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Abstract

A series of thiol-Michael and radical thiol-ene network polymers were successfully prepared from
ester-free as well as ester-containing monomer formulations. Polymerization reaction rates,
dynamic mechanical analysis, and solvent resistance experiments were performed and compared
between compositions with varied ester loading. The incorporation of ester-free alkyl thiol, vinyl
sulfone and allylic monomers significantly improved the mechanical properties when compared
with commercial, mercaptopropionate-based thiol-ene or thiol-Michael networks. For polymers
with no hydrolytically degradable esters, glass transition temperatures (T¢'s) as high as 100 °C
were achieved. Importantly, solvent resistance tests demonstrated enhanced stability of ester-free
formulations over PETMP-based polymers, especially in concentrated basic solutions. Kinetic
analysis showed that glassy step-growth polymers are readily formed at ambient conditions with
conversions reaching 80% and higher.
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Introduction

Over the past decade most of the research in the thiol-ene and thiol-Michael chemistry has
been focused on the development of new types of polymeric materials and applications
including surface modification2, formation of networks/hydrogels with unique
properties3-5, polymer functionalization®?, photolitography®:, nano-, and microparticle
synthesis® 11 and dental composites!213, to name a few. Given attributes such as high
reaction efficiency at mild conditions, these processes have often been described as ‘click’
reactions. There are a number of comprehensive reviews on the topic covering a broad range
of thiol-X reaction implementations.14-17
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Thiol-ene and thiol-Michael crosslinking polymerizations proceed via a step-growth
mechanism, generally to high functional group conversions. The step-growth mechanism
results in lower shrinkage stress and uniform polymer networks because gelation occurs at
later conversions as compared to conventional multi(meth)acrylate systems,® which was the
motivation for implementing thiol-enes into ternary thiol-ene-methcarylate dental resin
mixtures.12: 19,20

Often, to achieve the desired performance, such as in the above example of ternary dental
formulations, thiol-ene reactions are used in tandem with other types of sequential,
simultaneous or orthogonal reactions. Many examples point out the benefits of hybrid
networks based on thiol-ene reactions in combination with thiol-yne2L: 22, thiol-epoxy?3: 24
and thiol-isocyanate2® 26 reactions, and also other chemistries involving e.g. siloxanes’ or
benzoxazines?8. It is not surprising that thiol-ene reactions dominate in many material
science areas.

The term thiol-ene generally refers to the radical-mediated reaction of thiols with a wide
range of unsaturated vinyl monomers (e.g., thiol-ene photopolymerizations). Radical thiol-
ene photopolymerizations have the benefits of typical photopolymerization reactions; spatial
and temporal control, rapid polymerization rates, easy to cure in mild reaction conditions,
and the ability for solventless processing.2? In contrast, the thiol-Michael addition reaction
proceeds via an anionic step-growth mechanism, and it is catalyzed by a base or nucleophile.
In addition, it is not oxygen inhibited, and it can be implemented with a variety of
monomers: methacrylates, vinyl sulfones, acrylamides, maleimides etc.16 As the thiols can
react with many types of double bonds following either one of the two different
mechanisms, thiol-X polymerizations exhibit great versatility in their chemistry.

For both of these reactions, multifunctional thiols are typically synthesized via esterification
reactions from readily available precursors (multifunctional alcohols and acids such as
mercaptopropionic or mercaptoacetic acid). Due to this facile process, most of the
commercially available thiols are mercaptopropionates or thioglycolates.

Due to the ester content in their structures these monomers and the resulting polymers are
readily hydrolyzed in either basic or acidic solutions. The hydrolysis process diminishes the
materials' properties over time and ultimately leads to mechanical failure.30 31 Further, the
polarity of the ester group and its affinity to water increases water sorption. Swelling in
water (or other aqueous solutions) decreases the mechanical performance by lowering the
modulus, glass transition and strength. Often, neat thiol-ene network materials are soft
materials, and only a few thiol-ene compositions exhibit glass transition temperatures that
are significantly higher than ambient.

