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ABSTRACT

A pyrrolopyrazine-thione derived from oltipraz, a compound that has been investigated as a

chemopreventive agent, affords radicals in the presence of thiols and oxygen via a redox cycle, an

attribute that suggests its suitability as an initiator for oxygen-mediated polymerization. Here, we

explore the utilization of this pyrrolopyrazine-thione, generated in situ from a precursor, as an

initiator for the radical-mediated thiol-ene polymerization. While the pyrrolopyrazine-thione was

shown to be capable of generating radicals in the presence of atmospheric oxygen and thiol

groups, the reaction extents achievable were lower than desired owing to the presence of

unwanted side reactions that would quench radical production and, subsequently, suppress

polymerization. Moreover, we found that complex interactions between the pyrrolopyrazine-

thione, its precursor, oxygen, and thiol groups determine whether or not the quenching reaction

dominates over those favorable to polymerization.

INTRODUCTION

Numerous  applications, including paints,
coatings, and adhesives, rely on in situ
polymerization, where a liquid monomer
formulation is transformed, Vvia a
polymerization reaction, into a solid
polymer in the location where the material
is utilized. This transformation is effected by
exposing the liquid monomer formulation to
some initiation stimulus, most commonly
Iight,2 elevated temperature,3 or a chemical
reactant. Often, the chemical stimulus,
frequently labelled as a ‘cross-linker’, ‘curing
agent’, or ‘hardener’, is packaged separately
from the primary liquid monomer resin and
the polymerization reaction only proceeds
upon mixing of the reaction components.
These two-component systems, examples of
which include epoxy adhesives® and
urethane coatings,® usually require precise
mixing of the two reactants as deviating
from the ideal ratio could lead to
incomplete cross-linking, hindering the

development of optimal properties.
Alternatively, instead of storing the
reactants in separate packages, the
polymerization can rely upon a compound
that is naturally and reliably present in the
environment where the resultant polymer
will be utilized. The development of suitable
systems that respond to such
environmentally-borne initiation stimuli
could permit rapid advances in several
emerging technologies, notably self-healing
materials and surgical adhesives.

The list of environmentally-borne,
chemical initiation stimuli primarily includes
components of the atmosphere. Of these,
nitrogen’ and argon® can be readily
dismissed owing to their low reactivity;
carbon dioxide can similarly be discarded for
being relatively unreactive’ as well as its
typically low atmospheric concentration.
This leaves water'®*? and oxygen,®*™* both
of which have been employed as
polymerization initiation stimuli. The
utilization of atmospheric moisture is
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especially well known for initiating the
polymerization of alkyl cyanoacrylates. In
the presence of moisture or any weak
nucleophile, alkyl cyanoacrylates undergo
anionic polymerization, yielding poly(alkyl
cyanoacrylates).’ Of these, shorter chain
(e.g., methyl and ethyl) alkyl cyanoacrylates
are utilized for commonly-available
consumer.glues, while the longer alkyl chain
(e.g., octyl) variants serve as surgical-grade
adhesives® owing to their hydrolysis
resistance and thus improved
biocompatibility.’® '’ In addition to alkyl
cyanoacrylates, moisture-cured isocyanate-
based coatings’*  and silicone-based
sealants’ utilize atmospheric water to
effect polymerization. Nevertheless, while
moisture-cured adhesives and coatings
certainly play an important role in many
commercial products, there are inherent
drawbacks.. that preclude their broader
adoption in new applications. Notably, the
reaction rates are strongly dependent upon
the relative humidity, with polymerization
nearly ceasing at very low concentrations of
atmospheric moisture.'® ** Moreover, there
are serious limitations as to the types of
chemistries that can be utilized in a
moisture-curing system: any system that
reacts with water may also react with many
weakly nucleophilic moieties, severely
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Scheme 1: Structures of the oxygen-mediated
initiator and monomers used. a) The bis-
disulfide (bisDS) derivative of oltipraz is
converted to a PPT intermediate by reaction
with a thiol. Subsequently, in the presence of
both thiol and oxygen, the PPT participates in
a radical-generating redox cycle,” resulting in
thiol-ene polymerization. b) Ethoxylated
trimethylolpropane tri(3-mercaptopropionate)
(ETTMP). c) 1,3,5-Triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione (TATATO).
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limiting the type of functional groups that
can be present. Thus, in searching for a
broadly applicable environmentally-borne
initiation stimulus, we are left with
atmospheric oxygen, a particularly
promising candidate given its relatively high
atmospheric concentration and its
reactivity.

