Open Access Article. Published on 25 April 2022. Downloaded on 4/4/2026 1:50:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Polymer
Chemistry

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Polym. Chem., 2022, 13,
2831

Received 21st March 2022,
Accepted 24th April 2022

DOI: 10.1039/d2py00350c

Nanoconfinement in miniemulsion increases
reaction rates of thiol—ene photopolymerization
and yields high molecular weight polymers

Lorena Infante Teixeira,® Katharina Landfester (2 *@ and Héloise Thérien-Aubin (2 *2P

Thiol-ene polymerization is a powerful synthetic platform for the preparation of a variety of polymer
materials but is often plagued by the formation of low molecular weight polymers. This is typical of step-
growth polymerization, where high molecular weights are achieved only at nearly complete monomer
conversions. However, experimental results suggest that it is possible to produce step-growth polymers
with a high degree of polymerization by performing the reaction in a miniemulsion, where the dispersed
droplets act as nanoreactors. Here, we investigate the effect of confinement arising from the reduction of
the reaction loci from bulk to a nanoreactor and how it affects the thiol-ene reaction and the resulting
polymers. The polymerization rates observed for the reaction in the miniemulsion were up to 35-fold
higher than the rates observed in bulk. Different monomer pairs were evaluated using either a diallyl,
divinyl, or diacrylate monomer as dienes. The reaction was followed by Raman spectroscopy to simul-
taneously quantify the conversion of thiols and enes in the system, which enabled the detection of side
reactions, such as homopolymerization. Mixtures with a non-stoichiometric ratio of dithiol and diene
monomer also benefited from the polymerization in nanoconfinement. In such cases, the polymerizations
in bulk were limited to very low degrees of polymerization. However, when the polymerization was per-
formed in the confinement of the miniemulsion droplets, high molecular weight polymers were

rsc.li/polymers produced.

Introduction

Thiol-ene polymerization is a popular synthetic platform due
to its versatility and synthetic simplicity,"* but is often
plagued by the formation of low molecular weight polymers.
This limitation impacts the thermomechanical properties of
the resulting polythioethers and prevents their applications
where high-performance polymers are required.”” Because of
the step-growth character of thiol-ene polymerization, high
molecular weights are achieved only at nearly complete
monomer conversions, which is challenging to accomplish in
practice.®™°

However, recent studies showed the formation of polymers
with improved degrees of polymerization for thiol-ene pro-
ducts prepared in miniemulsion.>''™ Such behavior could
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potentially be ascribed to a confinement effect similar to that
observed during free-radical polymerization carried out in
nanodispersed media, which leads to higher conversion rates
of the monomers, and yield polymers with higher degrees of
polymerization."*'> These observations demonstrate the need
to investigate the mechanism of thiol-ene polymerization in
nanoconfined systems to rationally design high molecular
weight polythioethers and expand the range of applications of
the resulting thiol-ene systems.

Understanding the kinetic of the thiol-ene polymerization
in miniemulsion is crucial to reach high monomer conversion
and produce high molecular weight polymer materials.
Typically, thiol-ene polymerization reactions are studied
by monitoring the conversion with 'H-NMR or FTIR
spectroscopy.>'® However, the detection of thiol moieties can
be difficult due to intrinsic low analytical sensitivity resulting
from proton exchange in NMR or weak intensity of the SH
stretching in FTIR. Consequently, quantification usually relies
only on the conversion of the enes alone.'”"®

The study of the kinetic of the thiol-ene polymerization is
further complexified by the coexistence and competition of
two polymerization mechanisms.'>?® On the one hand, there
is the step-growth controlled thiol-ene coupling, where a thiyl
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radical attacks an ene moiety producing a thiol-ene adduct.
On the other hand, some commonly used enes can concomi-
tantly undergo radical homopolymerization through a chain-
growth process. Consequently, the study of a thiol-ene
polymerization reaction monitored only by the detection of the
conversion of the carbon-carbon double bonds could be mis-
leading. In systems where allyl ethers are used, the reaction
can be relatively well described by overlooking any chain-
growth mechanism since their ene-centered radicals show
greater  selectivity  to  thiyl radicals  than to
homopolymerization.*"**> However, this approximation can no
longer hold for monomer systems using (meth)acrylates or
vinylic enes since homopolymerization can occur at a rate
faster than the addition of thiol to the double bonds."®**** To
study such systems, the simultaneous detection of both thiol
and ene functionalities could provide a more complete under-
standing of the reaction. In addition, it could also offer new
insights into strategies to control polymerizations performed
with off-stoichiometric ratios of thiols and enes, which could
be used to synthesize polymers that can readily undergo post-
polymerization modifications.'*>2°

