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ABSTRACT: The evolution of the polymerization-induced shrinkage stress and mechanical properties-of thiol
allyl ether-methacrylate ternary systems and their relationship to the polymerization kinetics have been investigated.
Because of the two distinct polymerization regimes of the ternary systamsethacrylate homopolymerization
regime followed by a thiotene polymerization dominated regimthe mechanism for the evolution of
polymerization induced shrinkage stress is unique as compared to otheragh@lnd methacrylate systems.
During the first polymerization stage, only intermediate molecular weight methacrylate oligomers are produced,
resulting in delayed gelation and near zero shrinkage stress. Immediately following the first polymerization stage,
the allyl ether begins to polymerize, and shrinkage stress increases in correspondence with the increased allyl
ether conversion. It is observed that the shrinkage stress of the ternary systems eX30Btiof the shrinkage

stress of the current dental restoration systems. Also, because of the two polymerization regimes, the mechanical
properties evolve uniquely as compared to other ternary systems. It is noted that glass transition temperatures of
the ternary systems<100°C) are much higher than traditional thie¢ne polymers and comparable to the current
polymeric composites for dental restorations, indicating that the-tilb}l ether—methacrylate systems are an
excellent candidate for dental restorations.

Introduction age between the polymer resin and tooth, resulting in secondary

Low polymerization-induced shrinkage and the associated Caries?
stress are among the most important properties of polymeric Extensive research has been performed to reduce polymeri-
resins for numerous applications of cross-linked polymers. zation-induced shrinkage and stress, particularly for the multi-
Polymerization shrinkage is an almost inevitable phenomenon billion dollar dental restorative industry. One focus of this
resulting from the reduction in molecular spacing associated research is developing BisGMA derivatives by chemically
with the replacement of van der Waals distances betweenattaching bulky pendent groups to BisGMA to reduce double
monomers with covalent bonds in the polymer state. Shrinkage bond concentratiofi.® Also, since adding low molecular weight
stress is then a function of both the shrinkage extent and themethacrylates as a reactive diluent problematically increases
modulus! developing only after the gel point. Therefore, the volume shrinkage, researchers have developed less viscous
gel point, at which the material changes from a liquid monomer BisGMA derivatives to avoid the use of a reactive dilu&nht?
resin to a solid cross-linked material with a significant modulus, Further, another class of monomer systems with lower shrinkage
is an important factor in determining and controlling the contains hyperbranched and dendritic monomers which build
shrinkage stress. Polymerization-induced shrinkage and theupon the concept of decreasing the initial double bond concen-
accompanying stress are important in several applicationstration while simultaneously maintaining low viscosl#y1> One
including dental restorative materials and electronic material of the main research foci of low shrinkage materials is utilizing
coatings. One of the primary components of polymeric dental ring-opening polymerizations that decrease the amount of
restorative materials is 2,2-bgs[3-methacryloxy-2-hydrox- volume shrinkage associated with the polymerization reaction
ypropoxy)phenyl]propane (BisGMA) which is a dimethacry- itself. For example, oxetanépxiranes, and epoxid&s1® are
late23 Methacrylate polymerizations lead to significant volume  ring-opening monomers which undergo cationic polymerization
shrinkage during polymerization, 22.6 mL/nfélAlso, because  proceeded by cleaving a bond of each ring to create a linear
of the chain growth polymerization mechanism of methacrylates, segment. This reaction exhibits lower shrinkage compared to
which causes the formation of high molecular weight polymers methacrylate chain polymerization. Furthermore, research has
and gels at the initial stage of the polymerization, a high focused on the development of expandable monomers such as
shrinkage stress is developed during and throughout the po-spiro orthocarbonaté$:22 Unfortunately, each of these ap-
lymerization. One of the most deleterious effects of this proaches, while having promising results, has also encountered
shrinkage stress is debonding of the polymer/substrate intérface. significant limitations.
For example, in dental restorations, shrinkage stress and the

