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Abstract

The objective of this work is to characterize and understand the structure-to-thermo-mechanical
property relationship in thiol-ene and thiol-ene/acrylate copolymers in order to complement the
existing studies on the kinetics of this polymerization reaction. Forty-one distinct three- and four-
part mixtures were created with systematically varied functionality, chemical structure, type and
concentration of crosslinker. The resulting polymers were subjected to dynamic mechanical
analysis and tensile testing at their glass transition temperature, Tg, to quantify and understand
their thermomechanical properties. The copolymer systems exhibited a broad range of T, rubbery
modulus - E; and failure strain. The addition of a difunctional high-Tg acrylate to several three-
part systems increased the resultant Ty and E,. Higher crosslink densities generally resulted in
higher stress and lower strain at failure. The tunability of the thermomechanical properties of these
copolymer systems is discussed in terms of inherent advantages and limitations in light of pure
acrylate systems.
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1. Introduction

For the better part of a century, (meth)acrylates have formed a versatile class of polymers
that play a major role in military and commercial products, from airplane canopies[1-4] and
vehicle periscopes[5,6] to optical storage media[7,8], speakers[9], contact lenses[10],
trophies[11], paints[12,13], coatings[14], and adhesives[15-18], as well as in industrial and
academic research. Acrylates are popular because of their relatively low cost, ready
availability, ease of monomer synthesis and polymer manufacture and processing, rapid
polymerization kinetics, optical clarity, toughness, potential biocompatibility [19-22], and
the broad range of achievable properties [23]. Photopolymerization of acrylates, in
particular, is popular because of its relatively low energy requirements, capacity to be
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performed at ambient temperatures, and rapid speed [24-33]. Photolithography has featured
acrylates, almost to the exclusion of other materials, since the very inception of the
technique, due mostly to the acrylates’ rapid curing kinetics and partly to the other
aforementioned benefits. Typically, highly functional acrylate monomers are used to insure
rapid polymerization and pattern fidelity; these highly crosslinked networks shrink less than
networks formed from monomers with lower functionality. As a direct result of the high
crosslink density (or low molecular weight between crosslinks) and monomer chemistry,
these networks exhibit glassy behavior at ambient temperatures - e.g. high stiffness and low
ductility. Acrylates are also used for shape memory applications [34-36], because the glass
transition temperature (T4) and rubbery modulus (E;) can be tailored independently to suit a
particular application. There is another class of polymer, called thiol-ene, that is also readily
photopolymerizable and may be well suited to shape memory applications, complementing,
and perhaps partially replacing the use of pure (meth)acrylates while expanding the range of
achievable properties.

The thiol-ene reaction was first suggested by Posner in 1905 [37], but academic interest in
this potential polymerization reaction remained relatively small, especially as compared to
(meth)acrylate polymerization, until the last two decades. Interest in the thiol-ene reaction
mechanism increased as distinct advantages over acrylate polymerization were discovered.
Various researchers have shown that, unlike acrylates, thiol-ene reactions do not exhibit
oxygen inhibition [38-42] and show reduced shrinkage [43-46], while retaining high optical
clarity. Moreover, the thiol-ene reaction is the only known free-radical addition
polymerization reaction in which various chemical groups (e.g phenolic rings, ethylene
glycol groups, ester groups) can be incorporated into the main chain backbones.

The thiol-ene polymerization reaction, first proposed by Kharasch and coworkers in 1938
(steps 1-4) [47], is shown in Figure 1, assuming the —ene cannot homopolymerize.
Termination is generally thought to occur by radical recombination [48], as seen in steps 7—
9.

Steps 5 and 6 indicate how inhibition by oxygen is circumvented in this reaction — the
peroxy radical still shows significant affinity for hydrogen abstraction from the thiol group,
propagating the radical and allowing the reaction to continue. Note that, unlike acrylate
polymerization, in order to form a polymer from the thiol-ene mechanism, the thiol and —ene
must both be at least difunctional. Reaction of purely difunctional monomers results in a
linear polymer system (i.e. a thermoplastic), while the inclusion of monomers with higher
functionality results in crosslinked network polymers, or thermosets. Monofunctional
monomers simply act as chain terminators. To achieve full monomer conversion, a
stoichiometric ratio of thiol and —ene functional groups is necessary, as is typical for a step
growth polymerization.