It has been shown that thiol-ene polymerization performed
in dispersed media yields polythioethers with high degrees of
polymerization compared to thiol-ene polymerization per-
formed in solution or in bulk.'>'® Thiol-ene polymerization,
similarly to polymerization occurring in the confinement of a
nanopore,”” or other reactions performed in colloidal suspen-
sions, have been shown to take advantage of the compartmen-
talization of the reactants to increase the rate of conversion.
During a polymerization performed in droplets created by
miniemulsion, the monomers-containing droplets act as
nanoreactors and become the final polymer particles.*® Typical
free-radical polymerization and controlled-living radical
polymerization in such dispersed systems have shown
improved reaction kinetics.'**?*° This phenomenon is primar-
ily due to the segregation of radicals in different compart-
ments, which reduces termination events.'**' Most of the
current understanding of the effect of confinement on
polymerization reactions comes from the study of those chain-
growth polymerizations,***** and the effect of confinement
on step-growth polymerization remains ambiguous.**™°
However, addressing the effects of confinement on the rate
and yield of step-growth reactions and harnessing those effects
during thiol-ene polymerizations performed in dispersed
media would be an efficient method to produce high-quality
polythioethers and design new polymers.

Here we report a systematic study comparing the reaction in
bulk and miniemulsion systems of thiol-ene polymerization.
Monomer pairs bearing thiol and allyl/vinyl functionalities
were prepared in both types of environments. The polymeriz-
ation reaction was followed by Raman spectroscopy to charac-
terize the conversion of thiols and enes during the reaction. In
conjunction with the evolution of the polymer molecular
weight, those results can provide insights into the thiol-ene
polymerization mechanism in confined systems. Furthermore,
the effect of the off-stoichiometric ratios of monomers, which
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would bring more flexibility in the design of new thiol-ene
polymers, has been investigated. Our results pave the way for
the broader use of polythioethers in applications where not
only their functional versatility and reduced shrinkage stress
are needed,>*®*! but also the improved thermomechanical
properties*"** associated with higher molecular weight,** such
as in scratch-resistant coatings,” dental restorative materials,*?
fibers manufacturing,** microfluidics scaffolds,"** and even in
industrial-scale molding processes.*®

Experimental

Materials

Diallyl adipate (DAA, 98%), divinyl adipate (DVA, 99%), 2,2’
(ethylenedioxy) diethanethiol (EDDT, 95%), hexadecane (98%),
and  lithium  phenyl(2,4,6-trimethylbenzoyl)phosphinate
(TPO-Li, 98%), were purchased from TCI Deutschland.
Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO, 97%),
sodium dodecyl sulfate (SDS, 99%), acetone (99%), 4-methoxy-
phenol (MEHQ, 99%), 1,4-butanediol diacrylate (1,4DAc, 87%),
and tetrahydrofuran (THF, 99.9%) were acquired from Sigma-
Aldrich. All chemicals were used as received unless noted
otherwise. DVA and 1,4DAc were purified before use with a
column of aluminum oxide to remove stabilizers.

Characterization

Raman spectra were collected with an Ocean Insight QEPro
spectrometer, equipped with a 785 nm laser source and a
coupled fiber probe. Gel permeation chromatography (GPC)
was performed on an Agilent Technologies 1260 Infinity with
THF as mobile phase. The GPC was calibrated with a series of
12 standards of poly(methyl methacrylate) (PMMA) with
nominal weight of 1600, 1190, 675, 392, 201, 88.5, 41.4, 23.5,
12.6, 6.37, 2.2, and 0.8 kDa mol~'. The hydrodynamic dia-
meter and size distribution of the nanoparticles in dilute sus-
pensions were measured with a Malvern Zetasizer Nano-S90
dynamic light scattering (DLS) instrument. "H-NMR, "*C-NMR
and HSQC spectra were recorded for dried polymer samples
dissolved and/or swollen in CDClj;.

Preparation of monomer mixtures and emulsification

Samples for bulk polymerization were prepared by adding the
photoinitiator (TPO) at a concentration of 0.1 wt% compared
to the monomer mixture or di-enes and di-thiols used.
Samples used during the polymerization in miniemulsion
were prepared by emulsification of the monomer mixture by
ultrasonication. The biphasic mixture of monomers in water
contained 20 wt% of monomers to the total emulsion. The dis-
persed phase was composed of the monomers in an equimolar
mixture of diene and dithiol monomers, containing hexade-
cane (4 wt% of Cmonomers) as an osmotic pressure agent to
avoid Ostwald ripening and stabilize the droplets after emulsi-
fication. The continuous phase was composed of water con-
taining SDS as a surfactant (Csps = 0.2 wt% in water) and the
photoinitiator TPO-Li (0.1 wt% o0f Cponomers)- The biphasic

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2py00350c

Open Access Article. Published on 25 April 2022. Downloaded on 4/4/2026 1:50:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

mixture was emulsified with a Branson digital sonifier SFX550
cell disruptor (70% amplitude, 2 min). Experiments with off-
stoichiometry ratios employed excesses of 5 or 10% of one of
the monomers both in bulk and dispersed media.

