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’ INTRODUCTION

Methacrylate and acrylate resins make up the majority of
photocuring systems and exhibit numerous desirable properties
that include ambient cure, cure on demand, and high energy
efficiency and require minimal or no solvents. These systems also
have limitations such as oxygen inhibition and high shrinkage
stress.1 The polymerization-induced shrinkage and shrinkage
stress are caused by the reduction of free volume during the
formation of covalent bonds in the cross-linking networks.
Shrinkage and shrinkage stress result in a variety of limitations
for these systems that often result in the formation of cracks and/
or delamination at the interface between the polymer and
substrate.2 Variousmethods have been used to reduce the shrinkage
stress of these resin systems. Cationic ring-opening polymeriza-
tions, such as oxiranes,3 siloranes,4 or epoxides,5 are alternative
systems that reduce shrinkage stress due to their relatively low
shrinkage per mole of functional groups that react. Low shrink-
age additives (prepolymers),6 reactive nanogels,7 phase-separat-
ing systems,8 hyperbranched polymers,9 and dendrimers10 have
all been added to resins to reduce both the shrinkage and shrink-
age stress without compromising mechanical properties. Stress
reductions have also been achieved by photoinduced addition�
fragmentation reactions that conserve the same network con-
nectivity and properties.11

Thiol�ene polymerization reactions, which proceed via a
radical mediated step-growth polymerization mechanism, have
also been demonstrated tomaintain lower shrinkage stress due to

the chain transfer step delaying gelation during the polymerization.12

The step-growth polymerization mechanism proceeds by thiyl
radical addition across a carbon�carbon double bond to form a
carbon-centered radical. The carbon-centered radical subse-
quently abstracts a hydrogen from another thiol functional
group, regenerating the thiyl radical.13 These alternating addition
and chain transfer reactions form the basis for the step growth
polymerization which results in slow and uniform network
formation that leads to delayed gelation and reduced shrinkage
stress as compared to chain growth methacrylate or acrylate
polymerizations. Thiol�ene reactions, which are one type of
click reaction, have the advantages of high selectivity and high
yield with minimal side reactions while also exhibiting little
sensitivity to oxygen or moisture.14 Recently, thiol�yne reac-
tions have also been demonstrated to follow a radical step growth
polymerization mechanism. The alkyne group first reacts with
a thiyl radical to generate a carbon-centered radical, which
abstracts a hydrogen from a thiol monomer to generate a vinyl
sulfide moiety. The double bond on the vinyl sulfide moiety
reacts with another thiyl radical to generate another carbon-
centered radical followed again by chain transfer to thiol. In this
reaction, each alkyne group reacts twice with thiyl radicals, thereby
achieving a higher cross-link density and increased mechanical
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ABSTRACT: Thiol�yne�methacrylate and thiol�yne�acrylate
ternary systems were investigated for polymerization kinetics
and material properties and compared to the analogous pure
thiol�yne and (meth)acrylate systems. Both thiol�yne�
methacrylate and thiol�yne�acrylate systems were demon-
strated to reduce polymerization-induced shrinkage stress while
simultaneously achieving high glass transition temperatures
(Tg) and moduli. Formulations with 70 wt % methacrylate
increased the Tg from 51 ( 2 to 75 ( 1 �C and the modulus
from 1800( 100 to 3200( 400 MPa (44% increase) over the
pure thiol�yne system. Additionally, the shrinkage stress was
1.2( 0.2 MPa, which is lower than that of the pure methacrylate, binary thiol�yne, and thiol�ene�methacrylate control systems
which are all >2 MPa. Interestingly, with increasing methacrylate or acrylate concentration, a decrease and subsequent increase in
the shrinkage stress values were observed. A minimum shrinkage stress value (1.0 ( 0.2 MPa) was observed in the 50 wt %
methacrylate and 70 wt % acrylate systems. This tunable behavior results from the competitive reaction kinetics of the methacrylate
or acrylate homopolymerization versus chain transfer to thiol and the accompanying thiol�yne step-growth polymerization. The
cross-linking density of the networks and the amount of volumetric shrinkage that occurs prior to gelation relative to the total
volumetric shrinkage were determined as two key factors that control the final shrinkage stress of the ternary systems.
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properties relative to other comparable thiol�ene systems.15�17

