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Abstract 

 

Wang, Xiance 

(Ph.D., Chemistry) 

 

Poly(triazole) Networks via Photo-initiated Click Reactions: Copper-catalyzed 

Azide-Alkyne Cycloaddition Polymerization and Thiol-Norbornene Polymerization 

Thesis directed by Professor Christopher N. Bowman 

 

 The focus of this thesis is to develop poly(triazole) glassy networks through 

photoinitiated click reactions utilizing either copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) polymerization or radical-mediated thiol-norbornene 

polymerization and to investigate the structure-property relationships of the 

poly(triazole) networks and their potential applications in dental restorative material 

or 3D printing material. Thanks to the near quantitative yields, rapid photocuring 

kinetics, both the photo-CuAAC polymerization and the thiol-ene 

photopolymerization are powerful tools for converting liquid resins into 

vitrified/solidified polymeric networks in a spatially and temporally controlled 

manner. Firstly, ether-based CuAAC formulation was investigated as ester-free 

dental restorative resin, and the photopolymerized CuAAC network exhibited 

comparable or superior mechanical properties with reduced polymerization-induced 

shrinkage stress compared with conventional BisGMA/TEGDMA (70/30) resin. In 

addition, the ether-based CuAAC network displayed much improved water stabilities 

in comparison to the previously developed urethane-based CuAAC network, 

forwarding its development as dental restorative materials. Secondly, thiol-

norbornene polymerization was investigated as an alternative approach in forming
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poly(triazole) networks by employing triazole-embedded norbornene monomers. The 

structure-property relationships were examined of the photopolymerized 

triazole/thiol-norbornene networks. Not only the value of triazoles in forming tough 

glassy networks was demonstrated through side-by-side comparison with 

structurally similar urethane/thiol-norbornene network, previously unseen retained-

ductile behaviors were also observed with two of the triazole/thiol-norbornene 

networks. Furthermore, taking advantage of the rapid photocuring kinetics of the 

thiol-norbornene polymerization, one of the triazole/thiol-norbornene resins was 

implemented in stereolithography (SLA) 3D printing to fabricate conventionally 

unmoldable objects and challenging structures in high precision, expanding the 

application of the poly(triazole) glassy networks with high ductility and high tensile 

toughness. Lastly, secondary chemistry (cyanate ester) was introduced into the 

triazole/thiol-norbornene network to form an interpenetrating network or a hybrid 

network with high glass-transition temperatures and high strength.  Overall, this 

dissertation mainly aims at exploring photo-initiated click reactions in forming 

poly(triazole) networks with high mechanical performances for demanding 

applications.
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Chapter 1  

Introduction 

1.1. CuAAC click reactions 

The thermal activated 1,3-dipolar cycloaddition reaction between an azide and 

an alkyne, often referred to as the Huisgen cycloaddition reaction1 to recognize the 

contribution of the Germany chemist Rolf Huisgen in developing and understanding 

the scope of the reaction, has been known for decades, but it was until after the 

independent discoveries of the copper(I)-catalyzed azide alkyne cycloaddition 

(CuAAC) reactions by Sharpless et al.2 and Meldal et al.3 in 2001 that the reaction 

has garnered wide widespread attention and found applications not only in synthetic 

combinatorial chemistry4,5 and biochemistry6 but also in pharmaceutical sciences7 

and material sciences8-10.  

Also in 2001, Sharpless introduced the concept of “click” chemistry to describe 

a class of reactions that can be conducted under mild or benign conditions using 

stoichiometric reagents and yielding near quantitative desired products without the 

formation of by-products and thus eliminating complicated purifications.11 Because 

the CuAAC reaction fits the criteria so well that Sharpless has referred to this 

reaction as “premier example of a click reaction”.12   
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Figure 1.1. Thermally activated and Cu(I)-catalyzed 1,3-dipolar cycloaddition reactions between 

azides and alkynes. 

 

1.1.1.  Mechanism of the CuAAC reactions 

Despite the widespread application of the CuAAC reaction in chemistry, 

biochemistry and material sciences, the mechanism of the reaction remained elusive 

for more than a decade, especially concerning whether one or more reactive copper(I) 

species were involved in the catalytic process. Although there were experimental 

evidence13-15 and theoretical studies16-17 to support the possible involvement of  

polynuclear copper(I) intermediates, it was until 2012 that direct evidence was 

provided by Worrell et al. to validate the catalytic cycle involving two copper(I) species 

using heat-flow reaction calorimetry and isotropic crossover experiments.18  
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Figure 1.2. Proposed catalytic cycle of CuAAC reaction. 

Overall, the catalytic cycle proposed Worrell et al. proceeds through: (i) the 

activation of the terminal alkyne by a copper(I) through weak -complexation; (ii) the 

formation of the  -complexated copper(I)-acetylide intermediate by recruiting a 

second copper(I) accompanied by the deprotonation either by a ligand or by a counter-

ion of the copper(I) species; (iii) the coordination of the azide to the -bound copper(I) 

center; (iv) a series of bond-breaking and bond-forming events to form the copper 

triazolide species with the release of one of the two coppers; (v) protonation of the 

copper triazolide forms the triazole product and releases the second copper(I) catalyst. 

Based on the dinuclear catalytic cycle, second-order dependance on the 

copper(I) concentration can be expected when the concentrations are low,13 as too high 

concentration of copper(I) leads to the formation of catalytically unreactive 

aggregates.19  

 

1.1.2. Photo-initiated CuAAC polymerization 
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Generally, the sources of the catalytically active copper(I) species can be a 

copper(I) salt or a copper(II) salt plus a reducing agent (usually sodium ascorbate 

especially when the reaction was run in solutions with water as a cosolvent), with the 

latter being preferred because commercially available copper(II) salts have higher 

purity and are more stable at ambient conditions in comparison to the corresponding 

copper(I) salts and usually give higher yields.2,19 Copper-free azide alkyne 

cycloaddition reactions are also possible by using strained alkynes (dibenzo-

cyclooctynes, or DBCO, for example), and such reactions are referred to as strain-

promoted azide-alkyne cycloaddition (SPAAC) reactions.20 Photo-reduction of 

copper(II) to form catalytically active copper(I) upon light irradiation was first 

reported in 2006 using a flavin-based system to transform light into chemically 

amplified signals, though prolonged irradiation times were required, and the 

efficiency was low.21 In 2009, photo-triggered SPAAC was reported by Poloukhtine et 

al. for cell labelling using a cyclopropenone-masked DBCO.22  
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Figure 1.3. Photo-initiated CuAAC reaction/polymerization for small molecule/block copolymer 

synthesis and for crosslinked network formation. 

Photo-initiated spatial/temporal-controlled CuAAC polymerization was 

reported by the Bowman group in 2011 for the hydrogels patterning by reducing 

copper(II) using radicals generated through photolysis of readily available photo-

initiators.23 Around the same time, the Yagci group reported UV-light induced 

CuAAC reaction for small molecule synthesis through electron charge transfer from 

amine ligands to copper(II).24 The same group later reported photoinduced copper(I)-

catalyzed click reaction for macromolecular syntheses using UV/visible-light 

sensitive initiators.25 

 

1.2. Superior tensile toughness of poly(triazole) glassy networks 

With the development of the photo-reduction of copper(II) using readily 

available photo-initiators, more attention was turned to investigating the photo-

curing kinetics of the CuAAC polymerization in the bulk. The effects of monomer 

structures, initiator types, light sources, irradiation times, solvent residual were 

thoroughly examined.26-28 At the same time, the mechanical properties of the 

photopolymerized poly(triazole) networks were also investigated.26,29  

Due to the rigidity of the triazole rings, CuAAC polymerized poly(triazole) 

networks tend to be glassy at ambient conditions, and because the CuAAC 

polymerization is a step-growth process where molecular weight builds up gradually, 

it has the benefits of reaching higher final conversions with delayed gel-point and 

lower polymerization-induced volumetric shrinkage stress in comparison to the free 
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radical polymerization of (meth)acrylates, making the CuAAC polymer networks a 

promising candidate for dental restorative materials.30-32   

It has been shown by Han Byul et al.33 that the photopolymerized CuAAC 

networks exhibit superior toughness at the glassy state with the elongation-at-break 

as high as 200% and the tensile toughness as high as 72 MJ/m3. The monomers 

investigated, however, also had urethane moieties, which form tough networks due 

to the energy-dissipating character of the hydrogen bonds. Ether-based monomers 

were included in the investigation of the thermomechanical properties of CuAAC 

networks elsewhere,29 but no tensile testing was conducted, while ether-based 

CuAAC polymeric foams developed by Alzahrani et al.34 did exhibit much higher 

toughness under compression compared with epoxy/amine-based foams of similar 

glass transition temperature. 

 

1. 3. Thiol-ene photopolymerization 
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Figure 1.4. Selected thiol-X click reactions: thiol-epoxide reaction, anionic thiol-Michael reaction, 

thiol-isocyanate reaction, radical thiol-ene reaction and radical thiol-yne reaction. 
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Besides the CuAAC reaction, thiol-based reactions constitute a large portion of 

the click reactions being widely investigated and employed thanks to the rich 

reactivities of thiols and the fact that both thiols and most of their reaction partners 

are commercially available or can be synthesized in short steps. These thiol-X click 

reactions (Figure 1.4) include, but are not limited to,  thiol-epoxide reaction,35 anionic 

thiol-Michael reaction,36 thiol-isocyanate reaction,37,38 radical thiol-ene reaction39,40 

and radical thiol-yne reaction,41,42 and for different reactions different 

catalysts/initiators are required. When polymerizations are considered, these 

reactions are all step-growth process affording homogeneous networks with high 

conversions, delayed and tunable gel-point and low polymerization-induced 

volumetric shrinkage stress.43,44  
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Figure 1.5. The mechanism of radical mediated thiol-ene step-growth photopolymerization. 

Among the thiol-X polymerizations, the thiol-ene polymerization stands out as 

the spatial/temporal control is readily achievable using a wide range of UV/visible-

light sensitive initiators and the photocuring kinetics is so fast as comparable to 

widely used  free radical photopolymerizations of (meth)acrylates. Moreover, despite 
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being a radical process, the thiol-ene reaction/polymerization is not sensitive to 

oxygen and thus eliminating the tedious degassing operations. One drawback of the 

thiol-ene polymerization is that it tends to afford rubbery materials with low glass 

transition temperatures due to the flexible sulfide linkage, but this can be easily 

overcome by using rigid monomers with aromatic cores or urethane-based monomers 

that contribute to strong secondary interactions (hydrogen-bonding is this case).45-47 

Another approach is to use norbornene-based monomers, as norbornene is one of the 

most reactive monomers toward thiol-ene reaction and the resulting networks tend 

to have higher Tg due to mobility restriction endowed by norbornenes.48  

 

1. 4. Research overviews 

The focus of this thesis is to develop effectual approaches to form poly(triazole) 

glassy networks, and to enhance the understanding of the structure-property 

relationships and to explore the potential applications of the high-performance 

poly(triazole) networks. One main aim of this research focused on developing CuAAC 

networks with both superior mechanical properties and good water stability for 

dental restorative application. Ether-based tri-functional azide monomers were 

synthesized and copolymerized with ether-based tri-alkyne. The ether-based CuAAC 

network exhibited comparable mechanical properties and reduced shrinkage stress 

compared with conventional BisGMA/TEGDMA-based network, and much improved 

water stabilities compared with urethane-based CuAAC network. Furthermore, 

thiol-norbornene photopolymerization was evaluated as an alternative approach in 
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forming poly(triazole) networks utilizing triazole-embedded norbornene monomers. 

Structure-property relationships were investigated of the triazole/thiol-norbornene 

networks, and the thiol-norbornene approach was implemented in 

stereolithography/SLA-based 3D printing with one of the highly ductile, highly tough 

triazole/thiol-norbornene networks. Lastly, photo(thiol-norbornene-

polymerization)/thermal(cyanate-ester-cyclotrimerization) dual-cure approach was 

investigated for forming poly(triazole)/poly(triazine) hybrid networks with high glass-

transition temperature and high tensile strength. As a whole, this dissertation 

mainly aims at developing photo-initiated approaches in constructing high-

performance poly(triazole) networks for demanding applications. 
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Chapter 2  

Objectives 

The focus of this thesis is to investigate the photo-initiated copper-catalyzed 

azide-alkyne cycloaddition (CuAAC) polymerization and thiol-norbornene 

photopolymerization as two click-reaction approaches to forming poly(triazole) 

networks with high mechanical performances for demanding applications. As the 

“premier example of a click reaction”, the CuAAC polymerization is a step-growth 

process forming homogeneous networks with high final conversion with low 

shrinkage stress, making it a potential candidate for dental restoratives especially 

considering the superior mechanical properties of the CuAAC glassy networks. 

However, previously developed urethane-based CuAAC network was highly 

hydrophilic due to the urethane moieties and exhibited poor water stability, 

hindering its potential application for dental restorative material. Consequently, the 

development of hydrophobic CuAAC networks with improved water stabilities is 

desired. The CuAAC approach, though efficient, raises safety concerns due to the 

involvement of (sometimes large amount of) azide monomers, and displays less-than-

satisfactory spatial control for certain applications because of copper. As such, 

developing thiol-norbornene-based poly(triazole) networks using triazole-embedded 

monomers has the potential of widening the application of the high-performance 

poly(triazole) materials because the thiol-norbornene approach is intrinsically safer 
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and offers better spatial control. As such, the following specific aims have guided the 

research of this thesis: 

Specific Aim 1: Develop CuAAC networks with improved water stabilities, high 

mechanical performance, and reduced shrinkage stress for potential ester-free dental 

restoratives. 

 

Specific Aim 2: Investigate the triazole/thiol-norbornene approach for forming 

poly(triazole) glassy networks with high tensile toughness and for 

stereolithography(SLA)-based 3D printing to fabricate complex 3D structures using 

the highly tough poly(triazole) materials.  

 

Specific Aim 3: Incorporate secondary chemistry into the triazole/thiol-norbornene 

system to form hybrid networks with high glass-transition temperatures and high 

tensile strength/modulus. 

 

In specific aim 1, ether-based tri-functional azide monomers were synthesized 

and copolymerized with ether-based tri-alkyne monomer under visible light 

irradiation. In comparison to BisGMA/TEGDMA-based poly(methacrylate) network, 

the ether-based CuAAC network exhibited comparable flexural modulus and flexural 

strength, much higher flexural toughness, and, as previously observed, reduced 

polymerization-induced shrinkage stress. In terms of water stabilities, the ether-

based CuAAC network was comparable with the BisGMA/TEGDMA-based 
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poly(methacrylate) network, and much better than the previously developed 

urethane-based CuAAC network, highlighting the significance of the hydrophobic 

ether linkage vs the hydrophilic urethane linkage. 