Oxygen has long served as the initiator
for oil-based paints and coatings, where
unsaturated fatty acids are cross-linked
through sluggish oxygen-mediated
reactions, catalysed by metal driers; oil-
based paints typically do not fully cure until
weeks or months after application.?® A more
generally useful free-radical polymerization
mechanism is one based on the radical-
mediated chain-growth polymerization of
vinyl monomers, notably acrylates and
methacrylates,”® whereby formulations of
monomers and a latent initiating species
polymerize rapidly by exposing the initiator
to its radical-generating stimulus. Although
oxygen is well-suited for generating
polymerization-initiating radicals, owing to
its capacity for participating in redox
reactions,”? radical-mediated chain-growth
polymerizations are typically strongly
inhibited by oxygen.??

The radical-mediated thiol-ene addition
reaction, where a thiol and an electron-rich
double bond form a thioether linkage,
proceeds in the presence of radicals.”” **> In
contrast to conventional radical-mediated
chain-growth polymerizations, the ready
hydrogen abstractability from the
ubiquitous thiol functionalities in thiol-ene
formulations affords a mechanism that is
extraordinarily resistant to molecular
oxygen at atmospheric concentrations.
Notably, the utilization of oxygen to initiate
thiol-ene polymerization has already been
established. One such system utilized
oxidoreductase enzymes as the basis for
initiating systems capable of converting
aqueous thiol-ene monomer formulations
into hydrogels upon exposure to the
atmosphere.”” Another system employed
alkylboranes, species capable of rapidly
generating free radicals in the presence of
oxygen.”® While both of these systems have
utility, there are limitations: enzymes may
lack stability in non-aqueous systems, while
the extreme reactivity of alkylboranes may
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also lead to long-term stability problems.
Given these limitations, there remains a
need to develop alternative oxygen-
mediated polymerization approaches.

Interestingly, one such alternative
approach arises from cancer research. 1,2-
Dithiole-3-thiones, a class of compounds to
whichthe cancer chemopreventive drug
oltipraz belongs, have been shown to induce
cellular production of chemoprotective
phase'll-detoxification enzymes.?” The major
metabolite of oltipraz is a pyrrolopyrazine-
thione, which is produced in the presence of
glutathione, an intracellular tripeptide thiol.
This pyrrolopyrazine metabolite is relatively
stable in the absence of oxygen; however, in
the presence of further thiol and oxygen,
thiyl and« peroxy radicals are formed.
Moreover, the metabolite  can be
conveniently liberated in situ via the action
of thiol on 7-methyl-6,8-
bis(methyldisulfanyl) pyrrolo[1,2-a]pyrazine
(for brevity, referred to as the ‘bis-disulfide’
or ‘bisDS’), a disulfide precursor (see
Scheme 1a).”® Thus, an approach utilizing
such compounds appears particularly well-
suitedto the oxygen-mediated initiation of a
thiol-ene polymerization. Whereas a thiol—
ene _resin_ formulated with a disulfide
precursor—in an inert atmosphere would
form the pyrrolopyrazine-thione
intermediate in situ, exposure to oxygen
would subsequently generate radicals
capable of initiating the polymerization.
Here we investigate the suitability of bisDS
as an_oxygen-mediated initiator for thiol—
ene polymerization.

EXPERIMENTAL

Materials

Ethoxylated trimethylolpropane tri(3-
mercaptopropionate) (ETTMP, 1300 g/mol) was
obtained from Evans Chemetics. Poly(ethylene
glycol (PEG, 600 g/mol), dimethyl sulfoxide
(DMSO0), 1,3,5- triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione  (TATATO), sodium
thiomethoxide, methyl methane thiol sulfonate
(MMTS),  methyl-3-propionate and  5,5-
dimethyl-1-pyrroline N-oxide (DMPOQO) were
obtained from Sigma-Aldrich. Oltipraz was
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obtained from LKT Laboratories. All materials
were used as received. Thiol-ene resins were
formulated from 83.6 wt% ETTMP and 16.4 wt%
TATATO such that the thiol to allyl
stoichiometric ratio prior to polymerization was
maintained at 1:1 for all experiments.

The synthesis of bisDS followed a
previously published procedure.”® Briefly,
1.22 g of oltipraz was dissolved in 200 mL of
ethanol under nitrogen and heated to 44°C.
To this solution, 1.89 g of sodium
thiomethoxide was added while stirring.
After 45 minutes, 3.5 mL of MMTS was
added and stirred for 2 hours. The solvent
was removed under vacuum and the
resulting crude product was dissolved in 40
mL of chloroform and filtered. Upon sitting,
the filtrate phase separated and the clear,
oily layer was discarded. The solvent was
again removed under vacuum and the
resulting product placed in a freezer
overnight, affording crystals. The crystals
were washed with cold ethanol and
recrystallized from hot ethanol. 'H NMR
(400 MHz, CDCls), 6: 2.48 (d, 6H), 2.57 (s,
3H), 7.83 (d, 1H), 8.24 (dd, 1H), 9.08 (d, 1H).

