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ABSTRACT: Photocurable thiol-norbornene resins featuring triazole-embedded
norbornene monomers were developed, and the photopolymerized networks showed
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/m?, 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 h,
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 0 B — 1 : :
networks. Finally, one of the triazole/thiol-norbornene resins developed here was ° * 1o stain 1;/0) oo
successfully applied for fabricating three-dimensional (3D) structures in high precision ’

using stereolithography-based 3D printing, highlighting the robustness of the thiol-norbornene photopolymerization.

stress (MPa)

B INTRODUCTION 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.””"" 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.'>"?

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 thermo-
plastics or reactive block copolymers have been incorporated
into epoxy networks to afford glassy thermosets with improved
mechanical performance.'”"> Another approach is to employ
secondary chemistries to form either a hybrid network or an
interpenetrating network.'® For example, Wei et al. showed
that glassy networks based on photocurable thiol-ene-acrylate
ternary systems exhibit enhanced energy absorption at room
temperature.” Similarly, Beigi et al. investigated thiol-ene-
methacrylate ternary resins for dental restorative composites
and found that the fracture toughness was enhanced by

Photopolymers are pervasive in daily life with applications
spanning from coatings, adhesives, and dental restoratives to
microelectronic photoresists." One rapidly expanding area for
photopolymerized materials is in additive manufacturing,
commonly referred to as three-dimensional (3D) printing, ™’
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.

With the ever-growing applications of photopolymerization-
based technologies comes the simultaneous demand for
photopolymers with exceptional mechanical performance and
utility.* Currently, industrial applications primarily rely on
photoinitiated chain-growth polymerizations of multifunctional
(meth)acrylate or epoxy monomers to form cross-linked 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.™®
However, there are intrinsic limitations with chain-growth
polymerizations. First, chain-growth polymerizations lead to
limited maximum conversions due to early gelation/
vitrification,” and the unreacted monomers are potentially
leachable potentially constituting an environmental and/or
health issue.® Further, there is often a substantial buildup of
shrinkage stress during chain-growth polymerizations, espe-
cially in free-radical polymerizations of multifunctional
(meth)acrylates, and the high shrinkage stress is detrimental,
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Figure 1. (a) Schematic representation of the thiol-ene photopolymerization as an alternative approach to forming poly(triazole) networks using
triazole-containing monomers. (b) Bottom-up platform for stereolithography (SLA) 3D printing. (c) Sample print of a 27 X 27 X 27 mm?® lattice

cube based on triazole/thiol-norbornene photopolymerization.

increasing the weight percentage of the thiol-ene component.'®
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.'””*° Jansen et al. prepared both IPNs
and semi-IPNs based on epoxy/methacrylate systems and
observed synergistic toughening.”' Other approaches to
toughening photocured thermosetting materials include
incorporating chain transfer agents in dimethacrylate-based
thermosets to form more homogeneous networks,”** applying
a second-stage thermal curing to affect the dynamic covalent
exchange of blocked amine-isocyanate bond with primary
amines/alcohols to reorganize the photocured polymer
networks,”¥** and adding inorganic nanoparticles or pre-
formed organic particles as toughening additives.”* ™"

“Click” chemistries,”” >* among them notably the copper-
catalyzed azide—alkyne cycloaddition (CuAAC) reaction™~*’
and thiol-X reactions,”' ~** are a drastically different, and yet
intriguing approach to preparing tough photopolymers. Hoyle
and co-workers prepared thiourethane-based thiol-ene net-
works that showed good impact strength and crack resistance
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upon bending,” while Griesser and co-workers showed that
thiol-yne-based glassy network exhibited about 5 times higher
impact strength in comparison to diacrylate-based networks.*®
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 photoinitiated CuAAC
polymerizations often form glassy networks exhibiting superior
toughness with excellent shape memory characteristics.””**
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 the similar glass-transition temperature."’
Inspired by the thiol-ene approach demonstrated by Song et
al,” and motivated by the chemical/thermal stability of
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Figure 2. (a) Chemical structures of the monomers and other components used in this study. (b) Plots of tan § 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/cm? visible light with a wavelength of 400—500 nm
at ambient temperature and then postcured 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); Ul = uNBE/TMPTMP (3:2); T1-10SH = tNBE/TMPTMP (3:2.2); T2 = t,NBE/
TMPTMP (3:2); and T3 = t,NBE/3TI (3:2).

