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Harnessing ene-type and stereochemistry to
control reaction kinetics and network architecture
in thiol—ene photopolymerizations using maleate
and fumarate-derived monomers+

Rithwik Ghanta, Ayaulym Abilova, Cade McAndrew and Alexa S. Kuenstler = *

Herein we report photo-dose tunable crosslinking density in polymer networks by exploiting the relative
rates of thiol-ene click chemistry and chain-growth homopolymerization in symmetric triene monomers.
From biomass-derived diacids, these synthesized trienes incorporate terminal allyl ether groups and
internal fumarate/maleate groups, providing varied reactivity. Through small-molecule monothiol
addition, *H-NMR results indicate fast preferential thiol addition to terminal allyl groups and slower stereo-
chemistry-dependent homopolymerization of fumarate/maleate groups. Incorporating these monomers
with dithiols and triallyl crosslinkers allows formation of polymer networks, using both thiol-ene addition
and homopolymerization as photo-crosslinking mechanisms on differing timescales. /In situ photo-rheol-
ogy and dynamic mechanical analysis demonstrate impacts of the mixed-mechanism on light-dependent
evolution of network architectures from initial gelation to increasing crosslinking density with prolonged
exposure. Ultimately, the mixed-mechanism polymerization enables grayscale patterning and 3D printing,

rsc.li/polymers

Introduction

Photopolymerized networks are widely used in diverse appli-
cations including dental materials," holographic materials,**
additive manufacturing,”” and microelectronics.®® These
materials are most frequently made via chain-growth, free-
radical polymerization of unsaturated functional groups
including acrylates and vinyls."® In these polymerizations,
radical generation induces localized functional group conver-
sion into ‘microgels’ of high crosslink density followed by
coalescence of gelled regions into a network that spans the
whole reaction media."'™* This results in a spatially hetero-
geneous microstructure containing a distribution of both elas-
tically active crosslinks that provide mechanical reinforcement
and topological defects such as loops that nucleate cracks
under load."*™® Furthermore, molecular oxygen can inhibit
free-radical polymerization by forming stable peroxy-radicals
that do not re-initiate polymerization,’””° leading to compli-
cated kinetics and the persistence of unreacted monomers
that can both compromise material mechanics and pose a
leaching hazard. While living free-radical polymerizations can
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offering potential for in situ patterning of glasslike and rubbery regions within monolithic materials.

address some of these challenges,”*>* these can require strin-

gent synthetic procedures and are known to result in the
phase separation of polymers into complicated microstruc-
tures.** Conversely, thiol-ene photopolymerizations suppress
gelation until high monomer conversions by exploiting chain-
transfer reactions across active carbon radicals produced by
thiol addition.>® In the case of multi-functional thiols and
alkenes (referred to commonly as “enes”), the regular alterna-
tion between propagation and chain transfer results in step-
growth networks that produce significantly more uniform
network structures compared to free-radical approaches.?® >
Combining mixed chain-growth and step-growth mecha-
nisms can produce networks with properties that are unachie-
vable by either mechanism independently, where the relative
rates of chain-growth and step-growth prescribe the final
network structure and resulting bulk properties. This scheme
is typically pursued via copolymerization between a thiol and
either (1) an ene functionality, such as a (meth)acrylate,* that
can participate in both a thiol-ene step-growth polymerization
and chain-growth homopolymerization; or (2) two distinct ene
functionalities,**> one that can exclusively polymerize via a
thiol-ene mechanism and one that can participate in both
step- and chain-growth processes. In both cases, kinetic and
coarse grain models®*™° and complementary experiments
have revealed that small changes in monomer combinations
translate into differences in gelation, crosslink density, and
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network structure. For example, the combination of thiol-acry-
late step-growth reactions with acrylate homopolymerization
can reduce oxygen inhibition and increase network homogen-
eity, resulting in a drastically narrowed glass transition temp-
erature and decreased shrinkage stress.**™*° Ternary photo-
polymerization where purely step-growth monomers are added
to thiol-acrylate systems such as allyl*® and vinyl ethers®"*"**
can further expand the accessible property space to control
network architecture via the relative rates of step- and chain-
growth polymerization.*® This presents the opportunity to
control material property development in time and space,
where control over network structure enables programming of
bulk mechanical properties over expanded timescales com-
pared to typical systems. The power of mixed-mechanism
photopolymerizations is further evidenced by recent work
beyond classic thiol-ene systems, where hybrid cationic/
radical  polymerizations**™® and (semi) orthogonal
mechanisms*’ ' have enabled patterning of material pro-
perties across length scales.

To date, work on mixed-mechanism thiol-ene reactions has
overwhelmingly focused on combining distinct functionalities
on separate monomers. However, combining two different ene
functionalities within a single reactant provides opportunities
to further tune reaction kinetics and the resulting network
structure, while reducing unreacted species within the final
material. For example, Hoyle and Guymon showed that copoly-
merization of a thiol with a vinyl acrylate monomer mediated
two separate free-radical processes with kinetics that strongly
deviated from classic vinyl or acrylate homopolymerizations.>>
Futhermore, incorporating 1,2-disubstituted enes is known to
further augment reaction kinetics due to a combination of
steric and electronic effects. In particular, internal 1,2-di-
substituted enes have been shown to polymerize more slug-
gishly than terminal counterparts due to sterics and compet-
ing reversible thiol addition to less stable isomers.”** Finally,
an additional motivation to understand the differential reactiv-
ity of multiple unsaturated units within the same monomer is
to harness bio-based monomers for sustainable photopoly-
mers.”” For example, natural products such as sugars and ter-
penes can be incorporated within thiol-ene networks,>*™>® and
are promising feedstocks to replace petroleum-derived mono-
mers for more sustainable additive manufacturing.>®~®?