Recently, we showed that the rubbery nature of the thiol-Michael systems is not simply an
artifact of the low crosslinking density of these materials or the high content of thioethers
formed but it is also caused by the ester presence.32 Eliminating the ester moieties from the
monomers, and by that from final network structure, leads to a considerable increase in the
materials’ Tq. We also postulated that ester free thiol-ene or thiol-Michael networks should
exhibit improved hydrolytic degradation resistance. Reducing hydrolytic degradation is of
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great biological significance for thiol-ene materials since the leachable components may be
eliminated and the overall biocompatibility improved.

In the present report we extended the scope of thioether forming reactions to ester-free
radical thiol-ene polymerizations. Thiol-Michael as well as radical thiol-ene polymer
networks containing no interchain ester moieties were assessed for curing rates, solvent
resistance, and relevant mechanical properties. To achieve this aim, we synthesized an alkyl
thiol i.e. tetra(2-mercaptoethyl)silane and used it in thiol-X reactions with divinyl sulfone
(DVS), triallyl-1,3,5-triazine-2,4,6-(1H,3H,5H)-trione (TTT) and trimethylolpropane
triacrylate (TMPTA). For comparison, we prepared and assessed analogue ester-based
networks from a mercaptopropionate tetrathiol, namely pentaerythritol tetra(3-
mercaptopropionate) (PETMP).

Experimental

Materials

Trimethylolpropane triacrylate (TMPTA), triethylamine (TEA) triallyl-1,3,5-triazine-2,4,6-
(1H,3H,5H)-trione (TTT), 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPQO) were purchased
from Sigma-Aldrich. Divinyl sulfone (DVS) was purchased from Oakwood Chemicals.
Irgacure 819 (Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide-BPQO) was obtained from
BASF. Pentaerythritol tetra(3-mercaptopropionate) (PETMP) was donated by Bruno Bock.
All chemicals were used as received. Tetra(2-mercaptoethyl)silane (SiTSH) was synthesized
according to previously reported procedure.33-35 The structures of the thiol and vinyl
monomers are depicted in Figure 1.

Monomer Synthesis

The ester-free thiol, tetra(2-mercaptoethyl)silane (SiTSH) was synthesized by a two-step
methodology which was previously reported in the literature.3> The synthesis starts with a
radical thiol-ene step followed by an acetyl deprotection step. To a flask with tetravinyl
silane (10.0 g, 73 mmol), thioacetic acid (28.8 g, 378 mmol) was added slowly in an ice-
bath. After addition of azobisisobutylronitrile (AIBN) (0.776 g), the solution was stirred at
65 °C for 36 h. After the thiol-ene reaction was complete, the excess amount of thioacetic
acid was distilled in vacuo at 65 °C. No further purification was performed on the crude
product from the first step. Methanol (50 mL) and hydrochloric acid (20 mL) were added to
a flask with the crude product from the first step. The solution was stirred at 60 °C for 12 h.
After hydrolysis was completed the solvent was distilled and the product washed twice with
5 wt.% sodium bicarbonate solutions. Finally the crude product was purified by column
chromatography (silica gel, DCM/Hexane 1:2) to give a colorless liquid. IH-NMR (400
MHz, CDCl3, ppm): &: 2.74 — 2.53 (m, 2H), 1.60 (t, 1H, J=6.9Hz), 1.18-1.00 (m, 2H).

Characterization

Fourier Transform Infrared Spectroscopy (Nicolet 6700 FT-IR) combined with a vertical
light source was utilized to measure the real-time conversion during curing. The thiol-ene
samples were cured in the FTIR chamber using an irradiation intensity of 50 mW/cm?
(400-500nm) at the surface of the sample which is monitored by a radiometer (model
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IL1400A equipped with a GaAsP detector and a quartz diffuser). To couple with various
mechanical property measurements, near-IR was utilized to evaluate the functional group
conversions in polymerizations of 1 mm (DMA, solvent resistance and kinetic analysis)
and/or 0.2 mm (kinetic analysis only) thick samples sandwiched between glass slides
separated by appropriate spacers. The first C=C overtone signal at 6160 cm™1 was monitored
during all real-time kinetic runs. Also, the signal of the thiol group at 2560 cm™1 was
monitored for some of the samples to confirm a stoichiometric pathway of thiol-Michael
reaction. For thermal curing a heating stage was utilized which allows for real-time runs at
predetermined temperature. Basically, the sample surrounding temperature was gradually
increased in the chamber until the final temperature was achieved. The runs were recorded
from the moment the samples were placed in the heating compartment. The final
temperature was set to be 90 °C.