For experiments performed under
anhaerobic conditions, monomers and
solvents were subjected to at least six
freeze-pump-thaw cycles to ensure rigorous
deoxygenation prior to use, and
formulations were assembled and mixed in
an anaerobic chamber. For the aerobic
experiments, formulations were assembled
under atmospheric conditions using air-
saturated monomers.

UV-Vis spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy was
performed using an Agilent Technologies
Cary 60 UV-Vis spectrophotometer.
Formulations were placed in a 1 mm
pathlength quartz cuvette immediately after
mixing, whereupon spectra from 300 to 700
nm were collected every 10 minutes for 5
hours.

EPR spectroscopy

Electron paramagnetic resonance (EPR)
spectroscopy was performed using a Bruker
EMX spectrometer. A TMy,o cavity (ER
4103TM, Bruker), 100 kHz modulation
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Scheme 2: Schematic diagrams of experimental
configurations used to examine oxygen-
mediated polymerization kinetics by FTIR
spectroscopy. a) A sealed sample cell permits
measurement of IR spectra under anaerobic
conditions until air is introduced into the cell via
inlet and outlet ports. b) Sandwiching a resin
formulation, mixed under oxygen-saturated
conditions, between two glass slides throughout
IR spectra collection prevents additional oxygen
from diffusing into the sample during
polymerization. c) A resin formulation, mixed
under oxygen-saturated conditions, is exposed
to the atmosphere throughout IR spectra
collection, permitting oxygen to diffuse into the
sample during polymerization.

frequency,’and 1 G,, modulation amplitude
were used. Sample formulations were
placed in a flat quartz cell and all
experiments were performed at room
temperature using DMPO as a spin trap. For
experiments performed under initially
anaerobic  experiments, deoxygenated
bisDS, ETTMP, and DMPO were dissolved in
DMSO, 600 pL of which were injected into
the flat quartz cell, and a spectrum was
collected after two hours. Each formulation
was. then removed from the flat quartz cell,
exposed .to the atmosphere for three
minutes, then reinjected back into the flat
quartz cell, and a spectrum was collected
after 15 minutes of oxygen exposure. For
experiments performed under completely
aerobic  conditions, the air-saturated
formulation components were combined
and a spectrum was collected after 15
minutes.

F Polymer
°E Chemmry

FTIR spectroscopy

For experiments performed under initially
anaerobic experiments, an approximately 20
pum thick film of deoxygenated resin was
spread on a glass slide in a sealed sample
cell.?® Infrared spectra of the resin
formulations were monitored remotely and
in transmission using a Nicolet 6700 Fourier
transform infrared (FT-IR) spectrometer
equipped with a fiber optic coupling
accessory via chalcogenide optical fiber
patch cables fitted with silver reflective
collimators (see Scheme 2a). Air was
introduced into the sample chamber via
ports on either side, and the reaction was
monitored by observing the disappearance
of the allyl ether (3100 cm™) and thiol (2570
cm™) absorbance peaks,” using the methyl
peak at 4370 cm™ as an internal standard.*”
*1 Spectra were collected at a rate of two
per second and 64 spectra were averaged
for every reported data point.

For experiments performed under
aerobic conditions, air-saturated resin
samples were either injected between two
glass microscope slides separated by 50 um
thick shims to prevent further atmospheric
oxygen from diffusing into the sample (see
Scheme 2b) or spread as an approximately
20 pm thick film exposed to the atmosphere
on a glass slide (see Scheme 2c). Each
sample was placed in a Nicolet 6700 FT-IR
spectrometer equipped with a horizontal
transmission accessory and spectra were
collected from 6400 to 2000 cm™ at a rate of
two per second, and the reaction was again
monitored as described above.

Rheometry

Rheological measurements were performed
using a TA Instruments ARES rheometer,
configured with a 25 mm diameter parallel-
plate fixture. Sample formulations were
combined and mixed under aerobic
conditions and, immediately after 0.300 mL
were deposited on the lower plate and the
upper fixture was lowered to a gap of 0.5
mm, data were collected at a rate of one
point every 8 seconds using an oscillatory
strain of 1% at a frequency of 1 Hz.
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NMR spectroscopy

All *H, 3C and heteronuclear single quantum
coherence (HSQC) 2D NMR spectroscopy
were performed in DMSO-dg on a Varian
700 /MHz spectrometer. '‘H-NMR spectra
were collected at 700 MHz using a 7998.4
Hz spectral width, a relaxation delay of 1 s, a
pulse width of 45° and 65k data points. *C-
NMR spectra were collected at 176 MHz
using.a. 25000 Hz spectral width, a relaxation
delay of 1.5 s, 75k data points and a pulse
width of 40°.