In this work, we demonstrate how the chemical functional-
ity and stereochemistry of trienes can be harnessed to control
polymerization kinetics and network structure. Specifically,
using diallyl-functionalized maleate and fumarate-containing
monomers, we show how reversible thiyl addition to internal
enes mediates the relative rates of chain-growth and step-
growth polymerization. These mechanistic changes are found
to translate into differences in both the rate of gelation on
short timescales and continued crosslinking on long time-
scales, enabling judicious control of thermomechanical pro-
perties via the extent of light exposure. Furthermore, we show
that these kinetics can be tuned further with the thiol comono-
mer identity. Lastly, we demonstrate that these materials are
compatible with digital light processing (DLP) additive manu-
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facturing and offer insights into how the unique polymeriz-
ation kinetics of these materials can be harnessed for future
light-controlled manufacturing processes.

Experimental
Materials and chemicals

Diallyl maleate, diethyl maleate, hexyl mercaptan, methyl thio-
glycolate, methyl-3-mercaptopropionate, 1,6-hexanedithiol,
ethylene bis(thioglycolate), and ethylene glycol bis(3-mercapto-
propionate) were purchased from TCI Chemicals. Allyl alcohol
and 1,3,5-triallyl-1,3,5-triazine-2,4,6-trione (TATO) were pur-
chased from Sigma Aldrich. All chemicals were used as
received. Common solvents used included toluene, ethyl
acetate, dichloromethane, and hexanes. Diethyl fumarate,
diallyl succinate, diallyl trans-3-hexendioate, and diallyl fuma-
rate were synthesized through Fischer esterification of diacids
as described below. The deuterated solvent CDCl; was
obtained from Cambridge Isotope Laboratories Inc. and dried
over molecular sieves prior to use.

Synthesis of diethyl fumarate (DEF). To a 250 mL round
bottom flask equipped with a stir bar, a given diacid (1.00
equiv., 10 g, 86.1 mmol), p-toluenesulfonic acid monohydrate
(0.10 equiv., 1.64 g, 8.6 mmol), and sodium sulfate (2 equiv.,
1.64 g, 172 mmol) were diluted in toluene (x0.5 M, 170 mL).
To this suspension while stirring, ethanol (10.00 equiv., 39.7 g,
861 mmol) was added. The flask was equipped with a reflux
condenser and heated to 110 °C in an oil bath overnight
(=16 hours). After this period, the reaction mixture was cooled
to room temperature and filtered. The filter cake was washed
with toluene (10 mL, 3%) and the collected filtrate was concen-
trated under reduced pressure to yield colorless oil. The crude
product was dissolved in 200 mL of ethyl acetate, transferred
to a 500 mL separatory funnel, and washed with super-
saturated aqueous NaHCO; (100 mL, 2x) and brine (100 mL,
2x). After separation, the organics were dried over Na,SO,, fil-
tered, concentrated under reduced pressure, and dried in
vacuo to afford 13.4 g (22% yield) of a colorless, clear oil of
diethyl fumarate (DEF). "H NMR (500 MHz, CDCl;): 6.78 ppm
(9, J = 1.8 Hz, 1H), 4.24-4.15 ppm (m, 2H), 1.29-1.22 ppm (m,
3H); C NMR (126 MHz, CDCl;, 25 °C): § = 164.88, 133.56,
61.21, 14.02 ppm.

General procedure for the allylation of diacids.®* To a
500 mL round bottom flask equipped with a stir bar, a given
diacid (1.00 equiv., 130 mmol), p-toluenesulfonic acid mono-
hydrate (0.10 equiv., 13 mmol), and sodium sulfate (2 equiv.,
260 mmol) were diluted in toluene (~0.5 M, 250 mL). To this
suspension while stirring, allyl alcohol (4.00 equiv., 520 mmol)
was added. The flask was equipped with a reflux condenser
and heated to 110 °C in an oil bath overnight (~16 hours).
After this period, the flask was cooled to room temperature,
the mixture was filtered, and the isolated filter cake was
washed with toluene (10 mL, 3x). The filtrate was concentrated
under reduced pressure to yield a yellow oil. The crude
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product was dissolved in 300 mL of ethyl acetate, transferred
to a 1000 mL separatory funnel, and washed with super-
saturated aqueous NaHCO; (150 mL, 2x) and brine (150 mL,
2x). After separation, the organics were dried over Na,SOy, fil-
tered, concentrated under reduced pressure, and dried in
vacuo to afford a light yellow, clear oil. In the case of fumaric
acid, the subsequent residue was submitted to column chrom-
atography with an 80 to 20 hexanes to ethyl acetate eluent
ratio. The concentration of selected fractions yielded the clear
oil product.

Diallyl succinate (DS). 15.10 g; 60% yield; clear, colorless oil;
"H NMR (500 MHz, CDCl;, 25 °C): 6 = 5.85 ppm (ddt, J = 16.5,
11.0, 5.7 Hz, 2H), 5.32-5.12 ppm (m, 4H), 4.54 ppm (dt, J = 5.8,
1.6, 4H), 2.61 ppm (s, 2H); *C NMR (126 MHz, CDCl;, 25 °C):
5=171.82, 132.02, 118.18, 65.30, 28.98 ppm.

Diallyl trans-3-hexendioate (DT3HD). 10.21 g; 43.7% yield;
clear, light-yellow oil; '"H NMR (500 MHz, CDCl;, 25 °C):
5.90 ppm (ddt, J = 16.4, 10.8, 5.7 Hz, 1H), 5.71 ppm (tt, J = 3.8,
1.8 Hz, 1H), 5.31 ppm (dt, J = 17.1, 1.9 Hz, 1H), 5.23 ppm (d, J
= 10.5 Hz, 1H), 4.58 ppm (d, J = 5.7 Hz, 2H), 3.18-3.09 ppm
(m, 2H); *C NMR (126 MHz, CDCl;, 25 °C): § = 171.82, 132.02,
118.18, 65.30, 28.98 ppm.