. . . RO ) Recently, thiot-ene polymerizations have been proposed as
corresponding debonding and microcracking initiate microleak- y poly brop

a novel approach to reduce polymerization-induced shrinkage

and shrinkage stre§g3 Thiol—ene polymerization has many
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of thiol—ene polymerizations are due to the radical-mediated
step growth polymerization mechanism, i.e., free radical addition
followed by subsequent chain transfér?6 Because of the step
growth mechanism, dimers, trimers, tetramers, and oligomers
are formed during the initial stage of the polymerization,
resulting in significantly delayed gelation and reduced shrinkage

stress as compared to (meth)acrylate systems. Also, it is reporte(f

that the volume shrinkage of thieene polymerization (12

15 mL/mol) is significantly lower than methacrylate systems
on a per double bond reacted basidowever, one drawback
of the thiok-ene polymerization is a limitation of the mechanical
properties. Thiotene step growth polymerizations generally
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The polymerization kinetics and the shrinkage stress are simul-
taneously monitored using a tensometer (American Dental As-
sociation Health Foundation). The tensometer monitors shrinkage
stress development using cantilever beam deflection theory. The
tensile force generated by the sample shrinkage causes the cantilever
beam to deflect. Deflection of the beam is translated into the
ppropriate stress based on the bonded sample area and the
alibrated beam constant. A simultaneous kinetic profile is measured
using remote near-IR transmission through the polymer sample as
measured via a fiber-optic cable. A more detailed description of
the measurement technique is presented elsevith8amples were
6 mm in diameter and 1.5 mm in thickness, irradiated for 5 min,
and monitored for an additional 5 min postcure. The absorption

produce loosely cross-linked network structures as comparedPeak of the allyl ether double bonds (6130 Cjroverlaps that for

to (meth)acrylate systems, resulting in reduced modulus,
strength, and glass transition temperature. For this reason; thiol
vinyl—vinyl ternary systems containing homopolymerizable
vinyl monomers such as (meth)acrylates have been investi-
gated?’”~2° In these systems, mixed step and chain growth
polymerization occurs where the chain growth polymerization

the methacrylate (6165 cr¥. In the near-IR, methacrylate and allyl
ether double bond conversions were calculated by measuring the
height of the shoulder of the=€C—H stretching overtone peaks

of the allyl ether and methacrylate double bonds at 6120 and 6180
cm1, respectively. To ensure the accuracy of both double bond
conversions calculated, a deconvolution technique was employed
to separate the allyl ether and methacrylate double bond peaks and

results in increased cross-link density and, hence, enhancedo calculate the conversion.

mechanical properties.

Previously, we indicated that thiekllyl ether—methacrylate
ternary systems exhibit two distinct polymerization regimes, and
this mechanism delays gelatiéh.In this study, we have
investigated the evolution mechanism of polymerization-induced
shrinkage stress and mechanical properties of-taithyl ether—

Results and Discussion

Polymerization-induced shrinkage stress is strongly affected
by the cross-linked network evolution mechanism. Therefore,
a fundamental understanding of the polymerization kinetics and
mechanism is essential to predict the extent of polymerization-

methacrylate ternary systems. On the basis of the polymerizationinduced shrinkage stress. For example, thae polymeriza-

kinetics we reported, we describe hereafter how two polymer-

tions exhibit significantly reduced shrinkage stress primarily due

ization regimes affect the evolution process of shrinkage stressto delayed gelation resulting from the step growth free-radical

and mechanical properties.

Experimental Section

Materials. 1,6-Hexanediol dimethacrylate (90%, HDDMA) was
donated by Cytec Specialty Chemicals (Smyrna, GA). Pentaeryth-
ritol tetrakis (97%, 3-mercaptopropionate) (PETMP), triethylene
divinyl ether (98%, TEGDVE), and 1,3,5-triallyl-1,3,5-triazine-
2,4,6(H,3H,5H)-trione (98%, TATATO) were obtained from
Aldrich. 2,2-Bis[4-(2-hyroxy-3-methacryloxyprop-1-oxy)phenyl]-
propane (BisGMA) was donated by Esstech. The photoinitiator,
2,2-dimethoxy-2-phenylacetophenone (DMPA), was purchased from
Ciba-Geigy. All monomers and the photoinitiator were used as
received.