Table 1. Mechanical Properties of the Thiol-Norbornene Networks Obtained from Dynamical Mechanical Analysis (DMA)
(Figure 2b,c) and Tensile Testing (Figure 3)”

T1 U1l T1-10SH T2 T3
Tg("c) 431 S3+1 38+ 1 39+1 S50+ 1
storage modulus@23 °C (GPa) 24+ 0.1 25+0.1 2.5+02 21 +01 25+0.1
rubbery modulus@T, + 40 °C (MPa) 6.9 + 0.1 7.1+ 04 5.7 +0.2 4.7 £0.2 4.1 +£02
network crosslink densityb (mmol/cms) 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/m?) 29 +£2 29 +2 43 +1 S7+3 46 + 4
tensile elongation-at-break (%) 130 + 10 100 + 10 260 + 10 290 + 10 170 + 10

“Errors listed are the standard deviation from multiple measurements (three runs for the DMA and four runs for the tensile testing). bCalculated
based on the affine theory of rubbery elasticity.”>** T1 = tNBE/TMPTMP (3:2); Ul = uNBE/TMPTMP (3:2); T1-10SH = tNBE/TMPTMP
(3:2.2); T2 = t,NBE/TMPTMP (3:2); and T3 = t,NBE/3TI (3:2).

triazoles as well as their rich secondary interactions,” here, networks featuring urethane moieties. In addition, retained
thiol-norbornene photopolymer networks, harnessing triazole- ductile behavior was observed in the triazole-based thiol-
embedded norbornene monomers, are implemented to norbornene networks after physical aging at ambient temper-
demonstrate the value of triazoles for forming glassy networks ature. Finally, taking advantage of the rapid photocuring
with high tensile toughness that are comparable to similar kinetics of thiol-norbornene polymerizations, one of the
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Figure 3. Tensile testing of the thiol-norbornene networks investigated: (a) T1, (b) Ul, (c) T1—10SH, (d) T2, and (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); Ul = uNBE/TMPTMP (3:2); T1—10SH = tNBE/TMPTMP (3:2.2); T2 = t,NBE/
TMPTMP (3:2); and T3 = t,NBE/3TI (3:2).

triazole-based thiol-norbornene photopolymers was imple- increasing strain; (iv) a plateaued plastic flow regime at nearly
mented to three-dimensional (3D) print objects with high constant stress; and (v) a “strain hardening” regime where
precision. stress slightly increased at large deformation before rupture.

The triazole-based T1 network exhibited better elongation-at-
Bl RESULTS AND DISCUSSION break (130 vs 100%), while the urethane-based Ul network

showed higher yield stress (36 vs 31 MPa). Both types of
networks, however, exhibited identical tensile toughness (29
M]J/m? for both networks, which is less than half of the value
observed by Song et al.*” with their urethane-based CuAAC

Thiol-ene photopolymer networks featuring multifunctional
norbornene monomers tend to have high glass-transition
temperatures (T,) due to mobility restrictions.”’ Thus, two
difunctional norbornene monomers were designed and

synthesized with high overall yields (see the Supporting network highlighting the synergistic effects of triazoles and
Information for the synthesis): one being a triazole-based di- urethanes in their system), while having similar Young’s
norbornene (tNBE) and the other being a (di)urethane-based moduli (Table 1).