However, before the thiol-ene polymers can be translated into any application, such as shape
memory use or photolithography, a more rigorous understanding of the system behavior in
bulk form is necessary. The majority of the studies on thiol-ene and thiol-ene/acrylate
systems have focused on the reaction kinetics [42,43,48-59], while few have studied the
thermo-mechanical properties of the resultant material in great detail [39,59-62]. A rigorous
process-to-thermomechanical property study of thiol-ene/acrylates was performed by the
Hoyle group [49], who studied the effect of acrylate structure on the properties of various
ternary copolymers composed of one trithiol, one tri-ene, and one of a selection of
(meth)acrylates. Only one thiol and one —ene was studied, with variations in the structure of
the acrylate being the variable of interest.
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The current study, on the other hand, keeps the structure of the acrylate constant (when
present) in an effort to elucidate heretofore unstudied effects of monomer structure on these
networks formed via mixed-mode polymerization. This study aims to more thoroughly
define the thermomechanical properties of a (qua)ternary thiol-ene/acrylate system with
systematically varied functionality, chemical structure, type and concentration of
crosslinker. The acrylate in the current study is the same as one from the Hoyle study [49],
and though the functionalities differ, the —ene and thiol studied by the Hoyle group are
structurally similar to some in the current study. The Hoyle study had a very strong kinetic
study portion, while the mechanical property determination solely consisted of typical
dynamic mechanical analysis and of impact measurements at room temperature. This study
aims to determine the mechanical behavior of the systems at equivalent macromolecular
states (i.e Tg), whereas the mechanical testing in the Hoyle study was solely performed at
room temperature - irrespective of the polymers’ T¢’s - in an effort to identify a polymer
system with optimal impact resistance under ambient conditions.

Since the thermomechanical properties of a material are a critical parameter in the design of
a device, the goal of the current research is to photopolymerize a series of thiol-ene
monomer mixtures with systematically varied crosslinker concentration to determine the
effect of this parameter on the properties of the copolymer. Additionally, the effect of
adding a high T diacrylate at selected concentrations to chosen thiol-ene base systems will
be investigated to determine the effect that the acrylate has on the overall group conversion
and resultant properties of the quaternary copolymer. In essence, the results of this study
will complement the results of earlier polymerization kinetics studies by providing the
second half of the thiol-ene(/acrylate) polymerization process-property map.

2. Experimental

For clarity of presentation, the polymer composition labeling is centered around the
equivalence of functional groups and is broken into two parts — the thiol functional group
component, tfmol%, and the —ene functional group component, egmol% - each totaling 100%
and insuring a stoichiometric ratio of the functional groups. Acrylate functional groups,
when added, are indicated by amol%; terminology and labeling for compositions including
acrylates differ slightly from the ternary mixtures and will be explained appropriately.

2.1. Materials

Forty-one monomer mixtures (shown in Table 1) were made of various combinations of
three or four of the five monomers whose chemical structures and abbreviations are shown
in Figure 2, with the exception of one composition consisting entirely of Bisphenol A
ethoxylate diacrylate, M,=512 [BPAEDA(512)]. 2,2-dimethoxy-2-phenylacetophenone
(DMPA) was used as the UV photoinitiator. The naming convention used herein highlights
the critical parameter of the study — the concentration of crosslinker. All ternary mixtures
used DMPA as the photoinitiator at a concentration of one initiator molecule per 1,000 —ene
groups, or +0.1 efmol% (the plus is included to denote that it is additive, not substitutive for
the —ene functionalities). DMPA acted as the photoinitiator in quaternary mixtures as well,
but at a concentration of one initiator molecule per 1,000 —ene and acrylate groups (+0.1
ertagmol%). The pure BPAEDA(512) reference sample contained DMPA at one part per
1,000 acrylate groups (+0.1 agmol% or +0.1 wt%). All materials were obtained from Sigma
Aldrich and were used as received.