Methods. Kinetic profiles of the UV-induced polymerizations
were studied using real-time FTIR, a Nicolet 750 Magna FTIR
spectrometer with a KBr beam splitter and an MCT detector.

reaction mechanism. On the other hand, (meth)acrylate systems
undergoing chain polymerization show higher shrinkage stress
than thio-ene systems due to early gelation at as low-a$®/%
conversior#233 Although thiol-ene systems exhibit low shrink-

age stress with high final conversion, the mechanical properties
of thiol—ene systems, especially hardness and glass transition
temperature, are reduced as compared to (meth)acrylate systems.
For this reason, thietene-ene and thiotene-vinyl ternary
systems have been investigated to enhance mechanical properties
and controllability of the cross-linked network structéfe?®
Hereafter, the term ene is used to designate a honhomopoly-
merizable double bond such as an allyl ether, while vinyl
designates a homopolymerizable double bond such as a meth-
acrylate. In traditional thietene-ene systems where neither

of the vinyl groups homopolymerizes, the network evolution

Infrared spectra were recorded on a spectrometer designed to allowstill occurs by a traditional step growth mechanism. On the other

light to impinge on a horizontal sample using a fiber-optic cable.
Monomer samples with thicknesses of about28 were placed
between two sodium chloride plates while the FTIR sample chamber
was continuously purged with dry air. The series of infrared
absorption spectra was obtained under continuous UV irradiation
at a rate of 3.5 scans/s. The thiol functional group and the
methacrylate double bond conversion were monitored at 257% cm
(S—H stretching) and 816 cm (C=C—H out of plane bending),
respectively. All IR absorption peaks of allyl ether double bonds
were calculated by measuring height at the shoulder=sCEH
stretching peak of the allyl ether double bond at 3081 trito
ensure the accuracy of the allyl ether conversion calculated in this

hand, thiot-ene-vinyl ternary systems in which one of the vinyl
groups homopolymerizes exhibit a mixed chain and step growth
polymerization mechanism. In this latter case, the polymerization
mechanism and network structure are strongly affected by the
extent of homopolymerization and the reactivity of thiyl radicals
toward the two different double bonds. The thiallyl ether—
methacrylate ternary system studied here is a theole—vinyl
system which undergoes mixed chain and step growth poly-
merization, as reported previously.

Figure 1 presents the polymerization kinetics of pentaeryth-
ritol tetrakis(3-mercaptopropionate) (PETMP),3,5-triallyl-

measurement, a deconvolution technique was employed to separat@ 3 5-triazine-2,4,6(,3H,5H)-trione (TATATO)—1,6-hex-

an overlapping €C stretching band of the allyl ether double bond
at 3105 cm? from the methacrylate double bond at 3085¢m

The allyl ether conversion obtained from peak height measurement

was confirmed by comparing with the deconvolution restfitll

reactions were performed under ambient conditions. Polymerizations

were initiated via an EXFO Acticure light source (EXFO, Missis-
sauga, Ontario) with a 326600 nm filter. Irradiation intensities
were measured with an International Light, Inc., model IL1400A
radiometer (Newburyport, MA).

anediol dimethacrylate (HDDMA) mixtures. The HDDMA
content is 50 wt % while the allyl ether and thiol functional
group ratio (TATATO/PETMP) is maintained at 1:1. As
described in our previous report, the thialllyl ether—meth-
acrylate mixtures exhibit two distinct polymerization regimes:
a methacrylate homopolymerization dominated regime with
significant chain transfer to thiol followed by a thieéne
polymerization dominated regin®@.During the initial poly-
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100 As shown in Figure 1, the distinct polymerization regimes
of the thiol-allyl ether—methacrylate systems result in a unique
network evolution process. Figure 2 presents an illustration of
the network evolution based on the two different polymerization
regimes. From the homogeneous mixture of thiol, allyl ether,
and methacrylate monomers, low molecular weight methacrylate
oligomers, terminated by the chain transfer reaction to thiol or
end-capped with thiol monomers from the addition of thiyl
radicals to methacrylate double bonds, are produced during the
initial stage of polymerizations. As described in our previous
report, the molecular weight of the methacrylate oligomers
decreases with increasing thiol content because of an increase

) ) ] ) in the chain transfer rate. During this stage, the allyl ether does
Figure 1. Functional group conversion vs time for a PETMP

