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Covalent adaptable network (CAN) has attracted significant interest in the soft matter 

community, as it enables stress relaxation in a crosslinked polymer network.  However, all CAN 

systems have developed thus far are in the rubbery state. This thesis is focused on the development 

of mechanically strong, high glass transition temperature (Tg) polymer networks that are capable 

of dynamic bond exchange at ambient temperature while maintaining superior mechanical 

properties. This goal was achieved by introducing moieties capable of dynamic covalent chemistry 

(DCC) in the resin matrix and at the resin-filler interface of thermosetting polymers to relax 

internal and applied stresses at the glassy state. The first part of this thesis covers the 

implementation of reversible addition fragmentation transfer (RAFT) into the resin phase of glassy 

copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) polymer networks. Correspondingly, 

various azide and alkyne monomers containing structurally variable allyl sulfide (AS) or 

trithiocarbonate (TTC) moieties were designed and synthesized following a scalable synthetic 

strategy. While CuAAC reactions as a highly efficient and orthogonal “click” chemistry yields 

glassy polymers composed of rigid triazole linkages with enhanced stiffness and toughness, the 

RAFT moieties independently undergo bond exchange leading to glassy state stress relaxation 

upon light exposure. This capability of glassy state stress relaxation enables significant 

enhancement in toughness and ductility, light-activated shape reconfiguration and photoreversal 

of physical aging.   
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The second part of this thesis covers the development of adaptive interface (AI) platform 

by introducing moieties capable of RAFT and thiol-thioester exchange (TTE) at the resin-filler 

interface of a highly crosslinked, glassy thiol-ene polymer network to promote interfacial stress 

relaxation in the glassy state and explore the resulting evolution of composite performance. 

Employing this active, bond-exchanging interface overcomes the limitation of interfacial stress 

concentration in polymer composites that incorporate filler materials of different modulus relative 

to the resin phase and imparts significant benefits to the composite performance including 

improvements in toughness and polymerization shrinkage stress. This improvement in mechanical 

performance that results from the successful relaxation of interfacial stresses is a platform 

technology that will broadly impact the field of polymeric composites. 
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Introduction 

1.1. Polymeric Materials and Current Challenges 

Thermosetting polymers have sustained industrial and academic interests in the history of 

synthetic polymers due to their thermal/chemical resistance and mechanical strength, resulting 

from permanent crosslinking. Contrarily, thermoplastics due to the lack of permanent crosslinking 

allow material flow upon heating, yielding recyclability and reprocessability of polymers. Despite 

of unique characteristics associated with thermosets and thermoplastics, several industrial 

applications including self-healing and dental restorative materials demand unique properties of 

both thermosets and thermoplastics to yield reprocessable and recyclable polymers while 

exhibiting outstanding mechanical and physical properties. Unfortunately, the permanent cross-

linked nature (the key behind the desirable attributes of thermosets) is unfavorable for designing 

materials with dynamic properties.1–3  

In contrast to traditional thermosets, covalent adaptable networks (CANs) are dynamically 

cross-linked polymers that can relax internal/external stresses via bond reconfiguration within the 

networks in response to the application of a triggering stimulus such as light or heat.4,5 Recently, 

there has been a significant interest focusing on achieving adaptive properties in thermosets such 

as malleability, and self-healing while maintaining their strength and stability, by introducing 

dynamic covalent linkages into their backbone.6 However, most chemistries developed so far are 

often relatively soft materials or require either catalyst or change of environmental conditions such 

as heating to high temperature to activate dynamic behaviors, limiting their uses in the practical 

industrial applications. In an attempt to address the existing shortcomings of both the thermosets 
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and CANs, a few studies designing thermosets capable of catalyst-free, low-temperature dynamic 

property have been reported.7–11 However, it is still ongoing challenges to develop readily 

photopolymerizable and mechanically strong, high Tg polymer networks that are capable of 

dynamic bond exchange at ambient temperature with spatial and temporal controls.  

1.2. Covalent Adaptable Networks (CANs) 

Covalent adaptable networks (CANs) are smart, crosslinked polymers, based on dynamic 

covalent chemistry (DCC) that enables bond rearrangement within the networks in response to the 

application of a specific stimulus. This on demand dynamic behavior gives CANs the ability to act 

as a bridge between thermosets and thermoplastics with unique characteristics such as adaptability, 

malleability, and self-healing after forming a network, while maintaining properties of thermosets 

such as mechanical strength and thermal and chemical stability.4–6 Broadly, two types of reactions 

have been implemented for designing CANs; reversible exchange reactions and reversible addition 

reactions. Reversible exchange reactions, such as addition fragmentation chain transfer (RAFT),12–

15 cinnamates,16 thiuram disulfides,17 and metal-catalyzed transesterification,18 preserve the 

crosslink density during bond rearrangement, as bond breaking and reforming of a crosslink occur 

at the same time. Unlike the exchange CANs, reversible addition-based CANs, such as the Diels–

Alder reaction, often shift the reaction equilibrium towards the reactant during the DCC, and alter 

the crosslink density.5,19 The two dynamic covalent reactions that are used in this thesis are 

discussed below.  

1.2.1. Reversible Addition Fragmentation Chain Transfer (RAFT) Reactions 

Reversible addition-fragmentation chain transfer (RAFT) polymerization process is a 

controlled radical polymerization in which a chain transfer agent such as tri-thiocarbonate or allyl 
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sulfide is used to produce polymers with controlled molecular weight and polymer architecture.20,21 

Recently, RAFT moieties have been incorporated into multi-functional monomer backbones, 

followed by the photo-chemically initiating RAFT mechanism, leading to rearrangement of the 

network connectivity and allowing re-equilibration of the polymer network in a spatial and 

temporal controlled manner, without altering the total number of crosslinks. RAFT exchange 

reaction occurs when light is applied to the network in the presence of photoinititors, to generate 

a radical species which reacts with the RAFT functional group, forming a tri-centered radical that 

then fragments to regenerate a radical species and the RAFT unit (Scheme 1.1).12,22 Utilizing Light 

for triggering bond exchange offers spatial and temporal control to alter the bond connectivity and 

mechanical properties, because photons are delivered remotely enabling stress relaxation for 

multiple application including mechanophotopatterning,14,23,24 self-healing,25 polymerization 

shrinkage stress reduction26,27, and photo-induced shape shifting28.  

 

Scheme 1.1. RAFT radical mediated allyl sulfide bond rearrangement mechanism. 

1.2.2. The Anion-Mediated Thiol-Thioester Exchange (TTE) Reaction 

Exchange reactions involving thioesters have been effectively utilized f to develop native 

chemical ligation (NCL),29 degradable hydrogel networks,30 and synthetic sequence-controlled 

polymers.31 In addition, due to the high molar refraction value of sulfur atoms, thioester moieties 

have been incorporated in bulk polymers as a means to increase refractive indices.32 Recently, 

Worrell et.al introduced thiol-thioester exchange reaction (TTE) as a new class of CANs that that 

enable rapid, continuous ambient temperature stress relaxation. This exchange reaction only 
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proceeds under the condition that free thiol, thioester, and base/nucleophile as a catalyst are all 

present in the network. The exchange reaction happens when the unreacted thiol groups are 

deprotonated by basic catalysts, which generates thiolate anions that then attack the carbonyl 

functional groups to form a short-lived symmetrical intermediate, followed by the regeneration of 

the thioester and thiolate anion (Scheme 1.2.). If any of these three elements are missing, the 

polymer behaves as a typical crosslinked elastomer.33 Furthermore, utilizing light to release basic 

or acidic catalysts, to turn “on” or “off” the exchange reactions, allows for spatiotemporal control 

over the dynamic behavior and introduce this type of CANs as a great candidate for applications 

including nanoscale surface patterning and optical materials.33,34 

 

Scheme 1.2. Thiol-thioester exchange mechanism.  

1.3. Step Growth Polymerization Reactions and “Click” Chemistry  

Crosslinked polymers formed by step growth polymerization reactions have significant 

differences associated with the gel-point conversion, vitrification, and material properties than the 

networks formed by chain growth polymerization reactions. In step-growth polymerizations, a 

stepwise reaction between the reactive functional groups on multifunctional monomers, leads to 

slow molecular weight development, forming more homogenous network structure with narrow 

glass transition temperature and considerably delayed gelation. In contrast, chain-growth 

polymerizations occur between the active centers propagating through reactive functional groups 

on multifunctional monomers, forming more heterogeneous networks with early gelation. The 

properties of polymers such as resin viscosity, backbone rigidity, and thermo-mechanical 
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behaviors as well as gel point conversion can be readily altered in step growth polymerization via 

alterations in the chemical structures and the numbers of reactive functional groups in 

monomers.35,36 

“Click” reactions have been utilized as an efficient polymerization reactions with little to 

no byproducts, to form homogeneous step growth networks in selective, orthogonal manner, under 

mild reaction conditions. “Click” chemistry was first introduced by Sharpless and coworkers in 

2001, 36,37 which along with other attributes introduced “Click” chemistry as a successful 

polymerization technique to form homogeneous step growth networks. The two click reactions 

that are used in this thesis, the copper catalyzed azide alkyne cycloaddition (CuAAC) and thiol-

ene reaction are discussed below.  

1.3.1. The Photo-Initiated Copper-Catalyzed Azide-Alkyne Cycloaddition (CuAAC) 

Polymerization Reaction 

Thermally activated 1,3-dipolar cycloaddition of organic azides and terminal alkynes in 

the absence of a catalyst was first discovered in 1964.38 Later in 2001, copper(I)-catalyzed azide-

alkyne cycloaddition (CuAAC) reaction was introduced by Meldal and Sharpless independently, 

as highly efficient “Click” reaction, that proceeds under relatively facile reaction conditions in an 

orthogonal manner.39,40 Later on, bulk photo-initiated CuAAC polymerization was enabled by 

utilizing a photoinitiator to reduce Cu(II) to Cu(I) upon light irradiation, which affords a spatio-

temporal control over the polymerization process.41–43 As such, copper (I) coordinates to a terminal 

alkyne to form a copper-acetylide intermediate followed by the deprotonation of the terminal 

hydrogen and the formation of a transition state with two copper atoms. Later on, the weakly 

coordinated ligand is displaced by the azide to generate a copper-azide-acetylide complex, 

followed by cyclization then protonation, to release triazole molecule as a product, and regenerate 
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the copper ligand complex.44–46 The general reaction mechanism of the photo-initiated CuAAC 

reaction is shown in Scheme 1.3. The formation of rigid, thermally and chemically stable 1,2,3-

triazoles moieties as a product throughout the network enables the formation of polymer networks 

with enhanced mechanical properties.37,39 Additionally, the step-growth polymerization 

mechanism of CuAAC reaction affords beneficial properties including delayed gelation, reduced 

polymerization shrinkage stress, and inherently uniform network structures when compared to 

conventional chain growth polymerization.47–50 

Due to its unique advantages, CuAAC reaction has been utilized for several applications 

including synthesis of linear polymers, dendrimers, and other polymeric architectures, polymer 

coupling reactions, surface modification, bioconjugation, adhesive polymers and shape memory  

materials.37,39,48,51–55 Although CuAAC polymerization has shown unique properties, the following 

equation must be considered during the design and the synthesis procedure of organic azides, and 

safety precautions be made when handling azides for bulk polymerization: 

(NC+NO)/NN ≥ 3 

where NC presents the number of carbon atoms, NO presents the number of oxygen atoms, and NN 

presents the number of nitrogen atoms in azide monomers.37 

 

Scheme 1.3. Photo-initiated CuAAC polymerization reaction diagram: photoinitiation upon light 
irradiation, copper reduction to form Cu(I), and ‘click’ Cu(I)-catalyzed cycloaddition of azides and 
alkynes to form 1,2,3-triazoles adducts. 
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1.3.2. The Radical Thiol-ene Polymerization Reaction 

The radical mediated thiol-ene reaction is an efficient, clean “Click” reaction occurs 

between a thiol and a double bond when a thiyl radical attacks the double bond forming a carbon-

centered radical intermediate which then abstracts a proton from a thiol and reinitiate the process 

(Scheme 1.4). This reaction proceeds in stoichiometric proportions when the alkene has a 

minimum tendency for homopolymerization such as vinyl ethers and allyl ethers.36,56 In contrast 

to acrylate polymerization, the rate of thiol-ene reaction is non-sensitive to the presence or absence 

of oxygen, as the peroxide radical formed in the presence of oxygen undergoes chain transfer 

reaction to thiols to regenerate the thiyl radical. The unique characteristics of thiol-ene reactions 

including rapid polymerization kinetics, “Click” reactions, and step growth nature have made it 

useful for several applications including coatings, adhesives, and polymer functionalization.57,58 

 

Scheme 1.4. Reaction scheme for radical thiol-ene polymerization reaction. 

1.4. Polymer Composites  

Polymers reinforced by inorganic fillers (such as glass beads, silica and alumina particles) 

are widely used in many engineering fields due to the flexibility they provide in targeting desired 

physical and mechanical properties. Clay reinforced composites emerged in the early 1900’s, but 

interest within the scientific community surged in 1993 when Toyota researchers reported the 

incredible increases in yield and tensile strengths exhibited by nylon 6 when combined with 
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montmorillonite.59 Since that time enormous effort has been invested into enhancing the 

performance of polymer nanocomposites, due in part to the enormous surface area associated with 

nanofillers, which cause the particle-polymer interfaces to play a crucial role in a great number of 

physical and chemical phenomena responsible for targeted desirable material properties for several 

applications.60–63 However, it is also known that these inorganic particles, with their significantly 

higher modulus and generally lower thermal expansion, act as stress concentrators,62,64 and this 

behavior leads to particle-matrix debonding and void formation, which significantly influences the 

failure of composite materials.65,66 Generally, the mechanical properties of particulate-filled 

polymer nanocomposites are affected by particle size, particle content and particle/matrix 

interfacial adhesion, which is the most important factor for effective stress transfer between the 

particles and the matrix.62 Accordingly, several decades of work have been directed towards 

reducing the interfacial stress, improving stress transfer between the filler and the matrix, and 

examining impacts of filler size, content, and the adhesive strength.62 Despite these efforts, 

alleviating the concentration of interfacial stresses in order to prevent premature composite failure 

and improve crack-growth resistance is an ongoing challenge. Inspired by this limitation, recent 

developments in dynamic polymer composites have showcased the incorporation of dynamic 

covalent chemistries (DCC). The presence of DCC-capable moieties in the resin formulation leads 

to chemical bond reshuffling and promotes stress relaxation while maintaining connectivity of the 

polymer network. These dynamic networks exhibit static thermoset properties under ordinary 

circumstances but reversibly rearrange covalent bonds, often in response to an externally applied 

stimulus.4,5 Recently, mechanoresponsive DCC-based composites, such as addition fragmentation 

chain transfer (AFT) based dental composites,27,67 transesterification-based epoxy composites,68,69 

and disulfide-based vitrimer composites,70 have been developed. 
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1.4.1. Dental Composites 

Particularly, dental restorative composites are mechanically stiff, highly-crosslinked 

networks formulated from inorganic fillers dispersed in photocured dimethacrylate resins. Though 

there are problems associated with incomplete methacrylate conversion and insufficient fracture 

toughness, the primary failure modes for these materials are largely attributed to the considerable 

shrinkage stress of several mega pascals that develops during the polymerization, due to early 

gelation and vitrification of methacrylate network along with considerable volumetric shrinkage 

in a restricted environment.71–74 Typically, inorganic fillers are used in dental composite to enhance 

composites mechanical performance including hardness, strength, wear resistance, thermal 

expansion coefficient and polymerization-induced volumetric shrinkage. However, high filler 

loadings in dental composites significantly affect their viscosity and hinder photopolymerization 

kinetic. Additionally, the inorganic filler is also a source for large stress gradients due to the 

modulus and thermal expansion mismatch between the filler and the resin matrix.71,73,75–78 Even 

though dental restorative materials have been greatly improved over the past few decades, 

shrinkage stress induced microcracking that cause serious clinical issues, such as microleakage, 

secondary cavities and thermal sensitization, remain problematic.79,80 As a result, several 

approaches have been directed to reduce shrinkage stress of dental restoratives while maintaining 

all other desirable material properties. Several researchers examined the effect of the type, size 

distribution, loading content and surface modification of the filler on composites properties.73,76,78 

Other efforts have been directed to facilitate improvements in dental composite by reducing the 

reactive group concentration,81–83, modifying the dimethacrylate monomer formulations,84,85 and 

exploring alternative polymerization techniques, such as thiol-ene reaction,26,77 ring-opening 

polymerizations,74 copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction.47,72 
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Recently, the implementation of CANs, into dental restoratives has been explored as a 

successful transformative technology to eliminate stresses that arise from polymerization 

shrinkage and external loading, while conserve the overall covalently bonded structure. 

Particularly, since the radical-mediated addition-fragmentation chain transfer (AFT) demonstrated 

its capability to reduce polymerization stress in thiol-ene photopolymerization,22 great interest has 

been directed to implement monomers containing functional groups capable of undergoing AFT 

process into the conventional dental restoratives. Allyl sulfide addition fragmentation monomer 

was incorporated in ternary thiol-yne-methacrylate system, containing a methacrylate monomer 

with rigid core, to formulate high Tg dental resin while maintaining the reduced shrinkage stress.27 

Furthermore, several allyl sulfide-core monomers having a multitude of polymerizable functional 

groups such as norbornene allyl sulfide were incorporated into the methacrylate resin to achieve a 

network with Tg, glassy modulus, and crosslink density comparable to the conventional 

BisGMA/TEGDMA dental resins, while exhibiting shrinkage stress reduction.22,67 Later on, allyl 

sulfide was replaced with trithiocarbonate functional group to increase the AFT network 

rearrangement rate, which significantly minimize the polymerization stress and maintain identical 

mechanical properties to the typical BisGMA/TEGDMA composites.86,87 In  recent studies, other 

AFT agent such as β-allyl sulfone88 and AFT-based dimethacrylate 89 have been successfully 

implemented into dental restoratives, enabled the network to rearrange while polymerizing, and 

reduced shrinkage stress. 
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Chapter 2 

Objectives 

 The scope of this thesis aims to design novel smart materials with high glass 

transition temperature (Tg), superior mechanical properties, and spatio-temporally controlled 

dynamic behavior in order to expand the range of practical applications. To achieve this goal, two 

types of “click” reactions, copper-catalyzed azide-alkyne cycloaddition (CuAAC) and thiol-ene 

photopolymerizations, are used to form glassy polymer networks, and dynamic moieties capable 

of reversible addition fragmentation transfer (RAFT) and thiol-thioester exchange (TTE) are 

incorporated either in the monomer backbones or at the interface of inorganic silica nanoparticles. 