2.2. Methods

Polymer sheets were created by injecting monomer solution into a mold consisting of two
slides separated by 1 mm spacers and secured with binder clips and exposing the mold to a
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UVP Blak-Ray® 365nm UV light (intensity ~8 mW/cm?) for 5 minutes. Prior to injection,
the slides were thoroughly cleaned with acetone; for the 10PETMP mixture, RainX was
applied to the slides to act as a release agent, due to the tacky nature of the finished polymer.
A minimum of three sheets (or slides) of each mixture were polymerized.

Samples for dynamic mechanical analysis (DMA) were obtained by excising a portion of the
polymer sheet with a razor blade and polishing the edges with 800- and then 1200-grit
silicon-carbide sandpaper, to arrive at final specimen dimensions of approximately 20 mm x
4.5 mm x 1 mm. A TA Instruments Q800 DMA was used to obtain the storage modulus (E’)
and loss factor (tan 8) curves in tensile mode. The samples (n>2) were cooled to —100 °C,
equilibrated for 2 minutes, and then ramped at a rate of 2 °C/min to 120 °C. The frequency
was set to 1 Hz, the force track was set to 150%, and the strain level was set to 0.1%. T, was
determined by the peak of the tan(8) curve [23,34-36,48,59,63], and E; was defined as the
lowest point in the storage modulus curve.

Samples for Fourier-transform infrared (FTIR) spectroscopy (n=2) were scanned in
monomer form, polymerized under the UV light for 5 minutes as per the aforementioned
procedure, and then scanned again to determine overall group conversion. The solutions
were injected between sapphire windows with a gap thickness of 2 um and scanned at 16
scans per spectrum with a resolution of 4cm=1 on a Varian FTS-7000 FTIR. Final group
conversions were calculated using the ratio of the polymer to monomer absorbance peak
area at each group’s signature wavenumber [48]: 1640 cm™1 for the vinyl group, 2570 cm™1
for thiol, and 3085 cm™1 for the allyl ether C=C bond,. Note that the contribution of the allyl
ether to the —ene signal was accounted for by using the peak at 3085 cm™1, thereby allowing
separation of the —ene and acrylate group conversions.

Sol-fraction testing was performed by cutting 5 mm x 5 mm x 1 mm samples of six specific
mixtures (n=3) and taking the dry mass of each. The samples were subsequently soaked in 2
mL of acetone for 48 hours to swell the networks and wash out excess monomer and other
impurities. The samples were then dried in an oven at 60 °C for 72 hours, then allowed to
acclimate to room conditions for an additional 72 hours. The masses of the samples were
then measured again, and the mass loss was calculated using the difference between the
masses prior to and following the acetone soak and drying periods.

Tensile testing samples (n=3) were excised from the polymer sheets by an ASTM D638 type
V punch. The edges of the samples were polished with 800-grit silicon-carbide sandpaper to
remove visible defects. The samples were strained at their respective Ty’s at a rate of 1 mm/
min (strain rate: ~0.21 sec™1) until failure on an MTS Instruments Insight 2 mechanical load
frame with a 100N load cell. The experimental temperature was maintained by a Thermcraft,
Inc. model LBO-14-8-5.25-1X-J8249 1A thermal chamber outfitted with liquid nitrogen
cooling. The samples and equipment in the chamber was allowed to equilibrate for ten
minutes at the testing temperature prior to test commencement. A laser extensometer was
employed to measure the strain in the gage section of the sample, marked with adhesive-
backed reflective tape. Sample experiments were run to ensure that the tape did not affect
the samples’ deformation behavior and mechanical response. However, for a full and
accurate comparison among all samples, crosshead displacement is used for strain
determination; laser extensometer data are unavailable for tests at subzero temperatures due
to condensation on the reflective tape and thermal chamber window, which prevented proper
and accurate readings.
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The first step in the characterization was dynamic mechanical anaylsis (DMA). Figure 3
shows the progression of the storage modulus as the concentration of the PETMP crosslinker
in a ternary mixture is increased from 10 tsmol% to 100 tgmol%. Figure 4 shows the same
progression graph for the ternary mixtures ranging from 10 egmol% TATATO to 100 efmol
% TATATO. In both figures, notably, the rubbery modulus increases several orders of
magnitude and the temperature for the onset of the glass transition shifts higher as more
crosslinking agent is added.