di-norbornene (uNBE) (see Figure la for the chemical To enhance further the ductility of the poly(triazole)
structures). Photopolymerization of either the tNBE or the network, an off-stoichiometric system with excess thiol groups
uNBE monomer, with a tri-thiol monomer, trimethylolpropane was investigated as a way to reduce both the crosslinking
tris(3-mercaptopropionate) (TMPTMP) under visible light density and the glass-transition temperature, which would
(400—500 nm) irradiation, proceeded smoothly, achieving favor postyield plastic flow and lead to tougher networks.
maximum conversions within 30 s (For the photocuring Having 10 mol % excess of the thiol groups (of TMPTMP) in
kinetics, see Figure S1—S5, Supporting Information). Both the comparison to the norbornene groups (of tNBE), with the
poly(triazole) network (T1) and the poly(urethane) network resulting network denoted as T1—108H, reduced T, by about
(U1) obtained after postcuring were glassy with storage 5 °C compared to the T1 network. Despite the slightly lower

moduli of 2'4_ and 2.5 GPa, respectiYgly, at ambient T, (38 °C), the T1—10SH network was still glassy at ambient
temperature (Flgure 2c). The glass-transition temperature . .
o temperature with a storage modulus of about 2.5 GPa (Figure
(T,) of the T1 network was about 10 °C lower than that of the .
5 ° . . 2¢). Calculations based on the rubbery modulus of the T1—
Ul network (43 vs 53 °C) (Figure 2b) despite the molecular 4 i :
imilari ! . . 10SH network showed a 16% decrease in the crosslink density.
similarity, which was attributed to the lower concentration of ] ) ’
Tensile testing showed that the Young’s modulus of T1-10SH

the triazole moieties in the T1 network as compared with that
of the urethane moieties in the U1 network (Table 1). was about 30% lower than that of T1, while the elongation-at-

Tensile testing showed that the T1 and the Ul networks break approximately doubled (260 vs 130%) with more

exhibited similar ductility (Figure 3), both with five strain pronounced strain hardening of the T1—-10SH network at
amplitude regimes: (i) an elastic regime where stress grows large deformation (>100%). Overall, the lower T, and the
linearly with (low) strain (<2%); (ii) an “anelastic” regime lower crosslink density of the T1—10SH network improved its
where stress slowly peaked at the so-called “yield point”; (iii) a tensile toughness by about 50% in comparison to the T1
“strain softening” regime where the stress dropped with network (Table 1).
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Figure 4. Physical aging effects on the tensile testing of the thiol-norbornene networks investigated: (a) T1, (b) Ul, (c) T1-10SH, (d) T2, and
(e) T3 networks. The nonaged samples are represented by solid lines and filled symbols, while the aged (1 day at ambient temperature) samples
are represented by dashed lines and half-filled symbols. Four measurements are shown for each group of samples. T1 = tNBE/TMPTMP (3:2), U1l
= uNBE/TMPTMP (3:2), T1—10SH = tNBE/TMPTMP (3:2.2), T2 = t,NBE/TMPTMP (3:2), and T3 = t,NBE/3TI (3:2).

Table 2. Mechanical Properties of the Thiol-Norbornene Networks Before and After Being Aged at Ambient Temperature for
24 h as Determined from Tensile Testing (Figures 3 and 4)

T1 Ul T1-10SH T2 T3
tensile yield stress (MPa) nonaged 31+2 36 +2 17 + 1 21+1 40 +2
aged S1+2 66 + 2 31 +£2 27 £ 1 S7+1
tensile Young’s modulus (MPa) nonaged 1040 + 30 980 + 20 720 + 40 790 + 40 1190 + 10
aged 1420 + 80 1490 + 40 1060 + 40 950 + 10 1440 + 40
tensile toughness (MJ/m?) nonaged 29 +2 29+2 43+ 1 S7+3 46 + 4
aged 2.0 +£ 0.1 28 £ 0.1 31+1 52+3 29 £02
elongation-at-break (%) nonaged 130 + 10 100 + 10 260 + 10 290 £+ 10 170 + 10
aged 6.5+ 04 6.7+ 02 170 + 10 290 + 10 8.5 £ 07

“Errors listed are the standard deviation from four measurements for each group of samples. T1 = tNBE/TMPTMP (3:2); Ul = uNBE/TMPTMP
(3:2); T1-10SH = tNBE/TMPTMP (3:2.2); T2 = t,NBE/TMPTMP (3:2); and T3 = t,NBE/3TI (3:2).