TATATO—HDDMA ternary mixture: methacrylatl), thiol (0). and not participate in the polymerization reaction and effectively

allyl ether () conversion. HDDMA content is 50 wt %, and the ~acts as a diluent. Therefore, it is presumed that no gelation
TATATO/PETMP functional group ratio is 1:1. Samples contain 0.1 occurs during this stage. Following this stage, the allyl ether
wt % DMPA and are irradiated at 15 mW/€érasing 326-500 nm begins to react with the thiol functional group, producing cross-

light. linked networks (gelation) and resulting in the evolution of

polymerization-induced shrinkage stress. On the basis of this
network evolution process, it is expected that shrinkage stress
of the ternary systems is delayed and ultimately lower than

Functional Group Conversion

Time (sec)

merization stage (up to 460% methacrylate conversion),
TATATO does not polymerize to any significant extent while
the HDDMA double bond conversion increases rapidly. Because
the thiol functional group conversion increases slowly during (Meth)acrylate systems.

this stage, it is expected that methacrylate radicals undergo a To evaluate the evolution mechanism of the polymerization-
chain transfer reaction to the thiol. On the basis of this result, induced shrinkage stress in this ternary system, the shrinkage
it is presumed that thiyl radicals produced by the chain transfer stress and double bond conversion of methacrylates;-thiu,
reaction of methacrylate radicals to thiol functional groups do and thiol-allyl ether—methacrylate systems are plotted as a
not react to a significant extent with allyl ether double bonds function of polymerization time in Figure 3. Thiekne and
during this stage. After a significant amount of methacrylate methacrylate systems were studied as controls or standard
double bonds have polymerized, the allyl ether undergoes-thiol samples for comparison with the ternary system. The BisGMA/
ene polymerization. Details of the polymerization kinetics of TEGDMA 70/30 (wt %) mixture corresponds to currently used
the ternary system are described in our previous réort. dental resins, and the PETMP/TATATO mixture is the thiol

(A)

Figure 2. A diagram illustrating the network evolution mechanism of thiallyl ether—methacrylate ternary systems: (A) before polymerization,
(B) first polymerization regime, and (C) second polymerization regime.
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Figure 3. Polymerization-induced shrinkage stress and double bond
conversion of (A) BisGMA/TEGDMA 70/30, (B) PETMPTATATO,

and (C) PETMP-TATATO—HDDMA (HDDMA 50 wt %) as a
function of polymerization time: methacrylatelY and TATATO (@)
conversion and shrinkage stre®.(Samples A and C contain 0.1 wt
% DMPA and are irradiated at 15 mW/énmand sample B contains
0.05 wt % DMPA and are irradiated at 5 mW/gmsing 326-500 nm
light.

ene formulation which exhibits the highest glass transition
temperature among commercially available thiehe formula-
tions. As shown in Figure 3a, polymerization-induced shrinkage

Macromolecules, Vol. 40, No. 5, 2007
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Figure 4. Shrinkage stress of (1) BisGMA/TEGDMA 70/30, (2)
PETMP-TATATO, and (3) PETMP-TATATO—HDDMA (HDDMA

50 wt %) as a function of the overall double bond conversion. Standard
deviations aret0.16,+0.13, and 0.09 MPa for the samples 1, 2, and
3, respectively. Samples contain 0.1 wt % DMPA and are irradiated at
15 mW/cn? using 326-500 nm light.

result indicates that there is no shrinkage stress development
during the first polymerization regime. Thus, no gelation occurs
during the first polymerization regime dominated by methacryl-
ate homopolymerization with significant chain transfer to thiol.
In the second regime, the allyl ether polymerizes with the thiol
functional groups and increases conversion rapidly and dramati-
cally. Correspondingly, the shrinkage stress increases rapidly
with allyl ether conversion at this stage. This result indicates
that during the second polymerization regime cross-linked
networks are formed and gelation occurs. This result strongly
supports the proposed polymerization mechanism and network
structural evolution process illustrated in Figures 1 and 2,
respectively.