Figure 5 summarizes the Tg values for both types of ternary mixtures, as defined by the peak
of the tan(8) curve. For PETMP crosslinked mixtures, the Ty increases from —-40.2 °C at the
lowest concentration of PETMP to —16.0 °C at 100 tfmol% PETMP. The T increases from
-39.3 °C at the lowest concentration of TATATO to 35.3 °C at 100 efmol% TATATO.
Figure 6 summarizes the rubbery modulus values extracted from Figure 3 and Figure 4 for
both types of ternary mixtures. The rubbery modulus increases from 54.2 kPa at the lowest
PETMP concentration to 8.65 MPa at 100 timol% PETMP, and from 1.62 MPa at the lowest
TATATO concentration to 14.6 MPa at 100 efmol% TATATO.

From these results, six mixtures were chosen for determination of the effect of acrylate
addition — one low (10 tmol%), one medium (50 mol%), and one high (90 fmol%) amount
of crosslinking for both -ene and thiol crosslinkers. 100 fmol% crosslinker mixtures were
excluded to help maintain somewhat similar chemistries in the base systems, i.e. all ternary
systems, instead of a mixture of ternary and binary copolymers. The Ty values for the six
selected base systems along with the three added concentrations (+25, +50, and +75 mol%)
of BPAEDA(512) and pure BPAEDA(512) are shown in Figure 7 and the rubbery moduli
are shown in Figure 8. Both the Ty and the E, demonstrate a monotonic increase as
BPAEDA(512) is added for all of the studied mixtures.

The copolymers were characterized with FTIR spectroscopy to determine final conversion
of the functional groups in the monomer mixtures. Figure 9 shows representative FTIR
spectra for a monomer and the resulting polymer with the relevant peaks labeled along with
an example area used to determine the conversion, and the conversion calculations for the
C=C stretch at 1640 cm™L. Percent conversion was calculated as one minus the ratio of the
polymer peak area to the monomer peak area. FTIR was performed for sixteen monomer
mixtures, consisting of all six base systems mentioned above, the six base systems +25 ¢mol
% BPAEDA(512) the three PETMP base systems +75 fmol% BPAEDA(512), and pure
BPAEDA(512). The thiol groups always converted fully, whereas the C=C stretch band and
the allyl band indicated varying levels of conversion depending on the mixture composition.

Sol-fraction mass loss is shown in Figure 10. 10TATATO mixtures lost the most mass,
followed by 50TATATO mixtures. 90TATATO mixtures lost the least mass. In all three
mixture bases, the addition of acrylate resulted in a larger mass loss. 10TATATO lost 11.3%
of its initial mass while the addition of the acrylate caused the new mixture to lose 15.6%, a
38% increase in mass loss. 50TATATO lost 2.77% of its initial mass but 50TATATO
+25BPAEDA(512) lost 7.87%, a 184% increase. 90TATATO lost 0.80% of its initial mass
while the same base mixture with added acrylate lost 3.81%, an increase of over 375%.

The final characterization technique used was mechanical testing of tensile strain-to-failure
of the polymers. The compositions tested were the same ones shown in Figure 7 and Figure
8. Figure 11 shows some representative stress-strain curves for the twenty-five selected
mixtures. Failure by fracture is denoted by the ‘X’ in the figure. Figure 12 and Figure 13
show stress and strain at failure, respectively, for the twenty-five compositions. In general,
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the failure stress increases as the concentration of PETMP/TATATO and/or BPAEDA(512)
increases in the mixture, while the failure strain decreases.

4. Discussion

As evident in Figure 3, copolymers with high concentrations of PETMP behave as a typical
thermoset network — a rubbery plateau region featuring a linear increase after reaching the
“rubbery modulus” minimum just after the transition. The material labeled 10PETMP
behaves as a lightly-crosslinked elastomer at the very verge of the thermoset-thermoplastic
limit, featuring a rubbery modulus two orders of magnitude lower than 100PETMP.
Compositions featuring lower concentrations of PETMP did not yield materials solid enough
for handling, and so were excluded from the study; TATATO-crosslinked mixtures were
made with matching crosslinker concentrations so that appropriate comparisons could be
made and proper conclusions could be deduced. To determine if there was a PETMP
concentration threshold for the switch from the elastomeric behavior of 10PETMP to the
thermoset behavior of 20PETMP, two additional intermediate compositions, namely
13.33PETMP and 16.67PETMP were synthesized and subjected to DMA testing. The results
reveal that there is a smooth transition between the two behaviors.