Moreover, compared with chain growth methacrylate or acrylate
systems, both thiol�ene and thiol�yne systems follow a step
growthmechanismwhich leads to amore homogeneous network
with a narrower glass transition regime; as a result, a different
conversion-dependent profile of modulus and shrinkage stress
build up with conversion after vitrification.14,16,17

Ternary polymerization systems enable a way to directly tailor
the network material properties because of the unique compe-
titive reaction kinetics and network formation process. A range of
previous studies have evaluated the polymerization mechanism,
kinetics, and ensuing material properties of ternary (meth)acrylate�
thiol�ene systems. When a methacrylate or acrylate is added to
thiol�ene systems, the methacrylate or acrylate homopolymer-
ization is accompanied by chain transfer to thiol and thiol�ene
step growth polymerization.18 A model for the reaction kinetics
of thiol�ene�methacrylate ternary systems was built and eval-
uated the ratio of homopolymerization and chain transfer kinetic
parameters.19 Because of the high amount of methacrylate
homopolymerization, a pseudo-two-stage hybrid polymerization
was reported in thiol�ene�methacrylate systems that also
resulted in the reduction of shrinkage stress.2 Moreover, it has
also been reported that by adding methacrylates with a bisphenol
A structure and varying the stoichiometric ratio of thiol to ene,
the shrinkage stress was further reduced while maintaining
modulus and strength at values close to the bulk methacrylate
systems.20,21 The glass transition temperature (Tg) and the hetero-
geneity of thiol�ene�acrylate networks were able to be con-
trolled by varying the amount and chemical structure of the acrylate
monomers.22 The use of addition�fragmentation reactions has
also been combinedwith thiol�ene�methacrylate ternary systems
to achieve reduced shrinkage stress.23

Because of the higher modulus and Tg of thiol�yne systems as
compared with thiol�enes and the tunable ternary system proper-
ties, thiol�yne�methacrylate systems have significant potential
to reduce shrinkage stress whilemaintaining or improving further
the mechanical properties. Moreover, it is interesting to investi-
gate the mechanism of the reduction of shrinkage stress in this
complex system. This work evaluated a thiol�yne model system
which also incorporaredmethacrylate or acrylate monomers with
rigid bisphenol A core structures. The pure methacrylate, binary
thiol�yne, and thiol�ene�methacrylate systems were also
studied for comparison. The reaction kinetics, gel point, and
mechanical properties (cross-linking density,Tg, modulus) along
with shrinkage and shrinkage stress were studied, and the
relationship between the mechanism of shrinkage stress reduc-
tion and unique network formation was evaluated.

’EXPERIMENTAL SECTION

Materials. 1-Hydroxycyclohexyl phenyl ketone (Irgacure 184),
pentaerythritol tetra(3-mercaptopropionate) (PETMP), and ethoxy-
lated bisphenol A dimethacrylate (EO/phenol 1.5, which implies there
are 3 ethoxylate groups per monomer) (EBPADMA) were donated by
BASF Corp., Evans Chemetics, and Esstech Inc., respectively. 1,6-
Heptadiyne (HDY), 1,6-heptadiene (HDE), and ethoxylated bisphenol
A diacrylate (EO/phenol 1.5, which means there are 3 ethoxylate groups
per monomer) (EBPADA) were purchased from Aldrich.
FTIR. Fourier transform infrared spectroscopy (FTIR) (Magna 750,

series II, Nicolet Instrument Corp., Madison, WI) combined with a
vertical UV-light source (Acticure, EFOS, Mississaugua, Ontario,
Canada) was utilized to measure the real time conversion during

curing.24 The samples were cured with 365 nm light at 10 mW/cm2

in the FTIR chamber. Mid-IR was employed to study the reaction
kinetics with ∼10 μm thick samples between NaCl plates. The conver-
sion of alkyne functional groups was determined by the C�H stretch at
3288 cm�1, conversion of thiol functional groups was determined by the
S�H stretching at 2570 cm�1, and (meth)acrylate functional group
conversion was determined by the CdC vibration at 1637 cm�1. To
couple with various mechanical property measurements, near-IR was
utilized to evaluate functional group conversions in polymerizations of 1
mm thick samples polymerized between glass slides. The alkyne and
(meth)acrylate conversions were monitored by the C�H vibration peak
at 6505 cm�1 and the CdC vibration peak at 6163 cm�1, respectively.
Mechanical Measurements. A dynamic mechanical analyzer