UV-irradiation of the monomer mixtures

All samples were reacted in a multi-purpose photoreactor plat-
form equipped with four 385 nm LED modules (Peschl
Ultraviolet GmbH) (Fig. S1A¥). In the case of bulk samples, the
polymerization was carried out in a polystyrene cuvette placed
in the center of the photoreactor. Aliquots were taken at 30
seconds, 1, 2, 5, 10, and 30 minutes of reaction, quenched in
liquid N,, and dissolved in THF containing 200 ppm of MEHQ
for GPC analysis. In the case of miniemulsion samples, the
emulsion was flown through a 16 cm long tubing (O, =
0.08 cm, V = 0.330 mL) located inside the reactor with a peri-
staltic pump at flow rates varying from 0.05 to 14 mL min .
After going through the reactor (Fig. S2t), samples were col-
lected at the outlet tubing, quenched and analyzed by GPC.
The UV irradiance was varied from 4.17 mW cm™ to 18.3 mW
ecm 2. Unless noted otherwise, the experiments were carried
out at a constant UV irradiance of 15 mW cm™> (Fig. S1B¥).

Kinetics of photopolymerization by Raman spectroscopy

The variation in the chemical composition of the samples over
time was monitored using an optical fiber Raman probe. For
samples prepared in bulk, the probe was placed inside the
reactor in front of the reaction cuvette (Fig. S2t). For mini-
emulsion experiments, the samples were flown through a tube
from the reactor to an external flow-through quartz cuvette
placed inside a sample holder with an opening to insert the
Raman probe at the optimal working distance (7 mm). To
measure the extent of polymerization, Raman spectra were
recorded at different intervals of time (or different flow rates)
of the reaction, at a given UV-irradiance. To allow the direct
comparison between bulk and miniemulsion kinetics, the
reaction times in miniemulsion were calculated by converting
the flow rate given by the peristaltic pump to the residence
time of the monomer inside the reactor. The flow rate was
varied from 0.05 mL min~" to 7 mL min~" corresponding to a
reaction time of ca. 30 min to 30 s. OceanView spectroscopy
software was used for data treatment. All the spectra were nor-
malized to the C=O stretching at ca. 1735 cm™ ", originating
from the carbonyl present in the diene monomers.

Results and discussion

We selected a model monomer-pair composed of diallyl
adipate (DAA) as the diene, and 2,2'-(ethylenedioxy) dietha-
nethiol (EDDT) as its dithiol counterpart to study the kinetics
of the thiol-ene polymerization. Raman spectroscopy was
employed to detect and quantify the moieties throughout the
experiments carried out in a flow-through setup (Fig. 1). The
choice of this monomer system stemmed from the well-
resolved peaks of the monomer couple, without any overlaps
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Fig. 1 Scheme of the experimental setup used for the reaction and col-
lection of the samples prepared by polymerization in miniemulsion. The
miniemulsions were pumped using a peristaltic pump in a tubing going
from a reservoir into the reactor and to a flow-through cuvette, allowing
the measurement of the Raman spectra using a Raman probe.

between vibrations in the thiol and ene region. Furthermore,
those monomers are not absorbent at the wavelength (385 nm)
used to initiate the polymerization. In addition, DAA contains
two ester linkages, allowing the normalization of the spectra
using the carbonyl vibration (ca. 1735 cm™) as an internal
standard (Fig. 2A). The use of Raman spectroscopy, compared
for example to FTIR, enables the simultaneous analysis of
both thiols and enes functionalities with sufficient accuracy to
follow the conversion kinetics. Furthermore, Raman spec-
troscopy is well-suited for the analysis of waterborne media
since the water vibrations are not a significant concern in the
spectral window of interest.

In addition, the use of a flow system allowed to probe a
large variety of reaction conditions by conveniently changing
the flow rate, using the same miniemulsion for a given set of
experiments. By fixing the volume, i.e., the tubing length and
diameter, of miniemulsion inside the reactor, the reaction
time was calculated for each flow rate as:

(=Y (1)

Q

where ¢ is the reaction time, V the volume of the irradiated
tubing, and Q the flow rate of the liquid through the tubing.
Moreover, the use of a flow-through system also enables the
straightforward collection of aliquots for further analysis (e.g:,
GPC) without stopping the reaction. While miniemulsion
samples could be readily processed using this flow-through
system, bulk samples were unsuitable because the increase in
viscosity during the polymerization precluded the unob-
structed flow of the monomer/polymer mixture. Therefore,
irradiation and detection of bulk samples were made in cuv-
ettes placed inside the reactor. For both the miniemulsion and
bulk samples, the evolution of the chemical composition of
the reaction mixture was evaluated over time using the Raman
spectra collected. As the reaction occurred, the peak of thiol
from the EDDT (ca. 2570 cm™ ') and ene from the DAA (ca.
1650 cm ') were consumed, while the peak belonging to the
C=0 stretching mode of the ester group in DAA was not
involved in the reaction and remained constant. The conver-
sion of each monomer was calculated using the variation
in the integration of the thiol or ene peaks over time (Fig. 2B
and Q).