In specific aim 2, structurally similar triazole-based di-norbornene monomer 

(tNBE) and urethane-based di-norbornene monomer (uNBE) were synthesized in 

short steps with high overall yields and were copolymerized with same tri-thiol 

monomer (TMPTMP), respectively, under visible light (400-500nm) irradiations. 

Firstly, tensile testing was used to compare the mechanical properties of the 

triazole/thiol-norbornene network (T1 network consisting of tNBE/TMPTMP) and 

the urethane/thiol-norbornene network (U1 network  consisting of uNBE/TMPTMP). 

Both networks showed quite similar ductile behaviors, with the T1 network 

exhibiting higher elongation-at-break (130% vs 100%) while the U1 network 

exhibiting higher tensile strength (36MPa vs 31MPa), and their tensile toughness 

was almost identical (29MJ/m3 for both networks). The results highlighted the value 

of triazoles in forming tough and ductile glassy networks especially considering the 

lower concentration of triazole in the T1 network compared to that of urethane in the 

U1 network. Triazole network (T1-10SH)with even higher ductility and higher 

tensile toughness was obtained in an off-stoichiometric system where 10 mol% excess 

of thiol monomers was used.  Next, di-triazole di-norbornene monomer (t2NBE) was 

synthesized and copolymerized with tri-thiol TMPTMP, and the network (T2) 

obtained also exhibited very high ductility and high tensile toughness (elongation-at-

break of 290% and tensile toughness of 57MJ/m3), though the strength and Young’s 
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modulus were not as high as expected despite the higher concentration of triazoles, 

which was offset by the low crosslink density. Further, copolymerizing t2NBE with a 

more rigid tri-thiol monomer (3TI) did afford a glassy network (T3) with higher 

strength and high modulus while maintaining relatively high ductility and high 

tensile toughness. Finally, the physical aging effect was examined using tensile 

testing, and of the five networks (one urethane/thiol-norbornene network and four 

triazole/thiol-norbornene networks) examined, the T1-10SH and the T2 networks 

remained high ductile for a longer period due to their relatively low glass-transition 

temperatures, while the rest exhibited significant embrittlement after being aged at 

ambient temperatures for 24 hours. Furthermore, the T1-10SH resin was examined 

for implementation in stereolithography 3D printings. After slightly changing the 

amount of stabilizer used from 0.05 wt% to 0.07 wt%, the Ec/Dp test was conducted 

to determine the critical energy and the depth of light penetration of the resin on an 

Original Prusa SL1 printer. Next, irradiation time was tuned for good attachment 

between the printed parts and the base platform. Finally, various 3D objects with 

challenging features were successfully fabricated with high precision, highlighting 

the robustness of the thiol-norbornene photopolymerization as an alternative 

approach in forming poly(triazole) glassy networks with high mechanical 

performances.  

In specific aim 3, bisphenol-A-di-cyanate-ester or di-allyl-bisphenol-A-di-

cyanate-ester was introduced to the triazole/thiol-norbornene formulation to 

establish a dual-curable system, where in the first stage the thiol-norbornene 
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photopolymerization affords the poly(triazole) network and in the second stage the 

cyanate ester thermal cyclotrimerization affords the poly(triazine) network. 

Mechanical properties of the dual-cured networks were examined, and the glass-

transition temperature increased by as high as 90°C (from 39 °C to 128°C) and the 

strength increased by as high as 90MPa (from 20MPa to 90MPa) in comparison to the 

poly(triazole)-only network. Compared to previously reported dual-cured networks 

based on acrylates/bisphenol-E-di-cyanate-ester, however, the glass transition 

temperatures and the tensile moduli  of the dual-cured networks here are 

considerably low.
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Chapter 3  

Evaluation of photo-initiated copper(I)-catalyzed azide-alkyne 
cycloaddition (CuAAC) resin with improved water stability and high 

mechanical performance as ester-free dental restoratives 
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Figure 3.1. Photoinduced radical-initiated CuAAC polymerization forming poly(triazole) networks 

employing a photo-initiator in conjunction with a coper(II) pre-catalyst. 

 

3.1. Abstract 

Objectives. To detail the development of ester-free ether-based photo-CuAAC 

resin with high mechanical performance, low polymerization-induced compared with 

commercial BisGMA/TEGDMA (70/30) resin, and much improved water stabilities in 

comparison to previously developed urethane-based photo-CuAAC resin. Methods. 

Triphenyl-ethane-centered ether-linked tri-azide monomers were synthesized and co-

photopolymerized with ether-linked tri-alkyne monomer under visible light 

irradiation using copper(II) pre-catalyst and CQ/EDAB. The ether-based CuAAC 

formulation was investigated for the thermo-mechanical properties, polymerization 
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kinetics and shrinkage stress, and flexural properties with respect to the 

conventional BisGMA/TEGDMA (70/30) dental resin. In addition, both the ether-

based CuAAC resin and the urethane-based CuAAC resin were examined for their 

water stabilities using the BisGMA/TEGDMA (70/30) resin as a control. Results. The 

ether-based CuAAC network (AK/AZ-1) exhibited a slightly lower glass-transition 

temperature compared with the BisGMA/TEGDMA network (108 °C vs 128 °C), but 

because of its much sharper glass transition, the AK/AZ-1 CuAAC-network 

maintained storage modulus higher than 1 GPa up to 100 °C. In addition, the ether-

based AK/AZ-1 network exhibited reduced shrinkage stress (0.56 MPa vs 1.0 MPa) 

and much higher flexural toughness (7.6 MJ/m3 vs 1.6 MJ/m3) while showing slightly 

lower flexural modulus and slightly higher flexural strength compared with the 

BisGMA/TEGDMA network. Moreover, the ether-based AK/AZ-1 CuAAC network 

developed here displayed comparable water stability in comparison to the 

BisGMA/TEGDMA network with slightly higher water sorption (46 μg/mm3 vs 38 

μg/mm3) and much lower water solubility (2.3 μg/mm3 vs 4.4 μg/mm3). Significance. 

Employing the developed ether-based hydrophobic CuAAC formulation significantly 

improved the water stability of the CuAAC network compared with previously 

developed urethane-based CuAAC network. Furthermore, compared with the 

conventionally used BisGMA/TEGDMA formulation, the reduced shrinkage stress, 

comparable flexural strength/flexural modulus, and the superior flexural toughness 

of the ether-based CuAAC network  developed here make it a promising ester-free 

alternative to the currently widely-used methacrylate-based dental restoratives.  
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3.2. Introduction 

Polymer-based dental restorative materials have, for decades, been primarily 

relying on di-methacrylate monomers, notably bisphenol A glycidyl methacrylate 

(BisGMA), triethylene glycol dimethacrylate (TEGDMA) and urethane 

dimethacrylate (UDMA).1,2 Among the advantages of poly(methacrylate) materials 

are their fast photo-curing kinetics, robust mechanical properties, and appealing 

aesthetic appearance.3-6 However, drawbacks associated with chain-growth radical 

polymerization of methacrylate monomers persist. First, limited final conversions 

due to early gelation raise toxicity concerns because the unreacted monomers in the 

resin matrices are potentially  leachable.7 Further, considerable polymerization-

induced shrinkage stress develops8-11, also because of the early gelation, during the 

photocuring of di-methacrylate monomers, and the high shrinkage stress can lead to 

failure of the restoratives, poor adhesion between restoratives and tooth.12 

Additionally, the ester groups within the backbone of the methacrylate monomers are 

prone to enzymatic hydrolysis13,14, slowly reducing the mechanical properties of the 

restoratives in the long run and thus shortening their service lifetime and 

necessitating replacement of the restoratives12, and the potentially leachable 

degradation fragments also raise concerns of their toxicity.15-17 Finally, the 

poly(methacrylate) materials are known for their brittleness, makes them prone to 

impact failures. 
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In the past two decades, several approaches have been explored to develop 

alternatives to the poly(methacrylate)-based dental restoratives. For example, epoxy-

based siloxane/oxirane or silorane system was shown to generate lower shrinkage 

than di-methacrylate-based resins18-20, likely due to the compensation effect resulted 

from the opening of the strained oxirane ring. Step-growth polymerizations such as 

radical-mediated thiol-ene photopolymerizations are garnering attentions as 

alternative dental restorative materials in recent years,21-25 because of the robust 

photo-curing kinetics that are comparable to the free radical polymerizations of 

(meth)acrylates, the commercial availability of a wide range of both thiol and ene 

monomers, the reduced shrinkage stress due to delayed gelation in step-growth 

polymerizations, the formation of more homogeneous and tougher networks because 

of the gradual molecular weight buildup of the polymers. Efforts were also made to 

modify the di-methacrylate formulations, either by designing high molecular-weight 

and/or urethane-modified di-methacrylate monomers26-29 or by incorporating 

reversible addition-fragmentation chain transfer (RAFT) moieties30-32 into monomer 

backbones, to reduce polymerization shrinkage stress without sacrificing the 

mechanical properties. Such efforts, however, only solve some of the problems 

associated with methacrylate-based systems as many of the problems are inherent to 

either methacrylate monomers (as hydrolysis-prone esters) or to the free radical 

chain-growth polymerizations. 

As the prime example of click chemistry33-35, Cu(I)-catalyzed azide-alkyne 

cycloaddition (CuAAC) reaction has found a wide range of applications in bio-
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conjugations, material syntheses, surface functionalization, and so on, ever since 

being discovered independently by the Meldal and the Sharpless laboratories.36,37  

Taking advantage of the reducing characteristics of photo-generated radicals, photo-

initiated CuAAC reactions were realized by our lab in 2010 for the fabrication of 

patterned hydrogels38, and by Yagci lab in 2011 for the construction of block 

copolymers39, further expanding the application of CuAAC reactions by endowing the 

already-powerful click reaction spatial/temporal control. 

Recently, it has been demonstrated that photo-initiated step-growth CuAAC 

polymerization, in contrast to chain-growth free-radical polymerizations of 

(meth)acrylates, afforded homogeneous glassy networks with robust mechanical 

properties, and with low polymerization-induced shrinkage stress due to delayed 

gelation,40,41 making the photocurable CuAAC resins a good candidate for ester-free 

dental restoratives.   Furthermore, unlike most glassy thermosets, photo-CuAAC 

networks were shown to exhibit exceptionally high ductility and high tensile 

toughness at the glassy state.42 

In present work, we further the development of the photo-CuAAC 

polymerization for its potential dental restorative application by designing new 

monomers and examining the polymerized networks’ mechanical properties and 

water stabilities. Here, using the BisGMA/TEGDMA (70/30) comonomer resin as a 

control, we show that the new CuAAC resin consisting of ether-based hydrophobic 

monomers, compared with previously reported urethane-based monomers, exhibited 

much improved water stabilities that are comparable to the BisGMA/TEGDMA resin. 
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On top of the lower polymerization-induced shrinkage stress as previously observed 

with the photo-CuAAC resin, the mechanical properties of the  CuAAC resin were 

also similar or superior in comparison to the BisGMA/TEGDMA (70/30) resin. 

 

3.3. Experimental 

3.3.1. Materials 

1,3-Bis(2-isocyanatopropan-2-yl)benzene, dibutyltin dilaurate, 

tetrahydrofuran, 6-chloro-1-hexanol, 3-chloro-1-propanol, sodium azide, 1,1,1-

tris(hydroxymethyl)propane, propargyl bromide, ethanol, copper(II) chloride, 

N,N,N’,N’,N’’-pentamethyl diethylenetriamine (PMDETA), camphor quinone (CQ), 

ethyl 4-(dimethyl amino)benzoate (EDAB), and acetonitrile were used as received 

from Sigma Aldrich. Sodium hydroxide, ammonium chloride, dimethyl sulfoxide, 

dimethylformamide, methanol, and sodium sulfate were used as received from Fisher 

Scientific. BisGMA/TEGDMA (70/30) comonomers solution was used as received from 

ESSTECH. Bis(6-azidohexyl) (1,3-phenylenebis(propane-2,2-diyl))dicarbamate (AZ-3) 

and 1-(prop-2-yn-1-yloxy)-2,2-bis((prop-2-yn-1-yloxy)methyl)butane (AK) were 

synthesized according to  previous reported procedures [43]. All organic azides were 

synthesized according to the azide safety rules and handled with appropriate 

precaution37 when working with monomers, resins, and polymers in small quantities. 

3.3.2. Monomer synthesis 

           1,1,1-Tris(4-(3-chloropropyl)phenyl)ethane intermediate: To a solution 

of 1,1,1-Tris(4-hydroxyphenyl)ethane (10 mmol, 3.06 g), 3-chloro-1-propanol (45 
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mmol, 3.76 ml), and triphenylphosphine  (31 mmol, 8.31 g) in anhydrous THF (100ml) 

was added diethyl azodicarboxylate (14.13ml, 40 wt. % in toluene) dropwise at  0°C 

under nitrogen. The reaction mixture was then warmed to room temperature and 

stirred overnight. The reaction mixture was diluted with EtOAc (150ml), washed with 

H2O (50ml×3), and then dried with Na2SO4. The product was obtained after flash 

chromatography using a hexane/EtOAc (90:10) mixture as eluent, dried in vacuo as 

a white solid. (52% yield) 1H NMR (CDCl3), ppm: δ 2.11 (3H, s, CH3), 2.23 (6H, q, 

CH2–CH2-CH2), 3.75 (6H, t, CH2–Cl), 4.09 (6H, t, CH2–O), 6.77-6.81 (6H, m, CH-

aromatic), 6.97-7.01 (6H, m, CH-aromatic); 13C NMR (CDCl3), ppm: δ 30.79, 32.34, 

41.62, 50.62, 64.12, 113.65, 129.65, 141.98, 156.71. 

1,1,1-Tris(4-(3-azidopropyl)phenyl)ethane (AZ-1): To a solution of 1,1,1-

Tris(4-(3-chloropropyl)phenyl)ethane (5.2 mmol, 2.79 g) in DMF (50ml) was added 

sodium azide (46.8 mmol, 3.04 g). The reaction mixture was then heated to 80°C and 

stirred overnight. The reaction mixture was diluted with EtOAc (150ml), washed with 

H2O (50ml×3), and then dried with Na2SO4. The pure product was obtained after 

flash chromatography using a hexane/EtOAc (85:15) mixture as eluent, dried in vacuo 

as a colorless oil. (93% yield) 1H NMR (CDCl3), ppm: δ 2.04 (6H, q, CH2–CH2-CH2), 

2.10 (3H, s, CH3), 3.52 (6H, t, CH2–N3), 4.02 (6H, t, CH2–O), 6.76-6.80 (6H, m, CH-

aromatic), 6.96-7.01 (6H, m, CH-aromatic); 13C NMR (CDCl3), ppm: δ 28.83, 30.79, 

48.28, 50.62, 64.35, 113.62, 129.66, 142.00, 156.67. 