Solvent resistance tests were performed using disc-shaped specimens (n=3) of 1mm in
thickness and 5mm in diameter. The curing was performed in the IR chamber according to
the methodology described above. During the immersion tests the sample weight was
recorded on a daily, then weekly, and then monthly basis over the maximum period of three
months. 10 % NaOHgq and 10 % HClq were chosen as the hydrolytic degradation media.

Dynamic mechanical analysis (DMA) is used to measure the viscoelastic properties of
polymers (glass transition temperature, rubbery storage modulus, tan delta etc). A DMA
Q800 (TA Instruments) and was utilized in these measurements. Sample specimens with
1x4x10 mm rectangular dimensions were tested in multifrequency strain mode by applying
a sinusoidal stress of 1 Hz frequency with the temperature ramping at 3 °C/min. The Ty was
determined as the maximum of the tan delta curve. The rubbery moduli were determined in
the rubbery region at Tq + 30 °C. Tq half widths were taken as the half width of the tan delta
peak at half maximum values.

The monomer and resin viscosities were measured on a TA instruments ARES rheometer.
The liquids were placed between 20 mm glass plates with a gap spacing of 0.4 mm. The
reported values were recorded at shear rate of 63 s'1.

Results and discussion

Resin Characterization

Pentaerythritoltetra(3-mercaptopropionate) (PETMP) is the most commonly used thiol ester
derivative in many crosslinking thiol-ene or thiol-Michael reactions. Most other
commercially available thiol monomers are either thioacetates or other thiopropionates.
Their use does not allow for a control in the ester loading through variations in monomer
structure or monomer selection. Here, we prepared six thiol-ene/thiol-Michael mixtures with
varied ester content to assess the resin curing behavior and the resulting materials'
mechanical properties and hydrolytic stability. For the latter, solvent resistance tests in 10 %
acidic (HCI) and 10 % basic (NaOH) solutions over the period of three months were
performed.

Polym Chem. Author manuscript; available in PMC 2015 April 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Podgorski et al.

Page 5

To enable systematic adjustment of the ester content, we synthesized an ester-free tetrathiol
using tetravinyl silane and thioacetic acid as the starting materials in an adopted synthetic
procedure from the work reported by Lundberg et al. and Suzuki et al.33 34 The synthesized
tetra(2-mercaptoethyl)silane is an alkyl thiol of relatively low molecular weight (272.2 g/
mol) which is approximately half of the PETMP molecular weight. Importantly, it exhibits
one order of magnitude lower viscosity than PETMP (Table 1) which should facilitate
composite development and processing of mixtures prior to and during polymerization. As
seen from Table 1, all formulations containing SiTSH exhibit significantly lower viscosities
in pair-wise comparisons with PETMP.