It is worth noting that during the polymerization in mini-
emulsion, the monomer droplets were stable, at least in the
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Fig. 2 Model system used to study the kinetics of the thiol-ene
polymerization. (A) Chemical structure of the monomers 2,2'-(ethylene-
dioxy) diethanethiol (EDDT) and diallyl adipate (DAA), and (B) Raman
spectra of EDDT-DAA monomer-pair before and after polymerization in
bulk. From top to bottom: EDDT (red), DAA (blue), EDDT-DAA 0% con-
version — before UV irradiation (black), and EDDT-DAA 100% conversion
— after UV irradiation (violet). Shaded areas highlight the vibrations of
the functional groups analysed: S—H (red); C=C (blue); C=O0 (violet). (C)
Evolution of the Raman spectra of the monomer mixture during a bulk
polymerization from t = 0 (back) to t = 10 min (front) under UV
irradiation.

timeframe of the reaction. The dispersion of monomer dro-
plets and the resulting nanoparticles suspensions were ana-
lyzed by dynamic light scattering (DLS). The size distribution
measured by DLS for both the monomer droplets and the
resulting nanoparticles displayed a narrow monomodal size
distribution, and a moderate polymerization shrinkage was
observed during the polymerization, yielding nanoparticles
with an average hydrodynamic diameter of 220 nm (Fig. S37).
The size of the particles prepared with different monomer
mixtures resulted in droplets and particles of similar sizes.
Although phase separation between the hexadecane contained
in the monomer droplets and the polythioether formed
during the thiol-ene polymerization, as observed in similar
systems,"” could occur, this did not influence the overall stabi-
lity of the systems studied here.
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Fig. 3 Mechanism of thiol-ene reaction polymerization of a generic
system of difunctional monomers. The first step involves the generation
of radical species from the UV-homolysis of the photoinitiator (k),
which then produces thiyl radicals from the reaction with thiol groups
(ksp). Thiyl radicals are added to carbon—carbon double bonds (kp) in an
anti-Markonikov orientation, generating carbon-centered radicals. The
thiol-ene adduct is produced by a chain-transfer step (kc7), also regen-
erating a thiyl radical in the process. Termination (kt) happens when two
radicals of the same or different species mutually quench themselves.

Generally, the kinetics of thiol-ene photopolymerization
(Fig. 3 and Fig. S47) in bulk is chemically controlled by the
interplay of the rate of reaction of the thiyl radical with the
C=C double bond (kp) and the rate of chain transfer from the
carbon-center radical to unreacted S-H group to generate a
new thiyl radical (kcr). The thiyl radicals are formed (ksy) by
the reaction between a thiol and the radicals generated by the
photoinitiator (k;). The chain transfer step is highly dependent
on the chemical structures of the monomers involved.
Typically, systems composed of thiol and allyl ethers have
shown to be “chain-transfer limited”, i.e., the overall rate
varies as a first-order reaction only with respect to the thiol
concentration and is unaffected (zero-order) by the concen-
tration of available C=C double bonds, at least, under stoi-
chiometric conditions.*’

Fig. 4 shows the kinetics of conversion of both C=C ene
bonds and S-H thiol bonds in bulk and in miniemulsion in
the respective presence of an oil-soluble photoinitiator (TPO)
and its water-soluble analog (TPO-Li), two photoinitiators dis-
playing similar interaction with the incident light.*®*°
Furthermore, the use of TPO-Li rather than TPO limited the
occurrence of side reactions during the sonication process and
magnified the effects of compartmentalization by segregating
the initiator and the monomer in different locations. Both in
bulk and miniemulsion, there is an initial rapid conversion of
the functionalities, followed by a slower conversion at longer
reaction times. As the conversion of the monomer increased,
the molecular weight of the polymer produced increased
(Fig. S57).

Conversion profiles, such as those in Fig. 4, are character-
istic of a first-order step-growth polymerizations, such as
thiol-ene, where monomers are rapidly consumed to form
dimers, trimers, and then oligomers, with increasing chain
lengths (Fig. S5f). When high conversions of functional
groups are achieved, the local concentration of reactive species
is depleted, thus reducing the apparent rate of addition
(Fig. S47).

Furthermore, diffusional limitations, for example resulting
from gelation, and other side reactions, could also influence

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Effect of the nanoconfinement on the conversion kinetics of (A)
ene and (B) thiol moieties for the EDDT-DAA monomer pair for
polymerization carried out in bulk (solid line) and in miniemulsion
(dashed line). The polymerizations were carried out with equimolar mix-
tures of monomers prepared in bulk (10 mL of monomer mixture) or in
miniemulsion (2 mL of monomer mixture emulsified with 8 mL of water)
irradiated with a UV-irradiance of 15 mW cm™2.

the polymerization. However, these factors are not as critical
as the recombination of the active sites.”® The kinetics of an
ideal radical step-growth thiol-ene polymerization between
dithiol and diallyl/divinyl monomers is mainly governed by its
kinetics parameters, namely the ratio between propagation
and chain-transfer. In reality, side reactions and bimolecular
termination events between active species might also come
into play and reduce the effective conversion of functional
groups.”’