There are two concurrent effects, which contribute to the resulting T values of networks
formed by various compositions of chemically different monomers, called the “copolymer
effect” and the “crosslinking effect.” [64-67] The copolymer effect can raise or lower the Ty
of a network, depending on the chemical rigidity of the monomers being added and
subtracted, with more rigid structures corresponding to a higher Tq [65,66]. The crosslinking
effect, on the other hand, serves solely to raise the T as additional chemical crosslink points
hinder the mobility of the network. The separation of the two effects is not important for this
study since it is the aggregate effect that concerns the networks’ behavior, though the
magnitudes of the contributions of the two effects for various copolymers have been
determined in previous studies [65,68]. DMA testing reveals that both PETMP and
TATATO have a crosslinking effect on the network, though TATATO appears to also
exhibit a copolymer effect, as will be discussed further in the following paragraph. The
crosslinking effect can be observed in the increases in both the rubbery modulus and the
glass transition temperature as the crosslinker concentration is increased (Figure 3—Figure
6). Both of these increases can be attributed to an increased crosslink density, and, in the
case of TATATO-containing mixtures, to monomer rigidity. Ideal rubber theory [69] states
that the rubbery modulus is inversely proportional to the average molecular weight between
crosslinks (M ), or directly proportional to the crosslink density, and this has been
demonstrated to hold true for non-ideal (meth)acrylate networks as well [35].

As shown by Figure 5 and Figure 6, at the same concentration of crosslinking agent,
TATATO-containing mixtures have a higher Tq and E, than PETMP-containing mixtures.
This can be expected given the structures of the crosslinkers — TATATO has a lower
molecular weight per functional group and fewer functional groups per molecule than
PETMP, and TATATO has a 6-membered ring core structure whereas PETMP consists of
four longer, flexible “arms” connected at the center. The TATATO structure, therefore, will
both increase Ty due to its core rigidity and raise rubbery modulus more than PETMP due to
lower M., at the same functional group concentration. Another contributing factor to
TATATO mixtures’ exhibition of higher Ty’s and E,’s than those exhibited by PETMP
mixtures (which is more evident at higher crosslinker concentrations as the properties
diverge further) stems from the necessity for thiol and — ene functional group equivalence.
As either crosslinker is added, some difunctional monomer with the same functional group
must be removed in proportion. Thus, as PETMP concentration increases in the mixtures,
PDT concentration is reduced; as TATATO concentration increases, TMPDAE
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concentration decreases. PDT is replaced by a more flexible PETMP molecule, but this
flexibility is counterbalanced by PETMP crosslinking and resulting network hindrances.
TMPDAE, itself more flexible than PDT due to its larger number of unhindered bonds
between functional groups, is replaced by an even stiffer cycle-cored TATATO - which has
fewer bonds between functional groups in addition to acting as a crosslinker. Therefore, the
trends, difference, and divergence of the properties of the two ternary mixture types shown
in Figure 5 and Figure 6 can be explained when one considers that in PETMP mixtures the
less flexible difunctional monomer is replaced by a more flexible crosslinker, while in
TATATO mixtures the more flexible difunctional monomer is replaced by the least flexible
monomer (which also acts as a crosslinker).