Herein, I hypothesize that the incorporation of dynamic covalent chemistry (DCC) such as RAFT 

and TTE in glassy thermosetting resins and composites solve current limitations of thermosets by 

relaxing internal and applied stresses in their glassy states, both in the resin matrix and at the resin-

filler interface, while maintaining superior mechanical properties. In order to test this hypothesis, 

the following specific aims have guided my research: 

Specific Aim 1: Investigate the capability of a highly crosslinked glassy polymer containing 

moieties capable of dynamic bond exchange to efficiently mediate resin phase stress relaxation in 

the glassy state.  

The development of mechanically strong, high Tg polymer networks that are capable of 

dynamic bond exchange at ambient temperature while maintaining enhanced mechanical 

properties has been an ongoing challenge. In the present study, various azide and alkyne monomers 

containing structurally variable RAFT moieties were designed and synthesized in order to form 

highly crosslinked, glassy CuAAC photopolymer networks with DCC containing backbones. The 

in situ formation of triazole moieties by CuAAC polymerizations enables a high Tg network with 

enhanced mechanical properties. The stress relaxation capacity of RAFT-based CuAAC polymers 

upon light activation in the glassy state was explored. The mechanical properties of RAFT-CuAAC 

networks such as modulus, toughness, and ductility were determined and compared with 

structurally analogous control networks without RAFT moieties. In addition, the effect of RAFT 
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bond exchange on the physical aging behavior of CuAAC polymers, specifically changes in 

mechanical properties, were elucidated. Lastly, the formation of a 3D-shaped complex object and 

a surface mechano-patterning are highlighted as potential applications of the RAFT-based CuAAC 

polymer. 

Specific Aim 2: Develop an adaptive interface (AI) platform by introducing moieties capable of 

dynamic bond exchange at the resin-filler interface of glassy polymer-based composites to 

promote interfacial stress relaxation in the glassy state and explore the resulting evolution of 

composite performance.  

While stress relaxation by DCC has largely been focused on the resin or continuous phase, 

little attention has been paid to the interfacial stress relaxation. The interfacial region of composites 

between resins and fillers of dramatically different modulus results in a highly-stressed region and 

serves as a primary locus for composite failure. Here, we demonstrate that interfacial stress 

relaxation is achieved by functionalizing silica nanoparticles (SNP) with a DCC containing silane, 

and copolymerizing with highly crosslinked, glassy thiol-ene resins. This aim includes 

implementing two types of dynamic covalent chemistry at the resin-filler interface:  

a. Photo-induced RAFT. 

b. Anion-mediated thiol-thioester exchange (TTE). 

In the present study, the capacity of the aforementioned adaptive interfaces (AI) to relax both the 

polymerization-induced shrinkage stress and an externally applied stress in the glassy state is 

demonstrated. The improvement in AI-composite performance; including toughness, tensile 

strength and fatigue behavior as compared with the control composite is determined. Additionally, 

the effects of in situ interfacial bond exchange during fracture on the crack propagation and the 

failure mechanisms were explored. 

Specific Aim 3:  Apply the AI platform to conventional di-methacrylate based dental restorative 

composites to improve material properties that are critical for long-term durability of dental 

composites such as polymerization-induced shrinkage stress, fracture toughness, and fatigue 

behaviors. 
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Photopolymerizable di-methacrylate composites have been predominantly utilized in 

dental restorations due to the rapid formation of a highly-crosslinked network with desirable 

mechanical properties. However, significantly high shrinkage stress is developed during the 

polymerization, primarily due to early gel-point conversion along with considerable volumetric 

shrinkage in a restricted environment. This large stress along with the interfacial stress induces 

microcracking and reduces fracture toughness, resulting in a premature failure of dental 

composites. In the present study, we aimed to resolve the current limitation of conventional dental 

composites, by functionalizing SNP with DCC moieties capable of undergoing either radical-

mediated RAFT or anionic TTE bond rearrangements and copolymerizing with the conventional 

di-methacrylate dental resins. The changes in composites performance; including toughness and 

fatigue behavior enabled by enhanced shrinkage stress, along with the in situ stress relaxation 

when composites under the mechanical loading are explored and compared to control dental 

composites without DCC moieties at the resin-filler interface. 

 

Specific Aim 4: Incorporate two types of DCC moieties, RAFT and TTE, in the resin matrix and 

resin-filler interface to further enhance the performance of composites.  

The primary focus of this aim is to combine two types of DCC, radical-triggered RAFT 

and anion-mediated TTE, in both the resin matrix and at the resin-filler interfaces. In specific, 

RAFT moieties are incorporated in thiol-ene matrix, while SNP are functionalized with TTE 

moieties to trigger an interfacial exchange reaction. This approach enables the stress relaxation in 

both locations: (1) within the composite resin matrix when the RAFT-based exchange is activated 

during polymerization, or during the light exposure. (2) at the resin-filler interface which provides 

continuous stress relaxation throughout the entire life of the composite. In this study, 4 different 

composite formulations were examined to determine the effect of the AFT/thioester combination 

on the composite performance, in which no stress relaxation is enabled through elimination of the 

AFT functional groups and/or the TTE catalyst. The capacity of all four composites to relax both 

polymerization stress, and applied stress, along with the resulting improvement in composites 

mechanical properties are explored. In addition, mechanical testing on polymerization-induced 

shrinkage stress, fracture toughness and post-polymerization stress relaxation characteristic will 

be conducted at varying concentration of RAFT monomer, particles loading, and base/nucleophile 

catalyst to estimate the optimal conditions necessary for efficient stress relaxation. 
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Chapter 3 

Light-Activated Stress Relaxation, Toughness Improvement, and Photoreversible 

Physical Aging in Glassy Polymer Networks* 

 A covalent adaptable network (CAN) with high glass transition temperature (Tg), superior 

mechanical properties including toughness and ductility, and unprecedented spatio-temporally 

controlled dynamic behavior is prepared by introducing dynamic moieties capable of reversible 

addition fragmentation chain transfer (RAFT) into photo-initiated copper(I)-catalyzed azide-

alkyne cycloaddition (CuAAC)-based networks. While the CuAAC polymerization yields glassy 

polymers composed of rigid triazole linkages with enhanced toughness, the RAFT moieties in the 

CuAAC networks undergo bond exchange leading to stress relaxation upon light exposure. This 

behavior leads to numerous desirable attributes including glassy state photo-induced plasticity, 

toughness improvement during large deformation, and even photoinduced reversal of the effects 

of physical aging resulting in the rejuvenation of mechanical and thermodynamic properties in 

physically-aged RAFT-CuAAC networks that undergo bond exchange in the glassy state. 

Surprisingly, when an allyl sulfide containing azide monomer (AS-N3) was used to form the 

network, the fully cured RAFT-based network exhibited up to 80% stress relaxation in the glassy 

state (Tg - 45 °C) under fixed displacement. In situ activation of RAFT during mechanical loading 

resulted in a 50% improvement in elongation to break and 40% improvement in the toughness 

when compared to the same network without light-activation of RAFT during the tensile testing.  

 

 

*Manuscript in preparation. 
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3.1. Introduction 

Thermosetting polymers are important industrial materials that possess mechanical 

robustness, as well as thermal and chemical resistance. These desired properties are attributed to 

the permanent chemical crosslinking that unfortunately sacrifices the recyclability, malleability, 

and processability commonly associated with thermoplastic polymers.1–3 This tradeoff has inspired 

recent development of covalent adaptive networks (CANs) that dynamically reconfigure the 

chemical bonds within the network and therefore allow stress relaxation and plastic deformation 

while maintaining the network connectivity.4,5 One highly efficient CAN chemistry is the 

reversible addition fragmentation chain transfer (RAFT) process6,7 that has enabled applications 

including surface patterning,8–10 self-healing,11 photo-induced shape shifting12 and toughening of 

thermosetting composites.13 Despite its significant industrial potential,14 the incorporation of CAN 

chemistry into conventional thermosets has been largely limited to relaxation above the glass 

transition temperature (Tg).15 Recently, progress has been made in designing thermosets that 

possess catalyst-free, low-temperature dynamic properties.16–20 However, no networks have been 

reported that have high Tg, and are mechanically robust with the capability of dynamic bond 

exchange in the glassy state. 

Here, we report the designing of polymer networks that possess all these desired attributes: 

Tg well above ambient temperature, superior ductility, and unprecedented light-activated network 

reconfiguration in the glassy state.  All of these behaviors are achieved by incorporating RAFT 

agents within networks formed via the photo-initiated copper(I)-catalyzed azide-alkyne 

cycloaddition (CuAAC) reaction. CuAAC is a highly efficient, orthogonal, “click” reaction that 

occurs readily under mild conditions21–24 and which yields homogeneous network structures with 

low polymerization-induced shrinkage stress.25–27 Recent work shows that glassy networks with 
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high Tg are obtained due to the formation of rigid, thermally and chemically stable triazole moieties 

present at high concentrations within the network(Scheme 3.1A).28–30 By also incorporating the 

RAFT moiety into the CuAAC networks, we demonstrate light-activated bond-exchange 

capabilities (Scheme 3.1B) within glassy polymer networks, as manifested in enhanced stress 

relaxation, extended plastic deformation post yielding, and intriguing rejuvenation of mechanical 

properties in physically aged samples.   

 

 

Scheme 3.1. A) Photo-initiated CuAAC polymerization reaction diagram: photoinitiation upon 
light irradiation, copper reduction to form Cu(I), and ‘click’ Cu(I)-catalyzed cycloaddition of 
azides and alkynes to form 1,2,3-triazole adducts. B) RAFT radical mediated allyl sulfide bond 
rearrangement mechanism.  
 

3.2. Materials and Methods 

Detailed synthetic procedures of monomers along with nuclear magnetic resonance (NMR) results 

are presented in the Supporting Information. 

Sample Preparation 

 CuAAC networks were prepared from stoichiometric mixtures (1:1 azide: alkyne functional group 

ratio) of di-functional azide (BZ-N3), tri-functional alkyne (Tri-AK), and 20 mol % of either the 
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RAFT based di-functional monomers or the analogous control di-functional monomers. 

CuCl2/PMDETA was utilized as a copper catalyst, while 1 wt% I819 was used as a photoinitiator 

for CuAAC photopolymerization, and 2 wt% DMPA was used as a latent photoinitiator to induce 

the bond exchange in the network after polymerization. Since these monomer mixtures are not 

completely miscible, methanol was used to homogenize the mixture, and this was later removed 

in vacuo. Samples were photocured with 400-500 nm visible light at 10 mW/cm2 for 10 min and 

then post-cured in an oven at 70 °C for 24 h.  

Fourier Transform Infrared Spectroscopy 

 The functional group conversion (presented in the Supporting Information) was monitored via 

Fourier transform near infrared spectra (Nicolet 6700, Fisher Scientific) in transmission mode, to 

ensure near-complete conversion. Irradiation of samples placed between NaCl plates was 

performed using a light guide connected to a mercury lamp (Acticure 4000, EXFO) with a 400-

500 nm bandgap filter and an irradiance of 10 mW cm−2. The conversions of the alkyne functional 

group were determined by monitoring the infrared absorption peaks centered at 6538–6455 cm−1 

(C≡C-H stretching, overtone).  

DMTA Measurements 

 These measurements were performed with a TA Instruments Q800 DMA in tension mode at a 

frequency of 1 Hz, using a heating rate of 3 °C min−1 to a maximum temperature of 120 °C, to 

yield the storage (E′′) and the tan δ. The glass transition temperature (Tg), was taken to be the 

temperature at the peak of the tan δ curve. The DMTA specimens were ≈0.1 mm in thickness, 5 

mm in width, and 7 mm in length between grips. 
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Density measurement 

 A multipycnometer (Quantachrome instruments) was used to measure the density of polymer 

samples. Each sample with known mass was placed in a 4.5 cm3 cell and pressurized with helium 

gas. The release of pressure resulted in the volume expansion of helium gas, which was converted 

to density of the sample.  

Tensile Testing 

It was performed using an MTS Exceed E42 universal testing  machine  with  a  500N  load  cell  

to  give  the  engineering  stress–strain  curve,  the  Young’s  modulus  (determined  from  the  

initial  linear  elastic  region  of  the  stress–strain  curve),  the  yield  stress  (the  stress  at  the  

maximum),  the  elongation  to  break,  and  the  toughness  (as  measured  from  the  area  under  

the  stress–strain  curve). Dogbone samples were cut or molded (for brittle specimens) similar to 

the ASTM dogbone die D638-V,31  with  a  3.15  mm  width  and  0.1  mm  thickness,  however  

the  gage  length  was  ≈15  mm  rather  than  the  7.62  mm  specified by ASTM D638-V. The 

specimens were clamped in the grip areas and tested under uniaxial tensile loading at a crosshead 

speed of 1 mm min−1.    

Differential scanning calorimetry 

 Thermal data were collected using a TA Instruments Q2000 Differential Scanning Calorimeter 

(DSC) in a N2 environment using a purge rate of 50 mL/min. 5 mg samples of CuAAC were placed 

in hermetically sealed aluminum pans. The samples were first equilibrated to 0 °C for 5 minutes 

followed by heating at a rate of 10 °C/min to 100 °C. The samples were then cooled at a rate of 50 

°C/min to 20 °C. Enthalpy calculations were analyzed using Universal Analysis software (TA 

Instruments). 
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3.3. Results and Discussion 

All RAFT-CuAAC systems reported here consist of (Figure 3.1A): a di-functional azide 

(BZ-N3), a tri-functional alkyne (Tri-AK), and RAFT-based di-functional monomers (20% molar 

fraction of all the monomers). The azide:alkyne functional group ratio is 1:1 for all formulations.  

Each system also contains CuCl2/PMDETA as a copper catalyst, 1 wt% I819 as a visible light 

sensitive photoinitiator for initiating the CuAAC photopolymerization, and 2 wt% DMPA as a 

latent ultraviolet sensitive photoinitiator to induce the bond exchange in the network after 

polymerization.  Four different RAFT monomers were synthesized by incorporating allyl sulfide 

(AS) or trithiocarbonate (TTC), i.e. the RAFT-moieties, into one difunctional azide and three 

difunctional alkynes.  The four monomers were designed to examine both the generality of the 

network reconfiguration in the RAFT-CuAAC systems and the potential impact of secondary 

functional groups on the effectiveness of the bond exchange.  In comparison, we also prepared 

control CuAAC systems that are incapable of bond-exchange, by replacing the RAFT-monomers 

with structurally analogous difunctional monomers that do not contain RAFT moieties (Figure 

3.1A).  Details of the monomer synthesis are provided in the experimental section.  After curing, 

all the CuAAC networks show over 96% conversion (Table S3.1). 

The RAFT- CuAAC networks based on the above formulations have Tg values ranging 

from 40 °C to 75 °C, as indicated by the tan δ maximum (Figure 3.1B) of the samples from 

dynamic mechanical analysis (DMA) measurements.  Specifically, the Tg value of the four RAFT-

CuAAC systems follow the order of, AS-AK1 < AS-AK2 < AS-N3 < TTC-AK3, which correlates 

well with the conformational rigidity of the secondary groups in the RAFT monomers: higher Tg 

for benzene-containing monomers and lower Tg for ester-containing monomers.  Consequently, all 

RAFT-CuAAC polymers display a typical glassy modulus at ambient temperature, ranging from 



 
 

27 

1.2 to 2.6 GPa (Figure 3.1C).  In comparison with the RAFT-CuAAC networks, the control 

CuAAC networks exhibit similar Tg values and storage modulus at ambient conditions (Figure 

3.1B and 1C), which decouples the effects caused by the bond-exchange process from the other 

aspects of the polymer network structure.  The Tg values, glassy moduli, and rubbery moduli of all 

CuAAC systems are presented in Table S3.1.  

 

Figure 3.1. A) Monomer structures used in the formulation of CuAAC resin: di-functional azide 
(BZ-N3), tri-functional alkyne (Tri-AK), CuCl2/PMDETA, I 819 photoinitiator, and DMPA. Four 
different RAFT monomers and the corresponding control monomers are presented. Samples were 
photocured with 400-500 nm visible light at 10 mW/cm2 for 10 min and then post-cured in an oven 
at 70 °C for 24 h.  B and C) The tan δ curves and storage modulus curves of RAFT-based (solid 
lines) and corresponding control (dotted lines) CuAAC polymers, obtained from DMTA 
measurements at 1 Hz. 
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The stress-relaxation behavior of all the CuAAC systems was examined by observing the 

time-evolution of stress under constant 5% strain tensile loading, with 5 min UV exposure.  Unless 

specified, all UV exposures to induce bond exchange used 365 nm with a light intensity of 8 

mW/cm2. At high temperatures (Tg + 45 °C) in the rubbery state, AS-AK1, AS-AK2, AS-N3 and 

TTC-AK3 networks relax 93%, 80%, 96% and 97% of the total stress, respectively, while the 

corresponding control-CuAAC networks relax only 5%, 6%, 10%, and 8% of the total stress, 

respectively (Figure 3.2A).  Evidently, the RAFT-moieties enable highly effective network 

reconfiguration in all four CuAAC systems in the rubbery state, while the control systems yield 

negligible stress relaxation.  

In contrast, in the glassy state, at Tg - 45 °C, all four RAFT-CuAAC systems under 1% 

strain loading still show significant stress relaxation upon UV exposure: 45%, 60%, 80%, and 90% 

for AS-AK1, AS-AK2, AS-N3 and TTC-AK3 systems, respectively (Figure 3.2B). Systems with 

higher Tg values have higher degree of stress relaxation when assessed at the same level below 

their respective Tg. This level of stress relaxation in the glassy state is unprecedented for similar 

thermosets. Without the bond-exchange process, typical glassy polymers normally relax 10-20% 

stress in their glassy state,6,13,32 as evidenced in the control CuAAC systems where only 20%-25% 

stress relaxation is observed.  The presence of the RAFT moieties enhanced the stress relaxation 

by 2-4 times when compared with the corresponding control CuAAC system. We further measured 

the stress relaxation in AS-N3 sample under identical loading but without UV exposure. Only 20% 

of the initial stress was relaxed, further validating that the photo-induced RAFT process is the 

cause of stress relaxation in the glassy RAFT-CuAAC systems. Furthermore, we verified the 

effectiveness of photo-induced stress relaxation in glassy AS-AK2 sample (Tg – 45 °C) at three 

different strain levels within the elastic deformation regime (Figure S3.1). In situ temperature 
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measurements made during tensile testing and light exposure with a microthermocouple indicated 

that only minimal temperature changes of less than 5°C occurred upon light exposure.  