Conversely, the conversion curves obtained for the reaction
in miniemulsion show a much faster monomer conversion
than the bulk reaction. Such behavior is in keeping with the
increased dispersed
This phenomenon can be ascribed to the con-

reaction rate observed in other

systems.>'?>?3
finement effect, provided by the formation of droplets of the
monomer phase that act as individual nanoreactors, and to
the mechanism of initiation of the thiol-ene reaction. This
confinement can influence the polymerization reaction in
different ways. The presence of the interface can force the
molecules present in the droplets to adopt a reactive confor-
mation or restrict the local movement of the reactive function-
alities changing the probability of both termination and propa-
gation occurring in the droplet. The interface also regulates
the entry of the thiyl radicals in the droplets. The combination

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

of these different factors led to the increased reaction rate
observed.

Although every thiol group reacting in a thiol-ene polymer-
ization needs to be first converted into a thiyl radical, the
thiol-ene coupling is generally considered as self-sustaining,
i.e., the external initiation process is essential to generate the
first thiyl radical, but then following the coupling between the
thiyl and the ene, a chain-transfer reaction occurs to transfer
the radical from the reacted ene to an unreacted thiol present
in the reaction environment. Thus, one thiyl radical entering
the monomer droplet can lead to the formation of long
polymer chains through the efficient propagation of the initial
radical, while in bulk, the presence of a large number of thiyl
and TPO-Li radicals led to competition between termination
and propagation steps.

The presence of an interface between the confined and con-
tinuous spaces influences the reaction kinetics by modifying
the interactions between reactants,*>* and controlling the
concentration of radicals within the droplets. Although the
rate-limiting step of the thiol-allyl reaction is typically the
chain transfer of the radical from the ene-radical to an
unreacted thiol, the reaction rate is also affected by the
amount of radical initiator used, i.e., to the concentration of
thiyl radicals, as shown in Fig. 3. Experimental results
(Fig. S67) show that increasing the concentration of radicals
generated by the UV-irradiation of bulk samples led, after a
threshold concentration, to a reduction in the apparent
polymerization rate. This phenomenon can be attributed to
the recombination of free radical species produced during the
degradation of the photoinitiator. Thus, the acceleration
observed in the confinement of the nanodroplets can poten-
tially be ascribed to the beneficial distribution of radical
species in the system between the droplets and the continuous
phase.

In the miniemulsion studied here, the radical photo-
initiator was water-soluble while the monomers were confined
to the hydrophobic droplets. However, the two monomers,
EDDT and DAA, present different partition coefficients, with
the EDDT, the di-thiol, exhibiting a higher water solubility
(15 g L™" at 25 °C).> Consequently, EDDT can likely diffuse
between the monomer droplet through the continuous
aqueous phase. Furthermore, the radicals were formed during
the photoconversion of the initiator TPO-Li in the continuous
phase, and were unlikely to enter the monomer droplets
directly due to their high hydrophilicity. The most probable
reaction mechanism consists of the reaction between the
TPO-Li radicals and the EDDT molecules present in the con-
tinuous phase. The reaction forms a thiyl radical, which has
lower hydrophilicity than the TPO-Li radicals and can then
enter the monomer droplet to initiate the polymerization. The
entry of the thiyl radical into the droplets is controlled by the
interface between the oil droplet and the continuous phase.
Such gate control provided by the droplet interface is inexis-
tent in bulk formulations, with all species, monomers, and
radicals, being present in the medium from the onset of the
irradiation and can lead to an increased termination rate.

Polym. Chem., 2022, 13, 2831-2841 | 2835
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Consequently, the generation of thiyl radicals in the continu-
ous phase of the miniemulsion and their controlled entry in
the monomer droplets limited the probability of termination
reaction through disproportionation or recombination in the
droplets and led to the increased apparent polymerization rate
observed.

The diene, DAA, was then substituted by other enes to
analyze the effect of different chemical structures, more
specifically electron-density and radical stability, on the
polymerization kinetics. The substitution of the diene did not
influence the stability, nor the size of the monomer droplets
formed during miniemulsion (Fig. S3At). The ene groups in
DAA are allylic double-bonds, and their reactivity was com-
pared to that of divinyl adipate (DVA) bearing vinylic double-
bond and 1,4-butanediol diacrylate (1,4Dac) containing acrylic
double bonds. Fig. 5 clearly shows that the use of different
dienes yielded different polymerization.

