials across a wide variety of applications where in situ polymerization, dimensional 

stability, environmental resistance, and permanence are required.  However, hard 

autonomous self-healing materials have been considered a contradiction in terms because 

dynamic intermolecular interactions necessitate sufficient chain dynamics and mobility 

attainable only at temperatures in excess of the Tg.  To address this intractable problem, 

we incorporated HABI moieties into the vitrified, polyurethane networks.  Owing to the 

slow recombination of lophyl radicals and photo-mediated backbone cleavage upon 

irradiation with visible light, temporarily affording reduced cross-link density and 

dynamic connectivity rearrangement, exceptional, sub-glass transition temperature 

healing of vitrified thermosets was achieved. 
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To conclude, we designed and synthesized HABI-based photoinitiators and 

monomers to afford HABI-incorporating, cross-linked polymer networks.  Within these 

networks, HABI moieties undergo homolytic cleavage, yielding lophyl radicals which 

slowly recombine with each other, recovering the parent HABI groups.  Owing to the 

photo-mediated backbone cleavage of HABIs and slow recombination rates of lophyl 

radicals, rapid healing rates in gels and sub-Tg cold welding of cross-linked polymer 

networks were achieved.  We anticipate that the described approach will find broad 

applications including the development of other dynamic functionalities, enabling the 

healing of vitrified polymeric materials or materials which respond to their physical 

environment, impacting their composition and, consequently, physical properties. 

 

6.2 Future work 

The work described in this thesis opens the door to several new research avenues 

in self-healing, self-reporting, and self-reinforcing polymeric materials.  This section 

briefly discusses potential future directions. 

At the macroscopic scale, mechanical loads induce familiar bulk changes – such 

as bending, compression, twisting and stretching – in the shapes of materials, but the 

material response extends across many orders of magnitude in length and time.  In the 

past, chemists have focused almost exclusively on the use of light or heat to effect 

chemical reactions; however, they have been increasingly interested in exploring, 

understanding and even exploiting the changes that mechanical stresses can induce in the 

chemical reactivities of polymer chain.  In fact, almost as soon as the nature of polymers 
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had been recognized, certain simple manipulations of polymer solids, melts or solutions 

were shown to result in fragmentation of their backbones without the high temperatures 

that are normally required for strong covalent bonds to break at detectable rates.  This 

phenomenon is often referred to as mechanochemistry, a burgeoning field that has 

garnered significant interest in recent years for a wide range of applications, including 

mechanically-activated catalysts,16 self-strengthening polymer networks,17 and polymer 

actuators.18 

HABIs are also well known as piezo-chromic materials, whereby they efficiently 

produce indigo-colored 2,4,5-triarylimidazolyl radicals upon mechanical stress, such as 

grinding; indeed, the mechanophoric nature of HABIs has been of increasing research 

interest in recent years.12  One of the distinctive features of HABIs is their strong 

coloration of lophyl radicals upon mechanical stresses.  Nevertheless, the HABI 

functionality itself is not of practical use until it has been incorporated into the cross-

linked polymer network.  Thus, one future potential research direction would be the 

fabrication of polymeric films incorporating HABI functionalities to utilize HABIs as 

stress-indicating sensor.  Upon application of a mechanical load, HABIs can generate 

strong indigo-colored lophyl radical, providing a readily-observed visual cue to indicate 

the fatigue or stress state within the polymer network (see Figure 6.1). 
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Figure 6.1.  Photographs of compressed, HABI-containing cross-linked polymer 

network.  Samples were pressed for 1 minute under constant force (from left to right: 10 

kN, 3 kN, 500 N, and 100 N). 

 

Although repeated cycles of mechanical load are known to trigger destructive 

bond scission reaction in polymers, reducing the lifespan of these synthetic materials, 

mechanical stresses can be also used to effect non-destructive reactions in 

mechanophores incorporated in polymer backbones to strengthen the material’s integrity.  

Given that HABIs can produce reactive lophyl radicals upon mechanical load which can 

be used to trigger the secondary polymerization within polymer networks, they are 

promising candidate functionalities to yield such self-reinforcing behavior in polymer 

matrices.  Preliminary attempts to implement self-reinforcing polymers have focused on a 

two-stage polymerization approach using a resin formulated from tetrathiol, triallyl, and 

HABI-based diacrylate monomers (see Figure 6.2) with an overall stoichiometric ratio of 

thiol to carbon-carbon double bond groups of 1:1.  The first stage of this polymerization 

proceeds via a Michael addition between the multi-functional thiol and acrylate 

monomers, a reaction step that is self-limited by complete consumption of the acrylate 

functional groups.  Upon completion of this reaction, the resultant polymer network is a 

loosely cross-linked, low modulus material with properties that are ideally tailored for 

intermediate polymer processing.  The stage 2 reaction is triggered by mechanical force 
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to cleave the polymer backbone-borne HABI groups to generate lophyl radicals that 

abstract hydrogens from the residual thiol groups, yielding thiyl radicals which initiate a 

radical-mediated thiol–ene polymerization to afford a highly cross-linked, high modulus 

polymer (see Figure 6.3).  Although preliminary, this demonstration of molecular-level 

mechanical response and impact on polymer properties will lead to the design of 

synthetic materials that, like biological counterparts, actively remodel locally in response 

to their physical environment. 

(a)  (b)  

Figure 6.2.  Monomers for dual-network forming thiol–acrylate/thiol–ene resin systems. 

 

(a)  (b)  

Figure 6.3.  DMA traces of HABI-based thermoset polymer (a) before and (b) after the 

application of ultrasound.  The polymer Tg of polymer increases from 12°C to 90°C and 

storage modulus at room temperature increases from 2 MPa to 1.5 GPa. 
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