            1,1,1-Tris(4-(6-chlorohexyl)phenyl)ethane intermediate: To a solution of 

1,1,1-Tris(4-hydroxyphenyl)ethane (10 mmol, 3.06 g), 6-chloro-1-hexanol (45 mmol, 
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6.0 ml), and triphenylphosphine  (31 mmol, 8.31 g) in anhydrous THF (100ml) was 

added diethyl azodicarboxylate (14.13ml, 40 wt. % in toluene) dropwise at  0°C under 

nitrogen. The cooled reaction mixture was then warmed to room temperature and 

stirred overnight. The reaction mixture was diluted with EtOAc (150ml), washed with 

H2O (50ml×3), and then dried with Na2SO4. The product was obtained after flash 

chromatography using a hexane/EtOAc (90:10) mixture as eluent, dried in vacuo as 

a colorless oil. (63% yield) 1H NMR (CDCl3), ppm: δ 1.46-1.58 (12H, m, CH2-CH2-CH2-

CH2-CH2-CH2), 1.75-1.88 (12H, m, CH2-CH2-CH2-CH2-CH2-CH2), 2.12 (3H, s, CH3), 

3.57 (6H, t, CH2–Cl), 3.96 (6H, t, CH2–O), 6.76-6.83 (6H, m, CH-aromatic), 6.97-7.04 

(6H, m, CH-aromatic); 13C NMR (CDCl3), ppm: δ 25.48, 26.68, 29.20, 32.54, 45.08, 

50.56, 67.59, 113.54, 129.61, 141.73, 157.01. 

           1,1,1-Tris(4-(6-azidohexyl)phenyl)ethane (AZ-2): To a solution of 1,1,1-

Tris(4-(6-chlorohexyl)phenyl)ethane (6.1 mmol, 4.04 g) in DMF (60ml) was added 

sodium azide (48.8 mmol, 3.17 g). The reaction mixture was then heated to 80°C and 

stirred overnight. The cooled reaction mixture was diluted with EtOAc (2000ml), 

washed with H2O (60ml×3), and then dried with Na2SO4. The pure product was 

obtained after flash chromatography using a hexane/EtOAc (90:10) mixture as eluent, 

dried in vacuo as a colorless oil. (91% yield) 1H NMR (CDCl3), ppm: δ 1.39-1.57 (12H, 

m, CH2-CH2-CH2-CH2-CH2-CH2), 1.60-1.70 (6H, m, O-CH2-CH2-CH2-CH2-CH2-CH2-

N3), 1.76-1.86 (6H, m, O-CH2-CH2-CH2-CH2-CH2-CH2-N3), 2.12 (3H, s, CH3), 3.31 (6H, 

t, CH2–N3), 3.96 (6H, t, CH2–O), 6.76-6.83 (6H, m, CH-aromatic), 6.96-7.03 (6H, m, 
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CH-aromatic); 13C NMR (CDCl3), ppm: δ 25.75, 26.54, 28.82, 29.22, 30.80,  50.56, 

51.40, 67.58, 113.54, 129.61, 141.74, 157.01. 

           Preparation of CuCl2[PMDETA] complex: 1:1 molar mixture of CuCl2 and 

PMDETA (N,N,N’,N’,N’’-pentamethyl diethylenetriamine) in acetonitrile was stirred 

overnight at room temperature and dried in vacuo to give a blue solid. 

3.3.3. Methods 

           Resin preparation: Stoichiometric mixtures of azide monomer and alkyne 

monomer (functional group molar ratio of 1:1 N3/alkyne), and 1 mole percentage of 

CuCl2[PMDETA] per functionality, 0.68 weight percentage of CQ, 0.86 weight 

percentage of EDAB were mixed, to which methanol (for AK/AZ-3 mixture) or 

methanol/acetone (for AK/AZ-1 and AK/AZ2 mixtures) were added to homogenize the 

mixture and were later removed in vacuo. For the BisGMA/TEGDMA resin, to the 

BisGMA/TEGDMA (70/30) comonomers mixture was added 0.68 weight percentage 

of CQ and 0.86 weight percentage of EDAB and thoroughly stirred to afford the 

homogenous resin.  

Fourier Transform Infrared Spectroscopy: An FTIR spectrometer 

(Nicolet 6700) was used to monitor the real-time polymerization kinetics of the 

functional group conversion. Samples were placed between two cylindrical quartz 

rods, and 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, and the light 

intensity was set at 200 mW/cm2. A radiometer (Model 100, Demetron Research) was 

used to measure the output power density of the lamp. The overtone signal of alkyne 
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was monitored in 6538-6455 cm-1, and the overtone signal of methacrylate was 

measured in 6250-6096 cm-1. 

Polymerization shrinkage stress measurement: In situ polymerization 

shrinkage stress measurements were conducted with a tensometer (American Dental 

Association Health Foundation). Samples were sandwiched between the ends of 2 

silanized glass rods (6 mm in diameter, 1 mm in thickness). The tensile force 

generated during photocuring by the bonded sample causes the cantilever beam to 

deflect. And the deflection is measured by a linear variable differential transformer 

(LVDT) and then translated into the force based on the calibrated beam constant. To 

calculate the stress, the force corresponding to the beam deflection is divided by the 

cross-sectional sample area. The shrinkage stress was monitored for from the start of 

light irradiation until 5 min after the light source was switched off to obtain the final 

shrinkage stress at ambient temperature. The irradiation time was 10 min, and the 

total measurement time was 15 min. 

Dynamic mechanical analysis: A DMA Q800 (TA instruments) in multi-

frequency-strain mode with frequency of 1Hz and a heating rate of 3 °C min-1 was 

used to measure the storage modulus and the glass transition temperature (Tg), 

which assigned to the peak of tan δ (a ratio of E’’/E’: the storage and loss moduli). 

Film samples were irradiated with 12 mW cm-2 of 400-500nm visible light, via a light 

guide with a collimator connected to a mercury lamp (Acticure 4000, EXFO), for 5 

min at room temperature on one side and immediately inverted to cure for another 5 
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min of the other side. The rectangular dimension of each sample specimen was 

0.25×5×15mm (t×w×l), and then post-cured at 90 °C overnight.  

Three-point flexural test: Three-point bend (MTS 858 Mini Bionix II) with 

a strain rate of 1 mm/min and a span of 20 mm was used to obtain flexural modulus, 

flexural strength, and flexural toughness. Photo-activation provided 200 mW cm-2 of 

400-500nm light from a mercury lamp (Acticure 4000, EXFO) by a light guide with a 

collimator. Samples were irradiated for 180 s at room temperature on one side 

followed by immediate inversion to cure for 180 s on the other side. The rectangular 

dimension of each sample specimen was 2×2×25mm (t×w×l).  

Water sorption/solubility tests: Water sorption tests were conducted using 

disc-shaped specimens of 1.2 mm in thickness and 12-13 mm in diameter. The 

samples were cured using 400-500 nm visible light (12 mW/cm2, 10min for each side 

of the samples at room temperature) and were post-cured at 90 °C overnight. The 

samples obtained were dried in an oven at 37 °C until constant initial masses (mi). 

The thickness and diameter of each disc-shaped specimen were measured with 

calipers at 3–4 different positions to get averaged values and the initial volume (Vi) 

of each specimen was calculated based on those values. The samples were then placed 

in distilled water at 37 °C. At regular time intervals (24h), the samples were removed 

from the water and the water on the surface of the samples was gently wiped away 

using Kimwipes. After their mass was recorded, the samples were returned to DI 

water for conditioning. The measurements were repeated until there was no 

significant change in mass for each specimen. This final mass of each specimen is 
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referred to as the equilibrium saturation mass (ms). After determining the 

equilibrium saturation mass, the dimensions of each specimen were measured again, 

and the saturation volume was calculated (Vs) in the same way the Vi was calculated. 

Next, the samples were dried in an oven at 37 °C for until constant mass, referred to 

as the desorption mass (md). And the dimensions of the dried samples were measured 

again, and the dry volume was calculated (Vd) in the same way the Vi and Vs were 

calculated. The equilibrium solubility limit, s, and the equilibrium water sorption, w, 

were calculated according to the following equations44: 

s (μg/mm3) = (mi− md)/Vi 

w (μg/mm3) = (ms− mi)/Vi 

Statistical analysis: Statistical analysis of the experiments was performed 

via one-way analysis of variance (ANOVA), and multiple pair-wise comparisons 

were conducted via Tukey’s test with a significance level of 0.05. The number of 

repetitions for each experiment is as follow: dynamic mechanical analysis (n=3), 

water sorption test (n=5), three-point flexural test (n=3).  

 

3.4. Results and discussion  
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Figure 3.2. Monomer libraries of tri-alkyne AK, tri-azides AZ-1 and AZ-2, di-azide AZ-3, di-

methacrylate BisGMA and TEGDMA, and photo-initiator CQ, co-initiator EDAB, and copper(II) pre-

catalyst CuCl2[PMDETA].  

 

In the present study, triphenyl ethane-centered ether-linked tri-azide AZ-1 

and AZ-2 (See Figure 3.2 for the monomer structures, together with the initiator/co-

initiator and copper pre-catalyst used) were designed as ester-free hydrophobic 

monomers and were synthesized in short steps with good overall yields. Photo-

polymerization of either AZ-1 or AZ-2 with ether-linked tri-alkyne monomer AK 

formed a glassy network with glass-transition temperature (Tg) of 108 °C or 56 °C, 

respectively (Figure 3.3b), as determined by dynamic mechanical analysis. The 

storage modulus (at 40 °C) of AK/AZ-2 network was slightly below 1 GPa due to the 

proximity of the temperature (40 °C) to its glass-transition temperature, while the 

storage modulus of the AK/AZ-2 network was about 1.4 GPa (at 40 °C) which was 

slightly lower than that of the BisGMA/TEGDMA network. Both networks exhibited 

a sharp glass-transition, highlighting the more homogeneous networks of  the chain-



 

 
 

34 

growth CuAAC polymerization in comparison to the BisGMA/TEGDMA network. 

And because of the sharp glass-transition, the AK/AZ-1 network maintained a storage 

modulus of higher than 1 GPa up to 100 °C, while the storage modulus of the 

BisGMA/TEGDMA network at 100 °C was  significantly lower than 1 GPa despite 

having a higher glass-transition temperature (128 °C vs 108°C). In addition to the 

relatively low glass-transition temperature, the photopolymerized AK/AZ-2 samples 

tend to have a lot of bubbles within it after photocuring and post-cure processing, 

which was detrimental for its potential application for dental restoratives and made 

it impossible to run additional (flexural three-point bending and water sorption) tests 

with the AK/AZ-2 samples. The bubble issue is not uncommon with the photo-CuAAC 

polymerization, as it depends not only on the monomer structure but also on the 

photocuring conditions.45 Thus, only AK/AZ-1 network was studied for further 

investigations in terms of the photocuring kinetics, the photo-polymerization induced 

shrinkage stress, and the water sorption/solubility in comparison to commercial di-

methacrylate control composed of BisGMA and TEGDMA with a weight percentage 

of 70/30. The previously investigated CuAAC resin41 composed of urethane-linked di-

azide monomer AZ-3 and tri-alkyne monomer AK was also assessed in the water 

sorption test to show how the water stability was strongly impacted by the monomer 

structures (vide infra).  
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Figure 3.3. Thermomechanical properties of the two CuAAC networks AK/AZ-1 and AK-AZ-2, and 

the poly(methacrylate) network based on BisGMA/TEGDMA. a) Plot of storage modulus vs 

temperature. b) Tan Delta vs temperature. 

 

In situ photocuring kinetics of the CuAAC polymerization featuring AK/AZ-1 

monomers and the photopolymerization of BisGMA/TEGDMA was investigated using 

FT-IR under continuous irradiation using 400-500 nm visible light with the light 

intensity set at 200mW/cm-2. (See Supporting Information Figure S3.1). 

BisGMA/TEGDMA resin reacted immediately upon light exposure, achieving 

maximum conversion in about 15s, while the CuAAC resin showed a slower but 

comparable kinetics, primarily because of the rate-limiting character of the copper(II) 

reduction step after radical formation upon light exposure, achieving maximum 

conversion in about 30s. The maximum conversion of CuAAC polymerization with 

AK/AZ-1 was much higher than that of the di-methacrylate polymerization with 

BisGMA/TEGDMA (91% vs 66%), and in both cases non-complete maximum 

conversions were the result of vitrification given that the Tg of both resins were much 
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higher than the ambient temperature (Table 3.1). Nonetheless, delayed gelation in 

the step-growth CuAAC polymerization contributed to the much higher final 

conversion in comparison to the dimethacrylate polymerization, in which early onset 

of gelation and vitrification significantly limited the mobility of the reactive species 

and led to relatively low final conversion. In addition, the polymerization-induced 

shrinkage stress of the CuAAC polymerization of AK and AZ-1 monomers was much 

lower than that of the radical polymerization of BisGMA/TEGDMA resin, similar to 

what was previously observed with the AK/AZ-3 system (see ref. 27). The shrinkage 

stress of the AK/AZ-1 system was slightly higher than that of the AK/AZ-3 system 

(0.56 MPa vs 0.43 MPa), primarily because of the higher crosslink density of AK/AZ-

1 network and the earlier gelation of the tri-alkyne/tri-azide system in comparison to 

the tri-alkyne/di-azide system. 

 

Table 3.1. FT-IR spectrometer and tensometer were used to measure functional group conversions 

and in situ shrinkage stress during photocuring. Dynamic mechanical analysis (DMA) was used to 

measure the storage modulus at 40 °C (E’40°C), and glass transition temperature (Tg) of the photo-

polymerized films. Bulk photo-CuAAC polymer denoted as AK/AZ-1 and di-methacrylate-based 

polymer denoted as BisGMA/TEGDMA were compared. Within each row, the letters indicate 

statistically significant differences (p<0.05) via a one-way ANOVA and a Tukey’s test. 