For the systems composed of DAA and DVA, the conversions
of thiols and enes occurred at a similar rate. In contrast, the
polymerization of 1,4Dac and EDDT led to a much faster con-
version of the enes compared to the conversion of the thiols.
These results suggest that, when using acrylates as the ene-
component, the monomer pair did not react through a purely
thiol-ene addition mechanism, but that the thiol-ene reaction
competed with a free-radical chain-growth polymerization,
leading to the formation of a crosslinked network, as con-
firmed by NMR spectroscopy (Fig. S71). The NMR spectra of
the polymers formed by the polymerization of EDDT-DAA and
EDDT-DVA only show the formation of polythioethers,
while the polymer obtained during the polymerization of

(B) (%)

90 °2.° 90
804

704

SH conversion / %
3
D
&,
W
SH conversion / %

504 . . . 50

60 =

View Article Online

Polymer Chemistry

EDDT-1,4Dac show both the formation of polythioethers and
the radical homopolymerization of acrylates.

After the thiyl addition and formation of the carbon-cen-
tered radical intermediate, the thiol-ene polymerization can
undergo either a chain-transfer step by abstracting a hydrogen
atom from another thiol (step-growth), or can react with
another alkene to undergo chain-growth homopolymerization.
The fate of the reaction is defined by the relative rates of chain
transfer and homopolymerization, which are in turn influ-
enced by the chemical nature of the alkenes. Electron-poor
monomers such as (meth)acrylates present high polarities and
their resonance structures are stabilized by the ester moiety,
which usually favors their homopolymerization. However, the
chain transfer is favored in electron-rich enes, such as allyl
ethers and vinyl ethers.>® The results presented in Fig. 5 are
in keeping with the expected trends, and a mixed polymeriz-
ation mechanism was observed in the mixture of monomer
composed of dithiol and methacrylate-based dienes while the
mixtures using diallyl and the divinyl enes polymerized pri-
marily through thiol-ene addition.

Interestingly, Fig. 5 also shows a difference between the
conversion during the polymerization in bulk and mini-
emulsion. In miniemulsion, the conversion of both enes and
thiols occurred at an identical rate for the polymerization of
DAA and DVA with EDDT. However, in bulk, the conversion of
enes occurred at a moderately faster rate than the conversion
of the thiols. Reactions in miniemulsion are known to reduce
the incidence of side reactions,”®*® which could affect the con-
version of the enes in bulk. NMR spectroscopy of the polymers
obtained in bulk for EDDT-DAA and EDDT-DVA showed the
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Fig. 5 Monomer conversion during thiol-ene polymerization of different monomer pairs. (A) Chemical structures of the monomer systems. 2,2'-
(ethylenedioxy)diethanethiol (EDDT) (black) was used as the di-thiol for the polymerization with diallyl adipate (DAA) (blue), divinyl adipate (DVA)
(green), and 1,4-butanediol diacrylate (1,4DAc) (orange). (B-D) Comparison of the conversions of thiols and carbon—carbon double bonds in each
system for polymerization carried out in miniemulsion (solid circle) and in bulk (open squares). (B) EDDT-DAA (blue), (C) EDDT-DVA (green) and (D)
EDDT-1,4Dac (orange). The polymerizations were carried out with equimolar mixtures of EDDT and the respective diene prepared in bulk (10 mL of

monomer mixture) or in miniemulsion (2 mL of monomer mixture emulsified with 8 mL of water) irradiated with a UV-irradiance of 15 mW cm
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presence of a limited occurrence of radical homopolymeriza-
tion of the enes, which was completely absent in the polymers
produced in miniemulsion (Fig. S8A and BY). The same
phenomenon was also observed for the polymerization of the
monomer pair EDDT-1,4Dac in miniemulsion, increasing the
ratio between the conversion rate of thiol to those of enes com-
pared to the reaction performed in bulk. Nevertheless, the con-
version of enes was still highly favored in comparison to that
of the thiols.

In general, the conversion of both enes and thiols occurred
more rapidly in the miniemulsion nanodroplets than in the
bulk (Fig. 4). This increase in the polymerization rate coeffi-
cient was observed for both the monomer pair EDDT-DAA
and EDDT-DVA. Fig. 6 compares the initial rate coefficients
for the polymerization of EDDT-DAA and EDDT-DVA prepared
in bulk and miniemulsion. The results indicate that the
polymerization rate of the reaction performed in mini-
emulsion increased up to 35-fold compared to the same reac-
tion performed in bulk. This result was observed for both
monomer pairs and was likely due to the lower concentration
of radicals present in the monomer droplets in comparison to
the bulk.