Diallyl fumarate (DF). 13.39 g; 52.9% yield; clear colorless
oil; R¢ = 0.34 (TLC conditions: 10% EtOAc/hexanes); 'H NMR
(500 MHz, CDCl;, 25 °C): § = 6.88-6.82 ppm (m, 1H), 6.84 ppm
(s, 1H), 5.96-5.83 ppm (m, 2H), 5.31 ppm (ddq, J = 17.2, 4.9,
1.6 Hz, 2H), 5.26-5.19 ppm (m, 2H), 4.65 ppm (tq, J = 5.0, 1.7
Hz, 4H); "*C NMR (126 MHz, CDCly, 25 °C): § = 164.42, 133.59,
131.49, 118.78, 65.82 ppm.

Methods

NMR Spectroscopy. The kinetics of monothiol addition to
each monomer with “ene” groups was studied using '"H NMR.
NMR studies were conducted using a Bruker 500 MHz spectro-
meter. Ene group functionality conversions were monitored
using the relative integrations of the functionalities to terminal
hydrogens on the monothiol. Samples were prepared via direct
illumination (405 nm, 5 mW cm™?) of the monomer mixture
on glass slides. Aliquots were taken via pipette at distinct time
points during 30 minutes of illumination, mixed with CDCl;,
and investigated by NMR. See ESIf for more details.

Size exclusion chromatography (SEC). To probe homopoly-
merization, the molecular weight distribution of the final time
point for the small molecule NMR kinetics studies was charac-
terized by SEC. SEC samples were prepared by dissolving
~3-4 mg of sample in 1 mL of THF. SEC chromatograms were
recorded using an auto-inject Tosoh Ecosec HLC-8320GPC at
40 °C with a THF (HLPC grade) flow rate of 1.00 mL min™" for
analytical and reference flow paths. 15 polystyrene standards
ranging from 500 Da to 8420 kDa (PSt-Quick A-C from Tosoh
Biosciences) were used to generate a calibration curve.

General procedure for formation of network polymer films
via photopolymerization. To a 20.0 mL scintillation vial, a
given diallyl monomer (1.00 equiv.), TATO (0.035 equiv.), and
given dithiol (DT1-DT3) were added such that there was an
equal thiol to allyl functional group ratio, and TATO contribu-
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ted 5 mol% of total allyl groups. Following this, 0.5 wt% TPO
was added, the mixture was gently heated, and further mixed
by sonication until fully dissolved. The homogeneous liquid
resin was then dispensed between two Rain-X treated glass
slides separated by 375 pm plastic shims. A 405 nm LED lamp
(Mightex GCS-0405-50) calibrated to 5 mW cm™> using a photo-
meter (Thorlabs PM100D equipped with an S120VC photo-
diode power sensor) was used to cure all samples. Samples
were irradiated for varying illumination times under this LED
to study light-dependent network evolution. Cured films were
isolated by removing the glass slides with a sharp razor blade.

Photo-rheology. In situ photo-curing experiments of resins
were performed using a shear rheometer (Modular Compact
Rheometer 702, Anton Paar) equipped with parallel plate geo-
metry and an OmniCure S2000 light source equipped with a
UV filter (320 nm to 500 nm) and calibrated to 5 mW cm™> of
405 nm light using a photometer (Thorlabs PM100D equipped
with an $120VC photodiode). For each measurement, ~0.4 mL
of resin was placed on a quartz plate and the transducer fixed
with a disposable 20 mm parallel plate was lowered to a gap
size of 450 pm held at 25 °C. The samples were irradiated
through the quartz plate for 30 minutes while being subjected
to 1% strain and 1 Hz constant oscillatory frequency. The
crossover between storage modulus and loss modulus was
taken as the gel point. The critical crossover dose in mJ em™>
was calculated as the product of intensity and time to the
crossover point (Ecross = teross X iNteNsity = 5tcross)-

FTIR spectroscopy. The conversion of functional groups in
network polymerizations was studied using an FTIR spectro-
meter (Nicolet 6700, Thermo Scientific) equipped with an
MCT/A detector with a transmission accessory (PIKE
Technologies). In a typical experiment, a drop of resin was
sandwiched between two NaCl plates and irradiated under
405 nm, 5 mW cm™> light. The functional group peaks
(2630-2500 cm™ for thiol, 1660-1630 cm™" for allyl) were
monitored with a scan every 2 seconds. The conversion of
functional groups was calculated by the change in peak area
integration over time using OMNIC Series software (Fisher
Scientific).

Raman spectroscopy. Conversion of both ene groups was
monitored using a compact Raman spectrometer (Cora 5001,
Anton Paar). Samples with approximate dimensions of 20 mm
x 4 mm x 0.375 mm (length x width x thickness) were cured
under 405 nm, 5 mW cm™? light up to various time points
during 30 minutes of illumination. For each time point, a
Raman spectrum was recorded from 20 scans and functional
group peaks (1750-1700 cm™' for unsaturated ester,
1660-1630 cm ™" for allyl) were observed. The qualitative obser-
vation of peak area change over time was used to describe con-
version of functional groups.

Dynamic mechanical analysis (DMA). Temperature sweeps
were performed on an RSA-G2 DMA (TA Instruments) using
0.2% strain, a frequency of 2 Hz, and a heating rate of 3 °C
min~" over a temperature range of —50 °C to 100 °C. Prepared
polymer films with thickness of 375 pm were cut into rectangu-
lar sections with approximate dimensions of 20 mm x 4 mm
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(length x width) as measured by calipers. Cut samples were
then fixed in tension clamps and equilibrated at —50 °C for
one minute prior to initiation of the experiment.