 AK/AZ-1 BisGMA/TEGDMA 

Conversion [%] 93±2A 66±1B 

Tg [°C] 108±2A 128±3B 

Storage modulus @ 40 °C [GPa] 1.4±0.2A 1.9±0.2B 
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Final shrinkage stress [MPa] 0.56±0.01A 1.0±0.0B 

 

Next, three-point flexural test was performed on a universal testing machine 

(MTS) to investigate the flexural properties (flexural modulus, flexural strength, and 

flexural toughness) of both the AK/AZ-1 CuAAC network and the BisGMA/TEGDMA 

poly(methacrylate) network. Flexural modulus (E) and flexural strength (σ)were 

calculated using following equations (1) and (2)46:  

𝐸𝐸 = (𝐹𝐹𝐹𝐹^3)/(4𝑑𝑑𝑑𝑑𝑑𝑑^3)     (1) 

𝜎𝜎 = 3𝐹𝐹𝐹𝐹/(2𝐵𝐵𝐵𝐵^2 )      (2) 

where F is the maximum load, L is the length of span, d is the extension 

corresponding to the load F, B is the width of the sample specimen and H is the height 

of the sample specimen. 

 

Figure 3.4. Stress-strain curves of the AK/AZ-1 CuAAC network (a) and the BisGMA/TEGDMA-

based  poly(methacrylate) network (b) as measured through three-point flexural tests. 
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Calculations based on three-point flexural testing results showed that the 

flexural modulus of the AK/AZ-1 CuAAC network (2.9 GPa) was about one forth lower 

than that of the BisGMA/TEGDMA-based poly(methacrylate) network (3.9 GPa), 

while the flexural strength of the AK/AZ-1 network was about 10% higher (130 MPa 

vs 110MPa). (Table 3.2) Approximately 7.6 MJ/m3 of energy was absorbed by the AK-

AZ-1 network before the fracture of the samples, which was more than four times the 

value of the  BisGMA/TEGDMA-based network before fracture, highlighting the high 

toughness of the CuAAC networks in contrast to the brittleness of the 

poly(methacrylate) networks.  

 

Table 3.2. A comparison of flexural modulus (E), flexural strength (σ), flexural toughness (Gc) 

measured from three-point-bending test with bulk photo-CuAAC polymer denoted as AK/AZ-1 and 

dimethacrylate-based polymer denoted as BisGMA/TEGDMA. The letters indicate statistically 

significant differences (p<0.05) via a one-way ANOVA and a Tukey’s test. 

 AK/AZ-1 BisGMA/TEGDMA 

Flexural modulus (E) [GPa] 2.9±0.3A 3.9±0.1B 

Flexural strength (σ) [MPa] 130±10A 110±10B 

Flexural toughness (Gc) [MJ/m3] 7.6±1.1A 1.6±0.3B 

 

Finally, the water sorption/solubility test was conducted with  AK/AZ-1  and 

AK/AZ-3 CuAAC networks and the BisGMA/TEGDMA network to compare the water 

stabilities of the CuAAC networks and the poly(methacrylate) network and to 

investigate how the water stability of the CuAAC networks was affected by the 
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monomer structures. For the urethane-based AK-AZ-3 CuAAC network, the water 

uptake sharply increased within the first 2 weeks of water conditioning and 

plateaued after about 3 weeks at around of 7.6 wt% swelling, while for the ether-

based AK/AZ-1 CuAAC network and the BisGMA/TEGDMA network, the water 

uptake was much slower and plateaued after about 2 months at much lower levels, 

with the AK/AZ-1 CuAAC network reaching a swelling of about 3.9 wt% and the 

BisGMA/TEGDMA network reaching a swelling of about 3.3 wt% (Figure 3.5A). 

Compared with the BisGMA/TEGDMA network, the water uptake of the ether-based 

AK/AZ-1 CuAAC network was only 20% higher but saw a 50% reduction in 

comparison to the urethane-based AK/AZ-3 CuAAC network, highlighting the value 

of the hydrophobic ether groups and higher crosslink density of the network in 

suppressing the water uptake. Same results were obtained by comparing the 

calculated water sorption values for the three network (Figure 3.5B). Despite the 

slightly higher water sorption of the AK/AZ-1 network, the value of its water 

solubility was only about half the value of the BisGMA/TEGDMA network’s water 

solubility, highlighting the benefits of the higher final conversion of the AK/AZ-1 

network in diminishing the leaching of the resin. For the urethane-based AK/AZ-3 

network, however, because of the high level of water swelling, much of the unbonded 

species (copper catalyst, ligands, initiator fragments, trace of unreacted monomers) 

became leachable and contributed to its high water-sorption.  



 

 
 

40 

 

Figure 3.5. Results from the water sorption/solubility tests of BisGMA/TEGDMA network and 

AK/AZ-1 and AK/AZ-3 CuAAC networks. A) Sample mass increase against water conditioning time 

(days). B) Water sorption/solubility values calculated. 

 

3.5. Conclusion  

  Ester-free ether-based monomers of photo-CuAAC polymerization were 

evaluated as dental restorative resin by examining the mechanical properties and 

water stabilities in comparison to the commercially available BisGMA/TEGDMA 

resin. The ether-based AK/AZ-1 CuAAC network exhibited a lower glass-transition 

temperature (108 °C vs 128 °C), but because of its much sharper glass transition, the 

AK/AZ-1 network maintained storage modulus higher than 1 GPa up to 100 °C while 

the BisGMA/TEGDMA network saw a significant decrease of storage modulus at that 

temperature due to its network inhomogeneity.  In addition, the AK/AZ-1 network 

exhibited reduced shrinkage stress (0.56 MPa vs 1.0 MPa) and much higher flexural 

toughness (7.6 MJ/m3 vs 1.6 MJ/m3) while showing slightly lower flexural modulus 

and slightly higher flexural strength compared with the BisGMA/TEGDMA network. 
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Moreover, the ether-based AK/AZ-1 network developed here displayed comparable 

water stability in comparison to the BisGMA/TEGDMA network with slightly higher 

water sorption (46 μg/mm3 vs 38 μg/mm3) and much lower water solubility (2.3 

μg/mm3 vs 4.4 μg/mm3). Compared with previously developed urethane-based AK/AZ-

3 network, water stability of the ether-based AK/AZ-1 network was significantly 

improved, further paving the way for photo-CuAAC polymer networks to be applied 

as an alternative to the currently widely used methacrylate dental restorative resins. 
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3.7. Supporting information  

 

Figure S3.1. Representative photocuring kinetics of  the AK/AZ-1 CuAAC polymerization (A) and the 

dimethacrylate polymerization of BisGMA/TEGDMA as measured with FT-IR (n = 3) by monitoring 

the alkyne peak at 6538-6455 cm-1 and the methacrylate peak at  6250-6096 cm-1. Each resin was 

irradiated for 10 min at ambient temperature with 200 mW/cm2 of 400-500 nm light following 1 min 

in the dark to establish a baseline. 
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Chapter 4 

Poly(triazole) Glassy Networks via Thiol-Norbornene 

Photopolymerization: Structure-Property Relationships and 

Implementation in 3D Printing 

This work was submitted to Macromolecules under the same title. 
 

 

Figure 4.1 Thiol-ene photopolymerization as an alternative approach to forming poly(triazole) 

networks by using triazole-containing monomers. 

 

4.1. Abstract 

Photocurable thiol-norbornene resins featuring triazole-embedded norbornene 

monomers were developed, and the photopolymerized networks showed good to 
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superior ductility in the glassy state with elongation-at-break ranging from 130% to 

290% and tensile toughness as high as 57 MJ/m3, demonstrating the value of triazoles 

in forming tough, glassy networks. Retained ductility was observed with two of the 

triazole/thiol-norbornene networks after physical aging at ambient temperature for 

24 hours, presumably due to mechanical rejuvenation under uniaxial straining, as 

the elongation-at-break of one of the networks decreased only to 170 % from 290%, 

while the elongation-at-break of the other network remained the same. Though 

substantial embrittlement was observed for both networks after an even more 

extended time of physical aging, the prolonged ductility observed here was not 

previously seen with the poly(triazole) glassy networks. Lastly, one of the 

triazole/thiol-norbornene resins developed here was successfully applied for 

fabricating 3D structures in high precision using stereolithography-based 3D 

printing, highlighting the robustness of the thiol-norbornene photopolymerization. 

 

4.2. Introduction 

Photopolymers are pervasive in daily life with applications spanning from 

coatings, adhesives, and dental restoratives to microelectronic photoresists.1 One 

rapidly expanding area for photopolymerized materials is in additive manufacturing, 

commonly referred to as 3D-printing2,3, where photopolymerization-based 

technologies are frequently applied to rapidly convert liquid- resins into solid 

polymeric objects with complex and, more often than not, conventionally unmoldable 

geometries.  
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With the ever-growing applications of photopolymerization-based technologies 

comes the simultaneous demand for photopolymers with exceptional mechanical 

performance and utility.4 Currently, industrial applications primarily rely on 

photoinitiated chain-growth polymerizations of multifunctional (meth)acrylate or 

epoxy monomers to form crosslinked glassy thermosets, due to their rapid 

photocuring kinetics, the wide selection of commercially available monomers, and 

often, the mechanical stiffness/strength of the photopolymers formed.5,6 However, 

there are intrinsic limitations with chain-growth polymerizations. Firstly, chain-

growth polymerizations lead to limited maximum conversions due to early 

gelation/vitrification,7 and the unreacted monomers are potentially leachable 

potentially constituting an environmental and/or health issue.8 Further, there is 

often a substantial buildup of shrinkage stress during chain-growth polymerizations, 

especially in free radical polymerizations of multifunctional (meth)acrylates, and the 

high shrinkage stress is detrimental, particularly in additive manufacturing 

applications, leading to premature failure of the material or to de-bonding between 

layers or between a photopolymerized material and the underlying substrate.9-11 

Finally, (meth)acrylate-based glassy thermosets are known to be brittle with quite 

limited elongations-at-break, generally making them unsuitable for applications 

where large deformation or high toughness is needed.12,13 

One popular approach to toughening brittle, glassy materials has been to 

integrate a rubbery phase into the matrix, also known as rubber toughening. Either 

nonreactive thermoplastics or reactive block copolymers have been incorporated into 
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epoxy networks to afford glassy thermosets with improved mechanical 

performance.14,15  Another approach is to employ secondary chemistries to form either 

a hybrid network or an interpenetrating network.16 For example, Wei et al. showed 

that glassy networks based on photocurable thiol-ene-acrylate ternary systems 

exhibit enhanced energy absorption at room temperature.17  Similarly, Beigi et al. 

investigated thiol-ene-methacrylate ternary resins for dental restorative composites 

and found that the fracture toughness was enhanced by increasing the weight 

percentage of the thiol-ene component.18  Interpenetrating polymer networks (IPN) 

consisting of two or more interwoven polymeric matrixes are an emerging approach 

to enhancing the mechanical properties of photocured polymeric materials.19,20  

Jansen et al. prepared both IPNs and semi-IPNs based on epoxy/methacrylate 

systems and observed synergistic toughening.21 Other approaches to toughening 

photocured thermosetting materials include incorporating chain transfer agents in 

dimethacrylate-based thermosets to form more homogeneous networks,22,23 applying 

a 2nd-stage thermal curing to effect the dynamic covalent exchange of blocked amine-

isocyanate bond with primary amines/alcohols to reorganize the photocured polymer 

networks,24,25 and adding inorganic nanoparticles or preformed organic particles as 

toughening additives.26-31 

“Click” chemistries,32-34 among them notably the copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) reaction35-40 and thiol-X reactions41-44, are a drastically 

different, and yet intriguing approach to preparing tough photopolymers. Hoyle and 

coworkers prepared thiourethane-based thiol-ene networks that showed good impact 



 

 
 

52 

strength and crack resistance upon bending,45 while Griesser and coworkers showed 

that thiol-yne-based glassy network exhibit about 5 times higher impact strength in 

comparison to diacrylate-based networks.46 Unlike (meth)acrylate-based (radical) or 

many epoxy-based (cationic) polymerizations, polymerizations based-on click 

chemistries are step-growth processes, through which both a high maximum 

conversion and low shrinkage stress are achieved due to delayed gelation. Further, 

the material properties are readily tuned by modifying the monomer structures and 

the overall composition.  

Recently, it has been shown that photo-initiated CuAAC polymerizations often 

form glassy networks exhibiting superior toughness with excellent shape memory 

characteristics.47,48 The monomers investigated, however, also had urethane moieties, 

which form tough networks due to the energy-dissipating character of the hydrogen 

bonds. Ether-based CuAAC polymeric foams developed by Alzahrani et al. exhibited 

higher toughness compared with epoxy/amine-based foams of similar glass transition 

temperature.49 Inspired by the thiol-ene approach demonstrated by Song et al.,47 and 

motivated by the chemical/thermal stability of triazoles as well as their rich 

secondary interactions,50 here, thiol-norbornene photopolymer networks, harnessing 

triazole-embedded norbornene monomers, are implemented to demonstrate the value 

of triazoles for forming glassy networks with high tensile toughness that are 

comparable to similar networks featuring urethane moieties. In addition, retained 

ductile behavior was observed in the triazole-based thiol-norbornene networks after 

physical aging at ambient temperature. Lastly, taking advantage of the rapid 
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photocuring kinetics of thiol-norbornene polymerizations, one of the triazole-based 

thiol-norbornene photopolymers was implemented to 3D print objects with high 

precision. 

 

4.3. Experimental 

4.3.1. Materials 

Dimethylformamide (DMF), tert-butanol (t-BuOH), dichloromethane (DCM), 

toluene, trimethylolpropane tris(3-mercaptopropionate) (TMPTMP), sodium azide 

(NaN3), 6-chloro-hexanol, hexamethylene diisocyanate (HMDI), 5-norbornene-2-

methanol, dibutyltin dilaurate (DBTDL), chloroform-d, triethylamine (TEA), 4-

dimethylaminopyridine (DMAP), propargyl alcohol, 1,4-cyclohexanedicarboxylic acid, 

oxalyl chloride and copper (II) sulfate pentahydrate were purchased from Sigma-

Aldrich. 5-Norbornene-2-carboxylic acid, tris[2-(3-mercaptopropionyloxy)ethyl] 

isocyanurate (3TI) and pyrogallol were purchased from TCI. Bis(2,4,6-

trimethylbenzoyl)-phenylphosphineoxide (I819) was obtained from BASF. NaCl 

plates were purchased from International Crystal Laboratories. All purchased 

chemicals were used as received without purification. 

4.3.2. Monomer synthesis 
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Figure 4.2 Synthetic route of mono-triazole di-norbornene tNBE. 