Except for 100TATATO, all of the ternary mixtures have T4 values which, being
subambient, render such materials incapable of functioning in typical off-the-shelf shape
memory applications. To remedy this situation1 and increase the application space for these
copolymers, a high-Tg monomer was added in the form of BPAEDA(512). However, the
addition of BPAEDA(512) leads to a conflict in terms of E, and Tg. A high Ty is desired so
that the deformed state of the shape memory device is stable under ambient conditions, but a
low E; is desired since a low modulus generally translates to a larger deformation limit [35].
A low E, would further increase the customizability of the network because the stress-strain
behavior could be tuned by the introduction of different monomer chemistries. In the thiol-
ene mixture, the acrylate can homopolymerize, adding a step to the reaction scheme shown
in Figure 1. BPAEDA(512) can act as an -ene and react with a thiol radical, thereby
competing with TMPDAE and/or TATATO. Additionally, primary radicals from DMPA
can initiate the BPAEDA(512) and create a carbon-centered acrylate radical. In either case,
the carbon-centered acrylate radical can then abstract a hydrogen and propagate the thiol-ene
reaction, or it can initiate more BPAEDA(512), forming a carbon-backbone acrylate chain.

The incorporation of BPAEDA(512) via the thiol-ene reaction raises the Tg of the polymer
by the copolymer effect since BPAEDA(512) simply acts as a linear chain “extender,” while
the homopolymerization route raises Tq and E; by both the copolymer and the crosslinking
effect. Figure 7 and Figure 8 show these anticipated effects when BPAEDA(512) is added.
The drop in E; in the TATATO+25BPAEDA(512) quaternary mixtures compared to the
acrylate-less ternary TATATO mixtures is most likely a plasticization effect caused by the
larger amounts of dangling chain ends and residual monomer, which is confirmed by FTIR
scans of the mixtures showing a lower conversion of —ene groups (Figure 9). Larger
reductions in E, for these six mixtures correspond to greater drops in the overall C=C bond
conversion. In the mixtures where TATATO is the crosslinker and BPAEDA(512) is added,
the vinyl groups from the two monomers compete for reaction with the thiol groups, so
some residual monomer is expected given the competitive reaction scheme. The effects of
this competition are most prevalent in the TATATO+25BPAEDA(512) mixtures because of
the relatively low concentration of acrylate groups. Mixtures with higher concentrations of
BPAEDA(512) have a significantly larger amount of pure acrylate network within the
copolymer, simply because of the relative scarcity of thiol groups available for the typical
thiol-ene reaction. These mixtures with larger acrylate networks certainly have some
residual monomer and dangling chain ends, but these are percentagewise much smaller and
so exert less of a negative effect on the resulting network properties than in the
+25BPAEDA(512) copolymers.

Sol-fraction testing was used to determine the amount of soluble monomer that could be
extracted from the networks based on the conversion data from FTIR. However, it was

LEfforts in this work to raise Tg using stiffer difunctional monomers, without excessive crosslinking (highly crosslinked shape
memory polymers do not demonstrate adequate deformation levels), were unsuccessful and require further study.
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found that impurities dominated the response of the networks instead of overall conversion.
As can be seen from a comparison of the pure base mixtures (0 fmol% acrylate) in Figure
10, mixtures with larger amounts of TMPDAE showed increased mass loss over those with
larger amounts of the TATATO crosslinker. This increased mass loss is most likely the non-
participating impurities associated with the TMPDAE monomer, which is only 90% pure as-
received, while TATATO has a purity of 98%. However, the addition of acrylate to all of
these systems increases the mass loss due to additional unconverted monomer being
extracted, in agreement with the reduced conversion detected by FTIR. Large
percentagewise increases in mass loss correlate well with large drops in conversion and
large reductions in E,. FTIR analysis cannot detect the presence of the non-participating
impurities at the selected wavenumbers of interest, so the reverse order of the mass loss
magnitudes for +25:mol% acrylate compared to C=C conversion further supports the theory
that impurities dominate the materials’ sol-fraction behavior.

It is interesting to note that the mass loss from sol-fraction testing shows an inverse
relationship with rubbery modulus, since higher mass losses are associated with lower
rubbery moduli, or lower crosslink densities (and larger network openings). It is plausible
that some unconverted bonds are termini for oligomers of various sizes, the larger of which
cannot fit through the tighter networks. Alternatively, it is possible that many of the
unconverted bonds detected by FTIR are on pendant, but attached chains which are not
soluble but do not contribute to the network strength. However, without any further
characterization of the eluent, it is difficult to conclude if the inverse relationship between
mass loss and E, truly exists or is merely an artifact of the increased impurity level
associated with increased amounts of TMPDAE.

