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Structure—reactivity relationships for an array of norbornene deri-
vatives in light-initiated thiol-ene reactions were unveiled using
real-time Fourier-transform infrared (FTIR) spectroscopy. Guided by
these results, poly(N-hydroxyethyl acrylamide) was functionalized
with exo-norborneneimide and used in digital light processing
(DLP) 3D printing of biomimetic hydrogels.

Photo-induced thiol-ene “click” chemistry has been widely used in
polymer functionalization," coatings,” and biomolecule patterning?
owing to its high speed, yields, and selectivity. Its metal-free nature
and oxygen insensitivity make it well-suited for emerging technol-
ogies in 3D printing” and tissue engineering.” Contemporary light-
based 3D printing techniques, such as digital light processing
(DLP), predominantly use acrylic resins given their rapid curing
upon exposure to light. However, these polymerizations typically
proceed by an uncontrolled free-radical chain-growth mechanism,
forming heterogeneous networks with compromised mechanical
integrity. In contrast, thiol-ene reactions undergo a step-growth
polymerization mechanism, providing more uniform polymer net-
works and enhanced mechanical properties as a result (e.g., higher
strength and toughness).® Yet, step-growth kinetics delay gelation
relative to analogous chain-growth processes, hampering their
implementation in DLP 3D printing.

In a typical thiol-ene reaction, a thiyl radical is generated upon
light irradiation in the presence of a photo-initiator (Fig. 1A). The
thiyl radical adds across an alkene to generate a carbon-centered
radical, which can undergo either step- or chain-growth. The
chemical structure of the alkene influences radical propagation
kinetics, including thiyl radical addition to alkene, k,, along with
carbon-centered radical chain-transfer to thiol, k-r, and addition
to alkene (ie., chain-growth), kcg.” Bowman,® Hoyle’ and their
coworkers have conducted systematic experimental studies on
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thiol-ene reactivity for various alkenes, revealing that acrylates
exhibit predominantly chain-growth kinetics (kog > > kcr), whilst
norbornene (Nb) and allyl ether groups display ~ pure step-growth
kinetics (kcg < < kcr). Building on this body of work, Coffey and
coworkers® evaluated radical-initiated thiol-ene kinetics via com-
putation, again showing how alkene structure impacts reactivity.

Based on these prior studies, Nb stands out for its high radical
thiol-ene reactivity and clean step-growth mechanism,”*'® making
it an ideal candidate for photocurable applications, such as forming
hydrogels'* via 3D printing."> However, Nb functionality is diverse,"*
with examples of hydrocarbon,™ ester-,'>"” amide-,"®" and imide*
linkages in prepolymers for light-initiated network formation.
Despite this variety and the known influence of alkene composition
on radical thiol-ene kinetics, a detailed study to elucidate structure-
reactivity relationships in Nb derivatives is lacking.

Here, we fill this gap in knowledge by monitoring thiol-ene
kinetics for ten distinct Nb derivatives via real-time Fourier
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Fig. 1 Thiol-ene reaction overview. (A) General mechanism showing
radical step- and chain-growth. (B) Chemical structures of enes previously
examined and their relative reactivity. (C) This work on norbornene
structure—reactivity relationships.
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transform infrared (FTIR) spectroscopy (Fig. 1C). Regio- and
stereo-isomers were examined, revealing a 10-fold difference in
rate between the fastest and slowest Nb substrates, which was
attributed in-part to steric hindrance. Appending the most
reactive Nb substrate to a hydrophilic polymer backbone show-
cased utility in 3D printing hydrogels.