The delayed gelation of the thiehllyl ether—methacrylate
system also results in lower ultimate shrinkage stress. Figure 4
presents the shrinkage stress of the above three systems as a
function of the total double bond conversion. The final shrinkage
stress of the methacrylate system (BisGMA/TEGDMA 70/30)
reaches 2.5t 0.2 MPa while the thictene system exhibits a
final stress of~1 + 0.1 MPa under these conditions. This
difference arises because of the delayed gelation of the-thiol
ene polymerization as explained previously. The ultimate
shrinkage stress of the ternary systenyis3+ 0.2 MPa, which
is half of the final stress of the methacrylate system and nearly
that of the thiol-ene system. If the final stress value is
normalized by the functional group conversion, the normalized
final stress of the thietene and the ternary systems are 3.5
and 2.5 times lower than that of the methacrylate system,

stress is almost immediately developed upon polymerization of respectively. In addition to providing supporting evidence on

the methacrylate due to the low gel point. In the thiehe

system, shrinkage stress is significantly lower than the meth-

two separate polymerization mechanisms of the ternary system,
this result also suggests that the thiallyl ether—methacrylate

acrylate system due to delayed gelation resulting from the stepsystems exhibit significantly delayed gelation and reduced
growth polymerization mechanism. The volume shrinkage that polymerization induced shrinkage stress during polymerization.
occurred prior to the gel point does not result in shrinkage stressThe reduced stress of the thiadllyl ethe—methacrylate
development because viscous liquid flow accommodates thesystems is of great interest for applications requiring low
shrinkage without leading to stress development. The thiol and shrinkage stress such as electronic material coatings and

ene monomers used in this study are tetra- and trifunctional,

respectively. In this case, the gelation occurs4®% functional
group conversion. As shown in Figure 3b, thi@ne poly-
merization shows nearly zero shrinkage stress untdl%
conversion, and then the stress increases. Like the-thité
system, the thietallyl ethe—methacrylate system exhibits a

polymeric resins for dental restorations.

The reduced shrinkage stress of the ternary system is primarily
due to the polymerization kinetics that result in delayed gelation.
Examining the dark polymerization kinetics provides further
supporting evidence that gelation does not occur during the first
polymerization regime. When the initiating light source is turned

unique shrinkage stress evolution process, as shown in Figureoff during the first stage, the polymerizations immediately cease
3c. The shrinkage stress does not increase until 40 s, by whichbecause the radicals rapidly terminate due to higher mobility.

time the methacrylate conversion1$50%. The stress begins
to develop right before the allyl ether starts to polymerize. This

In the second stage, when the initiating light is turned off, the
polymerization continues for a time in the dark, indicative of



Macromolecules, Vol. 40, No. 5, 2007 Thiol—Allyl Ether—Methacrylate Ternary Systemsl477

10— 77 77— 100 06

804 o

3
% Conversion

% Conversion

Time (sec)

Figure 6. Polymerization-induced shrinkage stress and double bond
conversion of PETMPTATATO —BisGMA (BisGMA 50 wt %) as a
function of polymerization time: methacrylatelYand TATATO (»)
conversion and shrinkage stre@.(Samples contain 0.1 wt % DMPA
and are irradiated at 15 mW/émsing 326-500 nm light.

ternary systems are appropriate as polymeric resins for dental
restoration. When BisGMA is used as the methacrylate in the
ternary system, the glass transition temperature of the ternary
mixtures becomes comparable to Tyef the current BisSGMA/
TEGDMA 70/30 mixture (as discussed later). Figure 6 illustrates
the shrinkage stress and double bond conversion of a PETMP
TATATO—BisGMA ternary mixture. The BisGMA content is

50 wt %, and the PETMP/TATATO ratio is 1:1.4. Because the
thiol peak is not measurable for this system with the NIR
technique, only the two double bond conversions are plotted
along with the shrinkage stress. The same polymerization
tendency is observed as shown in Figure 3c. After80% of
BisGMA double bonds polymerize, the thiehllyl ether begins

% Conversion

Time (sec)