The stress-strain behavior of some sample mixtures is shown in Figure 11, where failure by
fracture is denoted by an x. The stress and strain at failure for the tested mixtures are
summarized in Figure 12 and Figure 13. 10PETMP stretched the entire length of the thermal
chamber and reached equipment limits before failure, further confirming its large strain
behavior. The other base mixtures exhibited trends in strain and stress at failure which are
consistent with results concerning (meth)acrylate networks [35], which found that higher
concentrations of crosslinker reduce strain at failure but increase stress at failure. This
behavior can be explained by considering the crosslink density, as implied by the DMA data
discussed previously. Higher concentrations of crosslinker restrict the macromolecular
motion of the network but increase the network’s load-carrying capacity. Additionally,
increased crosslink density generally means increased network heterogeneity [35, 67, 70],
and with heterogeneity comes increased probability of a stress concentration arising due to a
densely crosslinked area, causing a premature failure as compared to an ideally
homogeneous network with the same overall crosslink density. The deviation of the
90TATATO and 90TATATO+25BPAEDA(512) from the trends in stress and strain at
failure can be attributed to the structure of TATATO. Both of these copolymers have
rubbery moduli below about 10 MPa, which was determined by Safranski et al. [23] to be a
threshold below which monomer chemistry plays a strong role in the (meth)acrylate network
toughness and stress-strain behavior. They demonstrated that ringed members within a
monomer allow the polymer to exhibit much higher toughness characteristics than polymers
lacking rings; with the inclusion of a large amount of ring-cored crosslinker in 90TATATO
and 90TATATO+25BPAEDA(512), the enhanced strength and deformation characteristics
can be expected.

Since strain and stress at failure are strongly related to the network structure and the density
of crosslinking, it is instructive to graph these against the molecular weight between
crosslinks M , which is proportional to T/E,. Figure 14 and Figure 15 show these data along
with data from Ortega et al. [35], where T represents the temperature at which E, is
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measured. The trend for strain vs. M is nearly linear, which agrees with previous results
peroxide-vulcanized rubbers by Morell and Stern in Treloar [69]. Additionally, these data
also correspond quite well with the data from Ortega et al. [35] concerning (meth)acrylate
networks, in which the data were also obtained by deforming the samples at a temperature at
the peak of tan(8). The data for stress vs. M also corresponds very well with that from the
(meth)acrylate study. This indicates that though there are important chemical implications as
a result of the difference in the polymerization reactions, the overall mechanical effect of
crosslinking a polymer results in similar system behaviors at Tg — highly crosslinked (low T/
E,) polymers have a higher stress at failure due to the increased load carrying capacity of the
crosslink points while lightly crosslinked materials (high T/E,) have little strength but
significant deformability.

Figure 16, plotting strain at failure vs. E,, highlights a major optimization tradeoff inherent
to polymer design — the nonlinear and diminishing sensitivity of failure strain to rubbery
modulus. Similar to the results from the (meth)acrylate study [35], strain at failure at low
crosslink densities (or low E,) is highly sensitive to rubbery modulus, but at higher modulus
values the failure strain value changes much less. For example, an increase of the rubbery
modulus from ~0.5 MPa to ~2.5 MPa results in a reduction of strain at failure from about
250% to about 100%, but an increase of the rubbery modulus from 10 MPa to 12 MPa
results in minimal change in strain to failure.

5. Conclusions

Thiol-ene polymers are a versatile class that can incorporate acrylates to gain some of the
benefits of acrylates while simultaneously avoiding some of the drawbacks of acrylates. The
copolymer systems studied herein exhibited a broad range of tunable thermomechanical
properties, such as Ty (=40 to 43 °C), E; (<0.1 to 35 MPa), and failure strain (20% to
>500%). Dynamic mechanical analysis revealed that the addition of thiol or —ene crosslinker
increased Ty and E;. Copolymers exploiting TATATO as a crosslinker exhibited higher T
and E; values than those with PETMP at the same concentration of crosslinker functional
groups, due to the difference in the chemical structures.