Bond-exchange in the CuAAC systems facilitates tuning of the amount of plastic 

deformation at small strain levels (below the yield point of the polymers). We demonstrate this 

capability using an AS-N3 sample as an example because of its relatively high Tg (65 °C). Under 

a constant loading of 4 N at ambient conditions, 2% total strain is generated in the sample over 2 

min. Upon load release, 90% of the total strain is recovered, which is typical for CuAAC 

networks.26,30 In stark contrast, under identical creep condition, only 20% of the total strain is 

recovered if UV exposure is applied (Figure 3.2C). In other words, the bond-exchange process 

raises the plastic strain during creep of AS-N3 sample by 8 times (from 10% to 80%). In 

comparison, the control (C-N3) CuAAC sample recovers 86% of the total strain (or 14% plastic 

strain) under identical UV exposure, eliminating the potential for the deformation to be explained 

by a UV-induced temperature rise. To assess further this capability, successful mechano-patterning 

of glassy AS-N3 CuAAC films is achieved at ambient condition (Tg - 45 oC) under low mechanical 

loading and UV exposure (Figure 3.2D) for 15 min. Micro-scale patterns on the contacting mold 

are faithfully and irreversibly replicated on the glassy AS-N3 CuAAC films.  

The effect of the bond-exchange process on the large deformation behavior of glassy 

RAFT-CuAAC systems under ambient conditions was investigated. Under uniaxial tensile loading 

with a strain rate of 0.0011 s-1, except TTC-AK3, all three other RAFT-CuAAC systems tested 

display highly ductile behavior with extended plastic deformation after yielding (Figure 3.2E). 

For AS-AK1, AS-AK2, and AS-N3 systems, the average yield stress values are 11 MPa, 21 MPa, 

and 30 MPa, respectively, and the average stains-to-break are 560%, 200%, and 120%. 

Accordingly, the tensile toughness of AS-AK1, AS-AK2, and AS-N3 are 82, 34, and 26 MJ/m3.  
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Such high values of the toughness in CuAAC systems have been attributed to the presence of the 

triazoles and their capacity for secondary bonding.30 Comparing the AS-AK1, AS-AK2, and AS-

N3 systems, the increase in tensile strength and decrease in strain-to-failure is associated with the 

measurements being conducted at ambient temperature which is 20 °C, 30 °C, and 40 °C below 

the corresponding Tg values of the polymers, respectively.  

After reaching 33% tensile strain (post-yielding), all three samples were subjected to 5 min 

UV exposure to activate the bond exchange process. As a result, the AS-AK1, AS-AK2, and AS-

N3 samples show approximately 15%, 40%, and 50% increase in strain-to-failure, and 

correspondingly the overall sample toughness (Figure 3.2E). In contrast, no enhancement of 

ductility and toughness is observed in a control sample (C-AK2 CuAAC) under identical loading 

conditions with UV exposure (Table S3.2). Collectively, the above results suggest that the bond-

exchange process is highly efficient in glassy RAFT-CuAAC systems both for small deformation 

and post-yielding large deformation, and RAFT monomers with higher degrees of stress relaxation 

also show larger enhancements in ductility. Harnessing these unique capabilities, an object with 

complex 3D shape is illusrtated in Figure S3.2, by spatially controlling the photoplasticity of the 

glassy polymer networks generated both laterally and vertically (gradient along thickness). Such 

photo-programable complex shape control is of significant interest in  a range of applications in 

aerospace and biomedical devices, which require materials that remotely change shape while 

preserving other important properties such as mechanical robustness.12,33 
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Figure 3.2.  A) Photo-induced stress relaxation achieved on fully-cured, 0.1 mm thick sample of 
both RAFT and control based CuAAC networks at constant 5% strain at Tg + 45 °C. B) Photo-
induced stress relaxation achieved on fully-cured, 0.1 mm thick sample of both RAFT and control 
based CuAAC networks at constant 1% strain at Tg - 45 °C. Each sample was irradiated at the start 
of the test with 8 mW/cm2 of 365 nm light for 5 min. C) Strain recovery as quantified using DMTA 
by applying 4 N constant force on both AS-N3 and C-N3 polymer films, with 8 mW/cm2 of 365 
nm light for 2 minutes, while the pre-stretch force still imposed. D) Surface topographies resulting 
from the surface patterning on RAFT AS-N3 film using the reflective tape mold to generate micro 
scale surface patterns. E) Representative runs of tensile testing of three different RAFT-CuAAC 
polymer systems including AS-N3 (triangle), AS-AK1 (square), and AS-AK2 (circle). Dotted lines 
represent the same systems that were radically triggered with 8 mW/cm2 of 365 nm light during 
the tensile test at 33% tensile strain for 5 minutes. All specimens were fully-cured, dog bone shaped 
(15mm in gage length) and tested at a strain rate of 0.0011 s-1.  
 

Recent work shows that triazole-based, glassy CuAAC networks display significant 
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physical aging phenomenon.30 Specifically, networks formed by BZ-N3 and Tri-AK (Figure 3.1A) 

lose most of the ductility after being stored at ambient conditions for as little as 32 h. To examine 

the aging behavior in the RAFT-CuAAC systems, the AS-AK2 based system was used as an 

example since it has the intermediate ductility. After being aged at ambient conditions for 72 h, 

the sample displays significant embrittlement: the strain-to-failure decreases from 200% to 10% 

(Figure 3.3A and 3B, Table S3.3), and accordingly the toughness is reduced from 33 MJ m−3 to 

3 MJ m−3.  At the same time, both the Young’s modulus and yield strength increase by 2 fold.  

Similar aging-induced embrittlement is observed in the control sample (C-AK2 CuAAC, Figure 

3.3B). Most surprisingly and significantly, the effect of aging-induced embrittlement in the AS-

AK2 based CuAAC sample is nearly entirely erased by UV exposure when the exposure occurs 

after the same 32 h period.  As shown in Figure 3.3A, 2 min of UV exposure (365 nm, 5 mW/cm2) 

on both sides of the samples results in nearly complete recovery of strain-to-failure and even 

preserves the increased Young’s modulus and yield strength (Table S3.3).  Such a “rejuvenation” 

is not observed in the aged control sample upon identical UV exposure (Figure 3.3B and Table 

S3.3), indicating that the RAFT-based bond exchange reaction is the underlying cause.  This 

outcome is indicative of an increase in the free volume of the polymer when the RAFT is activated 

in the glassy state. 

The aging and UV-induced “rejuvenation” in the AS-AK2 CuAAC network are also 

evident in several thermodynamic properties including both relaxation enthalpy (Figure 3.3C). 

From differential scanning calorimetry (DSC) measurements (Figure S3.3), both AS-AK2 and 

control CuAAC samples display characteristic excess enthalpy (compared with the unaged 

samples) after 72 h of physical aging, ~ 16 J/g (Figure 3.3C). With 2 min of UV exposure on both 

sides of the aged samples, the excess enthalpy of the AS-AK3 sample decreases to 8 J/g, while no 
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changes in excess enthalpy were observed for the control sample (Figure 3.3C and Figure S3.3). 

Clearly, the degree of rejuvenation in thermodynamic properties of the AS-AK3 sample is less 

than that of the ductility (Figure 3.3A and 3B). Note that the impact of physical aging in polymers 

is also erased for samples with and without the capacity for AFT by thermal cycling above the Tg 

of the polymer. However, photo-induced physical aging reversal and the corresponding erasure of 

the thermal history has never before been reported in the absence of high temperatures above the 

Tg. 

All of the above results show that the RAFT enabled bond exchange process in CuAAC 

networks dramatically enhances the stress relaxation in elastically deformed samples both above 

and below Tg (Figure 3.2A and 2B), increases ductility after yielding (Figure 3.2E), and 

(partially) erases the physical aging-induced changes in mechanical and thermodynamic properties 

(Figure 3.3). The UV induced bond-exchange in the glassy state is unique to the combination of 

the RAFT and CuAAC system elements. For example, a RAFT-containing thiol-ene network was 

synthesized with a similar degree of crosslinking, monomer structure, and RAFT monomer 

concentration (Figure S3.4) as the RAFT-based AS-AK1 CuAAC system. Despite highly efficient 

stress relaxation in the rubbery state,7 the RAFT-thiol-ene network shows no enhanced photo-

induced stress relaxation in the glassy state (Tg - 45 oC) (Figure S3.4). Combining all these 

observations, due to the presence of the triazole structures in molar concentrations, we hypothesize 

that the glassy state of the CuAAC networks contain higher degrees of free volume as evidenced 

by the significant aging effect, which enables local segment mobility that is sufficient for the bond-

exchange process to occur.34 Once activated, the geometric changes and ratcheting like behavior 

of the addition-fragmentation reaction leads to a further increase in the free volume that reverses 

the effects of physical aging. 
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Figure 3.3 A) Tensile testing of three different RAFT AS-AK2 polymer systems: Unaged by 
heating the film to 100 °C (>Tg) before tensile testing (triangle), aged for 72 hr (circle), and aged 
for 72 hr following exposure to UV-light for 2 min on each side before mechanical testing (square). 
B) Elongation to break and toughness of unaged, aged, and aged then exposed to 5 mW/cm2 of 
UV-light for 2 min on each side after ageing and before tensile testing for both RAFT based AS-
AK2 and control C-AK2 polymer films. All specimens were fully-cured, dog bone shaped (15 mm 
in gage length), and tested at strain rate of 0.0011 s-1. C) Enthalpy of relaxation (J/g) for AS-AK2 
and C-AK2 samples before ageing, after 3 days of ageing, and after 3 days of ageing but 
subsequent exposure to 5 mW/cm2 UV-light before the density measurement. 

3.4. Conclusions 

In conclusion, a series of polymer networks was prepared by incorporating reversible 

addition fragmentation transfer (RAFT) reactions into photo-initiated copper(I)-catalyzed azide-

alkyne cycloaddition (CuAAC)-based polymer networks. These crosslinked polymers are capable 

of network reconfiguration not only in the rubbery state but also within the glassy state. Upon light 
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activation, the RAFT process enables the CuAAC networks to significantly increase the degree of 

stress relaxation during elastic deformation, improve the tensile toughness during large 

deformation, and reverse the effects of physical aging resulting in the rejuvenation of the 

mechanical and thermodynamic characteristics. Such a unique system will inspire a broad range 

of applications of active materials from complex shape programming to stimuli-responsive 

actuation.  

3.5. Acknowledgments 

The authors acknowledge financial support from the National Science Foundation (NSF DMR 

1310528) and the National Institutes of Health (NIH 1U01DE023777). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

36 

3.5. Supporting information 

Mechanical properties for all RAFT and control CuAAC samples: 

Table S3.1: DMTA mechanical properties for various RAFT-CuAAC systems . 
 

 Conversion 

(%) 

Tg (
°
C) from tan δ 

max 

Storage modulus 

at ambient 

(GPa) 

Rubbery 

modulus at Tg + 

30 °C (MPa) 

AS-AK1 98 ± 1 40 2.6 3 

C-AK1 98 ± 2 40 2.5 2.8 

AS-AK2 97 ± 1 50 2.1 4.4 

C-AK2 98 ± 1 48 1.2 2.8 

AS-N3 96 ± 1 63 2.4 4.5 

C-N3 98 ± 2 58 1.9 3.2 

TTC-AK3 99 ± 1 75 1.8 1.5 

C-AK3 98 ± 1 70 1.5 1.1 
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Photo-induced stress relaxation in glassy AS-AK2 sample (Tg – 45 °C) at three different strain 

level within the elastic deformation regime: 

 

Figure S3.1. Photo-induced stress relaxation achieved on fully-cured (conversion of ~99%) 0.1 
mm thick sample of AS-AK2 CuAAC network at different strain (0.2%, 1% and 2%). Each sample 
was irradiated at the start of the test with 8 mW/cm2 of 365 nm light for 5 min at Tg - 45 °C. 

Mechanical properties of AS-N3, AS-AK1, AS-AK2 and C-AK2 CuAAC polymer systems, either 

with or without light exposure: 
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Table S3.2. Mechanical properties of three different RAFT-CuAAC polymer systems, AS-N3, AS-
AK1, AS-AK2, and control system, C-AK2, either with or without light exposure. Each sample 
was fully cured, dog bone shaped, and tested at a displacement rate of 0.0011 s-1. The sample 
which requires light exposure was radically irradiated with 8 mW/cm2 of 365 nm light during the 
tensile test from 33% strain for 5 minutes. 
 

 Tensile yield 

stress (MPa) 

Tensile Young’s 

modulus (MPa) 

Tensile 

toughness (MJ 

m−3) 

Tensile 

elongation at 

break (%) 

AS-AK1 11 ± 3 390 ± 60 82 ± 23 560 ± 40 

AS-AK1 with light 10 ± 3 370 ± 20 92 ± 17 640 ± 20 

AS-AK2 21 ± 4 800 ± 80 34 ± 3 200 ± 10 

AS-AK2 with light 24 ± 5 870 ± 120 50 ± 7 280 ± 20 

C-AK2  25 ± 4 800 ± 80 20 ± 10 100 ± 60 

C-AK2 with light 23 ± 7 750 ± 100 17 ± 8 110 ± 50 

AS-N3 30 ± 7 950 ± 110 26 ± 8 120 ± 10 

AS-N3 with light 27 ± 3 1010 ± 90 37 ± 1 180 ± 10 
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Figure S3.2. Fabrication process of origami structure, following a modified procedure from 
literature.33 Step 1: An AS-AK2 strip containing a UV photo-absorber (1 wt% Tinuvin 5060) was 
stretched up to 50% of its original length, maintained at a fixed strain. Step 2: the sample was 
released from clamps and irradiated with 20 mW/cm2 of 365 nm light through photomask 1. Step 
3: the sample was flipped over to the other side and stretched further to 70% strain. Step 4: the 
sample was released and irradiated through photo mask 2. Step 5: the sample was heated in water 
bath to 50 °C. The light intensity became gradually reduced through the thickness of the optically 
thick film, which generated a gradient in stress relaxation and subsequent bending after annealing 
the sample to achieve mechanical equilibrium, leading to the formation of the heart shape as shown 
above.  
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Ageing and photo-induced rejuvenation of aged RAFT-CuAAC glassy polymer: 

Table S3.3. Mechanical properties for AS-AK2 and C-AK2 samples before aging, after 3 days of 
aging, and after 3 days of aging following exposure to 5 mW/cm2 of UV-light before mechanical 
testing. 

Sample Tensile 

yield 

stress 

(MPa) 

Tensile 

elongation at 

break (%) 

Tensile 

toughness (MJ 

m−3) 

Tensile 

Young’s 

modulus 

(MPa) 

AS-AK2 (Unaged) 22 ± 4 200 ± 30 33 ± 5 800 ± 75 

AS-AK2 (Aged) 50 ±15 10 ± 5 3 ±1 1500 ±150 

AS-AK2 (Aged then 

exposed) 

45 ± 5 200 ± 50 34 ± 3 1600 ± 130 

C-AK2 (Unaged) 25 ± 4 100 ± 60 20 ± 10 800 ± 80 

C-AK2 (Aged) 50 ± 10 8 ± 1 2 ± 1 1400 ± 200 

C-AK2 (Aged then 

exposed) 

54 ± 4 10 ± 4 4 ± 1 1400 ± 300 
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Figure S3.3. Heat capacity as a function of temperature of both AS-AK2 (A) and C-AK2 (B) 
systems at various conditions including unaged by heating above the Tg, aged for 3 days at ambient 
temperature, and exposed to UV-light after ageing for 3 days without heating. 
 

Photo-induced stress relaxation of RAFT-thiol-ene polymer network in glassy state:  

 

Figure S3.4. A) Monomer structures used in the formulation of RAFT-based Thiol-ene network. 
B) Post polymerization stress relaxation was measured on a fully cured, thermally cycled sample 
(0.1 mm in thickness) of RAFT-based thiol-ene network. Red solid line represents RAFT-based 
thiol-ene sample without light exposure. Dotted black lines represent the same system that was 
irradiated with 8 mW/cm2 of 365 nm light for 5 minutes in its glassy state at -50 °C (Tg - 45 °C). 
The RAFT-based thiol-ene resin was composed of a molar ratio per functional group of 1: 1 (thiol: 
ene) with 1 wt% of I819 and 2 wt% of DMPA. Samples were photocured with 400-500 nm visible 
light at 10 mW/cm2 for 10 min and then post-cured in an oven at 70 °C for 24h. 
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Chapter 4 

Dynamic Covalent Chemistry at Interfaces:  Development of Tougher, Healable 

Composites through Stress Relaxation at the Resin-Silica Nanoparticles Interface*  

The interfacial region in composites that incorporate filler materials of dramatically 

different modulus relative to the resin phase acts as a stress concentrator and becomes a primary 

locus for composite failure. We introduce a novel adaptive interface (AI) platform formed by 

coupling moieties capable of dynamic covalent chemistry (DCC) to the resin-filler interface to 

promote stress relaxation. Specifically, silica nanoparticles (SNP) are functionalized with a silane 

capable of addition fragmentation chain transfer (AFT), a process by which DCC-active bonds are 

reversibly exchanged upon light exposure and concomitant radical generation, and copolymerized 

with a thiol-ene resin. At a fixed SNP loading of 25 wt%, the toughness (2.3 MJ.m-3) is more than 

doubled and polymerization shrinkage stress (0.4 MPa) is cut in half in the AI composite relative 

to otherwise identical composites that possess a passive interface (PI) with similar silane structure, 

but without the AFT moiety. In situ activation of the AI during mechanical loading results in 70 % 

stress relaxation and three times higher fracture toughness than the PI control. When interfacial 

DCC was combined with resin-based DCC, the toughness was improved by 10 times relative to 

the composite without DCC in either the resin or at the resin-filler interface. 

 

 

 

*Manuscript appears under the same tittle in Adv. Mater. Interfaces 2018, 5, 1800511. 
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4.1. Introduction 

For decades, nanoparticles have been introduced into polymerizable resins to form 

composites with mechanical properties that combine desired physical and mechanical properties 

of the constituent phases.1 Clay reinforced resins emerged in the early 1900’s, but interest within 

the scientific community surged in 1993 when Toyota researchers reported the incredible increases 

in yield and tensile strengths exhibited by nylon 6 when combined with montmorillonite.2 Since 

that time enormous effort has been invested into enhancing the performance of polymer 

nanocomposites, due in part to the enormous surface area associated with nanofillers, which cause 

the particle-polymer interfaces to play a crucial role in a great number of physical and chemical 

phenomena responsible for targeting desired properties for several applications.1 However, it is 

also known that these inorganic particles, with their significantly higher modulus and generally 

lower thermal expansion, act as stress concentrators,3,4 and this behavior leads to particle-matrix 

debonding and void formation, which significantly influences the failure of composite materials.5,6 

Generally, the mechanical properties of particulate-filled polymer nanocomposites are affected by 

particle size, particle content and particle/matrix interfacial adhesion, which is the most important 

factor for effective stress transfer between the particles and the matrix.3 Since the adhesive strength 

at the filler interface determines the stress transfer between the components, several techniques 

have been developed to improve the interactions between the fillers and the surrounding polymer 

such as bonding the filler to the resin using SAMs7 and surface modification of nanoparticles.3,6,8 

However, these techniques improve the efficiency of stress transfer at the interface but do not 

eliminate the issue of stress concentration or enable stress relaxation. Obviously, enabling stress 

reduction at this interface would dramatically impact the broad field of polymer composites, 

especially since numerous applications such as coatings, structural materials, dental materials, and 
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others would benefit from enhanced mechanical performance associated with low polymerization 

stress, resistance to crack propagation and extremely high toughness that would result from a 

reduction in interfacial stress.9,10 

With these potential benefits in mind, here, a new set of adaptive interfaces is introduced 

which overcome the limitations of polymer nanocomposites using dynamic covalent chemistry 

(DCC) to induce triggerable interfacial bond exchange resulting in stress relaxation (significantly 

and on-demand) while retaining a strong, covalent chemical attachment between the matrix and 

filler phases.  