DMA Q800 (TA Instruments) was utilized to measure the glass
transition temperatures and moduli of samples with 1 � 5 � 10 mm
rectangular dimensions. Multifrequency strain mode was utilized by
applying a sinusoidal stress of 1 Hz frequency with the temperature
ramping from�40 to 160 �C at 3 �C/min. TheTg was determined as the
maximum of the tan delta curve. The modulus values at ambient
temperature and well into the rubbery state were measured at 25 �C
and at Tg + 50 �C, respectively. For the pure methacrylate or acrylate
systems, the modulus values for the rubbery state were read at Tg +
100 �C due to the breadth of the tan delta peak. Tg1/2width was taken as
the half-width of tan delta peak at half-maximum value.
Shrinkage Stress Measurement. A cantilever mode tensometer

(American Dental Association Health Foundation) combined with a
vertical UV-light source (Acticure, EFOS, Mississaugua, Ontario,
Canada) and the horizontal remote FTIR optical fibers (Magna 750,
series II, Nicolet Instrument Corp., Madison, WI) was utilized to
simultaneously measure the shrinkage stress and conversion during
polymerization.25 The samples were disk shapes with 6 mm diameter
and 1 mm thickness. An aluminum beam with 4.76 μm/N compliance
was chosen to enable both the sensitive measurement of the low
shrinkage stress values achieved in many of the ternary systems while
simultaneously enabling accurate evaluation of stress values up to 2MPa.
Under these conditions, stress values greater than 2.0 MPa cannot be
accurately measured and are indicated throughout the text as simply
being >2 MPa.
GelationMeasurement. Arheometer (ARES4400,TAInstruments)

combined with a vertical UV-light source (Acticure, EFOS,Mississaugua,
Ontario, Canada) and FTIR measurement achieved via optical fibers
(Magna 750, series II, Nicolet Instrument Corp., Madison, WI) was
utilized to measure the conversion at gelation during the polymeri-
zation.26 Parallel plate geometry with 22 mm diameter plates and 0.3
mm thickness and dynamic stress with 20% strain was utilized. The gel
point is the point at which tan δ becomes frequency independent. In this
work, we have utilized the common technique of taking the G0/G00

crossover point as the approximate gel point.27,28

’RESULTS AND DISCUSSION

Figure 1 shows the Tg, modulus, and shrinkage stress values of
a polymerizing system with stoichiometric thiol�yne mixture
(i.e., two thiol functional groups for each yne functional group)
and varying amounts of methacrylate (i.e., the ratio of functional
groups of thiol:yne:methacrylate is 2:1:x). These results demon-
strate the feasibility of adding a methacrylate component to the
thiol�yne system and that this approach is able to increase theTg

and modulus while maintaining relatively low shrinkage stress.
With increasing methacrylate ratio in this ternary system, the Tg

and modulus are increased from 51 ( 2 to 75 ( 1 �C and from
1800 ( 100 to 3200 ( 400 MPa (44% increase), respectively.
The increase in mechanical properties is resultant from the
increased amount of methacrylate homopolymerization and
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incorporation of the rigid bisphenol structure into the polymer
network. Because of the chain transfer to thiol that results in the
mixed mode step-chain growth polymerization mechanism, the
Tg2/1width, which is related to the network heterogeneity, is
reduced from 75 ( 2 �C for the pure methacrylate to 34 (
1 �C for the ternary system that still contains 70% methacrylate.
At the same time, the shrinkage stress is reduced from>2 to 1.2(
0.2 MPa. If the chain transfer step were the primary factor that
results in reduced shrinkage stress, the pure thiol�yne system,
which has the greatest amount of chain transfer, would be
expected to have the lowest shrinkage stress. However, the
shrinkage stress of the ternary systems is much lower than either
the pure methacrylate or binary thiol�yne systems. This result
implies that additional factors, besides chain transfer, also con-
tribute to the overall shrinkage stress in the thiol�yne�
methacrylate ternary systems. These factors include the reaction
mechanism, conversion, reaction rate, gel point, and network
evolution. We hypothesize that a combination of the competitive
reaction kinetics and the unique network formation results in the
reduction of shrinkage stress in the thiol�yne�methacrylate
ternary systems.