Starting from the corresponding mixed endo-/exo-carboxylic
acid or -alcohol, five Nb derivatives were synthesized bearing:
methyl ester (mix-Nb-ester-CH;), methylene acetate (mix-Nb-CH,-
acetate), acetate (mix-Nb-acetate), methyl ether (mix-Nb-ether-CHj),
or methylene methyl ether (mix-Nb-CH,-ether-CHj;) (Fig. 2A). Using
"H-NMR, endo to exo ratios were confirmed to range from ~3:2 to
4:1, respectively (Fig. S2, ESIT). These monofunctional derivatives
were representative of precursors used to incorporate Nb into
polymer scaffolds for photoinduced thiol-ene crosslinking. They
are commercially supplied as endo/exo mixtures (~1.5x-4X more
endo, Table S1, ESIt). Notably, the exo-carboxylic acid Nb derivative
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Fig. 2 Norbornene-ester and ether derivatives. (A) Chemical structures, includ-
ing thiol used. (B) Representative real-time FTIR spectra for mix-Nb-ester-CHs,
showing both disappearance of thiol (left) and alkene (right) signals over time. (C)
Summary of thiol-Nb reaction kinetics for ester and (D) ether derivatives.
Samples were 100 pm thick and irradiated with a 405 nm LED (1 mW cm™2).

This journal is © The Royal Society of Chemistry 2025

View Article Online

ChemComm

is also available, but cost prohibitive (~20x the cost of the mixed
isomers), limiting its utility in applications such as 3D printing.

With the mixed Nb stereoisomers, real-time FTIR spectro-
scopy in a transmission configuration was used to characterize
photoinduced thiol-ene reactions by monitoring the disappear-
ance of C=C-H stretches (3000-3100 cm™ ') and S-H stretches
(25252625 cm ™) (Fig. 2B), along with validation by monitoring
the C=C stretch (~1620 cm™) on salt plates (Fig. S3, ESIT). Nb
derivatives were reacted with 1-dodecanethiol (stoichiometrically
balanced, neat) using phenylbis(2,4,6-trimethylbenzoyl)phosphine
oxide (BAPO, 0.01 mol%) as the photoinitiator. Samples (100 um
thick) between glass slides were irradiated with a 405 nm LED
(1 mW em™?), turned on 10 s after beginning each measurement.
The Nb acetate and ester derivatives showed comparably high
reaction rates (~170 and 140 mM s ', respectively) (Fig. 2C).
Interestingly, the presence of a methylene spacer between Nb
and acetate (Nb-CH,-aceate) resulted in a ~4x slowdown
(~33 mM s ). Similarly observed for the Nb-ether, a methylene
spacer decreased its reactivity (Fig. 2D). The higher reactivity
observed for the Nb derivatives with functionality directly attached
(no CH, spacer) was hypothesized to arise from reduced steric
interactions, although further studies are needed to elucidate the
exact roles of each substituent, including the influence of electro-
nics (e.g., inductive effects), aggregation, and matrix viscosity.

Next we examined Nb-diesters and -imides, which are widely
used in ring-opening metathesis polymerization (ROMP)>"??
due to their rapid polymerization rates and ease of versatile
synthesis. Four derivatives bearing 2-ethylhexyl (EH) groups
were synthesized in one-step via substitution of inexpensive
pure endo- or exo-carbic anhydride with the corresponding EH-
alcohol or -amine (Fig. 3A and Schemes S6, S7, ESIf). The
resulting Nb-EH derivatives were soluble in 1-dodecanethiol,
enabling neat photoinitiated thiol-ene reactions.

For comparison, an analogous mix-Nb-ester-EH derivative was
prepared and examined using real-time FTIR spectroscopy under the
same conditions. Impressively, exo-NbI was found to be ~10x faster
than the corresponding endo-NblI (~100 to 11 mM s ', respectively)
(Fig. 2B). This trend was also observed, albeit to a lesser extent, for
the Nb-diester derivatives; 43 to 17 mM s * for exo- and endo-
isomers, respectively. The faster rates for the exo-isomers were again
attributed to reduced steric hinderance of thiyl radical addition.
Notably, pure exo-Nb-ester-EH (and -CHj) controls deviated from
this trend, with slower reactions relative to the mixed analogues
(Fig. S4 and S5, ESIT). However, this was attributed to poor miscibility
of the pure exo-isomers. Also of note was that the Nb-imide (NbI)
derivatives required backgrounding with the NbI product to accurately
monitor the thiol stretch at ~2600 cm ™ * (Fig. S6 and S7, ESIt). Overall,
the exo-NbI resulted in the fastest thiol-ene reaction, followed by the
mix-Nb-ester-EH control at a rate of 85 mM s ",