Figure 5. Functional group conversions of (A) methacrylate and (B) ¢, polymerize, exhibiting the same polymerization regimes

allyl ether double bonds of PETMPTATATO—HDDMA ternary .
systems during dark polymerization. UV light is cut off after ZB)( observed previously.
40 (v), 60 (»), 80 (©), and 100 sI{). HDDMA content is 50 wt %, The shrinkage stress as a function of the methacrylate, allyl
and the TATATO/PETMP functional group ratio is 1:1. Samples contain ether, and total double bond conversion of the PEFMP
I(l)glhtWt % DMPA and are irradiated at 15 mW/2esing 326-500 nm TATATO—BisGMA ternary mixture is presented in Figure 7.
As expected from the polymerization kinetics, the final shrinkage
reduced mobility associated with the network development. stress is significantly reduced as compared to the BisGMA/
Figure 5 presents methacrylate and allyl ether conversions of TEGMA system. For the sample containing 50 wt % BisGMA,
the PETMP-TATATO —HDDMA ternary mixture during dark  the shrinkage stress does not begin to develop until 50%
polymerization reactions. The HDDMA content is 50 wt %, methacrylate double bond conversion while the stress begins
and the thiol/allyl ether functional group ratio is maintained at to increase after 3035% methacrylate conversion in the sample
1:1. The polymerizations are stopped at 20, 40, 60, 80, and 100containing 70 wt % BisGMA. With increasing BisGMA content,
s after initially turning the light on. It is clearly seen that only chain transfer of methacrylate radicals to thiols decreases,
minimal conversion of both methacrylate and allyl ether double resulting in the formation of a cross-linked network at lower
bonds occurs when the UV light is turned off after 20, 40, and methacrylate conversion. Also, the shrinkage stress of the sample
60 s of polymerization. When polymerization is stopped after containing 50 wt % of BisGMA gradually increases with
80 s of UV irradiation, both methacrylate and allyl ether double increasing TATATO conversion up to 45%. On the other hand,
bonds continue to react during the dark polymerization period. the shrinkage stress increases rapidly with increasing TATATO
Approximately 5% and 25% increases in the double bond conversion for the sample containing 70 wt % BisGMA. With
conversion are observed during the dark polymerization period increasing BisGMA content (70 wt % BisGMA), higher
when the polymerizations are stopped at 80 and 100 s, molecular weight methacrylate oligomers capped with thiol
respectively. This result indicates that the mobility in the system functional groups are produced during the first polymerization
decreases significantly after the first polymerization regime. regime. In this case, gelation occurs significantly earlier because
Only after the allyl ether begins to polymerize, during the early the system contains higher molecular weight multifunctional
portion of the second polymerization stage, does dark poly- methacrylates and thiol oligomer. When relatively low molecular
merization occur. It should be noted that pure methacrylate weight methacrylate oligomers capped with thiol functional
systems exhibit significant dark polymerization even when groups are formed in the first polymerization stage (50 wt %

polymerizations are stopped nearB0% conversioi! This BisGMA), gelation is delayed compared to the sample contain-
result is consistent with the proposed shrinkage stress developing 70 wt % BisGMA. Even with early gelation of the sample
ment mechanism of the ternary systems. containing 70 wt % BisGMA, the ultimate shrinkage stress

Further studies on the shrinkage stress of the ternary systenmvalues of both samples are approximately the same#1011
containing BisGMA as a methacrylate component provide and 1.1+ 0.2 MPa for 50 and 70 wt % BisGMA content,
information about whether the thiehllyl ethe—methacrylate respectively). This outcome is due to the lower double bond
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£ content. The increase df with increasing HDDMA content
P osl is explained by the increase of the high& component
(HDDMA), relatively long methacrylate chain length, and the
high cross-link density due to limited chain transfer to thiol
0.0 ; ; , . although HDDMA conversion decreases. With decreasing
0 2 4 & & 10 HDDMA content, chain transfer to thiol reduces the cross-link
% Conversion density and, hencél. The samples containing more than 70

wt % thiol—ene exhibit &l increase likely due to the limited

Figure 7. Shrinkage stress of PETMATATATO —BisGMA mixtures HDDMA content. The presence of even 10 wt % of HDDMA
as a function of (1) TATATO, (2) BisGMA, and (3) total conversion - - . .
for the samples that contain 50 (A) and 70 wt % (B) BisGMA with the OPViously has a detrimental effect on the mechanical properties

reminder containing a 1:1 molar ratio of thiol to allyl ether functional Of the pure thio{—_ene. o
groups. Standard deviations at®.08 MPa andt0.2 for 50 and 70 The second thietene-ene ternary system, the thiebinyl

wt % BisGMA content, respectively. Samples contain 0.1 wt % DMPA  ether-methacrylate mixture, exhibits different polymerization
and are irradiated at 15 mW/érsing 326-500 nm light. kinetics as compared to the thiedllyl ether—methacrylate