Gel fraction tests. Gel fraction measurements of network
polymers were performed by immersing 20 mm x 10 mm X
0.375 mm (length x width x thickness) rectangular pieces of
prepared polymer films in %15 mL of DCM in a 20 mL scintil-
lation vial. Samples were allowed to swell over 48 hours, and
fresh DCM was replaced every 12 hours. Vials were continu-
ously agitated on a roller over the swelling duration to promote
diffusion. Finally, samples were de-swelled via immersion in
hexanes to extract DCM and dried in vacuo. Final masses were
recorded, and gel fractions were calculated by using the
final mass
initial mass

Formulation of resins and 3D printing. Objects were printed
using a bottom-up DLP printer with a 405 nm light source
(Anycubic Photon Ultra). Two sample resins, with formulations
of diallyl monomer (DM or DF) (1.00 equiv.), TATO (0.035
equiv.), and DT1 (0.533 equiv.) with 0.5 wt% TPO and
0.05 wt% pyrogallol as photo-absorber, were used to demon-
strate printing capabilities. Resins were prepared such that
there was an equal thiol to allyl functional group ratio, and
TATO provided 5 mol% of total allyl groups. Formulations were
sonicated until homogeneous and wrapped in foil until use.
Open-source CAD models sourced from Cults3d.com were
adapted using Photon workshop to generate the printing files.
Objects had a layer thickness of 0.05 mm with a cure time of
16 seconds as determined by Jacobs working curves® (Fig. S4-
B17). Following printing, the objects were rinsed with isopro-
pyl alcohol to remove residual resin and subjected to post-
curing under 30 min of flood UV illumination (365-405 nm
broadband UV light, 25 mW cm™2).

formula, gel fraction =

Results and discussion
Reactivity studies of small molecules

To understand the relative reactivities of terminal allyl groups
and internal “enes” within a single monomer, we first con-
sidered the reaction of such molecules with commercial mono-
functional thiols. Specifically, we chose maleic and fumaric
monomers as model systems, which can be accessed from
biomass®® and a one-step functionalization with allyl alcohol
could be used to access trienes with different stereochemistry
(Fig. 1A). A library of candidate monomers was synthesized via
esterification of the appropriate diacid with allyl alcohol in
toluene using an organic acid catalyst (see the Materials and
Methods sections for more detailed discussions). Following
purification, diallyl maleate (DM), and diallyl fumarate (DF)
were successfully isolated with high purity as confirmed by
NMR (Fig. S1-A-Dt). As controls, the ethyl-terminated analogs
diethyl maleate (DEM) and diethyl fumarate (DEF) were also
prepared to isolate the role of allyl groups in photoreactions.
Finally, diallyl succinate (DS) and diallyl ¢rans-3-hexendioate
(DT3HD) were designed and synthesized to probe the effect of
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Fig. 1 Molecular pool used for this study: (A) triene small molecules
with colors and symbols used throughout the manuscript: diethyl fuma-
rate (DEF), diethyl maleate (DEM), diallyl succinate (DS), diallyl maleate
(DM), diallyl fumarate (DF); (B) mono- and di-thiols: hexyl mercaptan
(HM), methyl thioglycolate (MTG), methyl 3-mercaptopropionate (M3M),
1,6-hexanedithiol (HDT), ethylene glycol bis(thioglycolate) (ETG), ethyl-
ene glycol bis(3-mercaptopropionate) (E3M); (C) 1,3,5-triallyl-1,3,5-tri-
azine-2,4,6-trione (TATO) as the triallyl crosslinker and diphenyl(2,4,6-
trimethylbenzoyl) phosphine oxide (TPO) as the photoinitiator.

the fumarate/maleate structure and stereochemistry on reac-
tion kinetics.

Model thiol-ene reactions between each unsaturated
monomer were performed using 1-hexane thiol and 0.5 wt%
diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) as the
photoinitiator. We note that while TPO has raised cytotoxicity
concerns in consumer products,’” we anticipate that many
non-cytotoxic photoinitiators can easily be used as effective
and safe replacements.’® Briefly, samples were mixed in
defined ratios and irradiated with 405 nm light at 5 mW cm™>.
Aliquots were removed at defined time points, mixed with
CDCl;, and subjected to '"H NMR to monitor functional group
conversion. Conversion as a function of time for each formu-
lation is shown in Fig. 2A (Fig. 2B shows representative raw
NMR spectra and the corresponding peak assignments; for all
other spectra, see Fig. S2-D1f). We found that while allyl
groups are rapidly and near-quantitatively consumed within
~30 s for DS as expected for a pure thiol-ene addition,***%7”°
introduction of fumarate and maleate groups in DM and DF
both slows allyl group consumption and limits overall conver-
sion to ~85% (Fig. 2A, left). These data suggest that ~15% of
the thiol adds to fumarate and maleate functionalities, thus
reducing allyl conversion in the absence of cross-reactions
between ene groups or allyl homopolymerization.”*
Corresponding measurements of fumarate and maleate con-
version reveal significant conversion that competes with allyl

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (A) *H NMR conversion of allyl (left) and maleate/fumarate (right) functional groups in 1: 1 ratio* photoreactions shows that consumption of
maleate/fumarate groups occurs along with thiol addition to allyl ethers. The solid-line fits to first order kinetics are shown for pure thiol-ene
mechanisms and omitted for others for clarity; see the ESIt for other fits. (B) The extent of photoreaction is monitored via integration of character-
istic peaks of the *H NMR spectra, as shown here for DS used in a 1:1 ratio* photoreaction from 0-1800 s. Peaks corresponding to the terminal
carbon of 1-hexanethiol was used for normalization. (C) SEC traces of 1: 1 ratio* photoreactions of DM and DF after 30 minutes reveal formation of
higher molecular-weight adducts, suggesting homopolymerization of maleate/fumarate groups. Molecular weights are estimates determined from
polystyrene standards. *The ratio is allyl : thiol or fumarate/maleate : thiol for DEF and DEM.