Covalent adaptable networks (CANs) are crosslinked polymers, capable of relaxing 

internal stress via bond rearrangement within the networks in response to the application of a 

triggering stimulus such as light or heat. This phenomenon is achieved by implementing one of 

several DCC motifs11 such as reversible exchange reactions including addition fragmentation chain 

transfer moieties (either allyl sulfide12,13or trithiocarbonates14,15), cinnamates,16 thiuram 

disulfides,17 metal-catalyzed transesterification18–20 and through reversible addition reactions such 

as the Diels–Alder reaction.21 This dynamic bond behavior gives CANs the ability to act as a bridge 

between thermosets and thermoplastics, given that they can be remolded after forming a network 

while maintaining many useful proprieties associated with thermosets such as mechanical strength 

and solvent resistance.11 Specifically, addition-fragmentation chain transfer (AFT), which involves 

a reversible radical-mediated bond exchange process, has been studied in bulk materials, to 

synthesize polymer network with excellent stress relaxation characteristics,22–24 to create physical 

patterns within or on polymer substrates,25,26 to control the introduction, exchange, and/or removal 

of biochemical epitopes in hydrogel networks,27 and to undergo self-healing.14 With few 

exceptions, despite the unique behavior of this type of polymeric materials, their use in real 
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industrial applications is often limited since CAN’s are often relatively soft materials.28 To 

improve their material performance, recent effort has been directed towards designing 

mechanoresponsive CANs-based composites to expand the usage of the re-processible, remoldable 

and recyclable materials. Organic nanoparticles with aggregation induced emission (AIE) 

properties based on dynamic bonds have previously been developed.[29–31] Fiber-reinforced 

composites,32 carbon nanotube composites,33 and silica nanocomposites34 made of a dynamic 

epoxy resin have been investigated. Also, transesterification-based shape memory composites 

based on graphene-filled vitrimers were prepared.35 However, all of these approaches implement 

the DCC throughout the resin and fail to implement the desired DCC at the polymer-matrix 

interface where stress is concentrated, contributing to composite failure. 

Here, SNPs were functionalized using a silane that had a thiol-terminated AFT moiety 

capable of photochemical bond exchange that was copolymerized with a thiol-ene resin. The 

interfacial dynamic covalent chemistry (DCC) employed at the composite interfaces, not only 

covalently bonds the resins to the filler as is often done with other filler modifications to promote 

adhesion between the filler and resin, but here this approach also creates composite interfaces 

capable of stress relaxation and dynamic bond exchange. While DCC approaches such as AFT,14,15 

Diels-Alder,21,36 transesterification18 and others have been used extensively to promote healing and 

other desirable aspects in conventional materials,11,32,37 the localization of a dynamic covalent bond 

to the interface has been little if ever explored, particularly relative to controls in which no such 

bond exchange is possible. The evolution of material properties including toughness, tensile 

strength, polymerization shrinkage stress and the recovery of the dissipative energy in covalently 

crosslinked, relatively glassy, photo-polymerized thiol-ene composites was explored for both AI 

and PI-based composites. The effect of in situ interfacial AFT bond exchange during the fracture 
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process on the fracture toughness as well as the composite failure mechanism was investigated. 

Furthermore, the effect of interfacial DCC (adaptive interface) was compared with the 

effectiveness of resin-based DCC (adaptive network). Finally, the AI was combined with the AN 

to further improve the composite performance.   

4.2. Materials and Methods 

Materials 

Synthesis of 2-Methylene-1,3-Propanedithiol: Allyl dithiol was synthesized according to a 

previously reported method.
38  

Synthesis of Allyl sulfide (AFT) based silane: A solution of 3-(triethoxysilyl) propyl isocyanate 

5.00 g (20.2 mmol, 1.00 equiv) in 200 mL THF with 5 mol% triethylamine as a base catalyst  (1.00 

mmol, 0.10 g) was added in a round bottom flask and purged under nitrogen. The reaction mixture 

was allowed to stir for 5 min, followed by a dropwise addition of 2-Methylene-1,3-Propanedithiol 

6.08 g (50.5 mmol, 2.50 equiv), then allowed the reaction mixture to stir at room temperature for 

24 h. THF was evaporated and the obtained product was purified by column chromatography using 

a hexane/ethyl acetate mixture (8:2) as eluent and dried in vacuo as a colorless oil with 70% yield. 

1H NMR (400 MHz, chloroform-d, δ): 0.64 (m, 2H), 1.25 (t, 9H), 1.49 (d, 1H), 1.66 (p, 2H), 3.23 

(m, 2H), 3.31 (q, 2H), 3.36 (dt, 2H), 3.84 (q, 6H) , 5.07 (p, 2H), 5.78 (s, 1H); 13C NMR (101 MHz, 

chloroform-d, δ): 7.73, 14.21, 18.30, 24.13, 31.24, 33.61, 43.40, 58.53, 60.38, 77.23, 117.64, 

137.73, 164.24. 

Synthesis of the control non-AFT silane: The synthesis of the control non-AFT silane is 

analogous to the procedure described above for the allyl sulfide (AFT) based silane, where the 

commercially available 1,3-Propanedithiol replaces the 2-Methylene-1,3-Propanedithiol in the 
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synthesis above). 1H NMR (400 MHz, chloroform-d, δ): 0.64 (m, 2H), 1.24 (t, 9H), 1.35 (t, 1H), 

1.66 (p, 2H) 1.94 (m, 2H), 2.68 (q, 2H), 3.02 (t, 2H), 3.31 (q, 2H), 3.84 (q, 6H), 5.78 (s, 1H); 13C 

NMR (101 MHz, chloroform-d, δ): 7.73, 14.21, 18.30, 22.98, 23.08, 28.24, 34.53, 43.66, 58.53, 

60.38, 77.23, 166.70. 

Synthesis of 2-methylpropane-1,3-di(thioethyl vinyl ether) (MeDTVE) and 2-Methylene-

propane-1,3-di(thioethyl vinyl ether) (MDTVE) followed the procedure found in reference.39 

Filler functionalization 

4.00 g of silica particles (Schott, OX50, 40 nm) were first taken in a glass tube and heated at 165 °C 

under vacuum using a Buchi heater/condenser for 3 h. The dried nanoparticles were then 

transferred to a 250 mL bottom rounded flask containing 200 mL of anhydrous toluene 

supplemented with 2.00 g of either AFT based silane or our control non-AFT silane pre-reacted 

for 10 minutes with 2.00 g of n-propylamine. The reaction mixture was then refluxed at 120 °C for 

24 h. After sinalization of nanoparticle, the liquid suspension was centrifuged and the solid pellets 

collected thoroughly, and washed with toluene (3X ≈25 mL) and methylene chloride (3X ≈25 mL) 

in two separate washing/centrifugation cycles. Finally, the washed filler particles were dried under 

vacuum overnight at 70 °C. The thiol functionalized fillers were analyzed by DRIFT FT-IR 

spectroscopy and thermogravimetry (TGA). The 2 wt% mass loss difference between silanized 

and unfunctionalized fillers suggests successful functional group grafting on the surface of glass 

particles in each case (Figure S4). Also, the DRIFT FT-IR characterization provides evidence of 

silanol group disappearance around 3745 cm−1, implying successful surface modification (Figure 

S5).  
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Sample preparation 

Stoichiometric mixtures of a PETMP, TATATO (1:1 molar ratio of thiol:ene), with 1 wt% of I819 

as visible light photoinitiator, and 2 wt% of I65 as UV photoinitiator, and 5-50 wt% of SNPs, 

either the AFT-functionalized to generate the AI or the corresponding negative control to generate 

the PI were prepared. Silanized fillers and resins were blended in a speedmixer (DAC 150 FVZ, 

Flakteck) to ensure homogenous formulations. Samples were photocured with 400-500 nm visible 

light at 50 mW/cm2 for 20 min and then post-cured in an oven at 100 °C for 24 h. 

Fourier Transform Infrared Spectroscopy 

An FTIR spectrometer (Nicolet 6700) connected to a tensometer via fiber optic cables was used to 

monitor the real-time polymerization kinetics in concert with stress measurements. Samples were 

placed between two cylindrical quartz rods, and 50 mW/cm2 light was irradiated from the bottom 

rod using a light guide connected to a mercury lamp (Acticure 4000, EXFO) with 400-500 nm 

bandgap filter. The overtone signal of double bonds was monitored at 6160 cm−1 during the FT-IR 

measurements.  

Polymerization shrinkage stress measurement  

Shrinkage stress was measured via a tensometer using cantilever beam deflection theory 

(American Dental Association Health Foundation, ADAHF–PRC). A composite paste (1 mm in 

thickness, 6 mm in diameter) is placed between two cylindrical quartz rods, which were previously 

treated with a thiol silane. A 50 mW/cm2 of light was irradiated for 2 min from the bottom rod 

using a light guide connected to a mercury lamp (Acticure 4000, EXFO) with a 400–500 nm 

bandgap filter. Polymerization-induced shrinkage of sample exerted a tensile force which caused 

the deflection of the aluminum beam. A LVDT (linear variable differential transformer) was used 
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to convert the displacement to shrinkage stress based upon beam calibration constant and cross-

sectional area of the sample. For the simultaneous measurement of conversion with shrinkage 

stress, data was collected continuously for 15 min. 

Viscosity measurement 

The resin viscosity was measured via a TA instruments ARES rheometer. Each resin was placed 

between two parallel quartz plates (8 mm in diameter, 0.4 mm in thickness), and the viscosity was 

monitored at a shear rate of 252 s-1.  

Scanning electron microscopy  

Scanning electron microscope (Zeiss, Supra 60) was used to investigate the microstructures and 

the fracture surfaces of composites. Samples were coated with a thin layer of gold to prevent 

charging before the observation by SEM. 

Thermogravimetric analysis 

Thermogravimetric analysis (TGA Pyris 1, PerkinElmer) was used to analyze the functionalized 

silica nanoparticles. Each sample was run in a nitrogen atmosphere (20 ml min−1) from 50 °C to 

850 °C at a heating rate of 10 °C min−1.  

Three-point bend test 

 Rectangular bars (2×4×20 mm) and a 3-mm long notch on one edge were used for three-point 

bend tests to measure fracture toughness. The three-point bend test was performed using a (MTS 

858 Mini Bionix II) testing machines. Five specimens of each composition were tested to evaluate 
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the mechanical tests with displacement rate of 1.0 mm/min. The fracture toughness was calculated 

using the following equation: 

𝐾𝐾1𝑐𝑐 =
𝑃𝑃𝑃𝑃 𝑆𝑆

𝑊𝑊𝐷𝐷^(2
3)
𝑓𝑓 �

𝑎𝑎
𝑤𝑤
� 

where a is the crack length and f (a/w) is the polynomial geometrical correction factor given as: 
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4.3. Results and Discussion 

To form an AI composite and examine the influence of DCC at the particle matrix interface 

on composite behavior, silica nanoparticles (SNPs) were functionalized with an AFT-capable allyl 

sulfide containing triethoxysilane (synthesis in experimental section), enabling AFT-induced bond 

exchange upon light exposure in the presence of a suitable radical-generating photoinitiator as 

illustrated in Figure 4.1. For use as a control, SNPs were functionalized with a similar silane also 

capable of bonding to the resin but not capable of subsequent AFT-mediated bond exchange (PI). 

The thiol functionalized fillers were analyzed by DRIFT FT-IR spectroscopy and 

thermogravimetry (TGA) which provided additional evidence of successful functional group 

attachment to the SNP surface (Figure S4 and Figure S5) at a density of 1.03×10-6 mole of AFT 

silane per m2 on the nanoparticle surface. In the following experiments, SNPs were dispersed into 

a resin comprised of a stoichiometric ratio of pentaerythritol tetra(3-mercaptopropionate) PETMP 

thiol and 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO) alkene that leads to the 
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formation of a glassy polymer network as the resin phase of the composite. Loading of SNPs is 

varied to include 5 wt%, 15 wt%, 25 wt%, and 50 wt% of the total composite weight, recognizing 

that the importance and volume fraction of the interface will rise along with the increase in the 

filler loading. 

 

Figure 4.7. Monomers and fillers used in the formulation of the composites to examine the 
influence of dynamic bond exchange at the SNP-polymer interface. Resins were formulated such 
that there was a stoichiometric balance of PETMP and TATATO (1:1 SH:ene).  

Internal stresses are well known to arise in composites, both within the bulk resin as well 

as at the particle interface during curing, during the polymerization due to post-gelation volumetric 

contraction and elastic modulus evolution primarily during vitrification, leading to diminished 

composite performance and premature failure through initiation of microcracks and interfacial 

debonding.40,41 To investigate the effect of dynamic bond exchange at the particle interface on bulk 

shrinkage stress reduction, a tensometer connected to an FTIR spectrometer via fiber optic cables 

was used to monitor real-time functional group conversion and the corresponding stress generated 

due to polymerization shrinkage40–42 (Figure 4.2). In the radical mediated thiol-ene 
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polymerization, the AFT process occurred simultaneously with photopolymerization of the thiol-

ene monomers to facilitate stress relaxation at the particle interface via bond reconfiguration. Due 

to the interfacial bond exchange, the AI system containing 25 wt% SNPs showed modestly slower 

photopolymerization reaction kinetics (Figure 4.2A) because the allyl sulfide functionality and 

the vinyl ether compete in reactions for the thiyl radical, which is consistent with what has been 

reported in the literature for allyl sulfide containing thiol-ene systems.22 The residual stress was 

measured to be 0.9 MPa in the PI sample and 0.5 MPa in the AI system, indicating a significant 

45 % reduction in shrinkage stress after curing to equivalent conversions when AFT was present 

only at the particle interface (Figure 4.2B). Varying the loading of SNPs to 5 wt%, 15 wt%, 25 

wt%, and 50 wt% resulted in shrinkage stress decreasing monotonically with increased SNP 

loading for both AI and PI systems, as shown in Figure 4.2C. The reduction in shrinkage stress 

with increasing particle loading is due to the reduction in overall reactive functional group density, 

which is responsible for the bulk volumetric shrinkage during polymerization.43 Both AI and PI 

systems exhibit fairly similar shrinkage stress at low loading where the contribution from the 

interface is the least; however, the disparity in shrinkage stress between the two systems becomes 

progressively more significant at higher loading, such as 25 wt% and 50 wt%, with dramatic 

reduction of shrinkage stress observed for the AI-based composite when compared to the PI 

composites. It should be noted that both composite systems exhibit the same tensile modulus for 

any given SNP loading level (Figure S4.1), which indicates effective covalent attachment between 

the resin and filler with either interfacial configuration.  
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Figure 4.8. A. Polymerization kinetics as measured by FT-NIR. B. In situ polymerization stress 
for a 1:1 PETMP/TATATO sample with 25 wt% of both control SNPs to generate PI (squares) 
and AFT SNPs to generate AI (triangles) C. The final polymerization shrinkage stress taken after 
10 min reaction time for both PI (squares) and AI (triangles) composites as a function of SNPs 
weight fraction. All samples were placed between two quartz rods, previously treated with a thiol-
functional silane and irradiated for 2 min at ambient temperature with 400-500 nm light at 50 
mW/cm2 following 2 min in the dark to establish a baseline measurement. 

 

Interfacial bond exchange is not limited to influencing the shrinkage stress development 

during curing, and it can be further employed to relieve stress after polymerization during 

mechanical loading of composites. Accordingly, post-polymerization stress relaxation 

experiments were conducted on the composites to assess the influence of AI in fully cured, glassy 

composites. A constant strain of 1 % was applied to all composites, which were then exposed to 
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365 nm light at a 20 mW/cm2 intensity for 10 min. The light source served to activate the bond 

exchange process at the particle interface in the presence of I651 as a latent UV-initiator. Figure 

4.3A shows that for a fixed SNP loading of 25 wt%, the AI composites relaxed 70 % of the initial 

stress, while the PI composites relaxed only 11 % of the initial stress. The relaxation exhibited by 

the PI composite is attributed to segmental motion along chains in the glassy state44while the large 

degree of additional stress relaxation in the AI system is considered to be a result of interfacial 

bond exchange. At 50 wt% fillers, this represents a 66% increase in the stress relaxation of AI 

composites relative to the PI composites. Varying the SNP loading in the system results in minimal 

change in the stress relaxation behavior of the PI samples, but dramatically affects the AI behavior 

(Figure 4.3B). Specifically, the AI composites relaxed 40% of the initial stress at 5 wt% SNP 

loading, 55% at 15 wt% SNP loading, 70% at 25 wt% and 80% of the initial stress at 50 wt% SNP 

loading. These observed trends of more stress relief at higher SNP loading in the AI composite are 

due to the increase of the interfacial surface area associated with increasing the SNP loading, which 

then increase the number of exchangeable bonds at the interface relative to the overall composite 

volume.1 
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Figure 4.9.  A. Photo-induced stress relaxation achieved on fully cured 0.25 mm thick sample, of 
a 1:1 PETMP/TATATO with 25 wt% of both control SNPs to generate PI (squares) and AFT SNPs 
to generate AI (triangles), at constant 1% strain. B. Final stress relaxation as a function of SNPs 
weight fraction. The specimens were irradiated at t=0 with 365 nm, 20 mW cm2 UV-light for 10 
min. 