Mass Spectrometry

Electrospray ionization mass spectrometry
(ESI-MS) was performed on an Agilent Q-ToF
Time-of-Flight mass spectrometer with ESI in
positive ionization mode. Samples were
prepared by adding ~0.2 mg analyte to 2 mL
of solvent (acetonitrile). 10 uL of solvent
was injected into the instrument and
analyzed for exact mass.

RESULTS AND DISCUSSION

Prior _to.the polymerization reaction that is
anticipated to proceed upon exposure of a
thiol-ene resin formulated with bisDS to
atmospheric oxygen, a pyrrolopyrazine-
thione (PPT) reactive intermediate (in
equilibrium. with its thioenol form) must be
generated /in situ from the thiol-disulfide
exchange reaction of bisDS with the thiol
monomers. (see Scheme 1). UV-Vis
spectroscopy has previously been employed
to monitor the PPT product formation from
the freaction of bisDS with the monothiol
glutathione;’® generation of the PPT is
readily observed as its thiocarbonyl moiety
strongly absorbs at approximately 300 nm
and in the 420-500 nm range owing to the
to ©* and the forbidden n to ©* transitions,
respectively.’” In their investigation of bisDS
in an.. aqueous solution, Fishbein and
coworkers found that the absorbance peak
at 450 nm reached its maximum value
within one minute and they concluded that
the PPT is rapidly generated in near
quantitative yield.”® UV-Vis experiments
were performed here to determine whether
the thiol functional groups affixed to the

0
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trithiol monomer ETTMP are similarly
capable of generating the PPT in situ from
bisDS. As the PPT participates in subsequent
reactions in the presence of molecular
oxygen, preliminary studies were performed
under anaerobic conditions. Upon mixing of
bisDS into a model thiol-ene resin
composed of ETTMP and TATATO, an
absorbance peak in the visible region of the
spectrum (Amax = 500 nm) was observed to
increase over 2 hours for all concentrations
of bisDS examined (see Figure 1a-1c),
indicating the generation of thiocarbonyl
moieties and, hence, the PPT intermediate;

as expected, the absorbance at A
increases linearly with raised bisDS
concentration. Assuming complete

conversion of bisDS into the PPT,”® the
molar absorptivity, €, was found to be 5930
+ 180 M™* cm™. In contrast, when thiol
groups were omitted, there was no
observable change in the UV-Vis spectrum
of a bisDS-incorporating solution of TATATO
and PEG over five hours and no absorbance
observed at 500 nm (see Figure 1d),
confirming that thiol functional groups must
be present for reaction with bisDS to afford
the PPT reactive intermediate.

Furthermore, a 2D NMR and ESI mass
spectral study of a model PPT system
containing a 1:1 mixture of bisDS and a
monofunctional thiol (methyl-3-
mercaptopropionate) was explored to verify
the possible reactive intermediate
structures. Although many intermediates
were observed by ESI-MS (Table S1), these
studies confirmed the formation of a mono-
thione intermediate with the opposite
disulfide functionalized with the methyl-3-
mercaptopropionate as the dominant
species (Figures S1 and S2). The
intermediates likely exist in a tautomeric
equilibrium of thione and thioenol
derivatives (Scheme 1a) as suggested by the
formation of thione and disulfide-bridged
structures observed in mass spectral
analysis (Table S1). Residual bisDS starting
material was not observed after the
addition of the monofunctional thiol,
demonstrating the reactive preference for
the newly introduced R-thiol.
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Figure 1: UV-Vis absorption spectra for bisDS-containing resin formulations mixed and maintained
under anaerobic conditions. a) 0.05 wt% bisDS in ETTMP and TATATO; b) 0.01 wt% bisDS in ETTMP and
TATATO; c) 0.005 wt% bisDS in ETTMP and TATATO; and d) 0.05 wt% in 83.6 wt% PEG (i.e., thiol-free)

and 16.4 wt% TATATO.