consumption on longer timescales (Fig. 2B). While these func-
tional groups are expected to react with thiols via a step-
growth thiol-ene pathway,’>”>”> as shown by diethyl control
experiments with DEF and DEM (Fig. 2A, right, blue and gold
symbols), the total ene conversion for both DF and DM nor-
malized to available thiol (1.38 and 1.06, respectively) exceeds
that of available thiol reactants, suggesting that chain-growth
(i.e., ‘homopolymerization’) of fumarate and maleate groups
occurs in addition to the step-growth thiol-ene mechanism.
Furthermore, the presence of fumarate and maleate homopoly-
merization is supported by the formation of polymeric species
as measured by SEC (Fig. 2C), as the addition of monofunc-
tional thiols can only result in small molecule adducts per
step-growth statistics. Importantly, control experiments show
that carbonyl proximity to the internal ene is essential for this
homopolymerization, as total ene conversion of DT3HD is con-
sistent with quantitative thiol consumption (Fig. S2-A17).
While fumarate groups are established to homopolymerize
by a free-radical mechanism,”® this pathway is typically sup-
pressed in maleate groups except in the presence of an isomer-
ization catalyst.””"®® These catalysts, based on
amines,®'"®* enable polymerization by catalyzing cis-trans iso-
merization of maleate to the active fumarate followed by chain

usually
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propagation. However, our NMR studies reveal that maleates
are capable of homopolymerization in the presence of thiols,
albeit at a slower rate and with reduced conversion compared
to the trans fumarate group (Fig. 24, right). This suggests that
thiyl radicals play a key role in facilitating homopolymerization
of maleate groups. Thiyl radicals are known to facilitate iso-
merization of cis unsaturated units via an addition-elimin-
ation pathway that yields a new, energetically favorable trans
stereoisomer (Fig. 3C).”%**"®® This isomerization phenomenon
is observed in this system as evidenced by the simultaneous
disappearance of characteristic 'H NMR peaks indicating
maleate consumption and the appearance of downfield peaks
corresponding to fumarate. Time-resolved experiments show
that these isomerization events precede the subsequent
internal ene conversion, while the reverse trans-to-cis isomeri-
zation is not observed (Fig. S2-Df). The importance of this
pathway in the addition of thiol to the internal ene is further
demonstrated by control experiments with DEM, where iso-
merization into DEF occurs before any significant bond con-
version and thiol adduct formation (Fig. 3B). Furthermore, in
DM systems, although cis content reaches a steady state when
the overall allyl conversion plateaus and the thiol reactant is
presumably consumed, trans content slowly continues to
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decrease over longer times (Fig. 3A). Collectively, these data
suggest that homopolymerization of the diallyl maleate follows
an isomerization—-polymerization mechanism where reversible
thiyl radical addition mediates maleate isomerization to the
active fumarate that can homopolymerize, while the associated
cis—trans equilibria significantly slows the polymerization rate.

We next turned our attention to understanding how thiol
structure impacts these reactions given the well-established
effect of thiol type on the relative rates of chain-transfer and
propagation in thiol-ene polymerizations.®””®® To determine
the effect of thiol structure on reactivity in these systems, we
repeated the same photoreactions with methyl thioglycolate
(MTG) and methyl 3-mercaptopropionate (M3M) in addition to
1-hexane thiol (HT) (see Fig. S2A-It for structures and corres-
ponding raw data). Furthermore, reactions with M3M were
monitored by real time Fourier transform infrared (FTIR) spec-
troscopy to corroborate quantitative thiol conversions and
similar conversions of ene functionalities (Fig. S2-If).
Photoreactions with M3M resulted in both higher extents and
rates of reactions for all functionalities including the cis
maleate of DM, implying that faster thiol addition across this
group increases cis-trans isomerization, therefore leading to a
higher overall conversion of the disubstituted cis ene (Fig. 4).
This is consistent with precedents in the literature, which
suggest that the increase in thiol reactivity is due to the weak-
ening of the S-H bond from hydrogen bonding to the carbonyl

1834 | Polym. Chem., 2025, 16,1829-1845

group and a corresponding increase in chain transfer rate.’***

However, reactions with MTG are shown to be slower than the
reactions with M3M or HT despite a similar hydrogen bonding
effect. This can be partially explained by having a compara-
tively low thiyl radical stability to M3M that slows chain trans-
fer,”> which is the rate limiting step for thiol-addition to allyl,
fumarate, and maleate functional groups.>®> Nevertheless,
trends of thiol reactivity are self-consistent among ene func-
tionalities. Specifically, we found that higher thiol reactivity
catalyzes an increased rate of allyl consumption, which is
accompanied by an accelerated rate and extent of internal ene
consumption (Fig. 4). These observations highlight the role of
thiols in the homopolymerization mechanism of diallyl
maleate and fumarate, and suggest that higher thiol reactivity
will act to both increase the rate of propagation of radicals on
the ¢rans fumarate and rate of cis-trans isomerization.