         In addition to static testing at a constant strain, samples with varied SNP loading were 

subjected to a tensile test with a strain ramp of 1 mm/min until failure. Samples were not 

illuminated during the strain ramp, so bond exchange in the AI composites was confined to the 

curing stage. Young’s modulus increased linearly with increasing nanoparticle weight fractions 

for PI and AI system (Figure S4.1). The tensile strength (Figure 4.4A) and toughness (Figure 

4.4B) of the PI composite improved with greater SNP loading values up to an optimum value of 

15 wt% and then began deteriorating with larger SNP content. This optimal loading value is 

consistent with the existing literature where the phenomenon has been attributed to the formation 

of physical defects within nanocomposites during the curing process at higher loadings where 

particle-particle interaction due to aggregation begins to occur, creating physical defects that act 

as stress concentrators, weakening the composites.3,6,45–47 It is therefore interesting to note that the 

AI-based nanocomposites diverged from this typical behavior. Specifically, tensile strength 

increased linearly with increasing weight fractions of SNPs, well beyond the optimal 15 wt% seen 
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in the control, Figure 4.4A. Toughness measured in the AI composites increased significantly 

moving from 5 wt% to 15 wt% filler. Increasing the filler amount beyond 15% did not compromise 

the composite toughness; 25 wt% and 50 wt% composites exhibit a minor increase in toughness 

relative to the 15 wt% samples, appearing to achieve a plateau as shown in Figure 4.4B. A 

widespread problem in materials engineering is the general mutual exclusivity of strength and 

toughness; Figure 4.4C highlights the ability of these AI-based composites to defeat this problem 

and broaden the envelope of attainable properties in this material system.48 Since a reduction in 

polymerization shrinkage plays a crucial role in diminishing stress generation and as a result the 

likelihood of defect formation particularly at interfaces 49, this behavior is obviously related to the 

significant reduction in the shrinkage stress with increasing the AI-based SNPs loading (Figure 

4.2C). As is well-known, at high shrinkage stress, as chains become deformed into less 

entropically favorable conformations, the energy barrier to chain scission becomes smaller, leading 

to increased probability of chain scission, which again generates defects.50,51 On the other hand, 

having exchangeable bond at the particle interface in the AI composite works to counter this effect 

by relaxing chain conformation at the interface, delaying chain scission, and therefore reducing 

the likelihood of crack nucleation. Additionally, after crack nucleation, the significant reduction 

in the shrinkage stress caused by the AFT bond exchange causes the SNP interfacial zones ahead 

of the crack tip to be subjected to lower stresses, when compared to the PI that originally exhibited 

higher stress during the polymerization process. At high particle loading, this stress will be 

amplified by interactions between the stress fields around the particles, which as a result cause the 

composite’s failure and decreases its ultimate mechanical properties.6 
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Figure 4.10. The effect of particle weight fraction% on the mechanical properties of PI-based 
SNPs (squares) and AI-based SNPs (triangles). A. Tensile yield strength (MPa), B. Toughness 
(MJ.m-3), C. Toughness (MJ.m-3) versus tensile yield strength (MPa) at 5,15,25 and 50 wt% SNP. 
Stoichiometric mixtures of PETMP and TATATO (1:1 SH:ene), with 1 mol% of I819 visible light 
photoinitiator per functionality, 2 mol% of I651, and 5-50 weight percentages of SNPs 
functionalized with either the AFT silane to generate the AI composite or the control silane to 
generate the PI composite were prepared then cured with 400-500 nm visible light at 50mW/cm2 

for 20 min, then post-cured in an oven at 100°C for 24 h. 

          To investigate the effects of in situ interfacial bond exchange on composite failure, fully 

cured, pre-cracked samples containing 25 wt% SNPs were subjected to 3-point bend tests. The 

dimensions of each specimen used in the investigation were 2×4×20 mm with a 3-mm long notch 

on one edge. The fracture toughness value, KIC (MNm-3/2), for each specimen was measured at a 

crosshead speed of 1 mm/min until fracture. Figure 4.5A illustrates the behavior of three different 
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samples subjected to loading: A PI composite, AI composite, and one AI composite exposed to 

UV-light to enable the AFT in situ at the crack tip during loading. As can be seen from Figure 

4.5A, the AI composite that was exposed to UV-light to induce in situ interfacial bond exchange 

exhibited higher yield strength (10.4 MPa) and fracture toughness (2.3 MNm-3/2) than both the 

unexposed AI composite, which exhibited a 8.2 MPa yield strength and 1.3 MNm-3/2 fracture 

toughness, and the PI composite, which gave the lowest values of both yield strength (5 MPa) and 

toughness (0.8 MNm-3/2). Subsequent scanning electron microscopy (SEM, Zeiss, Supra 60) 

images were taken of the fractured surfaces (Figure 4.5B). Images reveal that both the PI and the 

unexposed AI composites contain voids dotted throughout the fracture surface. Cavitation of this 

nature associated with rigid silica particles has been previously reported in the literature, where 

stress concentrations around the SNPs initiate particle debonding, followed by plastic deformation 

via a void-growth mechanism, which is believed to change the stress state in the surrounding 

matrix and reduces the constraint at the crack tip. These voids were shown to become less 

numerous by improving the adhesion between the particles and the resin, where the stress is 

effectively transferred through the particle-polymer interface and reduces the stress state around 

the SNPs52–54, which is consistent with the difference in the nature and the number of voids 

between the PI and the AI composites. These voids are smaller and less numerous on the AI 

composite, where the particles are subjected to lower stress due to the lower stress that originally 

built up during the polymerization process when compared to the PI composites. Furthermore, a 

smoother surface with significantly less exposure of silica nanoparticles along the fracture surface 

was obtained when in situ AFT bond exchange at the particle-polymer interface was triggered 

during the fracture process, which relieved the triaxial stress that drives the particles cavitation 

mechanism, demonstrating a reduction of polymer-particle debonding events during failure. This 
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impressive shift in failure mechanism is not without precedent as previous work has demonstrated 

an elimination of voids by thermally relaxing stress.55–57 As a result, a corresponding increase in 

the toughness was also obtained when in situ AFT bond exchange at the particle-polymer interface 

was triggered during the fracture process. It should be noted that both AI- and PI-based composites 

showed very similar dispersion of the SNPs using TEM imaging at 25 wt% SNP loading (Figure 

S4.2). 

 

 

Figure 4.11.  A. Fracture test for fully cured, dogbone-shaped PETMP-TATATO-25wt% SNPs 
coated with:   PI,   AI,   AI radically triggered with 40 mW/cm2 of 365nm light through the 
crack tip, during the 3-point bend test at a displacement rate of 1 mm/min. B. High-resolution 
scanning electron microscopy (FEG-SEM) images were taken for fractured surfaces of three 
PETMP-TATATO composites containing: AI radically triggered with 20mW/cm2 of 365 nm light 
through the crack tip during the fracturing process, AI based SNPs, PI based SNPs.  

Typically, cavitation, delamination, and plastic-shear yielding all contribute to dissipation 

of mechanical energy during loading.47 Interestingly, we have now demonstrated that while AI 
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suppressed the two former dissipating mechanisms during three-point bending (Figure 4.5), it 

accentuated the latter during stress relaxation tests (Figure 4.3). Noting these competing 

phenomena naturally leads to questions regarding how these composites will behave when 

subjected to cyclic loading. In order to explore the influence of interfacial bond exchange in 

composites subjected to cyclic loading, a 10 N force was ramped with 5 N/min ramping rate for 

both PI and AI composites, which were then irradiated with UV-light through the crack tips for 30 

s, at which point the force was ramped down over a 2 min period. This procedure was repeated for 

five loading-unloading cycles, and the hysteresis curves are presented in Figure 4.6A for the AI 

and Figure 4.6B for the PI composite. As shown, AI based composites systematically exhibit a 

greater degree of both energy dissipation and non-recoverable strain throughout all five cycles. 

Bond exchange in these cycles is limited, however, by the photoinitiator consumption. The rate at 

which photoinitiator is consumed is altered by adjusting the UV intensity applied to the samples.58 

 

 

Figure 4.12.  Five hysteresis loop cycles during loading of 10 N force then unloading to 0 N at 
5N/min rate for PETMP-TATTATO-25wt% of SNPs coated with: A. AI, B. PI. All samples were 
cured under the same conditions where stoichiometric mixtures of a PETMP, TATATO (1:1 
SH:ene), with 1 mole% of I819, 2 mole% of I651, and 25 wt% of SNPs were cured using 400-500 
nm visible light at 50mW/cm2 for 20 minutes, then post-cured in an oven at 100°C for 24 h. 
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          So far, this work has examined composite behavior when AFT is only present and active at 

the resin-particle interface. Given that AFT has been widely studied in bulk materials, we now 

compare the effects of interfacial dynamic bond exchange (adaptive interface AI) with bond 

exchange occurring throughout the resin matrix (adaptive network AN). To do this we use a 

modified material formulation of the formulation shown in Figure 4.1. We employ two different 

resins, an AN resin comprised of 25 mol% of the alkene forming the composite was supplied by 

the 2-methylene-propane-1,3-di (thioethyl vinyl ether) AFT-DVE monomer to facilitate bond 

exchange throughout the polymer network, and the non-AN resin using the control, nonfunctional 

analog alkene (Scheme 4.1). We also employ two different silanes for functionalizing particles, 

either an AFT-silane to generate the AI or non-AFT silane to generate the PI. Four different 

permutations were then examined: 1. A control composite which does not contain any AFT-

exchangeable bonds in the polymer backbone nor at the SNPs surface (PN-PI), 2. AI-based 

composite containing AFT-moieties only at the SNPs surface coming from AFT-based silane (PN-

AI), 3. AN-based composite containing AFT moieties only in the polymer backbone coming from 

AFT-DVE monomer (AN-PI), 4. Composite based on both AI and AN by introducing AFT 

moieties in both the polymer backbone and at the surface of SNPs (AN-AI). The four formulations 

produce equivalently crosslinked networks with similar Tg’s of 30 °C, and tensile moduli of 1300-

1500 MPa at room temperature (SI Figure S4.3 & Table S4.1).  

 

 

Scheme 4.1. 2-Methylene-propane-1,3-di (thioethyl vinyl ether) (AFT-DVE) monomer and the 
negative control analogue 2-methylpropane-1,3-di (thioethyl vinyl ether) (non-AFT). 
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For each of the four formulated composites, real-time polymerization kinetics of the functional 

group conversion and the corresponding stress generated due to polymerization shrinkage were 

monitored (Figure 4.7A). After curing, tensile tests were performed to compare the effects of 

interfacial dynamic bond exchange with bond exchange occurring throughout the resin on the 

mechanical properties of the composites (Figure 4.7B). As Figure 4.7A shows, the composite that 

does not contain any exchangeable bonds exhibits the highest degree of shrinkage stress, 0.7 MPa, 

while the formulation containing exchangeable bonds both throughout the network and at the 

particle interface (AN-AI) exhibits the lowest degree of shrinkage stress, only 0.2 MPa. While this 

substantial difference is to be expected34, a truly surprising result is observed when comparing 

samples that limit AFT capabilities to either the resin (AN) or the interface (AI). Figure 4.7B 

shows that the PN-AI composite where AFT is limited to the interface exhibit similar values of 

toughness and tensile strength to AN-PI composite where AFT occurs only in the resin despite 

having an order of magnitude fewer dynamic bonds. This result highlights the importance of 

interfacial stress relaxation in polymeric composites: Thermosetting resins with standard silica 

fillers exhibit an enhancement of mechanical properties comparable to those obtained in 

composites with dynamic, chemically complex resins by functionalizing the filler with CANs-

capable silane. Such an approach can be applied to a wide spectrum of resin/filler combinations 

far beyond the proof of concept examples examined here.  



 
 

66 

 

Figure 4.7. A. Final polymerization shrinkage stress taken after 10 min reaction time as a function 
of the double bond conversion via tensometer. B. Material properties: Toughness (MJ.m-3) (red 
circles) and Tensile yield strength (MPa) (blue squares) of four composites: (i) PN-PI composite 
with no exchangeable bonds, (ii) PN-AI composite with interfacial bond exchange, (iii) AN-PI 
composite containing exchangeable bond in the polymer network but not at the interface, and (iv) 
AN-AI composite containing exchangeable bonds both in the polymer backbone and at the resin-
filler interface. The resin contained PETMP as the thiol monomer and a stoichiometrically 
balanced (relative to functional groups) quantity of an allyl and vinyl ether mixture, itself 
composed of 75 mol% (relative to ene functional groups) TATATO and 25% of either the AFT or 
non-AFT DVE, with 1 mole% of I819, 2 mol% of I651, and 25 wt% of SNPs were cured using 
400-500 nm visible light at 50mW/cm2 for 20 min. Tensile test was conducted on dogbone-shaped 
sample with strain rate 1mm/min. 

4.4. Conclusion 

In summary, we demonstrate that surface modification with a DCC bond exchanging 

silane, specifically AFT-based moieties, mitigates the deleterious interfacial stress concentration 

that is ubiquitous in composites in which the composite phases have significantly different 

stiffness. The resulting interfacial stress relaxation is achieved with significant benefits to the 

composite performance, including improvements in toughness, tensile strength, polymerization 

shrinkage stress, and the recovery of the dissipative energy when subjected to cyclic loading. 

During the radical photopolymerization of composites, the process of AFT occurred 

simultaneously with polymerization leading to a relaxation of the stress at the interface via 
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localized bond reconfiguration. As a result, significant reductions in shrinkage stress were 

achieved. The influence of interfacial post-polymerization stress relaxation in composites 

subjected to mechanical loading was also demonstrated. Additionally, a reduction of particle 

debonding events during the composites failure and a corresponding increase in the toughness 

were obtained when in situ AFT interfacial bond exchange was triggered during the fracture 

process. Besides the fact that AFT-exchange is limited by the consumption of photoinitiator, 

nanocomposites also have limited UV light penetration especially for optically thick specimens or 

while mechanical loads are being applied; however, this preliminary investigation provides a new 

platform technology to improve the mechanical performance of thermosetting composites simply 

by introducing an adaptive yet secure interface to their formulation. This work is readily extended 

to other DCCs and CANs and applied to a wide spectrum of resin/filler combinations beyond what 

has been examined here.  
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4.7. Supporting Information 

 

 
 
Figure S4.1. Tensile young’s modulus for both PI (squares) and AI (triangles) composites as a 
function of SNPs weight fraction. Resins were formulated such that there was stoichiometric 
balance of a PETMP, TATTATO (1:1 SH:ene). Polymerization was conducted with 1 wt% of I819 
(bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide) visible light photoinitiator, and 2 wt% of I65 
(2,2-Dimethoxy-1,2-diphenylethan-1-one). Samples were photocured with (400-500) nm visible 
light at 50 mW/cm2 for 20 min and then post-cured in an oven at 100°C for 24 h. 
 
 

 
Figure S4.2. High-resolution scanning electron microscopy (TEM) images were taken for surfaces 
of PETMP-TATATO composites containing: A. 25 wt% control SNP (PI), B. 25 wt% AFT SNP 
(AI). Resins were formulated such that there was stoichiometric balance of a PETMP, TATTATO 
(1:1 SH:ene). Polymerization was conducted with 1 wt% of I819 (bis(2,4,6-trimethylbenzoyl)-
phenylphosphineoxide) visible light photoinitiator, and 2 wt% of I65 (2,2-Dimethoxy-1,2-
diphenylethan-1-one). Samples were photocured with (400-500) nm visible light at 50 mW/cm2 

for 20 min and then post-cured in an oven at 100°C for 24 h. 
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Figure S4.3. Tensile young’s modulus of four composites: (i) PN-PI composite with no 
exchangeable bonds, (ii) PN-AI composite with interfacial bond exchange, (iii) AN-PI composite 
containing exchangeable bond in the polymer network but not at the interface, and (iv) AN-AI 
composite containing exchangeable bonds both in the polymer backbone and at the resin-filler 
interface. The resin contained PETMP as the thiol monomer and a stoichiometrically balanced 
(relative to functional groups) quantity of an allyl and vinyl ether mixture, itself composed of 75 
mol% (relative to ene functional groups) TATATO and 25% of either the AFT or non-AFT DVE, 
with 1 mole% of I819, 2 mol% of I651, and 25 wt% of SNPs were cured using 400-500 nm visible 
light at 50mW/cm2 for 20 min. Tensile test was conducted on dogbone-shaped sample with strain 
rate 1mm/min. 
 

 
Table S4.1. Viscosity at shear rate 250 s-1, glass transition temperature and storage 

modulus (MPa) at Tg + 30°C of four different composite formulations.  
 

Sample Viscosity (Pa⋅s) Tg°C 
 

Storage modulus (MPa) 

PN-PI 1 28±2 17±3 

PN-AI 1 27±2 20±2 

AN-PI 1 25±2 20±5 

AN-AI 1 27±2 21±3 
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Figure S4.4. Thermogravimetric analysis on glass microparticles before, and after silanization 
with AFT silane (AI) and control silane (PI). The 2 % weight difference between treated and 
untreated particles suggests successful silane grafting on the glass surface. Based on this result, 
calculation yields approximately 1.03*10-6 mole of AFT silane per m2 on the nanoparticle surface 
and 1.05*10-6 mole of control silane per m2 on the nanoparticle surface. 

 
 

 
Figure S4.5.  Diffuse reflectance infrared fourier transform spectroscopy (DRIFTS) analysis of 
untreated (top, black line) and AFT functionalized (bottom, red line) silicon dioxide nanoparticles. 
Silanol peak disappearance is evident at 3745 cm-1. Also, the IR signals of the organic layer grafted 
on the particle surface are apparent in the range 2800-3100 cm-1.  
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Chapter 5 

Enhancing the Toughness of Composites via Dynamic Thiol-Thioester Exchange (TTE) 

at the Resin-Filler Interface* 

Due to a mismatch in mechanical moduli, the interface between constituent materials in a 

composite is the primary locus for crack nucleation due to stress concentration. Relaxation of 

interfacial stresses, without modifying the properties of constituent materials, is a potent means of 

improving composite performance with broad appeal. Herein, we develop a new type of adaptive 

interface that utilizes thiol-thioester exchange (TTE) at the filler-polymer interface. Specifically, 

dynamic covalent bonds sequestered at material interfaces are reversibly exchanged in the 

presence of thioester moieties, excess thiol and a base/nucleophile catalyst. Employing this active 

interface effectively mitigates deleterious growth of interfacial stresses, thereby enhancing the 

composite’s mechanical performance in terms of reductions in polymerization shrinkage stress and 

improvement in toughness. Specifically, activating interfacial TTE in an otherwise static matrix, 

resulted in 45% reduction in the polymerization stress, 50% post polymerization stress relaxation 

and drastically increased toughness relative to control composites incapable of TTE bond 

exchange but otherwise identical. 