Having < established that the PPT
intermediate is yielded by the reaction of
bisDS and thiols, its oxygen-mediated radical
generating characteristics were investigated
using-EPRispectroscopy by employing DMPO
as a spin trap. In the absence of oxygen, no
radicals were detected in a solution of 172
UM (bisDS " (equal to 0.005 wt%), 100
equivalents of thiol functional groups, and
an excess-of DMPO in DMSO; a ten-fold
increase in the bisDS concentration yielded
the same negative result (see Figure S3),
confirming that the reaction between bisDS
and thiol to afford the PPT intermediate is
not radical-mediated. However, upon
exposure of the thiol/bisDS solutions to the
atmosphere, radical generation was clearly
evident in their EPR spectra (see Figure 2);
an ETTMP formulation with 0.005 wt%
bisDS, 100 equivalents of thiol groups, and
excess DMPO exhibited a strong signal

consistent with those previously reported
where superoxide and thiyl radicals were
identified.! Interestingly, when the bisDS
concentration was increased from 0.005
wt% to 0.05 wt%, the resultant EPR signal
intensity, and hence radical concentration,
slightly  decreased (Figure 2). The
decomposition rates of conventional radical
initiators are typically first order with
respect to the initiator concentration,33 even
for systems requiring a coinitiator,* such
that the number of radicals generated scales
with the initiator concentration; however,
this expected behaviour is not observed in
the current system. Rather, at sufficiently
high initiator (i.e., either bisDS or thiol)
concentrations, increasing the amount of
initiator in the monomer formulation
actually reduces the number of radicals
generated. This phenomenon may be
explained by the mechanism proposed by
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Figure 2: EPR spectra for solutions mixed under
anaerobic conditions of bisDS, ETTMP, and
DMPO in DMSO, collected 15 minutes after

Fishbein and coworkers, where an undesired
quenching_reaction,’ favoured at high PPT
concentrations, shuts down the radical-
generating redox cycle. Nevertheless,
despite’ this counterintuitive behaviour,
radical generation does proceed upon
exposure of the PPT intermediate to both
oxygen-and thiol, demonstrating similar
behaviour ' for bisDS in both aqueous
environments’ and in bulk thiol-ene
monomer formulations examined here. This
in turn suggests that bisDS could function as
an oxygen-mediated initiator for thiol-ene
polymerizations, although the maximum
attainable polymerization rate may be
limited by the reduced radical generation at
raised bisDS or thiol concentrations.
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To evaluate this hypothesis, the
polymerization of model thiol-ene resins,
composed of ETTMP and TATATO and
formulated with various concentrations of
bisDS, was examined using FTIR
spectroscopy to monitor the consumption of
thiol and allyl functional groups during the
reaction (Scheme 2a). In the absence of
both oxygen and bisDS, the functional group
conversion reached approximately 7% after
five hours (see Figure 3a and Figure S2a),
attributable to the often poor stability of
thiol-ene formulations which have been
observed to slowly react even in the
absence of an initiator.*®  Although
incorporation of an appropriate inhibitor
can improve stability,* inhibitors were not
added to these formulations to avoid
masking reactions caused by the bisDS.
Notably, the formulations incorporating
bisDS exhibited minimal functional group
conversion in the absence of oxygen over
five hours for all bisDS concentrations
examined (Figure 3a and Figure S2a),
indicating that bisDS does not generate
polymerization-inducing radicals itself and
supporting the results observed in the EPR
experiments discussed above (Figure 2).
Indeed, no inhibitor was needed in the
formulations as the PPT generated in situ
appears to induce an inhibitory effect.

a) b)
10 1.0
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0.9 4 —%—0 0.9 —%—0 L
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Figure 3: Thiol functional group conversions for bisDS-containing ETTMP/TATATO thiol-ene formulations
mixed under anaerobic conditions. Experiments performed by a) maintaining anaerobic conditions, or b)

exposing the samples to the atmosphere.
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Having established the minimal reaction
progression under anaerobic conditions,
these resin formulations were investigated
for their behaviour upon exposure to
atmospheric oxygen. As the UV-Vis
experiments demonstrated that 2—3 hours
were required to fully generate the PPT (see
Figure 1), formulations were prepared under
anaerobic.conditions and left undisturbed
for 3 hours prior to exposing them to
atmospheric oxygen (see Figure 3b and
Figure - S2b). Upon exposure to the
atmosphere, the observed polymerization
rates ~were low, with functional groups
conversions for the resin incorporating
0.005 wt% bisDS, the fastest polymerizing
formulation of those examined, reaching
only 7% after 5 hours exposure. Notably,
although radical generation was
demonstrated in formulations containing
bisDS and thiol functionalities upon
exposure to atmospheric oxygen using EPR
spectroscopy, this did not translate into
significant © oxygen-mediated thiol-ene
polymerization. Moreover, these
polymerization kinetics results support
those-observed by EPR spectroscopy where
increasing the bisDS concentration beyond a
particular value affords a decreased radical
concentration, behaviour that is consistent
with  the hypothesis discussed above of a
radical quenching reaction that inhibits
polymerization in the presence of excess
PPT.” A mechanism that might account for
the ~“diminished numbers of radicals
generated. at raised PPT concentrations is
proposed,in Scheme 3. Here, the abstraction
of a hydrogen from the thioenol tautomer of
PPT affords a resonance-stabilized radical
unable to participate in subsequent
propagation or chain transfer reactions,
leading to _termination. This mechanism is
analogous to that observed for conventional
radical polymerization inhibitors such as
monomethylether hydroquinone (MEHQ).*’
Notably, "MEHQ has previously been
employed at low concentrations to retard a
redox-initiated thiol-ene polymerization;*
however, in contrast to the current study,
raised MEHQ concentrations resulted in
enhanced thiol-ene polymerization rates.