Furthermore, the polymerization rate increased when the
UV dose was increased, likely due to a faster generation of rad-
icals from the photoinitiator, inducing the formation of the
thiyl radicals, which in turn initiated the thiol-ene addition
(Fig. 6 and Fig. S61). This effect was limited for reactions per-
formed in bulk in comparison to reactions performed in mini-
emulsion, but present in both. In bulk, as the local concen-
tration of radicals increases, more termination will occur. After
a threshold of irradiance or radical concentration, new species
are immediately quenched, and a limited increase in the
overall rate of reaction was observed (Fig. S6At). On the other
hand, when the process is performed in miniemulsion, the
reaction locus is inside the nanodroplets, segregating the
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Fig. 6 Effect of nanoconfinement in the rate of thiol-ene polymeriz-
ation for EDDT-DAA (blue), and EDDT-DVA (green) performed in bulk
(open squares) and miniemulsion (solid circles). The initial polymeriz-
ation rate coefficients (k) were obtained from the first derivative at t = 0
of the conversion data fitted to an [C=C]; = [C=Clo (1 + €7, where
[C=C]; and [C=C], are the concentration of carbon double bonds at
time t and time 0.
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monomers from the radicals formed. But, even in mini-
emulsion, when the UV dose was increased over a certain
threshold level, no net increase in the overall rate coefficient
for the conversion of the ene (or thiol) was observed (Fig. 6).
In the miniemulsion system, the dithiol was sparingly miscible
in the continuous phase, and it can be assumed that only the
thiyl radicals were able to enter the nanodroplets. The results
obtained suggest that the increase in the initial reaction rate
coefficient observed in miniemulsion can be ascribed to an
increase in the nucleation rate of miniemulsion droplets.
Increasing the number of radicals in the aqueous phase,
increased the rate of termination in the aqueous phase, but
also increased the mass transport of thiyl radicals from the
continuous to the dispersed phase, increasing the rate of
droplet nucleation and the apparent rate of conversion of the
monomers. These results are in keeping with the effect
observed when increasing the concentration of radical initiator
during the miniemulsion of styrene, where a higher concen-
tration of initiator in the aqueous phase led to an increase in
the rate of droplet nucleation.””

We also examined the evolution of the number average
molecular weight (M,) of the polymer during the reaction
(Fig. 7 and Fig. S9t). The results show that as the reaction time
increased, the conversion of the monomers increased, and so
did the molecular weight of the polymer isolated (Fig. 7A and
C) both in bulk and in miniemulsion. At high monomer con-
version, after 10 minutes of polymerization, the polymers pro-
duced in miniemulsion had systematically a higher M, than
those obtained in bulk (Fig. S107). Fig. 7 shows the conversion
of the monomers using the consumption of the carbon-
carbon double bonds. However, because of the absence of
homopolymerization of the enes during the reaction of
EDDT-DAA and EDDT-DVA in miniemulsion (Fig. S7 and S87),
the same trends were also observed using the consumption of
the thiols groups (Fig. S91) since the conversion of both the
thiol and the enes occurred at the same rate.

Interestingly, M, did not increase in a similar manner with
the monomer conversion when the reaction was performed in
bulk or in miniemulsion (Fig. 7B and D). The polymers
obtained from both EDDT-DAA and EDDT-DVA in mini-
emulsion medium not only show higher degrees of conver-
sions after a given reaction time, but also much larger M,,
even at lower monomer conversions. Typically, the variation of
M,, in a step-growth polymerization, such as thiol-ene polyad-
dition, is highly dependent on the conversion of the polymer-
izable groups,'*® and high M, can only be achieved at near-
complete conversions, where high number average chain
lengths (X,) can be obtained. For an ideal case, where
the reactivities are equal and remain constant and in the
absence of side reactions and diffusional limitations or any
restrictions influencing the movement of the reactive species,
the evolution of M, in a step-growth polymerization can be
described by:

- _ 1
M, :Mrp X Xn :Mrp(m) (2)
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where X, is the number-average of the degree of polymeriz-
ation at a monomer conversion p and M,, is the molecular
weight of the repetition unit.”®

Systematically, the M, obtained in bulk mostly followed the
trend expected from eqn (2), although minimal deviations
were observed at high conversions, likely due to the limited
Raman signal from the monomer functionalities at high con-
version, affecting the precise quantification of the conversion
and potentially the presence of other side reactions. However,
the polymers obtained by the polymerization in miniemulsion
had larger M,, than what could be expected from eqn (2) for a
given monomer conversion. The polymers synthesized during
the polymerization in miniemulsion systematically displayed a
larger M,, than what was observed for the same polymerization
carried out in bulk. The maximal M, observed for a given
polymer produced in miniemulsion was observed earlier (both
in terms of time and monomer conversion) than during the
bulk polymerization, suggesting that mobility restrictions were
influencing the outcome of the polymerization carried out in
miniemulsion.

The molecular weight of polymers synthesized by step-
growth polymerization is strongly influenced by the monomer
conversion, but also the presence of impurities and stoichio-
metric imbalance between the reactive functionalities. Fig. 8A
shows that the polymerization in miniemulsion was more tol-
erant to the presence of an off-stoichiometric mixture of mono-
mers than the polymerization in bulk. In the presence of a

2838 | Polym. Chem., 2022, 13, 2831-2841

stoichiometric excess of one of the monomers, eqn (2) can be
rewritten as:

My = Mp X Xy = My < (3)