To implement photoinduced thiol-ene crosslinking for hydro-
gels, we appended exo-NbI to poly(N-hydroxyethyl acrylamide)
(PHEAA), which was chosen for its hydrophilicity and ease of
post-functionalization. PHEAA was synthesized via photoiniferter
polymerization™ of HEAA in water, using a xanthate chain-transfer
agent (CTA) and 8 mW cm™ > 365 nm LED light exposure (Fig. 4A
and Fig. S10, ESI}). Targeting a degree of polymerization of 1000,
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Fig. 3 Norbornene-imide and -diester derivatives bearing 2-ethylhexyl
(EH) groups, relative to mix-Nb-ester-EH as a control. (A) Chemical
structures and general synthetic protocol. Reaction conditions: (i) 2-
ethylhexanol (2.2 eq.), pTSA (0.02 eq.), toluene, 145 °C and (i) 2-
ethylhexylamine (1.1 eq.), toluene, 145 °C. (B) Summary of thiol-Nb reac-
tion kinetics characterized via real-time FTIR spectroscopy. Samples were
100 pm thick and irradiated with a 405 nm LED (1 mW cm™2).

photoiniferter was rapid, reaching >95% monomer conversion in
~10 minutes. Characterizing number average molecular weight
(M,,) and dispersity (P) using size exclusion chromatography (SEC)
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revealed that the photoiniferter polymerization was moderately
controlled, as M,, increased linearly with percent monomer conver-
sion and P < 1.5 (Fig. S11, ESIt). After precipitating PHEAA into
acetone to remove unreacted monomer, exo-Nbl bearing a glycine-
linker was installed onto the sidechain via Steglich esterification,
with a feed ratio of 10 mol% exo-NbI-glycine relative to HEAA repeat
units. After post-functionalization, Nb-PHEAA maintained a Gaus-
sian distribution via SEC, with an M,, of ~117 kDa relative to
polystyrene standards (Fig. S12, ESIT). The percent Nb functionality
was characterized using "H-NMR spectroscopy, revealing ~ 4 mol%
incorporation (Fig. S13, ESIf). This synthetic protocol is versatile
and scalable, providing access to “prepolymers” with tunable Nb
composition and concentration (Fig. S15, ESIY).

Photoinduced crosslinking kinetics were next probed using
parallel plate oscillatory shear photo-rheology. Samples contained
pr-dithiothreitol (DTT) as the thiol crosslinker (~equimolar thiol
to ene functionality), lithium phenyl-2,4,6-trimethylbenzoylphos-
phinate (LAP, 0.5 wt% = 17 mM) as the water soluble photoinitiator,
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO, 0.05 wt%) as a stabili-
zer, and tartrazine as a passive light absorber (i.e., opaquing agent)**
to improve 3D printing resolution (discussed later) (Fig. 4B). Irradiat-
ing this mixture in 85 wt% water (100 um thickness) with a 405 nm
LED while monitoring changes in storage (G') and loss (G") moduli
provided an estimate for the time to gelation (t4) when G’ = G”
(Fig. 4C). Targeting equimolar amounts of thiol and ene functional
groups led to a 14 of 2.5 £ 0.1 s and 3.6 = 0.2 s for 20 and
10 mW cm™? light intensities, respectively, while a plateau G’ of
~24 kPa was observed for both conditions (Table S5, ESIt). Aside
from light intensity, Nb composition, Nb concentration, and
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Fig. 4 Synthesis and characterization of Nb polymers and hydrogel 3D printing.
H,O, 365 nm LED; (i) EDC/HCl, DMAP, DMF. (B) Additional photocurable resin components. (C) Photo-

functionalization. Reaction conditions: (i)