In contrast to conventional, radical-
mediated chain growth polymerization
reactions, oxygen does not wholly inhibit
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Scheme 3: Proposed polymerization inhibition
mechanism. In the presence of excess PPT, an
active radical abstracts a hydrogen from the
thioenol tautomer, generating a resonance-
stabilized, unreactive PPTe intermediate,
inhibiting the radical-affording redox cycle as
well as removing PPT.

radical-mediated thiol-ene polymerizations;
nevertheless, the presence of oxygen can
retard polymerization rates even in thiol—
ene systems. Thus, to prevent further
oxygen from diffusing into the samples
during polymerization, a second set of
polymerization kinetics experiments was
performed where oxygen-saturated
ETTMP/TATATO resins were formulated
with bisDS under atmospheric conditions,
immediately injected between two glass
microscope slides, and the consumption of
thiol and allyl functional groups was
monitored by FTIR spectroscopy (see
Scheme 2b). In contrast to the
polymerization kinetics observed for resins
under constant atmospheric exposure, here
the formulation incorporating 0.005 wt%
bisDS reached a reaction conversion of
nearly 45% within 2 hours (Figure 4 and
Figure S5). Unfortunately, as before,
increasing the concentration of bisDS above
0.005 wt% deceased both the rate and
extent of polymerization, a dramatic
divergence from previously studied thiol—
ene systems where the scaling of the
polymerization rate with the initiation rate
approaches unity;” indeed, the 0.05 wt%
bisDS formulation exhibiting a reaction
extent after five hours that was actually
lower than the formulation with no bisDS.
Nevertheless, similar behaviour, where an
increase in the initiator concentration
results in a suppressed reaction rate, has
been observed previously in other initiator
systems for both radical-mediated acrylate®
and thiol-ene polymerization chemistries,*
including those that employ iron-based
Fenton chemistry or camphorquinone/
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tertiary amine photoinitiation systems at
raised Fe’ or amine concentrations,
respectively.>* For such systems, the
reaction rates decrease at elevated Fe?* or
amine. concentrations owing to the
occurrence of unwanted inhibitory and
termination reactions. Similarly, the
behavior exhibited here may be attributable
to the aforementioned quenching reaction
that suppresses radical generation at high
PPT concentrations, accounting for the
difference - in  behavior between the
experiments seen in Figures 3 and 4. Under

initially —anaerobic conditions, bisDS s
converted into the PPT intermediate over
several hours, such that the PPT

concentration is high when atmospheric
oxygen is-introduced. Conversely, when the
formulation is initially oxygen-saturated, the
PPT.generated by reaction of bisDS with
thiol can..immediately react with further
thiol and oxygen to start the radical-
generating redox cycle; thus, as the
concentration of PPT is initially low such
that/ the quenching reaction is minimized,
initiating radicals are readily formed and the
polymerization is able to proceed. The
monomer conversion plateaus for
formulations with both 0.005 and 0.01 wt%
bisDS-after approximately 2 hours reaction
time suggest complete consumption of the
dissolved oxygen such that radical-
generating’ redox cycle ceases after that
time.

Given “the significant differences in
polymerization kinetics between samples
1.0 wt% bisDS
0.9 0 -