              Mono-triazole-di-norbornene tNBE: To a solution of 6-chloro-hexanol 

(13.66g, 100 mmol) in DMF (300 mL) was added NaN3 (19.5 g, 300 mmol), then the 

solution was heated to 80 °C and stirred overnight. The reaction mixture was cooled 

down to room temperature, diluted with EtOAc(600 mL) and washed with H2O (6 x 

150 mL). The ethyl acetate layer was dried over sodium sulfate, and then volatile 

solvent was removed under reduced pressure to give the crude product as a colorless 

liquid. (99% yield, 91-95% purity with DMF residual as determined by 1H NMR). The 

crude product was used without further purification. 

To a solution of 6-azido-hexanol (4.3 g, 30 mmol) and propargyl alcohol (1.68 g, 30 

mmol) in tBuOH/H2O (55mL/55mL) was added sodium ascorbate (594 mg, dissolved 

in 0.8mL of H2O) followed by CuSO4 (75mg  CuSO4-5H2O dissolved in 0.6mL of H2O). 

The reaction mixture was stirred overnight at rt. Solvents were removed under 

reduced pressure, and to the residual was added DCM/MeOH (100mL/50mL), dried 

with sodium sulfate. Solvents were removed under vacuum to give the crude product 

as pale-yellow waxy solid which was dissolved in DCM(100mL)/TEA(21mL, 5eq), 

cooled to 0 °C with an ice-bath.  
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A solution of 5-norbornene-2-carbonyl chloride (90 mmol) in DCM(50 mL), which was 

formed in situ by adding oxalyl chloride(90 mmol) to the solution of 5-norbornene-2-

carboxylic acid in DCM(50mL) at rt with small amount of DMF(0.4 mL) as catalyst, 

was added dropwise to the above solution at 0 °C upon vigorous stirring. The reaction 

mixture was then slowly warmed to rt. After 3 hours, the reaction mixture was 

washed with H2O (50 mL) and sat. sodium bicarbonate solution (50 mL*2), and then 

dried with sodium sulfate. After removing the solvent under reduced pressure, the 

residual was subjected to flash chromatography with 20-30% EtOAc/hexane as the 

eluent to give the product as a pale-yellow/brown liquid. (11.2 g, 25.5 mmol, 85% 

overall) 1H NMR (400 MHz, Chloroform-d): See below. HRMS (ESI) m/z: [M+H]+ 

calcd. for C25H33N3O4H+: 440.2549; found: 440.2540. 
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Figure 4.3 1H NMR spectrum of mono-triazole di-norbornene tNBE. 

 

Figure 4.4 Synthetic route of urethane di-norbornene uNBE. 

Urethane-di-norbornene uNBE: 5-norbornene-2-methanol (2.48 g, 20 mmol) 

and hexamethylene diisocyanate (3.36 g, 20 mmol) were added to a scintillation vial, 

well mixed. To the vial was added 1 drop of dibutyltin dilaurate at rt upon stirring. 

After stirring at rt for 1 hour, the product was obtained as a waxy white-to-pale-
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yellow solid. (quantitative) 1H NMR (400 MHz, Chloroform-d): See below. HRMS 

(ESI) m/z: [M+H]+ calcd for C24H36N2O4H+: 417.2753; found: 417.2762. 

 

Figure 4.5 1H NMR spectrum of urethane di-norbornene uNBE. 

 

 

Figure 4.6 Synthetic route of di-triazole di-norbornene t2NBE. 
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              Di-triazole di-norbornene t2NBE: To a suspension of 1,4-

cyclohexanedicarboxylic acid (6.89g, 40 mmol) and DMF (0.8 mL) in DCM (80 mL) 

was added (COCl)2 (7.3 mL, 84 mmol) slowly at room temperature, and stirred for 1 

hour at rt until gas ceased to form. Then the solution was cooled to 0°C with an ice-

bath, and DMAP (977mg, 8 mmol) and Et3N (16.8 mL, 120 mmol)  were added 

followed by 6-chloro-hexanol (13.9 mL, 104 mmol), after which the reaction was 

warmed to rt and allowed to react for 30 min. The reaction solution was diluted with 

DCM (120 mL), washed with H2O (60 mL*3). Solvent was removed under reduced 

pressure and the residual was re-dissolved in EtOAc (200 mL), washed with H2O (60 

mL*3) and dried with Na2SO4. After removing Na2SO4 by filtration, solvent was 

removed under reduced pressure to give the crude product (di-chloro intermediate) 

as a brown oil, which was subjected to the azidation condition [NaN3 (15.6 g, 240 

mmol), DMF (80 mL), 80 °C overnight] without further purification. The di-azide was 

purified by flash chromatography with 5-10% EtOAc/hexane. (Colorless oil, 13.8g, 83% 

over 3 steps)  

To a solution of the di-azide (13.8 g, 32.7 mmol) and propargyl alcohol (5.5g, 98.1 

mmol) in tBuOH/H2O (60mL/60mL) was added sodium ascorbate (1.94 g, 9.81 mmol, 

dissolved in 3 mL of H2O) followed by CuSO4 (245 mg  of CuSO4-5H2O, 0.981mmol, 

dissolved in 2.5 mL of H2O). The reaction mixture was stirred overnight at rt. 

Solvents (and excess of propargyl alcohol) were removed under reduced pressure, and 

the pale-yellow waxy residual was dissolved in DCM(150mL)/TEA(23mL, 5eq), cooled 

to 0 °C with an ice-bath.  
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A solution of 5-norbornene-2-carbonyl chloride (118 mmol) in DCM(75 mL), which 

was formed in situ by adding oxalyl chloride(10.3 mL, 118mmol) to the solution of 5-

norbornene-2-carboxylic acid (16.3g, 118 mmol) in DCM(75 mL) at rt with small 

amount of DMF(0.5 mL) as catalyst, was added dropwise to the above solution at 0 °C 

upon vigorous stirring. The reaction mixture was then slowly warmed to rt. After 3.5 

hours, the reaction mixture was diluted with DCM (100 mL), washed with H2O (100 

mL) and sat. sodium bicarbonate solution (100 mL*2). Aqueous layers were combined 

and back-extracted with DCM (50 mL*2). DCM layers were combined and then dried 

with Na2SO4. After removing the solvent under reduced pressure, the residual was 

subjected to flash chromatography with 30-50% EtOAc/hexane as the eluent to give 

the product as a white waxy solid. (19.5 g, 25 mmol, 76% over 2 steps). 1H NMR (400 

MHz, Chloroform-d): See below. HRMS (ESI) m/z: [M+H]+ calcd for C42H58N6O8H+: 

775.4395; found: 775.4359.  
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Figure 4.7 1H NMR spectrum of di-triazole di-norbornene t2NBE. 

 

4.3.3. Methods 

Fourier Transform Infrared Spectroscopy (FT-IR): Real time FT-IR 

spectroscopy were performed using a Fourier transform infrared spectrometer 

(Nicolet 8700, Fisher Scientific) in transmission mode, combined with a heating stage. 

Samples were placed between NaCl plates. A mercury lamp (Acticure 4000, EXFO) 

equipped with a 400-500 nm bandgap filter was used for the irradiation with the light 

intensity set at 2 mW/cm2. The light intensity was determined with a visible light 

detector. The samples were kept in the dark for 1min for baseline determination and 

were then irradiated for 5min at room temperature. The real time conversions of the 
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thiol and alkene groups were monitored by measuring the decrease of the areas under 

the peaks at 2570 cm−1 and at 1570 cm−1 or 3060 cm−1, respectively. FG conversions 

were calculated using the ratio of (peak areas after irradiation)/(peak area prior to 

irradiation).  

Dynamic Mechanical Analysis (DMA): DMA experiments were performed 

on a TA ARES-G2 instrument to gather Tg and storage moduli data. Sample 

dimensions were 10 × 4 × 0.2 mm. Strain and frequency of 0.01% and 1 Hz, 

respectively, were applied to the samples in tension mode with temperature ramped 

from 0 °C to 160 °C with a ramping speed of 3 °C/min. Tg was assigned as the 

temperature of the tan δ peak. 

Tensile Testing: Tensile testing was performed on an MTS Exceed E42 

universal testing machine with a 500N load cell to afford the engineering stress-

strain curve. Dog-bone samples were cut according to the ASTM dog-bone die D638-

V1 with a 3.15 mm width and 0.25 mm thickness except that the gage length was 15 

mm instead of 7.62 mm. The specimens were clamped between the grips and tested 

under uniaxial tensile loading with a crosshead speed of 1 mm/min. The engineering 

stress was determined by the applied force over the original cross-section area of the 

gage section, while the strain was calculated from the ratio of the crosshead 

displacement and the gage length. 

4.3.4. Sample preparations 

Resin Preparations: Stoichiometric networks (T1, U1, T2, T3) were 

prepared from a mixture of di-norbornene monomer and tri-thiol monomer with a di-
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norbornene/tri-thiol ratio of 3:2. Off-stoichiometric networks (T1-10SH) were 

prepared from a mixture of tNBE and TMPTMP with a di-norbornene(tNBE)/tri-

thiol(TMPTMP) ratio of 3:2.2. All resins comprised  1 wt% of I819 as the photo-

initiator and 0.05 wt% of pyrogallol as the stabilizer. T1 and T1-10SH resins had 

about 20 wt% of DCM as the solvent for homogeneous mixing of monomers, initiator, 

and stabilizer, while T2 and T3 resins had about 40 wt% of DCM and U1 resin had 

about 40 wt% of EtOAc. (Both uNBE and t2NBE monomers are solid and required 

higher solvent contents for homogeneous mixing with other components.)  

For T1 and T1-10SH resins, tNBE and TMPTMP were first mixed in a vial 

equipped with a stirring bar. I819 and pyrogallol were dissolved in DCM (20 wt% per 

total monomers’ mass), and then mixed with the monomers. And the mixture was 

vigorously stirred to give the well-mixed homogeneous resin. For T2/T3 resins, 

because t2NBE is a waxy solid, t2NBE, TMPTMP/3TI, I819 and pyrogallol were 

dissolved in large amount of DCM, and the solution was then concentrated through 

air blowing until there was about 40 wt% (per total monomers’ mass) of DCM left as 

monitored by measuring the total mass of the mixture. For U1 resins, because uNBE 

is a waxy solid, uNBE, TMPTMP, I819 and pyrogallol were dissolved in large amount 

of ethyl acetate, and the solution was then concentrated through air blowing until 

there was about 40 wt% (per total monomers’ mass) of EtOAc left as monitored by 

measuring the total mass of the mixture. 

Polymer Film Fabrications: Resins were sandwiched between glass slides 

separated by 0.25 mm thick spacers, and then photo-cured of both sides (5 min of 
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curing for each side) with a mercury lamp (Acticure 4000, EXFO) equipped with a 

400-500 nm bandgap filter at ambient temperature. Light intensity was set at 2 

mW/cm2. Photo-cured polymer films were then post-cured overnight in an 80 °C oven, 

during which organic solvents were also removed. Polymer films thus prepared were 

used for tensile testing and dynamic mechanical analysis.  

4.3.5. 3D Printing 

Instruments: The Original Prusa SL1 printer were purchased from Prusa 

Research (by Josef Prusa). Re-scaling of 3D objects were done on free software 

Meshmixer (by Autodesk). And SL1 files to guide the 3D printing were generated by 

slicing the structures at layer thickness of 100 μm using PrusaSlicer (by Josef Prusa). 

Resin Preparation: tNBE and TMPTMP (with a molar ratio of 3 : 2.2) were 

first mixed with pyrogallol (0.07 wt% of the total mass of monomers) in a vial upon 

stirring. I819 (0.05 wt% per monomers used) was dissolved in toluene (20 wt% per 

monomers used, measured based on volume with density of 0.867 g/mL), and then 

mixed with tNBE/TMPTMP/pyrogallol. The mixture was then vortexed, sonicated, 

and de-bubbled (sonication) to afford the well-mixed resin for 3D printing. 

3D Printing Setup: The 3D printing was performed at room temperature 

using an Original Prusa SL1 printer. Exposure time for the first layer was set at 40 

s, while exposure time for layers after 1st layer was set at 11 s. 

Post-processing: Once 3D structures were printed, they were carefully 

removed from the base and gently rinsed with toluene, and then placed under a UV 

lamp (4W, 254/365 nm wavelength) and irradiated for 25min for  post-curing. After 
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post-curing, the structures were placed in an oven (at 120 °C) equipped with a fan for 

1 day to remove toluene residual. 

Sources of 3D object files: Files for 3D structures were downloaded from the 

website of Thingiverse. 

a) Lattice cube:  

     (https://www.thingiverse.com/thing:2522147/files) (by ‘ProFab3D’) 

b) 3D structure:   

(https://www.thingiverse.com/thing:2522147/files) (by ‘ctrlV’) 

c) Rooks:  

(https://www.thingiverse.com/thing:470700/files) (by ‘BigBadBison’) 

 

4.4. Results and discussions  

 



 

 
 

65 

 

Figure 4.8 a) Chemical structures of the monomers and other components used in this study. b) 

Plots of tan δ vs temperature for the thiol-norbornene polymer networks investigated. c) Plots of 

storage modulus vs temperature for the thiol-norbornene polymer networks investigated. All resins 

were composed of 1 wt% PPO and 0.05 wt% pyrogallol and were cured with 2 mW/cm2 visible light 

with wavelength of 400-500 nm at ambient temperature and then post-cured overnight in an 80°C-

oven. Representative curves are presented as the second cycle in the dynamic mechanical analysis 

(DMA). T1 = tNBE/TMPTMP(3:2); U1 = uNBE/TMPTMP(3:2); T1-10SH = tNBE/TMPTMP(3:2.2); 

T2 = t2NBE/TMPTMP(3:2); T3 = t2NBE/3TI(3:2). 

 

Thiol-ene photopolymer networks featuring multifunctional norbornene 

monomers tend to have high glass transition temperatures (Tg) due to mobility 

restrictions.51 Thus, two difunctional norbornene monomers were designed, and 

synthesized with high overall yields (see Supporting Information for the synthesis): 

one being a triazole-based di-norbornene (tNBE) and the other being a (di)urethane-

based di-norbornene (uNBE) (see Figure 4.8a for the chemical structures). 

Photopolymerization of either the tNBE or the uNBE monomer,  with a tri-thiol 

monomer, trimethylolpropane tris(3-mercaptopropionate) (TMPTMP) under visible 
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light (400-500nm) irradiation, proceeded smoothly, achieving maximum conversions 

within 30s (For the photocuring kinetics, see Figure S4.1-S4.5, Supporting 

Information).  Both the poly(triazole) network (T1) and the poly(urethane) network 

(U1) obtained after post-curing were glassy with storage moduli of 2.4 GPa and 2.5 

GPa, respectively, at ambient temperature (Figure 4.8c). The glass transition 

temperature (Tg) of the T1 network was about 10 °C lower than that of the U1 

network (43 °C vs 53 °C) (Figure 4.8b) despite the molecular similarity, which was 

attributed to the lower concentration of the triazole moieties in the T1 network as 

compared with that of the urethane moieties in the U1 network (Table 4.1). 