Reaction Rates and Conversion Analysis

PETMP and SITSH were both stoichiometrically reacted in thiol-Michael reactions with
TMPTA and DVS as well as in radical thiol-ene reactions with TTT. Therefore, from six
different monomer systems, two i.e. SITHS/DVS and SITSH/TTT contained no interchain
ester linkages at all. On the other hand, the highest ester content exists for the PETMP/
TMPTA system. Regardless of the reaction type, the polymeric samples were cured in pairs
(and/or postcured) in the same way to enable unbiased data comparison. To prepare the
thiol-Michael polymers, TEMPO (1wt%) was used as a base/nucleophile initiator and the
reactions were carried out at 90°C. The use of a radical scavenger, i.e., TEMPO, to initiate
anionic polymerization may seem counterintuitive, but the kinetic analysis confirms a
stoichiometric reaction (Fig.2c) between thiols and double bonds. It has been reported that
TEMPO abstracts hydrogen from praotic species, and the thermal decay of TEMPO may
involve hydroxylamine generation,38 which in this case would serve as the necessary base to
accelerate the thiol-Michael reaction. Though it is used successfully here to initiate the thiol-
Michael pathway, thermal initiation with TEMPO, in particular its detailed decomposition
pathway and initiation mechanism, require more detailed investigation. The radical thiol-ene
systems were cured with the visible light initiator BPO (1 wt%) at ambient conditions. The
relevant kinetic plots for thermally and photochemically initiated polymerizations are
depicted in Fig 2. Maximal reaction rates obtained between 10-40 % double bond
conversions are summarized in the Supporting Information Table S1. Comparing the thiol
and double bond consumption rate for the SITSH/TMPTA system in Fig. 2c, it can be seen
that the monomers react stoichiometrically when TEMPO is used and the reaction is
initiated thermally. The maximal double bond consumption rate is one order of magnitude
faster for the silane thiol/acrylate mixture, indicating higher reactivity of SiTSH when
compared to PETMP (Table S1). The thiol-Michael reactions are even more rapid when
DVS is used as the Michael acceptor (Fig. 2b, Table S1). It should be mentioned here that
the silane thiol-divinyl sulfone reaction was far too rapid to yield a uniformly crosslinked
polymer even when initiated with weak nucleophiles/bases such as triphenylphosphine and
triethylamine. The rapidness of the SiTSH/DVS reaction was the reason for the eventual use
of TEMPO. It is therefore possible that TEMPO acts as a very weak base, and the elevated
temperature speeds up the polymerization. Supportive of such a conclusion, a slow reaction
resulting in ultimate gelation over several hours occurred when the SiTSH/DVS TEMPO-
containing mixture was shelf-stored at ambient temperature.
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Fairly high conversions were achieved in the tested thiol-Michael formulations which
usually exceeded 80% after one hour in the heating compartment in the IR instrument. On
the other hand the silane thiol, being an alky! thiol, reacts with lower reaction rates in radical
thiol-ene polymerization (0.072 mmolxs™! as opposed to 0.386 mmolxs for PETMP/TTT)
but despite that it can be reacted to high conversions over relatively short time. Further, after
thermal annealing of the samples at 100 °C for an additional hour, near-quantitative
conversions were achieved (see Table 2).

Dynamic Mechanical Analysis

Viscoelastic behavior was analyzed by DMA on thermally postcured samples (Fig. 3). All
formulations created fairly homogenous networks, as indicated by the narrow tan delta peak
widths (Tg1/2widgth ~ 20-30 °C). This outcome was expected as these are step-growth
systems. Interestingly, the networks containing SiTSH achieved significantly higher glass
transition temperatures and rubbery moduli (i.e., crosslinking density) compared to using
PETMP. This result is explained by better crosslinking capability of the low molecular
weight silane tetrathiol as well as the reductions in ester content in SiTSH-containing
formulations. In our previous report we showed that incorporating sulfone groups in the
network lead to better mechanical response of the thiol-Michael materials.32 Also, in this
case the DVS-derived networks exhibit higher Ty's than the networks based on TMPTA.
However, the highest glass transition temperatures were achieved for the two thiol-ene
systems, most probably due to the highly crosslinked structure of these, and the rigid
segments provided by the TTT monomer. It is worth noting that depending on the
conversions, Ty's exceeding 100 °C are obtained for SITSH/TTT composition and
importantly, this performance was achieved without the use of excessively viscous resin
mixtures. Some recent reports show improvements in mechanical properties, such as fracture
toughness or modulus of elasticity, in thiol-ene materials devoid of ester functionalities. For
example to achieve better flexural strength ester free multifunctional thiols derived from an
array of bisphenol structures were used.3” Such materials showed also an improved
performance in relation to PETMP/TTT after conditioning in water for 24 hours. Other
reports described the use of ester-free thiol-ene materials as dental resins.38 Reduced
shrinkage stress and again improved toughness were emphasized. Therefore, the silane thiol
presented here seems to be a promising crosslinking candidate for coating, lithography and
dental resin applications as it allows for the generation of glassy thiol-ene systems even
when the curing is performed at ambient conditions. Its additional advantage, besides the
absence of relatively “soft” and hydrophilic ester groups, is very low viscosity which should
help to increase the filler loading in any composite material.