In the thiol�yne�methacrylate ternary systems, the vinyl
sulfide peak cannot be separated from the methacrylate peak
accurately. While for the heptadiyne monomer, the reactivity of
the thiyl radicals toward vinyl sulfides is much higher than the
reactivity toward alkynes; thus, the concentration of vinyl sulfide
moieties remains low, and the polymerizations are effectively
monitored by following only the yne conversion.29 When added
to a thiol�yne reaction, the methacrylate simultaneously parti-
cipates in both homopolymerization of the double bond and
chain transfer to thiol. Figure 2a indicates that in the HDY�
EBPADMA control system in the absence of any thiol the alkyne
group is effectively unreactive, achieving only 4% conversion,
while the methacrylate functional groups achieve 80% conver-
sion due to the homopolymerization of EBPADMA. In the pure
thiol�yne control system (PETMP�HDY, Figure 2b), the thiol
conversion is slightly lower than the yne conversion during the
reaction because not all of the transiently formed vinyl sulfide
functional groups have reacted and these vinyl sulfide groups
barely react with alkyne groups.29 For the PETMP�HDY�
EBPADMA ternary system (Figure 2c), there are multiple compe-
titive reactions including the methacrylate homopolymerization,

chain transfer to the thiol from the various radicals, and propaga-
tion through the yne/vinyl sulfide by the thiyl radical. Initially,
the thiol conversion exceeds that of the alkyne due to chain
transfer from the methacrylic radical. At the later stages of the
polymerization, when the methacrylate has reached higher con-
versions, the thiol�yne reaction becomes the primary reaction
and the yne conversion exceeds that of the thiol as in the pure
thiol�yne system. The overall reaction rate of methacrylate is
much faster than the thiol and yne; therefore, the vitrification is
controlled by methacrylate conversion and the system vitrified
before complete thiol and yne conversions were achieved. The
final conversions of both thiol and yne are reduced, relative to the
binary system, due to the early vitrification that results from the
additional cross-linking associated with the larger amounts of
multimethacrylate present. Moreover, Figure 2c also indicates
the total reaction rate of methacrylate including both homopo-
lymerization and chain transfer is higher than the thiol�yne step-
growth reaction rate. However, the difference in the reaction
rates is not as significant as observed in thiol�ene�methacrylate
systems.2,21 Because of the reduced conversion of the yne
functional groups in the stoichiometric thiol�yne ternary sys-
tems, off-stoichiometric ratios of thiol�yne with fixed metha-
crylate amounts in the PETMP�YNE�EBPADMA resins were
also studied (Table 1) in which the functional group ratio of
thiol:yne:methacrylate was x:y:2.7. Increasing the thiol ratio
while keeping the amount of methacrylate constant serves to
increase the amount of methacrylate chain transfer to thiol and
further reduces the shrinkage stress. The overall shrinkage stress
was reduced from 1.2 ( 0.1 MPa for the 2:1 thiol:yne stoichio-
metric system to 1.0 ( 0.1 for the 2.5:0.5 thiol:yne off-stoichio-
metric system with the same methacrylate content. Again, the
reduction of the shrinkage stress is strongly affected by a
combination of factors as explored in the remainder of this work.

Thiol�yne�acrylate systems (PETMP�HDY�EBPADA)
follow a similar reaction mechanism to the thiol�yne�methacrylate

Figure 1. Glass transition temperature (]), modulus (4), and shrink-
age stress (b) of PETMP�HDY�EBPADMA (2:1:x) initiated with 1
wt % Irgacure 184 and cured by 365 nm light at 10 mW/cm2. Note: 2
MPa is the maximum stress accurately measured by the tensometer
under these conditions. Stress values greater than this threshold are
indicative of greater than 2 MPa stress rather than exact values.