 

 

 

 

 

*Manuscript in preparation.  
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5.1. Introduction 

Polymers reinforced with rigid fillers (such as glass beads, silica and alumina particles) are 

widely used in many engineering fields due to the flexibility they provide in targeting desired 

physical and mechanical properties. Nanocomposites are of particular interest when designing 

composites of higher stiffness, due to the enormous surface area associated with nanofillers.1,2 It 

is well known that the interfacial region in such polymers concentrates stresses due to the common 

mismatch in mechanical moduli between constituent materials, which negatively impacts the 

overall mechanical properties.3 Accordingly, several decades of work have been directed towards 

reducing the interfacial stress, improving stress transfer between fillers and the matrix, and 

examining impacts of filler size, content and the adhesive strength.2 Despite these efforts, 

alleviating the concentration of interfacial stresses in order to prevent premature composite failure 

and improve crack-growth resistance is an ongoing challenge. Inspired by this limitation, recent 

developments in dynamic polymer composites have showcased the incorporation of dynamic 

covalent chemistries (DCCs). The presence of DCC-capable moieties in the resin formulation leads 

to chemical bond reshuffling and promotes stress relaxation while maintaining connectivity of the 

polymer network. These dynamic networks exhibit static thermoset properties under ordinary 

circumstances but reversibly rearrange covalent bonds, often in response to an externally applied 

stimulus.4,5 

Recently, mechanoresponsive DCC-based composites, such as addition fragmentation 

chain transfer (AFT) based dental composites,6,7 transesterification-based epoxy composites,8,9 

and disulfide-based vitrimer composites,10 have been developed. A unique adaptive interface 

platform was introduced to effectively mitigate the interfacial stress and improve the overall 

mechanical properties by localizing AFT moieties only at the matrix-filler interface. However, 
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composites with AFT-active filler are capable of undergoing stress relaxation at the interface only 

during light exposure which is required for generating short-lived radicals, thus offering minimal 

capacity for stress relaxation over the lifetime of the composite or in areas where light exposure is 

limited (e.g., optically thick).11 

To address AFT’s shortcomings, a perpetual, light independent interfacial DCC 

mechanism is examined here: the anion-mediated thiol-Thioester Exchange (TTE) reaction. 

Exchange reactions involving thioesters have been effectively utilized to develop native chemical 

ligation (NCL)12, degradable hydrogel networks,13 synthetic sequence-controlled polymers,14 and 

to increase refractive indices in bulk polymers.15 However, the dynamic behavior in such 

crosslinked networks was not explored until Worrell et al. published the first work introducing 

TTE reaction as a new class of covalent adaptable networks (CANs) that enable rapid, continuous 

ambient temperature stress relaxation.16 This exchange reaction only proceeds under the condition 

that free thiol, thioester, and base/nucleophile as a catalyst are all present in the network. The 

exchange reaction happens when the unreacted thiol groups are deprotonated by basic catalysts, 

which generates thiolate anions that then attack the carbonyl functional groups to form a short-

lived symmetrical intermediate, followed by the regeneration of the thioester and thiolate anion 

(Figure 5.1A). If any of these three elements are missing, the polymer behaves as a typical 

crosslinked elastomer.16 While this dynamic exchange reaction has been demonstrated in bulk 

materials,16,17 using this phenomenon to relax interfacial stresses has never been achieved.  

Therefore, following the successful demonstration by Worrell et al. indicating the 

efficiency of the TTE reactions16 and the exceptional efficiency of interface-limited DCC 

processes in composites,11 herein silica nanoparticles (SNP) were functionalized using a silane that 

had a TTE moiety capable of bond exchange and dispersed into a thiol-ene resin. By localizing 
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TTE to the resin filler interface, adaptive interfaces capable of stress relaxation and dynamic bond 

exchange were created (Figure 5.1A). This behavior manifests as enhanced stress relaxation and 

improved mechanical properties. Due to the long catalytic lifetime of base/nucleophile catalysts, 

such system undergo continuous exchange reaction of covalent bonds and continue to relax the 

interfacial stress over the lifetime of the composite. Strikingly, in situ interfacial bond exchange is 

observed to directly impact fracture processes, delaying crack propagation and displaying unique 

failure mechanisms in TTE-enabled composites. 

5.2. Materials and Methods 

Materials 

Pentaerytritol tetrakis(3-mercaptopropionate) (PETMP), Triallyl-1,3,5-triazine-2,4,6-

(1H,3H,5H)-trione (TATATO), 1,4-diazabicyclo[2.2.2]octane (DABCO),  and propylamine were 

purchased from Sigma-Aldrich. Irgacure 819 (bis(2,4,6-trimethylbenzoyl)- 

phenylphosphineoxide) was obtained from BASF. Schott glass (mean particle size 40 nm) 

untreated were generously donated by Evonik Silicas and used as the inorganic fillers. Prior to 

implementation and as described later, these fillers were subsequently functionalized with thiol 

group for inclusion and copolymerization in the composite. All chemicals were used as received. 

The thioester-diacrylate20 was synthesized using methods reported elsewhere. 

Filler Functionalization 

4 g of silica particles (Schott, OX50, 40 nm) were first taken in a glass tube and heated at 165 °C 

under vacuum using a Buchi heater/condenser for 3 h. The dried nanoparticles were then 

transferred to a 250 mL bottom rounded flask containing 200 mL of anhydrous toluene 
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supplemented with 2 g of (3-Mercaptopropyl) trimethoxysilane prereacted for 10 min with 2 g of 

n‐propylamine. The reaction mixture was then refluxed at 120 °C for 24 h. After sinalization of 

nanoparticle, the liquid suspension was centrifuged and the solid pellets collected thoroughly, and 

washed with toluene (3× ≈ 25 mL) and methylene chloride (3× ≈ 25 mL) in two separate 

washing/centrifugation cycles. The washed filler particles were dried under vacuum overnight at 

70 °C. Then 2 g of the dried thiol functionalized fillers were reacted with 0.7 g thioester diacrylate 

in DCM in presence of 3 mL TEA base at R.T overnight. After silanaization of nanoparticle was 

washed with DCM (1× ≈ 25 mL), toluene (2× ≈ 25 mL) and DMSO (2× ≈ 25 mL), and dried under 

vacuum overnight at 70 °C. The functionalized particles were analyzed by DRIFT FT‐IR 

spectroscopy and TGA. The mass loss difference between silanized and unfunctionalized fillers 

suggests successful functional group grafting on the surface of glass particles in each case. Also, 

the DRIFT FT‐IR characterization provides evidence of silanol group disappearance around 3745 

cm−1, and the appearance of the thioester group around 1700 cm−1 implying successful surface 

modification. 

 Fourier Transform Infrared Spectroscopy 

An FT-IR spectrometer (Nicolet 6700) connected to a tensometer via fiber optic cables was used 

to monitor the real-time polymerization kinetics in concert with stress measurements. Samples 

were placed between two cylindrical quartz rods, and 300 mW cm−2 light was irradiated from the 

bottom rod using a light guide connected to a mercury lamp (Acticure 4000, EXFO) with 400–500 

nm bandgap filter. The overtone signal of double bonds between 6250–6096 cm−1 was monitored 

during the FT-IR measurements. 
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Polymerization Shrinkage Stress Measurement 

Shrinkage stress was measured via a tensometer using cantilever beam deflection theory 

(American Dental Association Health Foundation, ADAHF–PRC). A composite paste (1 mm in 

thickness, 6 mm in diameter) was placed between two cylindrical quartz rods, which were 

previously treated with a methacrylate functional silane to promote bonding at the glass surface/ 

resin interface. A 300 mW cm−2 of light was irradiated from the bottom rod using a light guide 

connected to a mercury lamp (Acticure 4000, EXFO) with a 400–500 nm bandgap filter. 

Polymerization-induced shrinkage of sample exerted a tensile force which caused the deflection 

of the aluminum beam. A linear variable differential transformer was used to convert the 

displacement to shrinkage stress based upon beam calibration constant and cross-sectional area of 

the sample. For the simultaneous measurement of conversion with shrinkage stress, data were 

collected continuously for 10 min (n=3). 

 Thermogravimetric Analysis 

TGA (Pyris 1, PerkinElmer) was used to analyze the functionalized silica nanoparticles. Each 

sample was run in a nitrogen atmosphere (20 mL min−1) from 50 to 850 °C at a heating rate of 10 

°C min−1. 

Fracture test 

 We adopted single edge notch geometry for the fracture test as shown in Fig. 5.3(A). The sample 

consisted of a rectangular thin sheet with width w=22mm and height h=20mm. An initial crack 

with length a=5mm was introduced at the edge of the sample by a blaze. In order to perform the 

Digital Image Correlation (DIC), a speckle grey distribution pattern that deforms along with the 

sample is required to calculate displacements and strains with accuracy. To obtain such a pattern, 
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we sprayed the sample surface with black dots as shown in Fig S5.3.  Then the sample was mounted 

on a mechanical test machine (Intron 5965) for fracture test. First the sample was subjected to a 

tensile displacement at a fixed strain rate of 0.025/min until the global strain reached to 0.03. Next, 

the sample was relaxed by holding the global strain at 0.03 for 5mins for Control sample and 3 

mins for TTE sample. Then, a same loading rate 0.025/min was applied until the crack stated to 

propagate. The stain history is shown in Fig 5.3(A). During the test, the video recording was 

performed with a CCD camera (Canon EOS 6D DSLR along with Canon 100mm F/2.8L Macro 

Lens).  

Digital image correlation 

 The DIC software used in this study was Ncorr, an open source code written in MATLAB. Ncorr 

has ability to obtain the displacement and strain fields by analyzing input reference and current 

images based on the DIC algorithm. For the reference image, we extracted the first frame from 

video as the initial configuration. For the current images, since there are three stages for loading 

history, we extracted frames every 6s before relaxation, every 1min during relaxation and every 

10s after relaxation as deformed configurations. After specifying three important parameters 

(subset radius, subset spacing and strain radius) following the instructions provided by Nccor, we 

were able to obtain the displacement and strain fields for the fracture test. More details on the code 

are available in at the website (http://www.ncorr.com/). 

Three-point-bending test 

Rectangular bars (2×4×20 mm) and 2 uneven notches ( 3-mm long notch and 1.5 mm short notch) 

on one edge were used for three-point bend tests to measure fracture toughness. The three-point 

bend test was performed using a (MTS 858 Mini Bionix II) testing machines. Five specimens of 

http://www.ncorr.com/
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each composition were tested to evaluate the mechanical tests with displacement rate of 1.0 

mm/min. 

Tensile Testing 

It was performed using an MTS Exceed E42 universal testing  machine  with  a  500N  load  cell  

to  give  the  engineering  stress–strain  curve,  the  Young’s  modulus  (determined  from  the  

initial  linear  elastic  region  of  the  stress–strain  curve),  the  yield  stress  (the  stress  at  the  

maximum),  the  elongation  to  break,  and  the  toughness  (as  measured  from  the  area  under  

the  stress–strain  curve). Dogbone samples were cut or molded (for brittle specimens) with  a  3.15  

mm  width  and  0.1  mm  thickness,  however  the  gage  length  was  ≈15  mm. The specimens 

were clamped in the grip areas and tested under uniaxial tensile loading at displacement rate 0.0001 

s-1. 

5.3. Results and Discussion 

To develop a TTE-based adaptive interface and examine its influence on composite 

behavior, SNPs were functionalized using a silane that had a thioester moiety capable of bond 

exchange and dispersed with 10 wt% particle loading into photopolymerizable thiol-ene resin, as 

illustrated in Figure 5.1. The static resin was comprised of a triene monomer (1,3,5-triallyl-1,3,5-

triazine-2,4,6(1H,3H,5H)-trione (TATATO)) and a tetrathiol (pentaerythritol tetra (3-

mercaptopropionate (PETMP)) with 10% excess thiol and 2wt% 1,4-diazabicyclo[2.2.2]octane 

(DABCO) nucleophile (Figure 5.1B). An identical control sample, unable to undergo TTE bond 

exchange through the elimination of the TTE moiety from the interface or the catalyst necessary 

for the bond exchange was also formulated. The control composite exhibited a similar Tg and 
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storage modulus at ambient conditions (Tg ≈ 60 °C, Figure S5.1), which allows us to decouple the 

effects caused by the interfacial bond-exchange process.  

 

Figure 5.5.  A) Mechanism and illustration for TTE at the SNP-polymer interface. B) Monomers 
and fillers used in the formulation of the composites. Resins were formulated of PETMP and 
TATATO (1.1:1 SH:ene), 2 wt% DABCO and 10 wt% of SNPs, either TTE or the corresponding 
control. Polymerization was initiated with 1 wt% of I819 (bis(2,4,6‐trimethylbenzoyl)‐
phenylphosphineoxide) visible light photoinitiator, and photocured with 400–500 nm visible light 
at 50 mW cm−2 for 5 min on each side and then postcured in an oven at 60 °C for 4 h. 

Residual stress is known to arise during polymerization, due to post-gelation volumetric 

contraction and elastic modulus development primarily during vitrification, leading to reduced 

mechanical performance and premature failure.20,21 The design of mechanically robust glassy 

networks with low polymerization-induced shrinkage stress at quantitative conversion is 
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particularly demanding in the application of bulk materials. To investigate the effect of interfacial 

TTE bond exchange on shrinkage stress reduction within a composite system, the real-time 

polymerization kinetics, and the corresponding stress generated due to the shrinkage on both 

control and TTE-capable composites were monitored via an FTIR spectrometer connected to a 

tensometer. Figure 5.2A shows the evolution of shrinkage stress of the TTE composite as 

compared to the shrinkage stress developed in the analogue control at equivalent conversion. A 

significant (45%) reduction in the polymerization shrinkage stress was achieved in the composites 

with activated TTE at the particles interface as compared with the TTE-free composites used in 

the control experiment at equivalent 90% conversion (Figure 5.2A). While interfacial relaxation 

should intuitively be capable of reducing shrinkage stress, the dramatic improvement here is 

enabled by the high surface area to volume ratio of SNPs. 

To assess the influence of TTE bond exchange in fully cured, glassy composites (Tg = 60 

°C as measured in DMA) and examine the ability of interfacial TTE bond exchange to relieve 

stress during mechanical loading, stress relaxation experiments were conducted by applying a 

constant 1% tensile strain to both TTE-based and control composites at ambient temperature. 

Composites with activated TTE at the particle interface exhibited a significant 50% stress 

relaxation within 30 minutes even though the bulk resin is not capable of any DCC. In contrast, 

the control composites showed minimal stress relaxation, typical of glassy thermosets (Figure 

5.2B). This ability to relax stresses is a key demonstration of the ability of interfacial dynamic 

bond exchange to enhance composite performance when under mechanical loading. 

To examine the influence of interfacial bond exchange on the strength and toughness of 

glassy composites under mechanical loading, tensile testing was conducted with a constant strain 

rate of 0.0001 s-1 until failure. Composites with activated TTE at the interface exhibited 
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significantly higher tensile strength and 3-4 times greater toughness than the control composite 

(Figure 5.2C & Table S5.1). Interestingly, in addition to the dramatic increase in toughness, 

different failure modes were also observed in the control and TTE-activated samples. The control 

samples showed a typical brittle failure mode for a glassy composite, where at the peak stress, a 

crack appeared and catastrophically propagated across the sample, providing no early indication 

of upcoming failure. However, a different failure mode was observed in the TTE samples, where 

an initial crack formed and then propagated across the sample as would normally be observed in 

the control, but the crack propagation was eventually arrested, and the stress plateaued. Subsequent 

increases in stress nucleated a second crack on the opposite side of the sample. The two cracks 

then merged and the sample failed catastrophically (Figure 5.3C). This shift in fracture behavior 

along with the corresponding increase in the toughness relative to control samples is related to 

ongoing interfacial stress relaxation of chain deformations during tensile loading. During tensile 

tests, the energetic barrier to chain scission in the polymer resin reduces, generating defects and 

leading to failure.22,23 Having exchangeable bonds at the particle interface in TTE composite acts 

to counter this effect by relaxing chain conformation, reducing the stress at the crack tip that drives 

the crack propagation, and hence delaying failure.  
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Figure 5.6. A) In situ polymerization stress of both control (squares) and TTE (circles) composites. 
Samples were placed between two quartz rods, previously treated with a thiol‐functional silane 
and irradiated for 5 min at ambient temperature with 400–500 nm light at 50 mW cm−2 following 
1 min in the dark to establish a baseline measurement. B) Stress relaxation achieved on fully cured 
0.25 mm thick sample, of control (squares) and TTE (circles) composite at constant 1% strain. C) 
Tensile test for fully cured, dogbone‐shaped of both control and TTE-enabled composites at a 
displacement rate 0.0001 s-1. 

Motivated by the different failure mechanisms observed in tensile experiments, notched 

samples of control and TTE-activated composites (Figure 5.3A) were used to study how TTE 

affects the deformation of a pre-existing crack before it starts to propagate. As shown in Figure 

5.3B, initially the notched TTE and control samples exhibited similar compliance, but the notched 

TTE sample was able to sustain a higher peak force than the control. Digital Image Correlation 

(DIC) was used to map the strain fields in both notched samples. Results of the normal strain 
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component εyy along the tensile direction, shown in Figure 5.3C, revealed a striking difference. In 

the control sample, a significant concentration of εyy near the crack tip emerged as the external 

loading increased, which manifests severely amplified stress at the crack tip. The crack tip stress 

concentration causes localized material failure and hence crack propagation.24 In contrast, the εyy 

field in the TTE sample was more diffusive, as reflected in the lower strain at the crack tip but 

higher strain far ahead of the crack tip as compared to the control sample. This result suggests that 

the TTE process was able to alleviate crack tip strain concentration through stress relaxation, which 

led to crack tip blunting and delocalized material failure, reminiscent of the toughening effects of 

plasticity in metals.25 The DIC experiment was repeated for other TTE and control samples and 

similar observations were found (Figure S5.2). To quantify the toughening effect of TTE, the 

Griffith fracture criterion were applied to the notched samples, i.e., whether a crack can propagate 

or not is governed by a competition between the energy release rate G and the fracture energy Γ 

(unit: J/m2).25 The former, G, is the energy available to drive crack propagation per unit area and 

represents structural effects such as the external loading and sample geometry. The latter, Γ, 

defined as the energy required to advance the crack by a unit area, describing the material’s 

resistance to fracture.  Initiation of crack propagation occurs when G exceeds Γ. Since the TTE 

and control composites can be approximated as linear elastic materials with about the same 

modulus before unloading occurs, G can be evaluated using the crack opening displacement 

(Figure S5.3). The critical value Gc at the onset of crack propagation is taken as the fracture 

energy. Using this method, Gc for the TTE sample in Figure 5.3 was found to be 550 J/m2, over 

twice that of Gc for the control (260 J/m2).   
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Figure 5.7. Single edge notch fracture test using the (A) Control and (B) TTE samples. Spatial 
distribution of the vertical normal strain components εyy, measured using DIC, right before crack 
propagation (marked by the red dots in the nominal stress versus strain plot) is shown. 
  

The notched sample tests in Figure 5.3 focus on the crack deformation before propagation. 