Beyond chemical functionality, thiol-ene reactions are
known to be highly sensitive to changes in stoichiometry. In
particular, in mixed-mechanism systems, even small changes
in reactant stoichiometry can have a profound effect in biasing
the preferred reaction pathway and resulting material
properties.’>** Therefore, we repeated the same experiments
as discussed previously but with excess ene groups in the
system to understand how stoichiometry influences the extent
of chain-growth in these systems. We found that while allyl
groups in DS rapidly react with thiols to reach ~50% conver-

This journal is © The Royal Society of Chemistry 2025
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sion when reacted in a 2:1 allyl: thiol ratio, introduction of
maleate and fumarate groups both slows the reaction and
leads to additional conversion (Fig. 5). Furthermore, we
observed the formation of an insoluble solid under extended
illumination times (>30 minutes), suggesting the cross-reac-
tion between allyl and fumarate groups at low thiol
concentrations.”*> These results are consistent with our prior
observations as lower thiol concentration decreases chain
transfer reactions, increasing the likelihood of allyl groups par-
ticipating in the chain-growth reaction. However, the absence
of homopolymerization in DS with off-stoichiometric amounts
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of thiol (Fig. 5, pink data) suggests that cross-reactions
between allyls and fumarates/maleates occur at a much slower
rate than homopolymerization of maleate/fumarate groups. In
addition, control molecules DEF and DEM (Fig. 5, gold and
red data) show a more sluggish and incomplete conversion
with thiols, which is consistent with a faster rate of thiol-ene
addition to terminal allyl groups. Collectively, these data
suggest that the two photoreactive mechanisms observed here
proceed at differing rates: fast thiol-ene addition to terminal
allyl groups, and slower chain growth of fumarate/maleate
groups. This provides a potential photopolymerization mecha-
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Fig. 5 'H NMR conversion of allyl (left) and maleate/fumarate (right) in 2:1 ratio* photoreactions show a self-limiting reaction for DS, whereas
combined maleate/fumarate and allyl consumption exceeds the number of available thiols. Combined with the observation of insoluble solids at
long reaction times, this suggests some cross-reaction of allyls and maleates/fumarates is possible at low thiol concentration. *The ratio is allyl : thiol

or fumarate/maleate : thiol for DEF and DEM.
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nism where at low irradiation levels, thiol-ene step-growth
facilitates initial polymerization and prolonged light exposure
furthers chain growth.

Gelation and thermomechanical properties

Mixed-mechanism thiol-ene polymerizations provide access to
a wide range of thermomechanical properties due to changes
in network topology and structure.’®®® Thus, we sought to
understand how differences in DF and DM reactivity translate
into macromolecular network development and the resulting
bulk properties. Based on the small molecule studies pre-
sented above, we hypothesized that when copolymerized with
a crosslinker, the relative propensity for thiol-ene addition
the photo-dose
required for gelation. Additionally, we anticipated that because

versus homopolymerization will control
fumarate and maleate groups are consumed more slowly, their
incorporation within network strands could provide an
additional handle to tune crosslinking density with additional

View Article Online
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light exposure over longer timescales. To study this, model
polymer network formulations were prepared using dithiol
and 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATO)
as a triallyl crosslinker. To gain further insight on thiol struc-
tures in network architectures, we utilized dithiol analogs of
the monothiols used in the NMR studies: hexanedithiol
(HDT), ethylene bis(thioglycolate) (ETG), and ethylene glycol
bis(3-mercaptopropionate) (E3M). Network polymer resins
were formed in an equal allyl to thiol ratio with TATO contri-
buting 5% of total allyl functionality and 0.5 wt% TPO as
photoinitiator.

To understand how this chemistry impacts network for-
mation, we monitored conversion of ene and thiol functional-
ities throughout the gelation process with real-time trans-
mission FTIR and Raman spectroscopy. Using the peaks
associated with C=C stretches (1660-1630 cm™') and S-H
stretches (2600-2500 cm™') in real-time FTIR, allyl ether
groups of DS and thiols are observed to be quickly and quanti-

A B 1f ] DS
cost | W [ s
— Iy ----- —~ Iy ------------ ) W - 30m
£ 3 DSSH||E » DS C=C g 0 : - '
s 08f o ODMS-H|| 5 0.8f = DMC=C 2 F DM
‘Z’O " & DF S-H 30 » * DF C=C -?C,OS- s
b S b : - 30m
§ o ,g N 0 /Q\* -
< 0.4 B © < 0.4 - “© 1 - L 1 1
+ s 5 £ DF
L L [e] - 0s
9 0.2 § 9 0.2 2 05}
R NIy R I GO TN 0 . . , ; 0 . . ——t
0 30 60 90 1 20 0 30 60 90 120 1600 1650 1700 1750 1800
[llumination Time (s) Illumination Time (s) Raman Shift (cm?)
Fig. 6 (A) RT-FTIR-normalized peak area of thiol (left) and ene groups (right) in the photoreaction of DS, DM, and DF with HDT and 5% TATO. The