 

Figure 4.9 Tensile testing of the thiol-norbornene networks investigated: a) T1, b) U1, c) T1-10SH, 

d) T2, e) T3. Each specimen was kept at 80°C before cooling at ambient temperature for 3 min prior 

to tensile testing with a strain rate of 6.7 %/min. For each group of samples, four replicates were 

evaluated. T1 = tNBE/TMPTMP(3:2); U1 = uNBE/TMPTMP(3:2); T1-10SH = tNBE/TMPTMP(3:2.2); 

T2 = t2NBE/TMPTMP(3:2); T3 = t2NBE/3TI(3:2). 
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Tensile testing showed that the T1 and the U1 networks exhibited similar 

ductility (Fig. 4.9), both with five strain amplitude regimes: (i) an elastic regime 

where stress grows linearly with (low) strain (<2%); (ii) an “anelastic” regime where 

stress slowly peaked at the so called “yield point”; (iii) a “strain softening” regime 

where the stress dropped with increasing strain; (iv) a plateaued plastic flow regime 

at nearly constant stress; and (v) a “strain hardening” regime where stress slightly 

increased at large deformation before rupture. The triazole-based T1 network 

exhibited better elongation-at-break (130 % vs 100 %), while the urethane-based U1 

network showed higher yield stress (36 MPa vs 31 MPa). Both types of networks, 

however, exhibited identical tensile toughness (29 MJ/m3 for both networks), which 

is less than half of the value observed  by Song et al.43 with their urethane-based 

CuAAC networks highlighting the synergistic effects of triazoles and urethanes in 

their system, while having similar Young’s moduli (Table 4.1). 

 

Table 4.1 Mechanical properties of the thiol-norbornene networks obtained from dynamical 

mechanical analysis (DMA) (Fig. 2b/2c) and tensile testing (Fig. 3). Errors listed are the standard 

deviation from multiple measurements (3 runs for the DMA and 4 runs for the tensile testing). 

a)Calculated based on the affine theory of rubbery elasticity.52,53 T1 = tNBE/TMPTMP(3:2); U1 = 

uNBE/TMPTMP(3:2); T1-10SH = tNBE/TMPTMP(3:2.2); T2 = t2NBE/TMPTMP(3:2); T3 = 

t2NBE/3TI(3:2). 

 T1 U1 T1-10SH T2 T3 

Tg [°C] 43±1 53±1 38±1 39±1 50±1 

Storage modulus @ 23°C [GPa] 2.4±0.1 2.5±0.1 2.5±0.2 2.1±0.1 2.5±0.1 

Rubbery modulus @ Tg+40°C [MPa] 6.9±0.1 7.1±0.4 5.7±0.2 4.7±0.2 4.1±0.2 
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Network crosslink density a) 
[mmol/cm3] 

0.82 0.82 0.69 0.57 0.48 

Triazole/urethane concentration 
[mmol/g]  

1.40 2.79 1.35 1.90 1.76 

Tensile yield stress [MPa] 31±2 36±2 17±1 21±1 40±2 

Tensile Young’s modulus [MPa] 1040±30 980±20 720±40 790±40 1190±10 

Tensile toughness [MJ/m3] 29±2 29±2 43±1 57±3 46±4 

Tensile elongation-at-break [%] 130±10 100±10 260±10 290±10 170±10 

 

To enhance further the ductility of the poly(triazole) network, an off-

stoichiometric system with excess thiol groups was investigated as a way to reduce 

both the crosslinking density and the glass transition temperature, which would favor 

post-yield plastic flow and lead to tougher networks. Having 10 mol% excess of the 

thiol groups (of TMPTMP) in comparison to the norbornene groups (of tNBE), with 

the resulting network denoted as T1-10SH, reduced the Tg by about 5 °C compared 

to the T1 network. Despite the slightly lower Tg (38 °C), the T1-10SH network was 

still glassy at ambient temperature with a storage modulus of about 2.5 GPa (Figure. 

4.8c). Calculations based on the rubbery modulus of the T1-10SH network showed a 

16 % decrease of the crosslink density. Tensile testing showed that the Young’s 

modulus of T1-10SH was about 30% lower than that of T1, while the elongation-at-

break approximately doubled (260% vs 130%) with more pronounced strain 

hardening of the T1-10SH network at large deformation (>100%). Overall, the lower 

Tg and the lower crosslink density of the T1-10SH network improved its tensile 

toughness by about 50% in comparison to the T1 network (Table 4.1). 
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To form triazole/thiol-norbornene networks with higher strength and higher 

tensile toughness, a di-triazole di-norbornene monomer (t2NBE, see Figure 1a for the 

chemical structure) was designed and synthesized, featuring a cyclohexane core, as 

cyclohexane moieties were shown to reduce the viscosity of the resins while enhancing 

the impact strength of the polymers due to its capacity for ring flipping at ambient 

temperature.54,55 Photopolymerization of t2NBE and TMPTMP afforded a glassy 

network (T2) with a glass transition temperature of 39 °C and storage modulus (at 

ambient temperature) of 2.1 GPa (Figure 4.8b/c). Despite the higher triazole 

concentration, the T2 network exhibited both a lower Young’s modulus (790 MPa vs 

1040 MPa) and lower yield stress (21 MPa vs 31 MPa) in comparison to the tNBE-

based T1 network, which was attributed to the low crosslink density of the T2 

network (Table 1) due to the more extended molecular structure of t2NBE (Figure 

4.8a). Consequently, superior ductility of the T2 network was observed (Figure 4.9d), 

with elongation-at-break and tensile toughness increased by 120% and 97% (Table 

4.1), respectively, in comparison to the T1 network. With the superior ductility of the 

T2 network, it was anticipated that replacing the flexible tri-thiol TMPTMP with a 

rigid thiol monomer would form a high-strength network at the cost of some of the 

ductility. Photocuring of t2NBE and tris[2-(3-mercaptopropionyloxy)ethyl] 

isocyanurate (3TI, a tri-thiol monomer with a rigid isocyanurate core) produced a 

glassy network (T3) with a Tg of 50 °C, and the yield stress almost doubled compared 

with the T2 network (40 MPa vs 21 MPa), while the Young’s modulus increased to 

1190 MPa from 790 MPa (Table 4.1). The T3 network still showed high ductility 
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(Figure 4.9e), however, with the elongation-at-break reaching about 170%, while the 

tensile toughness decreased by one fifth in comparison to the T2 network (46 MJ/m3 

vs 57 MJ/m3). Overall, increasing the triazole concentration did not enhance the 

strength or modulus of the T2 network due to the counter effect of the reduced 

crosslink density, while the higher triazole concentration and the reduced crosslink 

density did significantly improve the tensile toughness of the T2 network.  Further, 

higher strength and improved tensile toughness were achieved with the T3 network 

by combining the higher triazole concentration and the reduced crosslink density 

with more rigid monomer backbones. 

 

Figure 4.10. Physical aging effects on the tensile testing of the thiol-norbornene networks 

investigated: a) T1; b) U1; c) T1-10SH; d) T2; and e) T3 networks.  The non-aged samples are 

represented by solid lines and filled symbols, while the aged (1 day at ambient temperature) samples 

were represented by dash lines and half-filled symbols. Four measurements were shown for each 

group of samples. T1 = tNBE/TMPTMP(3:2); U1 = uNBE/TMPTMP(3:2); T1-10SH = 

tNBE/TMPTMP(3:2.2); T2 = t2NBE/TMPTMP(3:2); T3 = t2NBE/3TI(3:2). 
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Glassy materials quenched below their glass transition temperature exist in a 

nonequilibrium state with frozen-in excess free volume, and their relaxation toward 

the equilibrium state is referred to as physical aging.56-58  For glassy polymer 

networks, the excess free volume and the enthalpy decrease upon physical aging 

through repositioning of the polymer segments, which leads to a corresponding 

change of the mechanical properties. Previously, it was shown that the elongation-at-

break of the urethane-based triazole glassy network decreased from 200% to less than 

20% after 16 hours of physical aging at ambient temperature, while the yield stress 

increased to 66 MPa from 37 MPa.47 Physical aging could be thermally reversed by 

heating the material above its glass-transition temperature, or as recently 

demonstrated by Sowan et al., physical aging of the triazole-based glassy networks 

could also be photochemically reversed through photoinduced dynamic covalent-bond 

exchange.59  

To investigate the physical aging effect on the glassy thiol-norbornene 

networks, tensile testing was conducted on the samples aged at ambient temperature 

and compared with the pristine (non-aged) samples. For the T1, U1 and T3 networks, 

significant embrittlement was observed after aging at ambient temperature for as 

little as 24 hours with a sharp increase of the yield stress and decrease in the 

elongation-at-break (Figure 4.10 and Table 4.2). For the T1-10SH network, however, 

high ductility was observed despite the increase of the yield stress from 17 MPa to 31 

MPa (Figure 4.10c), with the elongation-at-break decreased only to 170% from 260% 

after 24 hours of aging at ambient temperature. For the T2 network, there was only 
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a slight increase of both the yield stress (21 MPa to 27 MPa) and the Young’s modulus 

(790 MPa to 950 MPa), while the elongation-at-break was almost identical to that of 

the non-aged samples (Figure 4.10d and Table 4.2). The ductile behavior of the aged 

T1-10SH and T2 networks was attributed to the erasure of aging by the applied 

stresses under uniaxial straining, or the so called “mechanical rejuvenation”,56 and 

their (relatively) low glass transition temperatures are potentially the reason that 

the mechanical rejuvenation was observed only with the T1-10SH and T2 networks. 

In spite of the almost identical glass transition temperatures of T1-10SH and T2, the 

slight increase of the yield stress and the Young’s modulus of the T2 network after 

physical aging are indicative of an earlier onset of mechanical rejuvenation  during 

uniaxial deformation as compared with the aged T1-10SH network, while the nearly 

complete retainment of elongation-at-break of the T2 network indicates a larger 

extent of mechanical rejuvenation, both of which were likely promoted by the 

cyclohexane moieties with their ring-flipping at room temperature.54 Ultimately, 

substantial embrittlement was observed for both the T1-10SH network and the T2 

network with extended physical aging time, as the elongation-at-break of the T1-

10SH network decreased to 58% after 7 days of physical aging and to 13% after 14 

days of physical aging (Figure S4.11), while the elongation-at-break of the T2 network 

decreased to 18% after 7 days of physical aging (Figure S4.12). 

 

Table 4.2 Mechanical properties of the thiol-norbornene networks before and after being aged at 

ambient temperature for 24 hours as determined from tensile testing. Errors listed are the standard 

deviation from four measurements for each group of samples. T1 = tNBE/TMPTMP(3:2); U1 = 
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uNBE/TMPTMP(3:2); T1-10SH = tNBE/TMPTMP(3:2.2); T2 = t2NBE/TMPTMP(3:2); T3 = 

t2NBE/3TI(3:2). 

  T1 U1 T1-10SH T2 T3 

Tensile yield 
stress [MPa] 

non-aged 31±2 36±2 17±1 21±1 40±2 

aged 51±2 66±2 31±2 27±1 57±1 

Tensile Young’s 
Modulus [MPa] 

non-aged 1040±30 980±20 720±40 790±40 1190±10 

aged 1420±80 1490±40 1060±40 950±10 1440±40 

Tensile 
toughness 
[MJ/m3] 

non-aged 29±2 29±2 43±1 57±3 46±4 

aged 2.0±0.1 2.8±0.1 31±1 52±3 2.9±0.2 

Elongation-at-
break [%] 

non-aged 130±10 100±10 260±10 290±10 170±10 

aged 6.5±0.4 6.7±0.2 170±10 290±10 8.5±0.7 

 

 

Figure 4.11 a) Top-down platform for stereolithography (SLA) 3D printing. b) Sample print of a 27 x 

27 x 27 mm3 lattice cube based on triazole/thiol-norbornene photopolymerization.  

 

Of the two triazole/thiol-norbornene networks (T1-10SH and T2) with the 

highest ductility, the T1-10SH network was chosen for implementation in 
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stereolithography-based (SLA)60,61 3D printing (Figure 4.11a) due to the ease of resin 

preparations. SLA 3D printing is a layer-by-layer process based on vat 

photopolymerization technologies, where 3D objects are fabricated from liquid resins 

through photoinduced vitrification. Taking advantage of the fast photocuring kinetics 

of the thiol-norbornene polymerization and the improved mechanical performance of 

the poly(triazole) networks, an otherwise unmoldable 3D object (the lattice cube, 

Figure 4.11b) was fabricated using the T1-10SH resin, structures with challenging 

features (overhangs, bridges, holes of different sizes and shapes, and different 

surfaces) were also successfully printed with high precision (Figure 4.12, and Figure 

S4.14, Supporting Information), highlighting the robustness of the photocurable 

triazole/thiol-norbornene networks for customizable 3D printing of complex 

structures with great mechanical properties. 

 

Figure 4.12 Sample 3D print with a series of challenging features. a) Top view. b) Side view. 

 

4.5. Conclusions  

We have developed photocurable thiol-norbornene-based poly(triazole) 

networks that not only demonstrated the value of triazole moieties in forming glassy 
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networks with high ductility and high tensile toughness but were also successfully 

applied as photocurable resins for SLA-based 3D printing to fabricate complex objects 

with high precision. This approach, in contrast to the previous CuAAC approach 

utilizing azide-alkyne functional monomers, is safer, potentially eliminates copper, 

and leads to improved spatial control, which facilitated poly(triazole) networks being 

applied to 3D printing as high ductility and high tensile toughness are desirable 

properties for 3D printed materials. Divergent physical aging results (embrittlement 

vs retained ductility) were observed with different triazole/thiol-norbornene networks, 

and the retained ductility of the networks with relatively low Tg was attributed to 

“mechanical rejuvenation”, though substantial embrittlement was observed after 

more extended physical aging time (>7 days) .  One drawback of the triazole/thiol-

norbornene glassy networks reported here is their relatively low glass transition 

temperatures.  
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Figure S4.1. FT-IR spectra of the T1 resin before and after photocuring with the thiol peak (left, gray 

area) and the ene peak (middle, gray area) labeled and the kinetics profile (right) as monitored by 

the functional group conversions. (The disparity between the thiol conversion and the ene conversion 

was due to the ene peak overlapping with another broad peak.) 