(1+4+E) >

(1+E—2Ep)

where E is the excess of one monomer (E = Mjimiting/Mexcess)-
Generally, the molecular weights obtained during the
polymerization in miniemulsion were larger (15-25 kDa) than
those obtained during the polymerization in bulk (4-8 kDa)
(Fig. S11t). These results confirmed that the confinement
effect promoted by the polymerization in a heterophase system
yields high M,, polymers, even in off-stoichiometric conditions.
Interestingly, mixtures with an excess of enes yielded polymers
with higher M,,, and higher dispersity index (P), than the ones
prepared with an excess of thiols, both in miniemulsion and
bulk. This result could stem from side reactions occurring in
the diene-rich monomer mixtures in addition to the thiol-ene
polymerization. Indeed, Fig. S8f shows that while only poly-
thioether were formed during the polymerization of the stoi-
chiometric mixture of monomers in miniemulsion, ene-ene
coupling, likely through radical homopolymerization, can be
observed in the polymers produced in miniemulsion using an
excess of enes. Those ene-ene coupling led to the formation of
mildly crosslinked polymer samples and consequently
increased the dispersity index observed for the polymers pre-
pared with off-stoichiometric monomer mixtures. For the poly-

This journal is © The Royal Society of Chemistry 2022
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mers prepared in bulk, the different monomer compositions
showed evidence of enes homopolymerization (Fig. S87).

The rate coefficient for the polymerization reaction was cal-
culated for each stoichiometry. The rates of ene conversion
showed the influence of nanoconfinement on the thiol-ene
polymerization (Fig. 8B) for the different stoichiometric mix-
tures of dithiol (EDDT) and diene (DAA). As established pre-
viously, the monomer systems composed of EDDT-DAA undergo
only thiol-ene polymerization in miniemulsion (Fig. S7 and
S8t). Consequently, similar results were observed when the rate
coefficients were calculated from the conversion of the thiols
rather than the enes (Fig. S121). While the rate of the reactions
performed in bulk decreased as the excess of one or the other
monomer increased, such a trend was absent for reactions
carried out in miniemulsion. In addition to the enhancement
of the polymerization rate observed for stoichiometric mixtures
of monomers (Fig. 6), the effect of confinement in mini-
emulsion formulations prevented the decrease in the polymeriz-
ation rate, even when the reaction was performed with an off-
stoichiometric ratio of monomers. This result suggests that in
addition to the control entry of thiyl radicals in the mini-
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emulsion droplets, the thiol-ene step-growth polymerization
performed in miniemulsion also benefited from the restricted
mobility of the reactive functionalities, likely promoted by the
presence of the interface of the droplets, which modified the
reaction probability and influencing the rate of termination and
propagation steps, regardless of the presence of 5 or 10% of
stoichiometric excess of either dienes or dithiols.

Conclusions

The kinetics of the photopolymerization of thiol-ene systems
in bulk and miniemulsion conditions was analyzed by Raman
spectroscopy. This allowed for the simultaneous detection and
quantification of both thiols and ene moieties. The analysis of
the polymerization kinetics using Raman spectroscopy allowed
us to detect the coexistence of different polymerization mecha-
nisms. This situation was more pronounced in monomer pairs
prone to homopolymerization, such as (meth)acrylates.
Polymerizations performed in miniemulsion showed much
higher reaction rates than the ones carried in bulk as a conse-
quence of the confinement effect. Each droplet of the mini-
emulsion contained the two monomers and acted as nanoreac-
tors, promoting higher conversions, and yielding polymers
with higher molecular weight than what was achieved in bulk.
The presence of the interface between the monomer droplet
and the continuous aqueous phase regulated the entry of radicals
into the nanoreactor, reducing the probability of termination.
Moreover, the reduced reaction locus appeared to create an
environment that restricts the number of radicals, increasing
their effective local concentration in the nanoenvironment
defined by the monomer droplet. In addition, the interface
could also hinder the mobility of the reactive species or induce
changes in the molecule conformations, both factors influen-
cing the rate of the propagation and termination steps.
Systematically, higher molecular weights were observed in
miniemulsion in comparison to the same polymerization per-
formed in bulk. This phenomenon was even more pronounced
when the polymerization was performed with non-stoichio-
metric mixtures of monomers. The number-average of molar
masses obtained for experiments carried with non-stoichio-
metric ratios of thiol and ene functionalities in miniemulsion
suggest that either the propagation step was promoted in the
miniemulsion compared to the bulk, or the termination steps
were hindered. In any case, the compartmentalization of the
radicals alone is insufficient to describe the higher rate coeffi-
cient observed in the miniemulsion polymerization of the
monomer mixtures prepared with an off-stoichiometric ratio.
The polymerization of thiol-ene pairs in confinement pro-
duced well-defined nanoparticles, composed of polymer with
high average molecular weights, larger than what could typi-
cally be expected for step-growth polymers produced with the
degree of conversion achieved. In addition, the effect of con-
finement seems not only to enhance the total rate of polymer-
ization, but also to limit the effects associated with the pres-
ence of one of the monomers in stoichiometric excess. This is
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an interesting effect, which can be harnessed to design high
molecular weight polymers with well-defined end-group that
can be further used for post-polymerization functionalization
with an additional thiol-ene coupling reaction.
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