Figure 2. Functional group conversion (methacrylate (0), thiol (4),
and yne (O)) as a function of time for (a) HDY�EBPADMA (1:2.7),
(b) PETMP�HDY (2:1), and (c) PETMP�HDY�EBPADMA
(2:1:2.7) resins initiated with 1.0 wt % Irgacure 184 and cured by
365 nm light at 10 mW/cm2.
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systems; however, the chain transfer reaction to the thiol is more
competitive and of comparable rate to the acrylate homopolym-
erization, even at relatively low acrylate conversions. To compare
the extent of chain transfer to thiol between the thiol�yne�
methacrylate and the thiol�yne�acrylate systems, double bond
consumption per thiol was calculated in the first 10 s of the
reaction. In this regime which represents relatively low conver-
sions, it is assumed that the reaction kinetics are not affected by
any diffusional limitations associated with vitrification. The
double bond consumption per thiol normalized by the initial
ratio of (meth)acrylate to thiol is shown in Figure 3 where the
slope approximately represents the kinetic parameter ratio of
(meth)acrylate homopolymerization to chain transfer.18 The
ratio for the thiol�yne�acrylate systems is 1.8 compared to
4.9 in the thiol�yne�methacrylate systems, indicating that the
chain transfer reaction is more competitive with homopolymer-
ization in the acrylate system. In this case, if reductions in
shrinkage stress were primarily resultant from chain transfer,
the shrinkage stress of the thiol�yne�acrylate systems would be
expected to be lower than that of the thiol�yne�methacrylate
systems. Moreover, if all the other factors are equal, compared
with the pure methacrylate, the pure acrylate has a lower
shrinkage stress due to the lower Tg. However, the shrinkage
values of these two systems are very similar and are in the range of
1.0�1.5 MPa, as shown in Figure 4. To evaluate further this
interesting phenomenon, the polymerization kinetics of each
component were studied. As seen in Figure5, at early stages of the
polymerization, there is a greater difference between methacrylate

and yne conversion than there is between acrylate and yne
conversion. This difference implies that when the (meth)acrylate
reaches higher conversions, the thiol and yne components remain at
relatively lower conversions. The thiol and yne oligomers are still
relatively small molecules with enough mobility to behave as a
plasticizing solvent in the early stages of the polymerization and
result in reduced shrinkage stress development.21 In the thiol�
yne�acrylate systems, a reduced solvation effect appears to
counterbalance the increased chain transfer, thereby resulting
in similar overall behavior. This outcome is further evidence that
the reduction of shrinkage stress in the ternary resins is resultant
from a combination of both reaction kinetics and the complex
network evolution. Figure 6 shows the final conversions of each
component in the ternary systems; the final conversion of both
methacrylate and acrylate double bonds (Figure 6a) are above 0.9
and do not significantly change with increasing methacrylate or
acrylate content. In contrast, the final conversions of both the
alkyne (Figure 6b) and thiol (Figure 6c) decrease with increasing
methacrylate or acrylate content due to earlier vitrification of the
networks with higher (meth)acrylic compositions. The thiol
conversion is slightly lower than the yne conversion, indicating
that vinyl sulfide has not fully reacted with the thiol. Moreover, in

Figure 3. (Meth)acrylate functional group consumption per thiol
functional group versus the initial ratio of (meth)acrylate to thiol
functional group concentrations. PETMP�HDY�EBPADMA (2:1:x)
(]) and PETMP�HDY�EBPADA (2:1:x) (4) systems initiated with
1 wt % Irgacure 184 and cured by 365 nm at 10 mW/cm2.

Figure 4. Shrinkage stress of PETMP�HDY�EBPADMA (filled
symbols) and PETMP�HDY�EBPADA (open symbols) with stoi-
chiometric thiol:yne and changing (meth)acrylate content in which the
functional groups of thiol:yne:(meth)acrylate was 2:1:x. The systems
were initiated with 1.0 wt % Irgacure 184 and cured by 365 nm light at
10 mW/cm2. Note: 2 MPa is the maximum range of the tensometer
measurement. The stress values above this line indicate higher than
2 MPa rather than the exact values.

Figure 5. Real time conversions of PETMP�HDY�EBPADMA with
the functional group ratio of thiol:yne:MA of 2:1:2.7 (filled symbols)
and PETMP�HDY�EBPADA with the functional group ratio of thiol:
yne:acrylate of 2:1:2.7 (open symbols) ((meth)acrylate (0) and yne
(4)). The systems were initiated with 1.0 wt % Irgacure 184 and cured
by 365 nm light at 10 mW/cm2.