 

 

Figure S4.2. FT-IR spectra of the U1 resin before and after photocuring with the thiol peak (left, gray 

area) and the ene peak (middle, gray area) labeled and the kinetics profile (right) as monitored by 

the functional group conversions.  
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Figure S4.3. FT-IR spectra of the T1-10SH resin before and after photocuring with the thiol peak 

(left, gray area) and the ene peak (middle, gray area) labeled and the kinetics profile (right) as 

monitored by the functional group conversions. 

 

 

Figure S4.4. FT-IR spectra of the T2 resin before and after photocuring with the thiol peak (left, gray 

area) and the ene peak (middle, gray area) labeled and the kinetics profile (right) as monitored by 

the functional group conversions. 

 

Figure S4.5. FT-IR spectra of the T3 resin before and after photocuring with the thiol peak (left, gray 

area) and the ene peak (middle, gray area) labeled and the kinetics profile (right) as monitored by 

the functional group conversions. (The disparity between the thiol conversion and the ene conversion 

was due to the ene peak overlapping with another broad peak.) 
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Figure S4.6. Plots of tan δ vs temperature (left) and storage modulus vs temperature (right) of T1 
networks. Three replicates were presented. 

 

 

Figure S4.7. Plots of tan δ vs temperature (left) and storage modulus vs temperature (right) of U1 
networks. Three replicates were presented. 
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Figure S4.8. Plots of tan δ vs temperature (left) and storage modulus vs temperature (right) of T1-
10SH networks. Three replicates were presented. 

 

Figure S4.9. Plots of tan δ vs temperature (left) and storage modulus vs temperature (right) of T2 
networks. Three replicates were presented. 

 

Figure S4.10. Plots of tan δ vs temperature (left) and storage modulus vs temperature (right) of T3 
networks. Three replicates were presented. 
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Figure S4.11. Tensile testing of the T1-10SH networks after physical aging at ambient temperature 
for 7 days (left) and 14 days (right).  Three replicates were evaluated with the strain rate set at 
6.7%/min.  

 

Figure S4.12. Tensile testing of the T2 networks after physical aging at ambient temperature for 7 
days. Three replicates were evaluated with the strain rate set at 6.7%/min.  

 

Table S4.1. Mechanical properties of the thiol-norbornene T1-10SH and T2 networks after being 
aged at ambient temperature for the indicated times as determined from tensile testing (Figure S11 
and Figure S12). Errors listed are the standard deviation from three measurements for each group of 
samples. 

  T1-10SH T2 

Tensile yield stress 
[MPa] 

7d-aged 38±1 40±1 

14-aged 39±1 / 

7d-aged 1210±30 1210±50 
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Tensile Young’s Modulus 
[MPa] 

14d-aged 1180±10 / 

Elongation-at-break [%] 7d-aged 58±11 18±3 

14d-aged 13±1 / 

 

Table S4.2. The cured heights of the T1-10SH resin on an Original Prusa SL1 printer with different 
exposure times.   

Light intensity 
[μW/cm2] 

Exposure time 
[s] 

ln(dose) Cured height 
[mm] 

SD of cured 
height [mm] 

270 12 8.08 0.47 0.01 
270 14 8.24 0.54 0.02 
270 15 8.31 0.54 0.01 
270 18 8.49 0.59 0.02 

 
Figure S13. Plot of the cured height vs ln(dose) with linear fitting. According to the equation Cured height = Dp * 
[ln(dose) – ln(Ec)], the depth of light penetration (Dp) and the critical energy (Ec) were calculated to be 0.28 mm 
and 0.60 mJ/cm2, respectively. 
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Figure S4.14. 3D printed rooks with spiral structures as viewed side-by-side with a nickel (with diameter of 21.2 
mm). 
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Chapter 5 

Photo/Thermal Dual-Curable Poly(triazole)/Poly(triazine) 

Interpenetrating/Hybrid Networks 

 

Figure 5.1 Cyclotrimerization of cyanate esters to form poly(triazine) networks. 

 

5.1. Abstract  

Herein, bisphenol A-based di-cyanate-ester was incorporated into the 

triazole/thiol-norbornene system for forming dual-curable poly(triazole)/poly(triazine)  

interpenetrating/hybrid networks with high glass-transition temperatures and high 

tensile strength. Essentially, in the first stage, light-initiated thiol-norbornene 

polymerization afforded the poly(triazole) network, and in the second stage thermally 

activated cyanate ester cyclotrimerization afforded the poly(triazine) network. Of the 

final networks, increased glass-transition temperatures and enhanced tensile 

strengths were achieved compared with the poly(triazole)-only network. When 30 wt% 

of bisphenol-A-di-cyanate-ester (BPA-Cy) was incorporated into the t2NBE/TMPTMP 

system,  the glass-transition temperature was 75°C and the tensile strength was 82 

MPa. Although the strength was enhanced by about 4 times, the Tg only increased 

OCNNCO
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poly(triazine) network
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by about 35°C. Given that BPA-CE is a solid, it was very difficult to incorporate more 

into the system. Therefore, diallyl bisphenol A-di-cyanate ester (ABPA-Cy), a viscous 

oil, was  synthesized from diallyl bisphenol A, and used together with BPA-CE for 

increasing the amount of the bisphenol-A-di-cyanate-ester moieties in the dual-

curable networks. In this fashion, poly(triazole)/poly(triazine) hybrid networks were 

fabricated because the thiols also react with the allyl groups of ABPA-CE. Of the 

hybrid networks, the glass-transition temperature as high as  128°C and the tensile 

strength as high as 110 MPa were achieved. 

 

5.2. Introduction 

Thiol-ene reaction, as a powerful “click” rection,  has been widely implemented 

in in polymer science1,2, surface functionalization3-5, biomaterials6-8, and so on due to 

its high efficiency, rapid reaction rate and wide selections of commercially available 

monomers. As a radical-mediated step-growth polymerization process, the thiol-ene 

polymerization exhibits appealing merits ranging from high conversions with low 

polymerization-induced shrinkage9,10, high oxygen tolerance11,12, to network 

homogeneity in mechanical properties2,13. However, due to the relatively flexible 

thioether linkages and the step-growth nature, the thiol-ene polymer networks 

usually exhibit relatively low crosslink density, and low glass transition 

temperatures around or below ambient temperature, which may sometimes exclude 

the material from applications such as adhesives, and noval/aerospace composites 

that require high Tg materials.14-17  
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Several approaches have been employed to enhance the thermomechanical 

properties of thiol-ene polymer networks by using special thiol-ene combinations. For 

example, thiol-ene networks featuring multifunctional norbornene monomers 

exhibited glass-transition temperatures higher than 90°C,18 while thiol-urethane-

based networks achieved glass-transition temperature as high as 100°C.19 In addition, 

highly crosslinked thiol-alkyne networks showed glass-transition temperature of 

about 60°C.20 Nonetheless, thiol–ene networks exhibiting Tg of above 100°C are rare, 

though the thiol-ene network could be readily transformed into sulfone networks that 

exhibited glass-transition temperatures as high as 200°C by post-polymerization 

oxidation using H2O2 solution.21 

Another approach that are gaining popularity in recent years is dual curable 

systems based on two or more distinct chemistries to form hybrid or interpenetration 

networks22-25, which can be used to increase the glass transition temperature and the 

strength/modulus of otherwise soft and flexible polymer networks, or to toughen 

otherwise brittle networks. For example, (meth)acrylate/benzoxazine-based 

UV/thermal dual curable were applied as SLA 3D printing material with high 

modulus and high glass-transition temperature.26 Thiol-ene/benzoxazine-based  

photo/thermal dual curable hybrid networks27 were also reported and exhibited glass-

transition temperatures as high as 150°C though the two stages were not completely 

orthogonal to each other due to thiol reacting with benzoxazines (the so-called 

COLBERT reaction28). 
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Aromatic cyanate esters, which have been widely applied commercially in 

electronics, adhesives, and aerospace composites because of their good processibility, 

excellent thermal properties, low water absorption and low dielectric constant,29 

stand as another intriguing option for strengthening the flexible thiol-ene networks. 

Depending on the curing conditions, commercially available aromatic cyanate ester 

resins afford poly(triazine) networks with glass-transition temperature in the range 

of 190-350 °C and tensile modulus as high as 3 GPa.30 The poly(triazine) network 

itself, however, is known for its brittleness. 

We have recently developed an approach based on thiol-norbornene 

photopolymerization to fabricate poly(triazole) networks with high ductility/ high for 

3D printing applications. Despite the presence of both bulky norbornenes and rigid 

triazoles, the glass-transition temperatures of the (triazole)/thiol-norbornene glassy 

networks are still relatively low. In this work, we investigated the combination of  the 

triazole/thiol-norbornene resin and the bisphenol A-based cyanate esters resin as a 

photo-thermal dual curable system to form hybrid or interpenetrating networks with 

high modulus/strength and high glass-transition temperature. Compared with the 

triazole/thiol-norbornene-only network, the hybrid double networks with the glass-

transition temperature as high as  128°C (or about 90°C higher than the 

triazole/thiol-norbornene-only network), and the tensile strength as high as 110 MPa 

(or 5 times the value of the triazole/thiol-norbornene-only network) were achieved. 

 

5.3. Experimental 
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5.3.1. Materials.  

Trimethylolpropane tris(3-mercaptopropionate) (TMPTMP), cyanogen 

bromide, 2,2’-diallylbisphenol A, triethylamine, toluene, pyrogallol and acetone were 

purchased from Sigma-Aldrich. 4,4'-(Propane-2,2-diyl)bis(cyanatobenzene) (BPA-Cy) 

was purchased from AA Blocks. Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide 

(I819) was obtained from BASF. NaCl plates were purchased from International 

Crystal Laboratories. All chemicals were used without further purification. Di-

triazole di-norbornene t2NBE was synthesized according to procedures described in 

Chapter 3. Diallylbisphenol-A-di-cyanate-ester (ABPA-Cy) was synthesized 

according to previously reported procedures.31  

 

Figure 5.2. Chemical structures of the monomers used in the photo-thermal dual-curable systems. 

 

5.3.2. Methods 

Table 5.1. Compositions of the dual-curable interpenetrating or hybrid networks studied here. IPN30 

represents interpenetrating network with 30 wt% of the aromatic cyanate ester contents; while HN 30 

represents hybrid network with 30 wt% of the aromatic cyanate ester contents. All resins have 20 wt% 

of toluene (per total monomers used) as the solvent for better mixing the components, 1 wt% of I819 
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(per the amount of photocurable resin-1) as the photo-initiator and 0.05 wt% of pyrogallol (per the 

amount of photocurable resin-1) as the stabilizer. 

Network Photocurable resin-1 stoichiometry BPA-Cy 
(per resin-1) 

Overall aromatic 
cyanate ester contents t2NBE ABPA-Cy TMPTMP 

IPN30 1 0 0.667 42.9 wt% 30 wt% 
HN30 1 1 1.33 19.0 wt% 30 wt% 
HN50 1 1 1.33 66.6 wt% 50 wt% 

 

Resin preparations: Resins were prepared according to Table 6.1. Generally, 

t2NBE and BPA-Cy were first mixed in a vial and melted in a 100 °C oven; then the 

mixture was cooled to about 70 °C and to it was added I819, pyrogallol and pre-

determined amount of toluene. Next the mixture was cooled to about 30-40 °C, and 

to it was added ABPA-Cy and TMPTMP. The mixture was then mixed thoroughly 

and sonicated if necessary, to afford clear and homogeneous resins. 

Fourier Transform Infrared Spectroscopy (FT-IR): Real time FT-IR 

spectroscopy were performed using a Fourier transform infrared spectrometer 

(Nicolet 8700, Fisher Scientific) in transmission mode, combined with a heating stage. 

Samples were placed between NaCl plates. A mercury lamp (Acticure 4000, EXFO) 

equipped with a 400-500 nm bandgap filter was used for the irradiation with the light 

intensity set at 2 mW/cm2. The light intensity was determined with a visible light 

detector. The samples were kept in the dark for 1min for baseline determination and 

were then irradiated for 5min at room temperature. The real time conversions of the 

thiol and alkene groups were monitored by measuring the decrease of the areas under 

the peaks at 2570 cm−1 and at 1570 cm−1 or 3060 cm−1, respectively. FG conversions 

were calculated using the ratio of (peak areas after irradiation)/(peak area prior to 
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irradiation). Thermal curing was monitored by the disappearance of the strong and 

broad peak at 2200 – 2400 cm-1 which corresponds to the cyanate group. 

Photocuring: Resins were sandwiched between glass slides separated by 0.25 

mm thick spacers, and then photo-cured of both sides (5 min of curing for each side) 

with a mercury lamp (Acticure 4000, EXFO) equipped with a 400-500 nm bandgap 

filter at ambient temperature. Light intensity was set at 2 mW/cm2. Photo-cured 

polymer films were then put in a 120°C-oven equipped with a fan for overnight to 

remove the toluene.  

Thermal curing: Photocured films were subjected to 150°C (for 1 hour), 180°C 

(for 2 hours) and 210°C (for 1 hour) for the second stage thermal curing. (The FT-IR 

spectra of a small piece of film were recorded before and after thermal curing 

treatment for each group of samples.) Thusly treated polymer films were used for the 

DMA measurements and the tensile tests. 

Dynamic Mechanical Analysis (DMA): DMA experiments were performed 

on a TA ARES-G2 instrument to gather Tg and storage moduli data. Sample 

dimensions were 10 × 4 × 0.2 mm. Strain and frequency of 0.01% and 1 Hz, 

respectively, were applied to the samples in tension mode with temperature ramped 

from 0 °C to 160 °C with a ramping speed of 3 °C/min. Tg was assigned as the 

temperature of the tan δ peak. 

Tensile Testing: Tensile testing was performed on an MTS Exceed E42 

universal testing machine with a 500N load cell to afford the engineering stress-

strain curve. Dog-bone samples were cut according to the ASTM dog-bone die D638-
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V1 with a 3.15 mm width and 0.25 mm thickness except that the gage length was 15 

mm instead of 7.62 mm. The specimens were clamped between the grips and tested 

under uniaxial tensile loading with a crosshead speed of 10 mm/min. The engineering 

stress was determined by the applied force over the original cross-section area of the 

gage section, while the strain was calculated from the ratio of the crosshead 

displacement and the gage length. 