. . . _ systems? It is expected that the different polymerization
conversion of the sample with the higher BisGMA content. If | 1o hanism must have a different effect on the mechanical

the final_shrinkage stress is normalized by the tot_al double bond properties. Figure 8 also shows tRgchange of the PETMP
conversion, the shrinkage stress of the 79 wt % BisGMA sample TEGDVE—HDDMA mixtures as a function of the thielene
is ~30% higher than for the 50 wt % BisGMA sample. content. Interestingly,Ty increases with HDDMA content

In addition to polymerization-induced shrinkage stress, the continuously. It is expected that in the thiatinyl ether
unique two polymerization regimes of the ternary system affect methacrylate systems the effect of the chain transfer reaction
mechanical properties. In a previous report, we described theon the cross-linked network structure and mechanical properties
effect of the thiol functionality on the glass transition temper- increases continuously with increasing thiene content. On
ature and the rubbery storage modulus. Both properties signifi- the other hand, in the thislallyl ether-methacrylate systems,
cantly increase with increasing thiol functionality. Because of this effect does not continuously increase with increasing-thiol
the significant effect of the thiol content on the polymerization ene content because of the two different polymerization stages.
kinetics as shown in Figure 7 and the previous report, it is  When BisGMA is used instead of HDDMA, enhanced
expected that the mechanical properties and network structuremechanical properties of the thieallyl ether—methacrylate
of cured materials are altered by changing the thiol concentra- ternary system are obtained. The highest obtain@pl&éom
tion. In fact, the mechanical properties of the thiallyl ether- the PETMP-TATATO—HDDMA mixtures is~80 °C. Figure
methacrylate ternary systems, as a function of thiol content, are9 presents the tangentas a function of temperature for the
affected by several factors. As explained previously, the PETMP-TATATO—-BisGMA mixtures. TheT, of the ternary
methacrylate chain length decreases dramatically with increasingsample containing 50% of BisGMA is83 & 2 °C, comparable
thiol content. However, it is also notable that the conversion of to the highesTy of the PETMP-TATATO—HDDMA mixtures.
methacrylate, allyl ether, and thiol functional groups increase Interestingly, the ternary sample containing 70 wt % BisGMA
with increasing thiol content. Reduced methacrylate chain length exhibits two peak maxima at 98 3 and 115+ 4 °C. This
decreases the cross-link density while enhancing the final result is primarily due to the low TATATO and thiol conversion
conversion of the three functional groups increases the cross-in this sample and the associated continuing reaction. When
link density. Also, as methacrylates exhibit higher glass transi- the sample is reheated, tfigincreases significantly (13& 4
tion temperatures than thieknes, increasing the methacrylate °C), and only one peak is observed. This value is higher than
content enhances tlg of the thiol-allyl ether—methacrylate the Ty of a BiSGMA/TEGDMA 70/30 mixture. This increase is
mixtures. Figure 8 shows the glass transition temperature of due to the reaction between unreacted thiol and allyl ether
the thiol (HDT or PETMP}-TATATO—HDDMA mixtures as functional groups during the first heating cycle, resulting in
a function of thiot-ene content. As expectet increases with increased cross-link density. Upon heating, the trapped radicals
increasing methacrylate content. However, an interesting resultpresent in the sample initiate the polymerization of unreacted
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polymerization regime, the initial thiol concentration has a
081 (A) dramatic effect on the glass transition temperature and other
properties. Ultimately, this work shows that thid@llyl ether—

c 09 methacrylate ternary systems have significant potential for the
g development of high-performance polymeric resins with low
2 041 shrinkage stress and enhanced mechanical properties comparable
i o to methacrylates.
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