Table 1. Shrinkage Stress Values for PETMP�HDY�
EBPADMA Cured Resins with Off-Stoichiometric
Thiol�Yne Ratios and Fixing Methacrylate Amount
(Functional Group of Thiol:Yne:Methacrylate = x:y:2.7)a

functional group ratio thiol:yne:methacrylate shrinkage stress (MPa)

1.5:1:2.7 1.4 ( 0.1

2:1:2.7 1.2 ( 0.1

2.5:1:2.7 1.1 ( 0.1

1.5:1.5:2.7 1.3 ( 0.1

2:1:2.7 1.2 ( 0.1

2.5:0.5:2.7 1.0 ( 0.1
aThe systems were initiated with 1.0 wt % Irgacure 184 and cured by
365 nm light at 10 mW/cm2.
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the thiol�yne�acrylate systems, both the thiol and yne achieve
higher final conversion than those in the thiol�yne�methacrylate
systems due to the general reduction in glass transition temperatures
found in acrylic polymers as compared to methacrylic polymers.

The cross-linking density (Fx) was determined at the end of
the polymerization for the range of ternary systems studied from
rubber elasticity phantom theory (eq 1)30

Fx ¼ E
2ð1 þ γÞRT ð1Þ

in which E is the modulus in the rubbery state, R is the gas
constant, T is the absolute temperature, and γ is the Poisson’s
ratio which is assumed to be 0.5 for incompressible networks.
The shrinkage stress as a function of the cross-linking density for
stoichiometric thiol:yne with varying stoichiometric (meth)acrylates
compositions (2:1:x), off-stoichiometric thiol:yne systems with
fixed relative methacrylate content (x:y:2.7), and a thiol�ene�
methacrylate system (1.5:1.5:2.7) used as a control is plotted in
Figure 7. The positive correlation between shrinkage stress and
cross-linking density indicates that the cross-linking density plays
an important role in controlling the final shrinkage stress of
the thiol�yne�(meth)acrylate ternary systems. This plot also
indicates that the shrinkage stress of the pure (meth)acrylate and
thiol�yne polymer networks are much higher than the ternary
systems because of the higher cross-linking density of the
systems. EBPADMA([), EBPADA(2), andPETMP-HDY(�)
systems achieve cross-linking densities of 6.2 ( 0.3, 5.1 ( 0.2,
and 7.0 ( 0.1 M, respectively, while the cross-linking densities
of the ternary systems (],4) are in the range of 2�4M.Moreover,
to demonstrate the importance of the increased yne functionality
relative to the ene, thiol�ene�methacrylate systems with a

stoichiometric ratio of thiol to ene and excess methacrylate
(PETMP�HDE�DBPADMA 1.5:1.5:2.7) with similar molec-
ular structure were studied as a control system in Figure 7.
At the same cross-linking density value (2.7 M), the thiol�ene�
methacrylate system (O) has a much higher shrinkage stress
value (>2 MPa) as compared with the thiol�yne�(meth)acrylate
systems (∼1.1MPa) demonstrating the advantages of the thiol�
yne�(meth)acrylate systems to reduce shrinkage stress.

Figure 6. PETMP�HDY�EBPADMA (filled symbols) and PETMP�
HDY�EBPADA (open symbols) with stoichiometric thiol:yne and
changing (meth)acrylate content in which the functional group ratio
of thiol:yne:(meth)acrylate was 2:1:x. (a) (Meth)acrylate, (b) yne, and
(c) thiol conversion. The systems were initiated with 1.0 wt % Irgacure
184 and cured by 365 nm light at 10 mW/cm2 .