Solvent Resistance Tests

To assess the solvent resistance and hydrolytic stability of the networks with varying ester
levels, samples were immersed in acidic and basic solutions for 90 days (Table 2, Figs. S1
and S2). As summarized in Table 2 and also in Supporting Information Table S2 and S3,
only ester-free thiol formulations exhibit less than 1% mass change regardless of the
environment type. The higher the ester concentration in the network, the higher the mass
loss that is observed, especially in basic solutions. The most ester-rich PETMP/TMPTA
system degraded completely after less than one week in concentrated basic solvent, and has
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the highest mass loss in acidic conditions after 90 days. Further, it can be seen that lowering
the ester content decelerates the hydrolysis rate as the differences in solvent uptake become
less pronounced. Also apparent is the higher hydrophilicity of the DVS containing networks
which absorb more water, facilitating faster degradation of the ester-containing networks.
Detailed plots showing the specimen’ mass change (Am) over time can be found in the
Supporting Information (Figs. S1 and S2 and Table S2 and S3). Additionally, we immersed
the SITSH/TTT composition in 20% boiling NaOH aqueous solution for one hour and
afterwards tested the sample in DMA (Fig. 4). Comparing the samples before and after the
NaOH treatment it is evident that there is no marked difference between the runs
whatsoever. This behavior is therefore quite promising in all applications where the
corrosive base effects have to be prevented. Decreased water uptake/swelling is also of
significance for many other coating, lithography and dental resin applications.

Conclusion

In our study we showed that even conventional crosslinking step-growth systems based on
efficient thiol-X reactions can result in glassy materials when the ester functionalities are
removed or significantly reduced in content. Uniform network polymers were readily
prepared with impressive conversions, which is one of the attributes of step-growth systems
that also holds in this case. More importantly, step-growth polymer networks devoid of ester
groups are an excellent class of materials resistant to corrosive basic or acidic conditions.
Ester-free thiol-ene networks were shown to withstand concentrated basic treatment for an
extended amount of time without any detrimental effects observed in the thermo-mechanical
properties.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Chemical structures and abbreviations for the thiol and vinyl monomers utilized in this

study.
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SiTSH and PETMP with TTT; (b) thiol-Michael reaction between SiTSH and PETMP with
DVS and (c) thiol-Michael reaction between SiTSH and PETMP with TMPTA. The radical
thiol-ene processes reach high conversions after 4 min of irradiation with visible light
(400-500nm) at 50 mW/cm?2. It is evident that the alkyl thiol reacts with lower initial rates.
The thiol-Michael reaction is initiated thermally with 1 wt% TEMPO, and longer reaction
times are required to reach high conversions.
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Storage modulus and loss tangent (tan delta) plots for (a) SITSH/TTT and PETMP/TTT
radical thiol-ene networks; (b) SiTSH/DVS and PETMP/DVS thiol-vinyl sulfone networks
and (c) SITSH/TMPTA and PETMP/TMPTE thiol-acrylate networks. It is evident from the

curves that the higher ester content present in the network, the softer the material. The
SiTSH-based polymers exhibit exclusively higher Ty's as compared to PETMP-based

polymers.
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Fig. 4.
Dynamic mechanical analysis of the SITSH/TTT ester-free system, before (solid line), and

after (dashed line) base treatment (20 wt% NaOHjg) at boiling conditions for one hour. No
obvious change in the mechanical response is detected before and after base treatment.
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Table 1

The ambient temperature viscosity of the thiol monomers as well as the formulated thiol resin compositions.
Standard deviations are included in the brackets.

Monomer/Formulation  Viscosity (mPa's)

SiTSH 65 (1)
PETMP 369 (1)
SITSH/DVS 8.7 (0.3)
PETMP/DVS 30.2 (0.5)
SITSH/TMPTA 65 (2)
PETMP/TMPTA 184 (1)
SITSHITTT 96 (3)
PETMP/TTT 332 (3)
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