—o—0.005
0.8 —a—001 o

0.7 4 —0—0.05 -
0.6 1 L

0.54 o

Conversion

0.4 -
0.3 -
0.2 L

0.1 -

0 T3 e s 1k k0 k0 210 280 200 30

Time (min)
Figure 4: Thiol functional group conversions for
bisDS-containing ETTMP/TATATO thiol-ene
formulations mixed under oxygen-saturated
conditions. Experiments performed by
sandwiching samples between glass slides,
preventing additional oxygen diffusion into each
formulation.
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initially anaerobic but exposed to the
atmosphere throughout their reaction and
those initially oxygen-saturated but reacting
within closed cells, additional UV-Vis and
EPR experiments investigating the influence
of oxygen on the PPT evolution were
performed. Initially, oxygen-saturated thiol-
ene resins were formulated with bisDS at
various concentrations and UV-Vis spectra
were collected on the resultant solutions
over time. The results of the UV-Vis
experiments run under either oxygen-
saturated or anaerobic conditions were
superficially similar as the peaks at both 300
and 500 nm increased over time (see Figure
5); however, unlike the experiments
performed under anaerobic conditions
where the complete conversion of bisDS
into the PPT intermediate took several
hours (see Figure 1), the absorbance at A,
did not plateau in the presence of oxygen
even after 5 hours for any of the bisDS
concentrations examined  (Figure 5).
Moreover, the observed A..x absorbances
did not scale linearly with the initial bisDS
concentration; using the PPT molar
absorptivity  determined above, the
conversion of bisDS to PPT after five hours
for 0.005 wt%, 0.01 wt%, and 0.05 wt%
bisDS were 29%, 65.1%, and 83.3%,
respectively. Thus, when oxygen was initially
present, the PPT generation was retarded
and, at lower bisDS concentrations, the PPT
concentration remained much lower than it
did under anaerobic conditions, indicating
that oxygen either inhibits the formation of
the PPT from bisDS or it interacts with the
PPT generated by the reaction between
bisDS and thiol. To determine which of
these mechanisms occurs, a formulation of
0.05 wt% bisDS in ETTMP and TATATO was
initially ~ assembled  under  anaerobic
conditions and left undisturbed for three
hours to wholly convert bisDS to the PPT
(see  Figure 6). Subsequently, this
formulation was exposed to atmospheric
oxygen for 8 hours, whereupon the

absorbance at Amax had dropped
considerably (Figure 6), indicating that
oxygen does indeed react with the
generated PPT. Interestingly, after five

hours under anaerobic conditions, the A
absorbance partially recovered, indicating
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Figure 5: UV-Vis absorption spectra for bisDS-containing thiol-ene formulations mixed under oxygen-

saturated conditions. a) 0.05 wt% bisDS in ETTMP and TATATO; b) 0.01 wt% bisDS in ETTMP and TATATO;

and c) 0.005 wt% bisDS in ETTMP and TATATO.

20 Y thiol, and oxygen are in part reversible.
——3hrwhoO, Equivalent experiments examining the
——3hrwio O, 8 hrwith O, generation of radicals in oxygen-saturated

15 ——3hrwio 0, 8 hrwith O, 5hrwio O, I solutions were performed wusing EPR

spectroscopy. Here, a solution with 0.005
wt% bisDS and 100 equivalents of thiol
exhibited a much stronger signal after
reaction under initially aerobic conditions
(see Figure 7) than when the experiment
was performed under initially anaerobic
conditions (Figure 2). This again is likely a
result of the significantly lower PPT
concentration, as observed in the UV-Vis
experiments (Figure 5), when oxygen is

Absorbance
5
1
T

0.54 -

0.0

T T T T T T T
300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 6: UV-Vis absorption spectra for a thiol-

ene formulation of 0.05 wt% bisDS in ETTMP- initially present and supports the hypothesis
TATATO immediately after mixing under that formulations with low PPT
anaerobic conditions, after 3 hours maintained concentrations are more capable of
under anaerobic conditions, after 8 hours of generating free radicals via the redox cycle

subsequent atmosphere exposure, and finally o .
after 5 hours sealed in a cuvette to eliminate as the, polymerization-retarding influence of

further oxygen diffusion. the quenching reaction dominates at higher
PPT concentrations.
that the interactions between bisDS, PPT,
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Figure 7: EPR spectra for solutions mixed
under oxygen-saturated conditions of bisDS,

ETTMP, and DMPO in DMSO, collected 15
minutes after mixing.

To further investigate the role of oxygen
in the radical-generating behaviour of bisDS,
additional polymerization kinetics
experiments were performed under aerobic
conditions (Scheme 2c): the resins, with
bisDS concentrations ranging from 0 to 0.25
wt% were formulated in the presence of
atmospheric oxygen and were continually
exposed to the atmosphere throughout the
reaction (see Figure 8a and Figure S4a). At
bisDS. concentrations from 0 to 0.025 wt%,
the . polymerization rate and extent
increased, as the bisDS concentration was
raised_and the maximum rate occurred at
the start of the reaction. The monomer
conversion after five hours reaction time for
the resin formulated with 0.05 wt% bisDS