thiol peak is quickly and quantitatively consumed along with the allyl peak of DS. However, the remaining peaks in DM and DF are associated with an
overlapping internal ene of differing absorptions. (B) Raman spectroscopy shows conversion of ene groups and conversion of internal ene groups by
the decrease in carbonyl peak intensity with the reduction in unsaturated conjugation.
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with HDT. (B) Photorheology shows the importance of the chain-growth mechanism on gelation kinetics in resins with EBTG. (C) Photo-dose for
gelation obtained by the product of crossover time and light intensity for resins of different dithiols.
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tatively consumed within 30 s (Fig. S4Af). These data are con-
sistent with the expected ideal thiol-ene step-growth polymer-
ization. However, while quantitative conversions of thiol
groups are observed, the same C=C stretch shows incomplete
disappearance within DF and DM systems (Fig. 6A). This is
attributed to the persistence of the internal ene functionality,
which has a characteristic IR peak that overlaps with the allyl
ether stretch.'®® While symmetric disubstituted functional
groups are often infrared inactive due to the presence of
centrosymmetric vibrations,'®" the trans-cis ester confor-
mations of maleic and fumaric compounds activate the IR
stretch.'°>'% Furthermore, since maleic functionalities enable
more trans-cis ester vibrations, the maleate peak shows a
higher absorbance stretch than fumarate, limiting direct com-
parison of peak area. For better comparison of total ene con-
version, we turned to Raman spectroscopy where all centro-
symmetric groups are active and absorbance of maleic,
fumaric, and allyl ether groups are similar in magnitude,
despite overlap. These experiments further support rapid
(~30s) and quantitative conversion of allyl ether groups in DS
as evidenced by the disappearance of the “ene” peak at
1646 cm™". In DM and DF, this ene peak shows a significant
reduction that is accompanied by a decrease in the ester carbo-
nyl group (1735 cm™") peak during the reaction as conjugation
onto the surrounding ester groups is lost (Fig. 6B)."** In
addition, the cis maleate groups show limited reactivity com-
pared to the trans fumarate counterparts. Taken together,
these data echo the small-molecule NMR studies presented
earlier, and suggest a mechanism whereby allyl ether groups
are rapidly consumed by thiol addition while fumarate/
maleate groups continue to react after thiol consumption.
Complementary in situ photorheological studies show that
changes in reaction mechanism are manifested as differences
in gelation kinetics (Fig. 7A). Upon illumination, all formu-
lations show a rapid increase in storage (G') and loss (G")
moduli until reaching a plateau set by the stiffness limits of
the rheometer (G’ # 1 MPa). Compared to pure step-growth
systems, systems with maleate and fumarate groups reach the
gelation point (defined as the point where G’ first exceeds G”)
at a lower critical photo-dose for all thiols studied, suggesting
that even small amounts of chain-growth homopolymerization
dramatically accelerates network percolation (Fig. 7C). This
trend is perhaps most clearly apparent for ETG, where small-
molecule analogs showed that allyl conversion for all mono-
mers was nearly equal in rate but the addition of a small
amount of chain growth via fumarate/maleate homopolymeri-
zation (Fig. 7B) results in a near order in magnitude reduction
in the required gelation dose. These data are both consistent
with classic gelation theories for chain-growth systems where
even low conversions can lead to network formation,'® as well
as previous predictions for thiol-acrylate polymerizations
where suppression of acrylate homopolymerization delays gela-
tion.'°® Relatively modest changes in gelation dose for HDT
and E3M between diallyl monomers can likely be explained by
the distinct differences in rate of thiol addition to allyl groups
(see small molecule analogs in Fig. S2-A1 and A3%), where the

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

decrease in allyl activity of DM/DF acts to counter the rate of
gelation for otherwise fast chain-growth reactions. This is
further evidenced by trends for ETG, where DM gels faster
than DF due to the increased rate of thiol-to-allyl addition
(Fig. S2-A31). Finally, while a large increase in viscosity was
observed for E3M/DS (Fig. S3-C3t), full gelation is not reached
despite full conversion of allyl groups (Fig. S3-At). This
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Fig. 8 (A) DMA traces of DM network polymers illuminated for 30 s, 60
s, and 1800 s. (B) DMA traces of DF network polymers illuminated for 10
s, 60 s, and 1800 s. (C) E’ at 100 °C and T, of DF and DM with error bars
representing full width at half maximum of the glass transition.
Collectively, these results suggest an increase in crosslinking density and
network heterogeneity with continued light exposure.
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suggests changes in chain conformation or phase behavior
during polymerization that biases chain connectivity towards
topologies that form individual clusters that do not percolate
into a full network, highlighting the limits of pure reaction
kinetics alone in predicting gelation processes.***%”

Since only a small proportion of the maleate/fumarate
groups are consumed during the initial gelation process, a
large fraction is preserved within network strands, providing a
handle to tune crosslink density under increased light inten-
sity as shown by FTIR and Raman measurements (Fig. S3-A
and Bft). As evidence of this, temperature-dependent DMA
traces under fixed strain amplitude and frequency of network
formulations incorporating HDT with DM and DF are shown
in Fig. 8A and B. The absence of thermally driven curing
during testing was confirmed through unchanged FTIR
spectra and mechanical properties after heating a 30 s-cured
specimen at 100 °C for 1 hour (Fig. S3-D47). These data reveal
two key trends as a function of illumination time: (1) a longi-
tudinal increase in the E' rubbery plateau, and (2) a concurrent
shift to higher temperatures and broadening of tan(s).
Additionally, control experiments with DS (Fig. S3-D17) reveal
that DF/DM polymerization leads to much higher E' plateaus
and tan(8) peaks, demonstrating that the increased conversion
of fumarate and maleate groups via a chain-growth mecha-
nism translates into the formation of additional elastically
active crosslinks in the network.'®® The association of these
crosslinks with chain-growth polymerization is further corro-
borated by the widening of the tan(s) glass transition peak or
full width at half maximum (Fig. 8C),'**"*"! which is attributed
to the incorporation of inhomogeneities into the network via
localized regions of increased polymerization. Furthermore,
stereochemistry-dependent reactivity differences of maleic and
fumaric groups is observed to impact network architecture
evolution. With increased illumination dose, DF polymer net-
works increase by an order of magnitude in stiffness and
become increasingly glassy. However, the reduced reactivity of
DM due to early thiol consumption that prevents further iso-
merization limits the increase in crosslinking density, keeping
the materials rubbery at higher light doses. Thus, by varying
the internal stereochemistry of the small-molecule precursors,
bulk mechanical properties of the polymer networks can be
rationally controlled (Fig. 9). Additionally, similar variations in
network properties using DM and DF systems with varying
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thiol were observed, demonstrating the amenability of this
chemistry to dithiol structure (Fig. S3-Df). This provides a
mechanism to tune both gelation kinetics and longitudinal
thermomechanical property development via light.

Patterning crosslinking and 3D printing of candidate resins

Photosensitive polymer network resins can be harnessed to
simultaneously control local material properties and global
geometry within 3D printed parts through spatially defined
photo-doses."'*'"®* Most commonly, this is done via spatial
variation in monomer conversion, and thereby crosslinking
density, with light intensity during digital light processing
(DLP) additive manufacturing."'* Since crosslinking density
has a linear relationship with stiffness for amorphous thermo-
sets, these objects can achieve magnitude differences in elastic
modulus over small length-scales."*>"'® In addition, the use of
single-material chemistry creates covalent bonds between con-
trasting regions, lessening interfacial failure and brittleness
found in classical examples of multimaterials.'"” However, this
method typically produces materials with residual monomers
and is impractical for common uses. In the chemical system
described herein, crosslinking density can be perturbed within
polymer networks after full incorporation of monomers.