To highlight further the effect of the TTE adaptive interfaces on the crack propagation behavior, 

three-point bending tests were performed on a two-notch sample where one notch is double the 

length of the other, with a crosshead speed of 1 mm/min until fracture (Figure 5.4A). The 

dimensions of each specimen used in the investigation were 2 × 4 × 20 mm3 with 3 mm and 1.5 

mm cracks on one edge. The control composite failed in a brittle manner, with propagation of the 

longer crack happening at 10% strain (1.1 mm displacement) as shown in Figure 5.4A-1. In 

contrast, by activating the TTE at the resin/filler interface, the failure process became more ductile. 

Figure 5.4A-1 show that in TTE-activated samples the initial crack propagation also began at the 
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tip of the longer crack, but the propagation was slow compared to the control and was eventually 

arrested. As the displacement loading continued to increase, the shorter crack began to propagate 

and ultimately caused failure.  The arrest of the longer crack resulted in ≈ 3 times the total energy 

(6.1 ± 0.9 (MJ/m3)) being absorbed before material failure when compared to the control (1.9 ± 

0.5 (MJ/m3)) (Table S5.2).  

Morphology of fractured surfaces were characterized by utilizing a Micro X-ray Computed 

Tomography (MXCT, ZEISS Xradia 520 Versa) to capture post-mortem images of the cracks in 

control and TTE composites. As shown in Figure 5.4A-2, the control sample failed by continuous 

crack growth at the initially longer crack, before the shorter crack even started to grow, while 

fractured surfaces of TTE indicate that the initially longer crack propagated for only ≈ 100 µm 

then stopped growing and the shorter one catastrophically propagated to cause the ultimate failure 

(Figure 5.4A-2). 

The difference in crack propagation behavior in the TTE and control samples is interpreted 

by considering how the energetic driving force G and resistance Γ change as the crack propagates. 

The change in G is governed by structural effects such as external loading conditions, sample 

geometry and crack length. On the other hand, Γ typically increases upon crack propagation in 

materials with hysteretic behavior due to the expansion of a dissipation zone around the crack tip, 

known as crack growth resistance.25 For the control composite, the concentrated crack tip strain 

field and the brittle fracture mode imply that the increase in Γ upon crack propagation should be 

insignificant. Therefore, the fact that the longer crack in the control sample propagated 

catastrophically suggests that G should increase with crack length, i.e., structurally the test 

geometry in Figure 5.4A favors continuous growth of the longer crack. Since the TTE and control 

samples are subjected to the same geometry and loading condition, structural effects should also 
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favor continuous growth of the longer crack in the TTE sample. However, the longer crack in the 

TTE composite was arrested, implying that Γ must also increase with crack length. This 

phenomenon, attributed to the TTE-induced stress relaxation and energy dissipation at the crack 

tip,26,27 can stabilize the propagation of the longer crack if it surpasses the structural effects for G 

that favor continuous growth.  

Another peculiar observation in the TTE sample is that the shorter crack took over the 

propagation after the longer crack was arrested. Figure 5.4A-2 reveals that the shorter crack 

propagated at an angle with the original direction, indicating an interplay between Mode-I (tensile) 

and Mode-II (in-plane shear) in the local stress field.25 A detailed analysis on the propagation of 

the shorter crack would require knowledge regarding the mixed-mode dependence of the fracture 

energy  and is not pursued here. Instead, the fact that the short crack was able to propagate indicates 

that the stress field around its tip did not experience significant relaxation by the TTE reaction 

during the propagation of the long crack. Based on this argument, we hypothesize that higher stress 

leads to faster TTE-induced relaxation by increasing the reaction kinetics.  Initially The higher 

stress at the longer crack accelerates the relaxation which eventually leads to its arrest. During this 

process, the shorter crack did not experience the same extent of stress relaxation, which allowed it 

to propagate after the arrest of the long crack. To verify this hypothesis, the time history of stress 

relaxation at three different fixed strain levels was measured (Figure 5.4B). Accelerated relaxation 

rate was noticed by increasing the strain levels from 0.2% to 2% to 4%. At 0.2% strain 35% stress 

relaxation was achieved in 10 minutes, while the same degree of relaxation was achieved in 30 s 

at 4% strain, which clearly support our hypothesis. In addition, cyclic loading at three different 

stress levels, 0.5 MPa, 2 MPa and 4 MPa up to 3 loading-unloading cycles was performed. The 

ratio between the dissipative energy and the released energy was calculated at the three stress levels 
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and is presented in Figure S5.4. Higher stress levels systematically resulted in higher ratios of 

dissipative energy to the released energy, due to the accelerated, more efficient bond exchange, 

congruent with Figure 5.3B.  

To investigate how TTE bond exchange affects the polymer composites at long time scales, 

a cyclic loading to 2 MPa stress was applied on both TTE and control composites, followed by 

unloading and reloading of the stress until the composite’s failure. The hysteresis curves are 

presented in Figure 5.4C & Figure S5.5. Upon load release, TTE based composites systematically 

exhibit a greater degree of both energy dissipation and non-recoverable strain when compared to 

the control. Additionally, the TTE composite was found to survive more than 20 cycles without 

observable crack nucleation while the control composites were only able to survive 3-4 such cycles 

Figure S5.4. The cyclic loading tests, interpreted as an accelerated fatigue experiment, suggest 

that the resin/filler interfacial relaxation leads to longer composite lifetime.  

 



 

 
 

92 

 

Figure 5.4. A) Stress-strain profiles from fracture of double-notched composite specimens for: 
Control composites (blue square) and dynamic TTE-enabled interface (red circle) at a 
displacement rate 1 mm/min. A-1) Images of the two uneven notches before and after failure. The 
non-dynamic control, as with other conventioanl materials, fails at the large notch whereas the 
TTE-enabled material initially yields at the large notch up to approximately 15% strain after which 
the small notch grows and is the locus of failure. A-2) Micro X-ray Computed Tomography 
(MXCT) images of fractured surfaces of the two cracks for both control and TTE-enabled 
composites. C) Stress relaxation of TTE composite at different strain (0.2% (purple triangle), 2% 
(blue circle) and 4% (red square)). C) First hysteresis loop cycle during loading of 2 MPa stress 
then unloading to 0 MPa at 0.0001 s-1 rate for both control and TTE enabled composite. 

5.4. Conclusions 

 The efficiency of TTE bond exchange as a new light independent, interfacial DCC 

mechanism that can undergo continues bond reshuffling through the lifetime of polymer 

composites was examined here. As evidenced above, this platform significantly improves the 

composite’s mechanical performance by relaxing the interfacial stress, despite the presence of TTE 

only at the interface with very low concentration. Activating TTE bond exchange at the polymer-

particle interface enables the composites to significantly increase the degree of interfacial stress 
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relaxation, resulting in 45% reduction in polymerization stress, 50% stress relaxation when fully 

cured, glassy composite is under mechanical loading, 3-4 times improvement in the toughness, 

and a fundamental shifting of the failure mechanism. Achieving this behavior represents a 

transformative technology to continuously relax the stress concentration at the polymer-filler 

interface with broad potential for applications in materials with different constituents, especially 

in opaque composites or when composites are under mechanical loading. 
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5.6.  Supporting Information 

 
Figure S5.6.  The tan δ curves and storage modulus curves of control-based and TTE based 
composites, obtained from DMTA measurements at 1 Hz. 

 



 

 
 

94 

 

Table S5.1. Mechanical properties of both control TTE based composites obtained from tensile 
testing at 0.0001 s-1 displacement rate. 
 

 Tensile strength (MPa) Elongation at break (%) Toughness 

(MJ/m3) 

Control  3 ± 0.3 35 ± 4 0.5 ± 0.1 

TTE  6 ± 1 55 ± 10 1.9 ± 0.4 

 

 

 
Figure S5.7.  Notched sample tension and DIC data for another set of sample.   
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Figure S5.8.  Evaluation of fracture energy Gc based on the crack opening displacement.  

 

Table S5.2. Mechanical properties of 2-notches samples of both control and TTE based composite 
under 3-point bend test. 
 
 Maximum stress (MPa) Elongation at break (%) Toughness (MJ/m3) 
Control 12 ± 3 10 ± 8 1.9 ± 0.5 
TTE 28 ± 6 30 ± 10 6.1 ± 0.9 
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Figure S5.9. The ratio between the dissipative energy and the released energy of TTE based 
composites upon applying cyclic loading up to 3 stress level 0.5 MPa, 2 MPa and 4 MPa followed 
by release of the stress. 

 

Figure S5.10. Hysteresis loop cycles during loading of 2 MPa stress then unloading to 0 MPa at 
0.1 mm min−1 rate for both control and TTE enabled composite. 
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Chapter 6 

Dynamic Covalent Chemistry (DCC) in Dental Restorative Materials: Implementation 

of a DCC-Based Adaptive Interface (AI) at the Resin-Filler Interface for Improved 

Performance* 

Dental restorative composites have been extensively studied with a goal to improve 

material performance. However, stress induced microcracks from polymerization shrinkage, 

thermal and other stresses along with the low fracture toughness of methacrylate-based composites 

remain significant problems. Herein, the study focuses on applying a dynamic covalent chemistry 

(DCC)-based adaptive interface to conventional BisGMA/TEGDMA (70:30) dental resins by 

coupling moieties capable of thiol-thioester (TTE) DCC to the resin-filler interface as a means to 

induce interfacial stress relaxation and promote interfacial healing. Silica nanoparticles (SNP) are 

functionalized with TTE-functionalized silanes to covalently bond the interface to the network 

while simultaneously facilitating relaxation of the filler-matrix interface via DCC. The 

functionalized particles were incorporated into the otherwise static conventional 

BisGMA/TEGDMA (70:30) dental resins. The role of interfacial bond exchange to enhance dental 

composite performance in response to shrinkage and other stresses, flexural modulus and 

toughness was investigated. Shrinkage stress was monitored with a tensometer coupled with FTIR 

spectroscopy. Flexural modulus/strength and flexural toughness were characterized in three-point 

bending on a universal testing machine. A reduction of 30% in shrinkage stress was achieved when 

interfacial TTE bond exchange was activated while not only maintaining but also enhancing 

mechanical properties of the composite. These enhancements include a 60% increase in Young’s 

modulus, 33% increase in flexural strength and 35% increase in the toughness, relative to 
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composites unable to undergo DCC but otherwise identical in composition. Furthermore, by 

combining interfacial DCC with resin‐based DCC, an 80% reduction of shrinkage-induced stress 

is observed in a thiol-ene system “equipped” with both types of DCC mechanisms relative to the 

composite without DCC in either the resin or at the resin–filler interface. This behavior highlights 

the advantages of utilizing the DCC at the resin-filler interface as a stress-relieving mechanism 

that is compatible with current and future developments in the field of dental restorative materials, 

nearly independent of the type of resin improvements and types that will be used, as it can 

dramatically enhance their mechanical performance by reducing both polymerization and 

mechanically applied stresses throughout the composite lifetime.  
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6.1. Introduction 

Conventional dental restorative composites are mechanically stiff, highly-crosslinked 

networks formulated from inorganic fillers dispersed in photocured dimethacrylate resins.1–3 

Despite significant advances in composite development, premature restoration failure remains 

problematic. Though there are other factors such as secondary decay and hydrolytic degradation 

that influence the composite performance and lifetime; the often premature failure of these 

materials is at least in part attributed to the mechanical failure of the composite in response to 

stresses that arise both during and after placement.1,2,4,5 Typically, inorganic fillers are used in 

dental composite to enhance the composite’s mechanical performance including strength, wear 

resistance, thermal expansion coefficient and polymerization-induced volumetric shrinkage. 

However, high filler loadings in dental composites significantly affect their viscosity and hinder 

photopolymerization kinetics due to light scattering. Additionally, the inorganic filler is also a 

source for large stress gradients due to the modulus and thermal expansion mismatch between the 

filler and the resin matrix.1,2,4 This stress, along with polymerization shrinkage stress and 

mechanically applied stress, are believed by many to cause serious clinical issues such as 

microcracking at the restoration-tooth interface and microleakage, and reduce the restoration’s 

lifetime.1,3,4,6–8 Therefore, the successful relaxation of any and all stresses that arise or are applied 

to the restoration is critical but it is anticipated that stress relaxation at the particle-resin interface 

would be of particular importance in improving the composite performance. In one approach, 

several ideas have been directed towards reducing shrinkage stress of dental restoratives while 

maintaining all other desirable material properties while other researchers have examined the 

effect of the type, size distribution, loading content and surface modification of the filler on 

composites properties.4,7,8 Efforts have been directed to facilitate improvements in dental 
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composites by reducing the reactive group concentration,9–11, modifying dimethacrylate monomer 

formulations,12,13 and exploring alternative polymerization techniques, such as thiol-ene 

reaction,3,14 ring-opening polymerizations,5 copper(I)-catalyzed azide-alkyne cycloadditions 

(CuAAC).2,15 

Recently, covalent adaptable networks (CANs) such as those based on reversible addition 

fragmentation chain transfer (RAFT) have been successfully implemented in dense networks and 

as resin phase in dental composites to eliminate stresses that arise from polymerization shrinkage 

and external loading, by enabling dynamic bond exchange in the polymer backbone while 

conserving the overall covalently bonded structure (Figure 6.1A). However, while RAFT is 

simultaneously compatible with the current light induced radical-mediated methacrylate 

polymerization methodologies that are clinically practiced, this approach often results in a 

modification of material properties such as Young’s modulus, Tg, and fracture toughness.16,17 

Therefore, improving the performance of conventional dental resins by alleviating the interfacial 

stresses through DCC approaches that target the particle-resin interface without deteriorating the 

mechanical properties of the polymerized material remains an unachieved goal.  

To this end, a previous study has developed RAFT-containing adaptive interfaces that 

covalently bonded silica nanoparticles to a static thiol-ene resin and enabled bond exchange 

exclusively at the resin-filler interface.18 As the interfacial region between the organic resin and 

inorganic fillers is known to concentrate stresses and nucleate crack formation, isolating the bond 

exchange to occur exclusively at the interfacial region enables stress relaxation where the stress is 

concentrated and significantly improved the composite’s performance (Figure 6.1B). Particularly, 

since implementation of a RAFT adaptive interface demonstrated its capability to reduce stress 

and improve material properties in an inert thiol-ene composite,18 here, we apply the adaptive 
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interface concept to a conventional dental resin by introducing thiol-thioester (TTE) moieties that 

promote resin-filler bonding and persistent stress relaxation at the filler-resin interface, without 

altering the resin formulation. A fundamental difference between the RAFT and TTE DCC 

processes is that the RAFT-based approach is only active in facilitating bond exchange during the 

polymerization in the presence of the radicals that also cause polymerization.  The TTE process is 

base or nucleophile catalyzed and as such, the bond exchange process in these composites is 

hypothesized to persist long after the initial polymerization is complete.  As such, it is expected 

that interfacial stresses that arise after the polymerization, e.g., due to thermal expansion mismatch, 

would also be capable of relaxing.  Further, the TTE approach does not require a thiyl radical to 

catalyze the exchange reaction and is thus compatible with multimethacrylate resin 

polymerizations.  

The thiol-thioester exchange reaction (TTE) has been introduced recently as a new class of 

CANs that undergo dynamic bond exchange and enable rapid stress relaxation at ambient 

conditions in the presence of free thiols, thioesters, and a base/nucleophile catalyst. This reaction 

involves the exchange of one thioester link for another, mediated by a thiolate anion that is 

generated from a base or nucleophile reacting with a thiol19 (Figure 6.1A). 

Here, silica nanoparticles functionalized with a TTE-containing silane are introduced into 

BisGDMA/TEGDMA (70:30) dental resins in the presence of a nucleophilic catalyst in order to 

induce the stress relaxation mechanism at the interface of the polymer and the filler. TTE-capable 

moieties undergo continuous bond cleavage and reformation reversibly, in the presence of a base/ 

nucleophile, leading to network relaxation and stress elimination while conserving the overall 

network connectivity. Material properties, including polymerization-induced shrinkage stress, 

flexural modulus, strength and toughness of TTE-based dental composites, are explored and 
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compared with control composites that consist of a similar silane but without the DCC moieties. 

Furthermore, as prior work has shown that combining an RAFT-interface with an RAFT-

resin results in synergistic effects on mechanical properties such as strength and toughness, here, 

the two types of DCC approaches were combined, in the resin and at the resin-filler interface. 

RAFT to be radically triggered within the resin matrix during polymerization with TTE to be 

triggered exclusively at the interface between the silica particle and the matrix to further enhance 

composite performance. This approach enables the stress relaxation in both locations; within the 

composite resin and at the resin-filler interface and provides for long term stress relaxation 

throughout the entire life of the composite via long catalytic lifetime of base/nucleophile-initiated 

TTE reactions, while only activating the RAFT-based exchange when polymerization stresses are 

generated, i.e. during the light exposure. Testing on polymerization-induced shrinkage stress and 

post-polymerization stress relaxation is conducted and compared with control composites by 

eliminating the appropriate DCC functional groups or catalysts. 

6.2. Materials and Methods 

Materials 

2,2-Bis[4-(2-hydroxy-3-methacrylyloxypropoxy) phenyl] propane (Bis-GMA) and triethylene 

glycol dimethacrylate (TEGDMA) (Esstech, Essington, PA, USA) were purchased from Esstech 

(Essington, PA, USA) as a premixed monomer mixture in 70:30 mass ratio. Pentaerytritol 

tetrakis(3-mercaptopropionate) (PETMP), Triethyleneglycol-Divinylether (TEGDVE), 1,4-

diazabicyclo[2.2.2]octane (DABCO), 3-chloro-2-chloromethyl-1-propene, potassium ethyl 

xanthogenate, ethylene diamine, and propylamine were purchased from Sigma-Aldrich. Irgacure 
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819 (bis(2,4,6-trimethylbenzoyl)- phenylphosphineoxide) was obtained from BASF. Schott glass 

(mean particle size 40 nm) untreated were generously donated by Evonik Silicas, and used as the 

inorganic fillers. Prior to implementation and as described later, these fillers were subsequently 

functionalized with thiol group for inclusion and copolymerization in the composite. All chemicals 

were used as received. The thioester-diacrylate20 and 2-methylene-propane-1,3-di (thioethyl vinyl 

ether) (MDTVE-AFT)21 were synthesized using methods reported elsewhere. 