WWW.POLYMERCHEMISTRY.ORG
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was similar to that for the 0.025 wt% bisDS
resin, although an induction period of
approximately 20 minutes was apparent
prior to the polymerization onset (Figure 8b
and Figure S4b). Notably, of the
experimental conditions examined, only the
conditions used here effected appreciable
monomer conversion with 0.05 wt% bisDS.
Moreover, resin formulated with 0.075 wt%
bisDS achieved the the highest monomer
conversion of any of the reaction conditions
examined, where after 5 hours the thiol and
allyl conversions were 51.8+4.6% and
49.9+3.5%, respectively (Figure 8b), which
increased to 60.8:+4.2% and 57.8+3.5%,
respectively, after 8 hours. This again
suggests that the role of oxygen is complex,
participating both in generating radicals
from the PPT and thiol while simultaneously
eliminating the PPT via some quenching
reaction. Whereas removing the PPT lessens
the potential radical generation rate, it also
reduces the occurrence of the
polymerization-retarding quenching
reaction. Thus, the constant influx of oxygen
from the atmosphere destroyed excess PPT,
suppressing the quenching reaction, while
still retaining a sufficient PPT concentration
to generate polymerization-initiating
radicals. This hypothesis is further
supported by the behavior at high bisDS
concentrations where progressively longer
induction times and decreased
polymerization rates and extents were
observed as bisDS concentrations were

a) b)
1.0 - 1.0 .
wit% bisDS wt% bisDS
0 —o—0.05
—o—0.005 —«—0.075
081 ——0.01 0.8+ 0.1 i
0.025 —0—0.25
S 061 S 0.6 -
$ 8
(o] (9]
> >
[ c
8 044 8 0.4+
0.2 50 0.2
v L
0.0 LA L I L L R B R A B N 0~0'ﬁf_' LN AL LA ENL A N L BN RN B
0 30 60 90 120 150 180 210 240 270 300 0 30 60 90 120 150 180 210 240 270 300

Time (min)

Time (min)

Figure 8: Thiol functional group conversions for bisDS-containing ETTMP/TATATO thiol-ene formulations
mixed under oxygen-saturated conditions. Experiments performed by exposing the samples to the
atmosphere. For clarity, bisDS-containing resin compositions separated into two ranges: a) 0 — 0.025
wt% bisDS; b) 0.05 — 0.25 wt% bisDS.
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raised above 0.05 wt% (see Figure 8b and
Figure S4b); indeed, at a concentration of
0.25 wt% bisDS, the monomer conversion
after five hours was only 5%, appreciably
lower than all bisDS-containing formulations
examined 'and indicating that the PPT
concentration generated by this bisDS
loading was too high to enable sufficient
radical generation for significant
polymerization.

Finally,” to confirm that the model,
multifunctional thiol-ene resin in the
presence of both bisDS and atmospheric
oxygen- results in the formation of cross-
linked polymer, parallel plate rheometry
was used to monitor oxygen-mediated
polymerizations. The experimental
conditions-used here were similar to those
used for the polymerization kinetics
experiments performed using initially
oxygen-saturated resins that were
subsequently sealed throughout the
polymerization reaction; however, whereas
the formulations were made under aerobic
conditions and most of the monomer/bisDS
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Figure 9: Storage (G’, closed symbols) and loss
(G", open symbols) moduli, measured by parallel
plate rheometry, of bisDS-containing
ETTMP/TATATO thiol-ene formulations mixed

under oxygen-saturated conditions.

formulation was sealed against the
atmosphere by the rheometer plates,
diffusion of oxygen from the atmosphere
still occurred at the plate edges (see Figure
9). A control resin formulated without bisDS
displayed essentially no change in either
storage or loss modulus and remained liquid
over five hours, indicating negligible
polymerization over that period. When
bisDS was included in the formulation at

either 0.005 wt% or 0.05 wt%, a cross-over
of the storage and loss moduli, indicative of
gelation,®® was observed. Whereas the
cross-over point for the 0.005 wt% bisDS
formulation was reached after 91 minutes,
the cross-over for the 0.05 wt% formulation
occurred significantly later at 158 minutes.
Moreover, the 0.05 wt% formulation only
achieved significant gelation in a ring around
the edge, while the 0.005 wt% bisDS
formulation  exhibited solid  polymer
throughout the sample, results consistent
with those observed in the polymerization
kinetics experiments.

CONCLUSIONS

Incorporation of bisDS in model thiol-ene
resin formulations has been shown to afford
a PPT intermediate product, attributable to
a reaction between bisDS and the thiol
functional groups in the resin. Exposure of
these bisDS-incorporating thiol-ene resins
to atmospheric oxygen results in the
generation of radicals via a redox cycle, in
the presence of both thiol and molecular
oxygen, permitting its utilization as an
oxygen-mediated initiating system for thiol—
ene polymerization. An unwanted side
reaction dominates at elevated PPT
concentrations that quenches the redox
cycle, preventing radical formation and
retarding polymerization. Although the
influence of this quenching unfortunately
limits the utility of bisDS as an oxygen-
mediated initiator of thiol-ene
polymerization, we anticipate that the
development of approaches to suppress the
guenching reaction will afford a rapid and
efficient method of utilizing oxygen as an
environmentally-borne polymerization
initiation stimulus.
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