Figure 7. Shrinkage stress versus cross-linking density of PETMP�
HDY�EBPADMA systems. PETMP�HDY�EBPADMA systems with
stoichiometric thiol to yne ratio with varying methacrylate amount
(functional group ratio of thiol:yne:methacrylate was 2:1:x) and off-
stoichiometric thiol to yne ratios with fixed methacrylate content
(functional group ratio of thiol:yne:methacrylate was x:y:2.7 listed in
Table 1) (]), PETMP�HDY�EBPADA systems with stoichiometric
thiol to yne ratio with varying acrylate amount (functional group ratio of
thiol:yne:acrylate was 2:1:x) (4), EBPADMA ([), EBPADA (2),
PETMP-HDY (2:1) (�), and PETMP�HDE�EBPADMA (1.5:1.5:2.7)
(O). All resins were initiated with 1 wt % Irgacure 184 and were cured by
365 nm light at 10 mW/cm2. Note: 2 MPa is the maximum stress accu-
rately measured by the tensometer under these conditions. Stress values
greater than this threshold are indicative of greater than 2 MPa stress
rather than exact values.

Figure 8. Shrinkage stress versus methacrylate conversion of EBPAD-
MA (1), PETMP�HDY�EBPADMA 2:1:2.7 (3), PETMP�HDE�
EBPADMA 1.5:1.5:2.7 (4), and versus yne conversion of PETMP�
HDY 2:1 (2). The systems were initiated with 1 wt % Irgacure 184 and
cured by 365 nm light at 10 mW/cm2.
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The competitive reaction kinetics in thiol�yne�(meth)acrylate
ternary systems leads to a unique network formation process.
The radical mediated step-growth mechanism of the thiol�yne
reaction and the (meth)acrylate chain transfer to thiol delay
gelation during the polymerization. Figure 8 shows how the
shrinkage stress develops with conversion for different reaction
mechanisms. The pure dimethacrylate system (1) builds up the
stress at a very low conversion and reaches a high final stress value
(>2 MPa) due to the early gelation and subsequent vitrification
associated with this homopolymerization. Prior to gelation, the
resin systems are able to accommodate for the polymerization
induced shrinkage through material flow, thus generating mini-
mal stress. The shrinkage stress is primarily built up after gelation
due to the restricted mobility and relaxation of the gel accom-
panied by the subsequent vitrification of the network.2 However,
this theory does not fully account for the behavior of the thiol�
yne binary system as evidenced in Figure 8. The thiol�yne binary
system (2) follows the step-growth polymerization mechanism
and the gelation is significantly delayed, but this polymerization
still reaches a high final stress (>2 MPa) resulting from the high

final cross-linking density (7.0 ( 0.1 M). The 2PETMP�
1HDY�2.7EBPADMA thiol�yne�methacrylate system (3) builds
up the stress later resulting from the mixed mode step-chain
growth polymerization and obtains a relatively lower cross-
linking density (3.4 ( 0.1 M) and final stress (1.2 ( 0.1 MPa).
As a control system, the thiol�ene�methacrylate (1.5PETMP�
1.5HDE�2.7EBPADMA) (4) builds up stress slightly earlier
than thiol�yne�methacrylate system, since each alkene reacts
with only a single thiol. Also, the shrinkage stress of the
thiol�ene�methacrylate builds up faster than the thiol�yne�
methacrylate system due to the faster reaction rate at the same
curing condition, which means the faster the reaction occurs, the
less time the resin remains in the pregelation state with enough
mobility to release shrinkage stress. Therefore, this behavior
indicates that delaying gelation contributes to, but is not the
dominant factor controlling, the reduction of shrinkage stress.
Moreover, the shape of these curves relating to the network
formation and stress development was investigated. The different
reactionmechanisms lead to different network heterogeneity and
shrinkage stress evolution with conversion. The shrinkage stress
value for the pure methacrylate system increases gradually with
increasing conversion because the chain growth mechanism
creates a very heterogeneous network with a broad glass transi-
tion region (Tg1/2width∼ 75( 1 �C), enabling a greater amount
of polymerization to occur after vitrification. In contrast, the step-
growth mechanism of the thiol�yne binary system leads to a
more homogeneous network with a narrow Tg1/2width (17 (
1 �C) so that less polymerization occurs after vitrification, and
the stress builds up rapidly after 50% conversion of the alkyne
groups. The Tg1/2width of the thiol�yne�methacrylate (2:1:2.7)
is 34 ( 1 �C, indicating that the heterogeneity of the network is
between that of the pure methacrylate and thiol�yne systems.
Thus, the shape of the stress curve is a combination of these
behaviors as well.