To form triazole/thiol-norbornene networks with higher
strength and higher tensile toughness, a di-triazole di-
norbornene monomer (t,NBE, see Figure la for the chemical
structure) was designed and synthesized (for the synthesis, see
the Supporting Information), 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.”*>®
Photopolymerization of ¢, NBE 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 2b,c). Despite the higher triazole concentration, the
T2 network exhibited both a lower Young’s modulus (790 vs
1040 MPa) and lower yield stress (21 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
t,NBE (Figure la). Consequently, superior ductility of the T2
network was observed (Figure 3d), with elongation-at-break
and tensile toughness increased by 120 and 97% (Table 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 t,NBE and tris[2-(3-
mercaptopropionyloxy)ethyl] isocyanurate (3TI, a tri-thiol
monomer with a rigid isocyanurate core) produced a glassy
network (T3) with a T, of 50 °C, and the yield stress almost
doubled compared with the T2 network (40 vs 21 MPa), while
the Young’s modulus increased to 1190 from 790 MPa (Table
1). The T3 network still showed high ductility (Figure 3e),
however, with the elongation-at-break reaching about 170%,
while the tensile toughness decreased by one-fifth in
comparison to the T2 network (46 vs 57 MJ/m?). 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 signifi-
cantly improve the tensile toughness of the T2 network.
Further, higher strength and improved tensile toughness were
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(b)

Figure 5. Sample 3D print with a series of challenging features: (a) top view and (b) side view.

achieved with the T3 network by combining the higher triazole
concentration and the reduced crosslink density with more
rigid monomer backbones.

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.”°~>" 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 h of
physical aging at ambient temperature, while the yield stress
increased to 66 from 37 MPa."” 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.’” 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 (nonaged)
samples. For the T1, Ul, and T3 networks, significant
embrittlement was observed after aging at ambient temper-
ature for as little as 24 h with a sharp increase of the yield stress
and decrease in the elongation-at-break (Figure 4 and Table
2). For the T1—10SH network, however, high ductility was
observed despite the increase of the yield stress from 17 to 31
MPa (Figure 4c), with the elongation-at-break decreased only
to 170 from 260% after 24 h of aging at ambient temperature.
For the T2 network, there was only a slight increase of both
the yield stress (21—27 MPa) and the Young’s modulus (790—
950 MPa), while the elongation-at-break was almost identical
to that of the nonaged samples (Figure 4d and Table 1). 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 were 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 indicated a larger extent of mechanical
rejuvenation, both of which were likely promoted by the
cyclohexane moieties with their ring flipping at room
temperature.”® Ultimately, substantial embrittlement was
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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 S11), while the elongation-at-break of the T2 network
decreased to 18% after 7 days of physical aging (Figure S12).

Of the two triazole/thiol-norbornene networks (T1—10SH
and T2) with the highest ductility, the T1—10SH network was
chosen for implementation in stereolithography-based
(SLA)®*°" 3D printing due to the ease of resin preparations
(see theSupporting Information). SLA 3D printing is a layer-
by-layer process based on vat photopolymerization technolo-
gies, where 3D objects are fabricated from liquid resins
through photoinduced vitrification. Taking advantage of the
fast photocuring kinetics of the thiol-norbornene polymer-
ization and the improved mechanical performance of the
poly(triazole) networks, an otherwise unmoldable 3D object
(the lattice cube, Figure 1c) was fabricated using the T1—
10SH resin, and structures with challenging features (over-
hangs, bridges, holes of different sizes and shapes, and different
surfaces) were also successfully printed with high precision
(Figures S and S11, Supporting Information), highlighting the
robustness of the photocurable triazole/thiol-norbornene
networks for customizable 3D printing of complex structures
with great mechanical properties.

B CONCLUSIONS

We have developed photocurable thiol-norbornene-based
poly(triazole) networks that not only demonstrated the value
of triazole moieties in forming glassy 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 (em-
brittlement vs retained ductility) were observed with different
triazole/thiol-norbornene networks, and the retained ductility
of the networks with relatively low T, was attributed to
“mechanical rejuvenation,” though substantial embrittlement
was observed after the 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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