To demonstrate the utility of this chemistry for spatial pat-
terning, candidate network formulations of DS, DM, and DF
with HDT were exposed to varying light patterns via photo-
lithography using 2D photomasks. After initial illumination of
the full film for 20 seconds under UV light (405 nm, 5 mW

m?) to trigger gelation, a photomask depicting the block
Ilinois ‘T’ was placed over the sample and exposure was con-
tinued for 30 additional minutes to reach near full conversion
(Fig. 10A). Due to differences in refractive index with cross-
linking density, the block ‘I’ is visible within the film despite
optical clarity (Fig. 10B). For further visualization, films were
placed in acetone with 0.45% fluoresceinamine as fluorescent
dye overnight and washed off with acetone. Due to additional
crosslinks, areas exposed to higher photo-dose levels should
imbibe less dye due to lower swelling extent and therefore flu-
oresce more weakly.''® This behavior was successfully observed
in films formed from DF and is partially attributed to the
increase in T, above room temperature (Fig. 10C) as this was
not observed in films formed from the less-reactive DM resins
(Fig. S4-A1f). Even so, the ability to photo-pattern images
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Fig. 9 Under first illumination, initial gelation from the polymer network occurs largely from thiol-ene addition and is advanced with slow chain-
growth homopolymerization. Over prolonged light exposure, the chain-growth homopolymerization forms additional crosslinks.
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(A) To photo-pattern UIUC's block-I, an initial network polymer film was formed under low light-dose levels, a photomask was placed on

top, and the remaining film was illuminated with an additional light dose. (B) DM photo-pattern visible due to changes in optical properties with
crosslinking density. (C) The DF polymer film swollen with fluorescent dye to visually show differences in crosslinking density with “grayscale”

illumination.

implies the applicability of this material chemistry to be used
in grayscale methods for stiffness gradients within polymer
networks after complete monomer incorporation.

Finally, this chemistry is amenable to 3D printing with an
off-the-shelf DLP printer. Thiol-ene chemistry is a particularly

useful material system for additive manufacturing due to its
rapid kinetics, oxygen tolerance, and low shrinkage stress that
prevents warpage of manufactured objects.>''* While much
work has been focused on pure thiol-ene step-growth resin

systems,"'®"*' combinations of step-growth and chain-growth
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Fig. 11

(A) Additive manufacturing is done by extending the chemistry used for polymer network studies and incorporating a photo-absorber for

increased fidelity. (B) To benchmark the 3D printing ability of our resin, we printed a 3D Benchy model, a readily used benchmark print. (C)
Demonstrating the capability of this chemistry, we printed UIUC’s Alma Mater statue.

This journal is © The Royal Society of Chemistry 2025

Polym. Chem., 2025, 16, 1829-1845 | 1839


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4py01361a

Open Access Article. Published on 18 March 2025. Downloaded on 4/2/2026 6:34:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

modalities have been shown to greatly expand this
toolbox."?*™** As a proof-of-concept with this chemistry, we
developed a printing resin containing the studied DM
network formulation with 0.05 wt% pyrogallol as a photo-
absorber to prevent overcuring (Fig. 11A). This formulation
remained stable for several weeks when stored in the dark
at room temperature. Printing conditions were selected by
determining the optimum balance between printing speed,
feature resolution, and fidelity via construction of a Jacobs
working curve (Fig. S4-B1%). Candidate prints were produced
using a 10 second exposure time and a 50 pm layer thick-
ness, followed by post-curing through flood illumination. A
variety of high-resolution prints with complex, overhanging
features were produced (Fig. 11B), including the canonical
3D Benchy model and the Alma Mater statue of the
University of Illinois (Fig. 11C). Prints were observed to
closely match CAD file inputs. While beyond the scope of
this work, this resin chemistry is promising for extension to
grayscale printing, where internal ene polymerization is
expected to generate a larger difference in crosslinking
density, opening prospects for fabricating graded materials
in a single-vat 3D printing process.

Conclusion

This work extends the paradigm of mixed-mechanism thiol-X
chemistries, where the relative rates of chain-growth and step-
growth mechanisms define the overall network evolution and
final properties. The chemical system illustrated here incorpor-
ates two ene functionalities within biomass-derived triene
monomers to undergo both step-growth thiol-ene addition
and chain-growth homopolymerization: (1) terminal allyl ether
groups and (2) internal maleate/fumarate groups. We demon-
strate that thiol addition quickly and preferentially occurs
across the terminal allyl groups, leaving the internal ene to
homopolymerize over longer durations. In addition, chain-
growth homopolymerization of the internal ene moieties is
shown to be sensitive to stereochemistry as cis maleate groups
undergo an isomerization-polymerization mechanism facili-
tated by thiol addition. These reactivities are also shown to be
additionally tunable by the thiol structure. By utilizing these
diallyl monomers in polymer networks, initial network for-
mation predominantly by thiol-ene addition incorporates
fumarate and maleate moieties into network strands, which
act as reactive handles for additional crosslink formation. The
described mixed mechanism impacts both gelation kinetics
and network architecture development. We show that glass
transition and crosslinking density can be controlled by photo-
dose levels within fully formed network polymers. Finally, this
mixed-mechanism photopolymerization allows for dose-depen-
dent patterning of material properties and 3D printing. In the
future, we anticipate that insights from this work could find
applications in polymer functionalization,’* new resins for
additive manufacturing,"*>'*® and resist chemistries for
photolithography.**”
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