Here, we introduce a new parameter, the ratio of the
volumetric shrinkage at gelation to the final volumetric shrink-
age (VS(gel)/VS(total)). This parameter is representative
of the network formation and correlates to shrinkage stress.

Table 2. Shrinkage Factors of Thiol�Yne�(Meth)acrylate
Systems

mixed reaction

mechanisms in the

ternary systems

shrinkage factor

(mL/mol) notes

(meth)acrylate

homopolymerization

22.6 ref 31

(meth)acrylate

chain transfer to thiol

12.6 estimated as a

thiol�ene reaction31

yne reacting with

thiol once

12.6 estimated as a

thiol�ene reaction31

yne reacting with

thiol twice

21.0 measured by butyl

3-mercaptopropionate

with 1-octyne

Figure 9. Fraction of volumetric shrinkage that occurs prior to gelation relative to the total volume shrinkage (filled symbols) and shrinkage stress (open
symbols) versus (meth)acrylate content. (a) PETMP�HDY�EBPADMA 2:1:x and (b) PETMP�HDY�EBPADA 2:1:x. The systems were initiated
with 1.0 wt % Irgacure 184 and cured by 365 nm light at 10 mW/cm2. Note: 2MPa is the maximum stress accurately measured by the tensometer under
these conditions. Stress values greater than this threshold are indicative of greater than 2 MPa stress rather than exact values.
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The polymerization-induced shrinkage stress is related to the
volumetric shrinkage of the resin during network formation.
Shrinkage stress primarily results from volume shrinkage that
occurs postgelation and the final volumetric shrinkage. This ratio
is used instead of the difference between the two to provide an
indication of the fraction of the shrinkage in the system that
occurs following gelation. The volumetric shrinkage of the resin
systems before gelation is theoretically calculated based on the
conversion of each component at the gel point, and the total
volumetric shrinkage is calculated based on the final conversion
of each component by eq 2.31

VS ¼ ∑
i
ðC0iXiSFiÞ ð2Þ

VS is volumetric shrinkage, C0 is the initial concentration of the
functional group, X is conversion, SF is the shrinkage factor
(listed in Table 2), and i represents each functional group in the
resin system. The percentage of volumetric shrinkage before
gelation relative to the total shrinkage was calculated and plotted
versus (meth)acrylate content in Figure 9. The shrinkage ratio of
both thiol�yne�methacrylate and thiol�yne�acrylate systems
are seen to increase and then decrease with increasing metha-
crylate or acrylate content, which inversely correlates to the final
shrinkage stress. The higher value indicates that a larger portion
of shrinkage occurs before gelation which facilitates the allevia-
tion of a greater amount of the potential shrinkage stress. The
reduced shrinkage that occurs after gelation leads to a reduced
overall shrinkage stress. This inversely correlated trend shown in
Figure 9 demonstrates that the ratio of the volumetric shrinkage
before gelation to the total volumetric shrinkage is a significant
factor in reducing the shrinkage stress in the ternary systems. The
lowest shrinkage stress was observed in the systems containing
50 wt % methacrylate or 70 wt % acrylate (Figure 9), which
indicates that at these double bond concentrations the compe-
titive reaction kinetics result in a maximum volumetric shrinkage
that occurs before gelation relative to the total volumetric
shrinkage.

’CONCLUSIONS

Thiol�yne�methacrylate and thiol�yne�acrylate ternary
systems are demonstrated as resin systems that achieve high
glass transition temperatures and moduli while maintaining low
shrinkage stress. The reduction of shrinkage stress is affected by a
combination of factors; after evaluating these factors, the cross-
linking density and the percentage of volumetric shrinkage
occurring before gelation relative to the total shrinkage were
investigated as factors that control the final shrinkage stress. The
shrinkage stress of the ternary systems is lower than both the pure
(meth)acrylate and pure thiol�yne resins, and the lowest
shrinkage stress was observed in the ternary system with 50 wt %
methacrylate or 70 wt % acrylate. This tunable behavior is resultant
from the competitive reaction kinetics and unique network forma-
tion process. When (meth)acrylate is added to the thiol�yne
step growth system, gelation is delayed causing more volumetric
shrinkage to occur before gelation relative to the total volumetric
shrinkage, thereby reducing the shrinkage stress.
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