The addition of BPAEDA(512) increased Ty and E; due to both the copolymer and the
crosslinking effect, except for three TATATO+25 fmol% BPAEDA(512) mixtures. These
three mixtures exhibited lower E; values due to dangling chains, the plasticization effect of
residual monomer, and the competition of BPAEDA(512) and TATATO for thiyl radicals as
confirmed by FTIR studies. FTIR spectroscopy shows that the addition of BPAEDA(512) to
the mixture results in some unconverted —ene functional groups. The strict requirement for
functional group equivalence in thiol-ene polymers is a limitation that can, to some degree,
be alleviated by the addition of a homopolymerizing —ene such as an acrylate. Other authors
have demonstrated how kinetic studies of the reaction can reveal the precise ratio of
thiol:ene:acrylate needed to eliminate virtually all unreacted monomer. Sol-fraction testing
elucidated the probable dominance of impurities on mass loss in solvent, but further testing
is necessary for full characterization.

Higher crosslink densities, caused by large concentrations of BPAEDA(512) and/or
PETMP/TATATO, generally result in higher stress and lower strain at failure as determined
by tensile testing at Ty. These tensile results are in strong agreement with previous studies
performed on (meth)acrylate systems. This work shows that various desired
thermomechanical properties can be obtained by careful selection and mixing of various
thiol-ene and acrylate monomers, but there are certain boundaries and tradeoffs that must
always be taken into consideration.

Polymer (Guildf). Author manuscript; available in PMC 2012 September 10.
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The thermomechanical behavior of thiol-ene/acrylates and (meth)acrylate systems have
excellent agreement at their respective Ty’s and (meth)acrylate systems cover a broad range

of

achievable T4 values. Additionally, the mechanical properties of the two system types are

quite similar at equivalent crosslink density. Therefore, future studies will investigate the
other purported benefits of thiol-ene/acrylates as compared to (meth)acrylates to determine
whether thiol-ene/acrylate systems occupy an application space that is outside the realm of
(meth)acrylate systems’ capabilities. Some of the application areas for these materials
include small-scale biomedical devices and microfluidic mechanisms.
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Thiol-ene reaction schematic.
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Figure2.

Chemical structures of studied monomers. a) 1,3-propanedithiol (PDT), b)
trimethylolpropane diallyl ether (TMPDAE), c) pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP), d) 1,3,5-triallyl-1,3,5-triazine- 2,4,6(1H,3H,5H)-trione
(TATATO), e) Bisphenol A ethoxylate diacrylate, M, 512 (BPAEDA(512))
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Figure 3.
Progression of storage modulus for thiol-crosslinked ternary mixtures, by tqmol%
crosslinker.
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Figure4.
Progression of storage modulus for -ene-crosslinked ternary mixtures, by efmol%
crosslinker.
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Figure5.
Glass transition temperatures for various ternary mixtures of TMPDAE and PDT with either
PETMP or TATATO.
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Rubbery moduli for various ternary mixtures of TMPDAE and PDT with either PETMP or
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(top left) Example FTIR spectra (top right) sample area used for peak calculation and
(bottom) C=C conversion for various mixtures.
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Sol-fraction mass loss for six tested mixtures.
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Stress-strain behaviors for various thiol-ene/acrylate mixtures.
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Figure12.
Failure stress for (qua)ternary mixtures of thiol-ene/acrylate with various concentrations of
acrylate added to the base thiol or —ene crosslinked system.
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Figure13.
Failure strain for (qua)ternary mixtures of thiol-ene/acrylate with various concentrations of
acrylate added to the base thiol or —ene crosslinked system. Inset: low strain detail.
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Failure strain versus “molecular weight between crosslinks” following results of reference
[35] for (qua)ternary mixtures of thiol-ene/acrylate with various concentrations of acrylate
added to the base thiol or —ene crosslinked system.
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Failure stress versus “molecular weight between crosslinks” following results of reference
[35] for (qua)ternary mixtures of thiol-ene/acrylate with various concentrations of acrylate
added to the base thiol or —ene crosslinked system.
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Failure strain versus rubbery modulus following results of reference [35] for (qua)ternary
mixtures of thiol-ene/acrylate with various concentrations of acrylate added to the base thiol

or —ene crosslinked system.
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