Filler Functionalization 

4 g of silica particles (Schott, OX50, 40 nm) were first taken in a glass tube and heated at 165 °C 

under vacuum using a Buchi heater/condenser for 3 h. The dried nanoparticles were then 

transferred to a 250 mL bottom rounded flask containing 200 mL of anhydrous toluene 

supplemented with 2 g of (3-Mercaptopropyl) trimethoxysilane prereacted for 10 min with 2 g of 

n‐propylamine. The reaction mixture was then refluxed at 120 °C for 24 h. After sinalization of 

nanoparticle, the liquid suspension was centrifuged and the solid pellets collected thoroughly, and 

washed with toluene (3× ≈ 25 mL) and methylene chloride (3× ≈ 25 mL) in two separate 

washing/centrifugation cycles. The washed filler particles were dried under vacuum overnight at 

70 °C. Then 2 g of the dried thiol functionalized fillers were reacted with 0.7 g thioester diacrylate 

in DCM in presence of 3 mL TEA base at R.T overnight. After sinalization of nanoparticle was 

washed with DCM (1× ≈ 25 mL), toluene (2× ≈ 25 mL) and DMSO (2× ≈ 25 mL), and dried under 

vacuum overnight at 70 °C. The functionalized particles were analyzed by DRIFT FT‐IR 

spectroscopy and TGA. The mass loss difference between silanized and unfunctionalized fillers 

suggests successful functional group grafting on the surface of glass particles in each case. Also, 

the DRIFT FT‐IR characterization provides evidence of silanol group disappearance around 3745 
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cm−1, and the appearance of the thioester group around 1700 cm−1 implying successful surface 

modification. 

 Fourier Transform Infrared Spectroscopy 

An FT-IR spectrometer (Nicolet 6700) connected to a tensometer via fiber optic cables was used 

to monitor the real-time polymerization kinetics in concert with stress measurements. Samples 

were placed between two cylindrical quartz rods, and 300 mW cm−2 light was irradiated from the 

bottom rod using a light guide connected to a mercury lamp (Acticure 4000, EXFO) with 400–500 

nm bandgap filter. The overtone signal of double bonds between 6250–6096 cm−1 was monitored 

during the FT-IR measurements. 

Polymerization Shrinkage Stress Measurement 

Shrinkage stress was measured via a tensometer using cantilever beam deflection theory 

(American Dental Association Health Foundation, ADAHF–PRC). A composite paste (1 mm in 

thickness, 6 mm in diameter) was placed between two cylindrical quartz rods, which were 

previously treated with a methacrylate functional silane to promote bonding at the glass surface/ 

resin interface. A 300 mW cm−2 of light was irradiated from the bottom rod using a light guide 

connected to a mercury lamp (Acticure 4000, EXFO) with a 400–500 nm bandgap filter. 

Polymerization-induced shrinkage of sample exerted a tensile force which caused the deflection 

of the aluminum beam. A linear variable differential transformer was used to convert the 

displacement to shrinkage stress based upon beam calibration constant and cross-sectional area of 

the sample. For the simultaneous measurement of conversion with shrinkage stress, data were 

collected continuously for 10 min (n=3). 
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 Thermogravimetric Analysis 

TGA (Pyris 1, PerkinElmer) was used to analyze the functionalized silica nanoparticles. Each 

sample was run in a nitrogen atmosphere (20 mL min−1) from 50 to 850 °C at a heating rate of 10 

°C min−1. 

Three-point flexural test 

Three-point bend (MTS 858 Mini Bionix II) with a strain rate of 0.1 mm min−1 and a span of 20 

mm was used to obtain properties of the composites (n=5). Samples sandwiched between two glass 

slides and polymerization was initiated with 1 wt% of I819, and photocured with 400–500 nm 

visible light at 50 mW cm−2 for 5 min on each side to ascertain uniform conversions throughout 

the sample thickness and then postcured in an oven at 60 °C for 4 h. Flexural tests were performed 

24 hours after initial cure. Composite sample dimensions were 2/2.5/10 mm (n=5). Functional 

group conversion was recorded via FTIR spectra prior to and after the polymerization. 

6.3. Results and Discussion 

Silica nanoparticles (SNP) were synthesized from thiol-functionalized nanoparticles 

treated with diacrylate thioesters, that through DCC mechanisms promote resin-filler bonding and 

interfacial stress relaxation as illustrated in Figure 6.1B. The synthesis and functionalization 

processes are explained further in the Experimental Section. For use as a control, SNPs were 

functionalized with a thiol containing silane (3-mercaptopropyl trimethoxysilane) also capable of 

bonding to the resin but not capable of TTE- bond exchange by following previously published 

methods.2 The functionalized fillers were analyzed by diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS) and thermogravimetric analysis (TGA) which provided 

additional evidence of successful functional group attachment to the SNP surface. In the following 
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experiments, 15 wt% SNP were dispersed into BisGMA/TEGDMA (70:30) dental resins 

containing 15 wt% PETMP to serve as a free thiol and 1 wt% DABCO nucleophilic catalyst, as 

illustrated in Figure 6.1C. Polymerization was initiated with 1 wt% of I819 (bis(2,4,6‐

trimethylbenzoyl)‐phenylphosphineoxide) visible light photoinitiator, and photocured with 400–

500 nm visible light then postcured in an oven at 60 °C for 4 h, which leads to the formation of a 

glassy polymer network (Tg as measured in DMA ≈ 110 °C). Thermo-mechanical properties of 

both TTE- and control BisGMA/TEGDMA composites, such as Tg and storage modulus at 40 ◦C, 

are reported in Table 6.1. The TTE- and control BisGMA/TEGDMA composites showed similar 

Tg values, suggesting that the functional group conversion within each composites system is nearly 

equivalent, validating that this sample is an appropriate control. 

 

Figure 6.2. A) Mechanisms for thiol-thioester exchange (TTE) and Reversible addition-
fragmentation chain transfer (RAFT) as examples for dynamic covalent chemistries (DCCs). B) 
Illustration of TTE bond exchange in the resin phase and at the filler interface enables stress 
relaxation.  As stress accumulates, TTE bond rearrangement occur between a free thiol and 
thioester linkage. This bond exchange enables stress relaxation without a sacrifice of crosslinking 
density or filler attachment to the network. C) Monomers and fillers used for this study.  
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An FTIR spectrometer connected to a tensometer via fiber optic cables was utilized to 

investigate the effect of interfacial TTE bond exchange on bulk shrinkage stress, which is known 

to be one of the primary causes of failure for dental materials. Internal stress is well known to 

develop during the polymerization reaction due to postgelation volumetric contraction and elastic 

modulus evolution, which usually leads to premature failure through initiation of microcracks and 

interfacial debonding. The incorporation of TTE-functionalized nanoparticles within the 

BisGMA/TEGDMA resin resulted in a material with more than 30 % lower shrinkage stress as 

compared with the thioester-free nanoparticles used in the control experiment at equivalent 80 % 

conversion (Figure 6.2A & B), while preserving the ability to relax interfacial stress for an 

extended period following polymerization. This outcome is due to the persistent presence of 

thiolate species, which enable exchange, and thus post-polymerization relaxation. 

 
Figure 6.2. A) Polymerization kinetics as measured by FT-IR as a function of the disappearance 
of C=C functional group at 6165 cm-1. B) In situ polymerization shrinkage stress for control 
composites (blue circle) and TTE- composites (red square) conversion using a tensometer coupled 
with the FTIR. All samples were placed between two quartz rods, previously treated with a 
methacrylate-functional silane and irradiated for 3 min at ambient temperature with 300 mW/cm2 

of 400–500 nm light.  
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As an indication of the benefits of the continuous post polymerization stress relaxation and 

to investigate its effects on composite failure, mechanical properties including flexural modulus, 

flexural strength, and flexural toughness of both TTE- and control BisGMA/TEGDMA resins/ 

composites were analyzed via three-point bend tests performed on a universal testing machine 

(MTS) as presented in Figure 6.3 and Table 6.1. Figure 6.3A displays a representative stress– 

strain curve of the TTE composites in comparison with the control composite. The flexural 

modulus (or Young’s modulus) calculated from the initial slope of the stress–strain curve 

dramatically increased from approximately 2.5 GPa to 4 GPa, when TTE bond exchange was 

activated at the interface, leading to 33% improvement in the flexural strength value (120 ± 8 MPa) 

as compared with the control composites (90 ± 3 MPa), Figure 6.3B and Table 6.1. Due to the 

increased elastic modulus of the TTE- composites, the composites exhibited even higher flexural 

toughness (2.6 ± 0.3 MJm−3), as compared with the control composites (2.0 ± 0.2 MJm−3) at 

equivalent strain. This improvement in flexural toughness is related to the reduction in the 

shrinkage stress as well as the post polymerization stress relaxation that will continue to occur over 

the lifetime of the composite because of the persistent catalyst, which enables stress relaxation and 

healing at the interface, improving the mechanical properties of the dental restorative material.  
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Figure 6.3. A) Stress-strain profiles from 3-point bend test for both control composites (blue 
circle) and dynamic TTE-enabled interface (red square) at a displacement rate of 0.1 mm/min. B) 
Modulus (red columns) and flexural strength obtained from 3-point bend test for both control and 
TTE composites. Sample dimensions: 2 mm thick bars, 20 mm span. Resins were formulated of 
BisGMA/TEGDMA (70:30) mixture with 15 wt% PETMP, 1 wt% DABCO and 15 wt% of SNP, 
either TTE or the corresponding control. Polymerization was initiated with 1 wt% of I819, and 
photocured with 400–500 nm visible light at 50 mW cm−2 for 5 min on each side and then 
postcured in an oven at 60 °C for 4 h. 
 

Table 6.1. Comparison of TTE- and control composite glass transition temperature (Tg), storage 
modulus at 40 ◦C, flexural modulus, flexural strength, flexural toughness from the three-point bend 
testing.  
 Tg (◦C) Storage Modulus 

at 40 ◦C 
Modulus 

(GPa) 
Flexural 

strength (MPa) 
Flexural toughness 

(MJ/m3) 
Control 110 ± 3 2.4 ± 0.4 2.5 ± 0.1 90 ± 3 2.0 ± 0.2 
TE 107 ± 1 2.3 ± 0.2 4.0 ± 0.3 120 ± 8 2.6 ± 0.3 

 

Given that RAFT has been widely studied in bulk dental materials, and following this 

successful demonstration of the exceptional efficiency of interface-limited TTE exchange 

processes in composites, here, TTE exchange is utilized in tandem with RAFT. RAFT is radically 

triggered within the resin matrix during the polymerization process while the TTE is triggered 

exclusively at the interface between the silica particle and the matrix to provide long term stress 

relaxation throughout the life of the composite. 
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Specifically, the resin formulations presented in Figure 6.4A is utilized in this study. The 

resin formulation is based on thiol-ene networks comprised of a divinyl AFT (2-methylene-

propane-1,3-di(thioethyl vinyl ether) (MDTVE)) or non-AFT (Triethyleneglycol-Divinylether 

(TEGDVE)) and PETMP (added in 0.15 mol excess), with TTE based fillers that also are capable 

of relaxing stress in the presence of the catalyst (DABCO). Control experiments in which no stress 

relaxation is enabled through elimination of the RAFT functional groups or the TTE catalyst are 

also included.  

To investigate the interaction of interfacial and bulk dynamic chemistries, polymerization-

induced shrinkage stress was measured for each of the four formulated composites, with and 

without RAFT in the resin and with and without thioester exchange at the interface (Figure 6.4B). 

As Figure 6.4B shows, the composite that does not contain any exchangeable bonds exhibits the 

highest degree of shrinkage stress, 0.8 MPa, while around 90% shrinkage stress reduction is 

observed in the formulation “equipped” with both types of DCC mechanisms are activated, both 

throughout the network and at the particle interface. By decoupling the bond exchange to be 

exclusively effective at the particle interface or throughout the resin; 40% and 75% reductions in 

shrinkage stress were achieved, respectively. This behavior indicates a synergistic effect to 

dramatically reduce shrinkage stress when both interfacial and bulk dynamic chemistries are 

simultaneously active. As such, it is expected to lead to noticeable improvement in the mechanical 

properties and fracture resistance when utilized in dental restoratives. 
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Figure 6.4. A) Monomers and fillers used in the formulation of the composites to examine the 
influence of combining RAFT resin with TTE at the SNP-polymer interface. B) Final 
polymerization shrinkage stress taken after 5 min reaction time at equivalent 100% conversion, as 
a function of the double bond conversion via tensometer in thiol-ene composites: No DCC: non-
AFT resin/thioester SNPs, no catalyst; Interfacial TTE: non-AFT resin/thioester SNPs, with 
DABCO added; Resin based AFT only: AFT resin/thioester SNPs, no catalyst; Both DCCs: AFT 
resin/thioester SNP, DABCO added. Each composition contained 10 wt.% SNPs, 1 wt.% IR819, 
and was irradiated with 50 mW/cm

2 
light intensity of 400-500 nm. Two mixtures contained 

DABCO (1 wt.%).  

6.4. Conclusions 

In summary, the TTE reaction has been implemented for the first time at the resin-filler 

interface in conventional dental composites and was demonstrated to enable interfacial stress 

relaxation of these critical, highly stressed regions. This relaxation mechanism persists due to the 

catalytic mechanism, even in the absence of any DCC in the resin phase, which leads to significant 

improvement in composite performance including 30% reduction in polymerization stress, 60% 

improvement in flexural modulus, and 40% improvement in the flexural strength. 

This approach represents a fundamental shift in dental composites by relaxing interfacial 

stresses while improving mechanical properties, which would be of significant clinical value for 

extending the lifetime of dental restorations.  
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Chapter 7 

Conclusions and Future Recommendations 

 This thesis is focused on the development of novel CAN materials that are capable 

of dynamic bond exchange at ambient temperature, while maintaining outstanding mechanical 

properties. Two types of step growth “click” reactions, copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) and thiol-ene photopolymerizations, were utilized to form glassy polymer 

networks. Two types of CAN reactions, photo-induced RAFT and anion-mediated TTE, were 

incorporated either in the monomer backbones or in the interface of silica nanoparticles (SNP). 

First, the resin phase stress relaxation in the glassy state was investigated by exploring the stress 

relaxation capacity of RAFT-based CuAAC polymers upon light activation. Next, adaptive 

interfaces (AI) platform was developed  by coupling DCC moieties at the resin-filler interface to 

promote interfacial stress relaxation in the glassy state. This was achieved by implementing DCC 

at the resin-filler interface by surface functionalization of SNP. The resulting evolution of 

composite performance including toughness and shrinkage stress was explored and compared with 

a control system without DCC at the interface.  Further, the TTE-AI concept was further 

implemented to the conventional dental composites to enhance flexural modulus and toughness 

and reduce polymerization stress. Lastly, RAFT and TTE were incorporated in both the resin 

matrix and at the resin-filler interface to further enhance the performance of composites. The 

remainder of this chapter is devoted to summarizing the findings and proposing future work. 
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7.1. Resin phase stress relaxation in the glassy state 

As shown in chapter 3, crosslinked polymer networks capable of network reconfiguration 

not only in the rubbery state but also within the glassy state were prepared by incorporating RAFT 

moieties into the backbone of photo-initiated CuAAC polymer networks. Upon light activation, 

RAFT-based CuAAC networks showed enhanced stress relaxation with rapid exchange rate, both 

for small deformation and post-yielding large deformation as compared to analogous control 

networks without RAFT moieties. Successful mechano-patterning and an object with complex 3D 

shape of glassy CuAAC films was achieved at ambient condition. Further, improvement in the 

tensile toughness upon RAFT activation as well as rejuvenation of mechanical and thermodynamic 

characteristics in physically-aged samples were demonstrated.  

The aging and UV-induced “rejuvenation” in the AS-AK2 CuAAC network are also 

evident in density measurement (Figure 7.1, measured by multi-pycnometer). After 72 h of 

physical aging, the density of AS-AK2 based and control CuAAC samples increases from 1.05 

g/cm3 to 1.3 g/cm3 and from 1.0 g/cm3 to 1.26 g/cm3, respectively. Such an increase (> 20%) is 

significantly higher than normally observed in physical aging of polymers.33,34  With 2 min of UV 

exposure on the aged samples, the density of AS-AK3-CuAAC decreases to 1.13 g/cm3, while 

control CuAAC shows no density change (Figure 7.1). This significant change in the density 

support the hypothesis that the glassy state of the CuAAC networks contain higher degrees of free 

volume, which enables local segment mobility that is sufficient for the bond-exchange process to 

occur. However, accurate investigation on free volume changes upon ageing by ellipsometry 

should be done. The future recommendations also include molecular analysis on aged triazole-

based polymer films such as polarized IR spectroscopy and X-Ray to observe the effect of triazole 

functional groups on ageing and stress relaxation. Additionally, Fluorescence recovery after 
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photobleaching (FRAP) experiment is recommended to be conducted as a mean to approve that 

activating the dynamic bonds would modify transport in glassy CuAAC networks.  

 

Figure 7.1: Pycnometer density measurement for AS-AK2 and C-AK2 samples before ageing, 
after 3 days of ageing, and after 3 days of ageing but subsequent exposure to 5 mW/cm2 UV-light  
before the density measurement. 

7.2. Develop adaptive interfaces (AI) to promote interfacial stress relaxation  

As the interfacial region between the organic resin and an inorganic filler is known to 

concentrate stresses and nucleate crack formation, isolating the bond exchange to occur 

exclusively at the interfacial region enables stress relaxation where the stress is concentrated and 

significantly improved composite’s performance. As discussed in both Chapter 4 and 5, novel 

adaptive interface (AI) platform was established to effectively mitigate the interfacial stress and 

improve the overall mechanical properties without altering the resin formulation. First, radical 

mediated RAFT-containing AI that covalently bonded silica nanoparticles to a static thiol-ene resin 

was developed, and its capability to reduce stress and improve material properties in an inert thiol-

ene composite was demonstrated. However, composites with RAFT-active filler are capable of 

undergoing stress relaxation at the interface only during light exposure, which limited the capacity 
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for stress relaxation over the lifetime of the composite or in optically thick material. Thus, the 

anion-mediated TTE was examined as a perpetual, light independent interfacial DCC mechanism.  

Next in chapter 6, the adaptive interface concept was applied to a conventional dental resin 

by introducing TTE moieties that promote resin-filler bonding and persistent stress relaxation at 

the filler-resin interface and was demonstrated to enable significant improvement in composite 

performance. Lastly, the two types of DCC approaches were combined, one in the resin and the 

other at the resin-filler interface. This approach enabled the stress relaxation in both locations, the 

resin matrix and the interfacial region of composite and showed significant reduction in the 

shrinkage stress.  

This work is readily envisioned to be extendable to other DCCs and applied to a wide spectrum 

of resin/filler combinations beyond what has been examined here. Especially, since numerous 

applications will benefit from enhanced mechanical performance that results from a reduction in 

interfacial stress. Future recommendations include investigating the rheological behavior of AI 

composites and further mechanical testing including fracture and fatigue testing. For TTE 

composites, the elimination of free thiol from the resin formulation is also recommended especially 

for dental composites. Further, the effect of various types of base/nucleophile catalysts, catalyst 

loadings, filler loadings, and filler sizes on the rate of bond exchange process and the resulting 

stress relaxation should be studied systematically.  
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