 

 

5.4. Results and discussion 

 

Figure 5.3. DMA results of the dual-cured poly(triazole)/poly(triazine) networks: (A) Plots of tan δ 

against temperature; (B) Plots of storage modulus against temperature. (IPN30: interpenetrating 

network with 30 wt% of the cyanate ester content. HN30: hybrid network with 30 wt% of the cyanate 

ester content. HN50: hybrid network with 50 wt% of the cyanate ester content.) 

 

First, the photocuring kinetics of the IPN30 resin, which comprised 30 wt% of 

bisphenol-A-di-cyanate-ester (BPA-Cy) and 70 wt% of the t2NBE/TMPTMP 
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combination, was examined. As shown in Figure 5.4, the thiol-norbornene 

photopolymerization was fast and smooth without being affected by the presence of 

the cyanate esters. Upon light irradiation, the reaction reached completion in less 

than 1 min, with the conversions of both the thiol groups and the norbornene groups 

reaching about 99%. The second-stage thermal curing was monitored by recording 

the FT-IR spectra of a small piece of the polymer film before and after thermal 

treatment (150 °C for 1 h; 180 °C for 2h; 210 °C for 1h). High conversion of the cyanate 

ester groups was achieved as indicated by the disappearance of the broad and strong 

cyanate peak at 2200 – 2350 cm-1 region (Figure 5.5A). Dynamic mechanical analysis 

showed that the storage modulus (at ambient temperature) of the IPN30 

interpenetrating network was about 2.6 GPa, and the glass-transition temperature 

was 75 °C (Figure 5.3), merely about 35 °C higher than the triazole/thiol-norbornene-

only network. The Young’s modulus and the tensile strength of the IPN30 network 

were 1.6 GPa and 82 MPa (Figure 5.5B), respectively, as determined by uniaxial 

tensile testing. In theory increasing the amount of the BPA-Cy should further 

increase the Tg and the modulus/strength of the interpenetrating networks, but it 

turned out very difficult to incorporate more of  the BPA-Cy into the formulation 

because it is a solid with poor solubility in other components (other monomers and 20 

wt% of toluene) used. As such, 2,2’-diallyl bisphenol A was used to synthesize (in one 

step with near quantitative yield) the diallyl-bisphenol-A-di-cyanate-ester (ABPA-

Cy), which was reported to be a viscous oil and would be used together with BPA-Cy 

and t2NBE/TMPTMP to form hybrid networks due to the reactivity of allyl groups 
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toward thiols through thiol-ene reaction. Utilizing both BPA-Cy and ABPA-Cy, 

hybrid network HN30 with same cyanate ester content (30 wt%) was first examined 

and compared with the interpenetrating IPN30 network. 

 

 

Figure 5.4. Photocuring kinetics of the IPN30 resin as monitored by the conversions of thiol and 

norbornene groups using real time FT-IR spectroscopy. 
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Figure 5.5. (A) FT-IR spectra of the interpenetrating network IPN30 system before and after second-

stage thermal curing treatment by monitoring the cyanate ester peak at 2200-2350 cm-1. (B) Stress-

strain curves of the interpenetrating network IPN30 measured by uniaxial tensile testing on an MTS 

Exceed E42 universal testing machine with a strain rate of 66.7 %/min. 

 

The photocuring kinetics of the hybrid network HN30 system (see Table 5.1 for 

its composition) was shown to be slower compared with the IPN30 system due to the 

lower reactivity of the allyl groups (vs the more reactive norbornene groups) in the 

thiol-ene photopolymerization. The noncomplete conversion of the allyl groups 

combined with the near-complete conversion of the thiol groups indicated that small 

portion of the thiols might have reacted with the cyanate ester groups, as slight 

decrease of the IR peak corresponding to the cyanate ester  groups was observed, 

presumably because of the lower reactivity of the allyl groups. (Note that the non-

complete conversion of the norbornene group was attributed to the norbornene peak 

overlapping with another broad peak in the 1500 -1600 cm-1 region.) Second stage 

thermal curing of the HN30 system also reached high conversion of cyanate groups 
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(Figure 5.7A) with the disappearance of the peak at 2200-2350 cm-1. The 

thermomechanical properties of the HN30 network were quite similar to those of the 

IPN30 network, which was expected due to the same content of the cyanate esters, 

with the same storage modulus (2.6 GPa at ambient temperature) and a slightly 

higher glass-transition temperature of 80°C (vs 75°C). And the glass transition of the 

hybrid HN30 network was sharper compared with that of the interpenetrating 

network IPN30 (Figure 5.3A), indicating more network homogeneity of HN30. Tensile 

testing (Figure 5.7B) also revealed quite similar mechanical properties of the HN30 

network in comparison to the IPN30 network (Table 5.2). 

 

 

Figure 5.6. Photocuring kinetics of the HN30 resin as monitored by the conversions of thiol, 

norbornene and allyl groups using real time FT-IR spectroscopy. 
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Figure 5.7. (A) FT-IR spectra of the hybrid network HN30 system before and after second-stage 

thermal curing treatment by monitoring the cyanate ester peak at 2200-2350 cm-1. (B) Stress-strain 

curves of the hybrid network HN30 measured by uniaxial tensile testing on an MTS Exceed E42 

universal testing machine with a strain rate of 66.7 %/min. 

 

Table 5.2. Mechanical properties of the poly(triazole)/poly(triazine) interpenetrating/hybrid 

networks.  

Network IPN30 HN30 HN50 
Tg (°C) 75 80 128 
Young’s modulus (GPa) 1.6±0.2 1.6±0.1 2.0±0.2 
Tensile strength (MPa) 82±5 86±1 110±10 
Elongation-at-break (%) 8±1 8±1 7±1 

 

Further increasing of the cyanate ester content was achieved by increasing the 

amount of BPA-Cy used while keeping the amount of the ABPA-Cy constant per 

t2NBE/TMPTMP  used as more allyl groups might lead to more of the thiol groups 

reacting with the cyanate ester groups and complicating both the photocuring stage 

and the thermal curing stage. For the HN50 system with about 50 wt% of bisphenol-

A-di-cyanate-ester moieties, the photocuring kinetics (Figure 5.8) was comparable to 
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that of the HN 30 system, and the thermal curing also reached high conversion of the 

cyanate ester groups (Figure 5.9A). Thermomechanical analysis showed that the 

glass-transition temperature of the HN50 network was 128 °C, or more than 90 °C 

higher than the triazole/thiol-norbornene-only network, underscoring how higher 

content of aromatic cyanate esters led to a pronounced increase of the glass-transition 

temperature of the hybrid network. Also, the storage modulus (at ambient 

temperature) of the HN50 network was higher than that of the HN30 or IPN30 

networks (3.3 GPa vs 2.6 GPa). And the Young’s modulus and the tensile strength of 

the HN50 network were revealed to be  2.0 GPa and 110 MPa, respectively, as 

measured by uniaxial tensile testing (Figure 5.9B). Compared with previously 

reported acrylate/cyanate-ester-based dual curable resins,32 however, both the glass-

transition temperature and the tensile modulus of the hybrid HN50 network were 

still low (128 °C vs 200-240 °C for the glass-transition temperatures and 2.0 GPa vs 

3-5 GPa for the tensile moduli), primarily because of the low crosslink density of the 

triazole/thiol-norbornene network compared with the high crosslink density of the 

poly(acrylate) networks. 
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Figure 5.8. Photocuring kinetics of the HN50 resin as monitored by the conversions of thiol and allyl 

groups using real time FT-IR spectroscopy. (Note that the conversion of the norbornene groups was 

not shown because the norbornene peak was almost completely overshadowed by another adjacent 

peak. See Figure S5.3B) 

 

 

Figure 5.9. (A) FT-IR spectra of the hybrid network HN50 system before and after second-stage 

thermal curing treatment by monitoring the cyanate ester peak at 2200-2350 cm-1. (B) Stress-strain 
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curves of the hybrid network HN50 measured by uniaxial tensile testing on an MTS Exceed E42 

universal testing machine with a strain rate of 66.7 %/min. 

5.5. Conclusion 

To summarize, poly(triazole)/poly(triazine) interpenetrating/hybrid networks 

were constructed using a photo/thermal dual-curable approach with the content of 

aromatic cyanate esters ranging from 30-50 wt% of the triazole-thiol-

norbornene/cyanate-ester formulations. Photocuring and thermal curing were 

monitored using FT-IR to ensure high conversions of functional groups in both stages. 

Of the hybrid networks, the glass-transition temperature as high as  128°C and the 

tensile strength as high as 110 MPa were achieved. Compared with previously 

reported acrylate/cyanate-ester dual curable systems,32 however, the glass-transition 

temperature was still low (128 °C vs 200-240 °C) due to the low crosslink density of 

the thiol-norbornene polymerized poly(triazole) network. To further increase the 

glass-transition temperature and the tensile modulus of the hybrid networks using 

the approach developed here, tetra- or even hexa-functional thiols can be used to 

increase the crosslink density of the poly(triazole) networks. 
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Figure S5.1. FT-IR spectra of the IPN30 resin before and after the 1st stage photocuring with the 

thiol peak (A, gray area, 2500-2600 cm-1), the cyanate ester peak (A, gray area, 2200-2350 cm-1) and 

the norbornene peak (B, gray area, 1565-1575 cm-1) labeled. 

 

Figure S5.2. FT-IR spectra of the HN30 resin before and after the 1st stage photocuring with the thiol 

peak (A, gray area, 2500-2600 cm-1), the cyanate ester peak (A, gray area, 2200-2350 cm-1), the 

norbornene peak (B, gray area, 1565-1575 cm-1) and the allyl peak (B, gray area, 1630-1650 cm-1) 

labeled. 
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Figure S5.3. FT-IR spectra of the HN50 resin before and after the 1st stage photocuring with the thiol 

peak (A, gray area, 2500-2600 cm-1), the cyanate ester peak (A, gray area, 2200-2350 cm-1), the 

norbornene peak (which was almost completely overshadowed by the adjacent broad peak, B, gray 

area, 1565-1575 cm-1) and the allyl peak (B, gray area, 1630-1650 cm-1) labeled. 
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Chapter 6  

Conclusions and Recommendations 

 

6.1. Conclusions 

The click-reaction-based photo-CuAAC polymerization and thiol-norbornene 

photopolymerization are both powerful tools in forming homogeneous networks with 

high mechanical performances. This thesis was focused on two major aspects to 

enhance the understanding of the photopolymerized poly(triazole) glassy networks 

through either photo-initiated CuAAC polymerization or thiol-norbornene 

photopolymerization: (1) examining  the ether-based CuAAC networks for potential 

dental restorative application in terms of mechanical properties, polymerization-

induced shrinkage stress and water stabilities in comparison to the conventional 

BisGMA/TEGDMA (70/30) resin; (2) investigating  the structure-property 

relationships of the photopolymerized triazole/thiol-norbornene networks as well as 

the physical aging effect on the mechanical properties of the triazole/thiol-norbornene 

networks and implementing one of the triazole/thiol-norbornene resins in 

stereolithography-based 3D printing to fabricate complex structures with fine 

features; evaluating the combination of the triazole/thiol-norbornene resin and 

bisphenol A-based aromatic cyanate esters for dual-cured interpenetrating/hybrid 

networks with increased glass-transition temperature and enhanced 

strength/modulus.  
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In Chapter 3, The ether-based ester-free CuAAC network exhibited reduced 

shrinkage stress (0.56 MPa vs 1.0 MPa) and much higher flexural toughness (7.6 

MJ/m3 vs 1.6 MJ/m3) while showing slightly lower flexural modulus and slightly 

higher flexural strength compared with the BisGMA/TEGDMA network. In addition, 

the ether-based CuAAC network also displayed comparable water stabilities in 

comparison to the BisGMA/TEGDMA network with slightly higher water sorption (46 

μg/mm3 vs 38 μg/mm3) and much lower water solubility (2.3 μg/mm3 vs 4.4 μg/mm3). 

Compared with previously developed urethane-based CuAAC network, water 

stabilities of the ether-based AK/AZ-1 network were significantly improved, 

furthering the development of the photo-CuAAC polymer networks as an alternative 

to the currently widely used methacrylate dental restorative resins.  

In Chapter 4,  photocurable thiol-norbornene resins featuring triazole-

embedded di-norbornene monomers were developed, and the photopolymerized 

poly(triazole)networks exhibited good to superior ductility in the glassy state with 

elongation-at-break ranging from 130% to 290% and tensile toughness as high as 57 

MJ/m3, demonstrating the value of triazoles in forming tough, glassy networks. It 

was also shown that higher triazole concentration and lower crosslink density 

contribute to enhanced ductility and tensile toughness, while more rigid network 

backbones contribute to higher modulus/tensile strength. Besides, the physical aging 

effect on the mechanical properties of the photopolymerized triazole/thiol-norbornene 

networks was examined using tensile testing. And retained ductility was observed 

with two of the poly(triazole) networks with relatively low glass-transition 
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temperatures, as the elongation-at-break of one of the networks (TI-10SH) decreased 

only to 170 % from 290%, while the elongation-at-break of the other network (T2) 

remained the same after physical aging at ambient temperature for 24 hours, though 

eventually substantial embrittlement was observed for both networks after extended 

time of physical aging. Furthermore, the T1-10SH resin was successfully 

implemented to SLA 3D printing, and complex objects with challenging features were 

fabricated with high accuracy and precision, highlighting the robustness of the thiol-

norbornene approach.  

In Chapter 5, aromatic cyanate esters were used to increase the glass-

transition temperature and the tensile strength/modulus of the triazole/thiol-

norbornene network by a photo/thermal dual-curable two-stage approach. Although 

hybrid networks with Tg as high as 128 °C and tensile strength as high as 110 MPa 

were achieved, there is still room for further improvements. 

 

6.2. Recommendations for future work 

 

Hybrid networks featuring thiol-reactive dynamic linkers 

Despite their high mechanical performances of the poly(triazole) networks,  the 

lack of re-processibility means that once they are damaged, they will become not only 

useless but also a burden of the environment. To change this scenario, dynamic bonds 

can be incorporated into the poly(triazole) networks to turn them into covalently 

adaptable networks (CANs)1,2 and potentially endow them re-processibility to extend 
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their service time. Although there are wide selections of dynamic chemistries 

available,3,4 the most straightforward approach will be to incorporate thiol reactive 

dynamic linkers given the rich chemistry of thiols. Potential candidates include 

anhydrides5,6, benzoxazines7-9, and  Michael acceptors10-12. 
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Figure 6.1 Thiol-based dynamic covalent chemistries: thiol-anhydride, thiol-benzoxazine, and thiol-Michael. All 

three reactions are facile at ambient temperature and can be reversed at elevated temperatures. 
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