(A) Photoiniferter polymerization of Nb-PHEAA and post-

rheology using a 405 nm LED showing the influence of light intensity and (D) temporal control with strobing the light. (E) Biomimetic 3D printed

hydrogels showing both renderings and images of fabricated structures.
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prepolymer M, provided handles to alter gelation kinetics. For
example, using a prepolymer that contained monofunctional Nb-
ester or endo-NblI sidechains in-place of exo-NbI led to 7, values that
were similar or 2x longer, respectively (Fig. S18 and Table S6, ESIT).
Increasing [NbI] from ~4 to 8 mol% resulted in a 1.4x decrease in
Tgel- Finally, increasing M,, from 8 to 105 kDa led to a 3x decrease in
Tgel (Fig. S18, S19 and Table S6, ESIT). Notably, the resins thickened
over days and displayed a decrease in 14 indicative of a background
reaction, common for reactive thiol-ene systems (Fig. S20, ESIt).
Overall, these results demonstrate the control over gelation kinetics
that the present platform offers.

To assess compatibility with DLP 3D printing we characterized
the temporal control over photoinduced thiol-ene crosslinking
using a resin comprising prepolymer with ~4 mol% NbI-glycine
in 85 wt% water (Fig. 4D). Cycling the 405 nm LED on/off in 10
second intervals at an intensity of 10 mW cm ™ revealed excellent
temporal control (i.e., G’ increasing only while the LED was on).
These results indicated that the present thiol-Nb resin might be
compatible with DLP 3D printing.

As a final proof-of-concept, DLP 3D printing of the same resin
was accomplished using a 405 nm LED at an intensity of 20 mW cm >
(Fig. 4E). Initially, disks were printed with varying outer diameter
and wall thickness under different exposure times (8-12 s/100 um
layer) to balance speed and resolution (Fig. S21 and S22, ESIt). Wall
thicknesses as small as 100 um were successfully printed and
characterized with optical microscopy. Overall, the combination of
speed and feature fidelity are competitive with state-of-the-art
examples in thiol-ene DLP 3D printing of hydrogels (Table S7,
ESIt). We then targeted several objects that contained small features
and overhangs, including models of a blood vessel and heart valve
(Fig. 4E), as well as a “test your printer” file (Fig. S23, ESIt) and
gyroid (Fig. S24, ESIT). The bio-inspired vessel model was printed at
12 s/100 pm layer and contained hollow channels (Movie S1, ESIT).
The heart valve model, printed at 6 s/100 pm, contained three leaf-
like flaps to enable one-way fluid flow (Movie S2, ESIt). The
successful printing of these biological models demonstrated the
potential of exo-NbI functionality in preparing high resolution
hydrogel scaffolds for biomedical applications, such as the investi-
gation of blood flow dynamics in heart valve models.

In summatry, a systematic examination of ten norbornene deri-
vatives revealed that exo-NbI represents a good candidate for rapid
photoinduced thiol-ene crosslinking in additive manufacturing. The
influence of sterics on thiol-ene reactivity was exemplified by
altering Nb stereochemistry (exo-vs. endo-) and mono- vs. di-
substitution patterns, providing design principals that inform their
future utility. Overall, exo-NbI stood out in its ease of synthetic
derivatization from carbic anhydride, high thiyl radical addition rate
and even higher thiol chain-transfer rate, along with its excellent
spatiotemporal control in photoinduced thiol-ene crosslinking.
Thus, exo-NbI serves as an ideal functionality to prepare polymer
networks with well-defined topologies. Finally, incorporating Nb into
hydrophilic polymers, such as PHEAA, was demonstrated to provide
a route towards rapid light-based 3D printing of biologically relevant
hydrogels that have future applications in tissue engineering.
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