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Factors affecting polymer network organization were studied in highly crosslinked acrylics of the
type used in dental adhesive resins. The variables tested were comonomer content and processing
conditions. BisEMA (2.2,-bis[4-(2-methacryloyloxyethoxy)-phenyl]propane) and BisEMA + TEGDMA
(triethyleneglycol dimethacrylate) were cured with and without 25% comonomer. Comonomers had
characteristics that are expected to influence intrachain organization in amorphous phases: TEGDMA.
crosslinking; methyl methacrylate (MMA), monomer conversion; isobornyl methacrylate (IBM), low
cure shrinkage: tetrahydrofurfuryl methacrylate (THFM), antiplasticization. Dynamic mechanical anal-
ysis temperature scans were run at 0.1 Hz 2h or 24h after ambient cure, or 24h postcure after heating
at 75° or 125°C. After 24h, tan 3 maxima occurred in ranges centering on approximately —30°, 75° and
150°C (T,). Heating at 125°C nearly eliminated all peaks except T,. reduced tan & peaks and increased
T, by 0-14°. T, increased in the order: TEGDMA>125°C>IBM>MMA>75°C>2h>24h>THFM. The
ability to crosslink, and postcure heating at 125°C, were the more important factors found to increase
intrachain organization in amine-promoted, unfilled BisEMA resins of the type used in dental scalants,
luting cements and bulk-filling resin composite materials.

KEY WORDS acrylics; adhesion; crosslinking: dynamic mechanical analysis: glass transition; heat
treatment: interphase; intrachain organization; polymer.

1 INTRODUCTION

Biomedical adhesives function well initially but deteriorate too rapidly to last the
lifetime of the patient. This is particularly a problem with adhesive resins used for
oral reconstruction purposes. Such materials are used as sealants, luting cements
and bulk-filling adhesives. They are subjected to the severe mechanical, physical
and chemical environment of the mouth and are required to maintain appear-
ance as well as function. The major limitations on the useful lifetime of the highly
crosslinked methacrylate resins used for these purposes result from four interrelated
problems: 1) Shrinkage during curing, 2) incomplete curing, 3) mismatch between
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the thermal expansion/contraction of the resin and the tooth, and 4) degradation
in the oral environment.! People are living longer, keeping their teeth longer and
demanding more attractive fillings. These trends are leading away from silver
amalgam and creating a growing demand for long lasting, polymer-based adhesive
restorations. Consequently, current products are frequently used at and beyond
their performance limits. Although substantial progress has been made in finding a
balance among the various technical requirements, many conflicting needs remain,
particularly those related to long term performance.

An increase in intrachain network organization generally enhances thermody-
namic stability and, hence, durability. Thus, resin adhesives should be improved
by increased organization within the polymer network. Polymer microstructure can
range from crystalline to totally random-coil (amorphous) within the same material.
Further, the amorphous phase is usually not homogeneous. Rather, it consists of
varying degrees of chain alignment all of which are less ordered than the lowest
energy, crystalline state. This condition can be characterized by the degree of inter-
and intrachain order in the amorphous state, which is mainly determined by the
composition and structure of the polymer, presence of plasticizing components,
filler content and temperature. A premise of this investigation is that improvements
in the performance of the highly crosslinked, thermosetting resins used in dental
adhesives can be gained through strategies that increase polymer network organiza-
tion. This is because more highly ordered structures are more thermodynamically
stable structures and, therefore, inherently more durable.

Network organization is dependent on the degree of chain-to-chain segmental
alignment, crosslinking, presence of pendent groups, filler loading, residual stresses
and other factors that influence segmental organization.? Dynamic mechanical ther-
mal analysis (DMA) is a particularly sensitive method for studying these factors.
DMA subjects a specimen to a cyclic (i.e., dynamic) force and measures the re-
sponse of several parameters as a function of either frequency or temperature. In
particular, the mechanical energy lost as heat (E") and the recoverable mechanical
energy stored in the material (E') can be measured as temperature is increased.
The ratio E"/E’ is defined as the loss tangent, tan 8. Tan & is sensitive to microstruc-
ture and always exhibits a maximum at T, the glass transition.’

An increase in glass transition temperature and lowered intensity of tan 8 peaks
are evidence of increased polymer network organization. Demarest and Greener?
recently showed that, in acrylics, T, increases in proportion to the volume fraction,
V. of a high aspect-ratio mica filler. This was explained as a result of an increase
in polymer-segment organization in the interphase between the filler surface and
the bulk of the matrix polymer. In general, as T, increases, the performance proper-
ties of dental adhesives can be expected to improve.* The relatively low T, values
observed for most dental adhesives have been attributed to incomplete conversion
of diacrylate monomer and the formation of pendent methacrylate groups.* This
results in incomplete crosslinking and a network inherently plasticized and suscep-
tible to oxidative degradation.*” Thus, in order to improve properties significantly,
a better organized polymer chain network is needed at the molecular level.® This
is particularly true in the interphase regions at the filler-matrix and tissue-matrix
interfaces,” which are critical for adhesive performance.
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The aim of this investigation was to examine several experimental resin formula-
tions to determine how comonomer composition influences T, and the intensity of
the loss tangent, tan 8, in the absence of filler. Other important factors that are also
expected to influence adhesive performance, such as filler loading, size and shape
of filler, hydrolytic stability and environmental degradation, are planned for later
studies. Through these investigations we expect to gain insights into the mechanisms
that influence polymer organization in the amorphous-phases and interphases of
resin adhesive structures. Our ultimate objective is to use these insights to develop
stronger, more durable biomedical adhesive materials. The results reported here
represcnt the initial step in this plan.

2 EXPERIMENTAL METHODS

Materials

A series of experimental compositions were prepared such that each contained
a particular comonomer that could potentially influence polymer network orga-
nization. The monomers and other components used to prepare the experi-
mental compositions are shown in Table I. Two basic compositions, one based
on BisEMA (2.2.-bis[4-(2-methacryloyloxyethoxy)-phenyl]propane) and the other
on BisSEMA + TEGDMA (2:1, w/w) were cured with and without 25% w/w of
various comonomers. Comonomers had reported characteristics that indicated
a potential to affect network organization: triethyleneglycol dimethacrylate
(TEGDMA =T, crosslinking), methyl methacrylate (MMA =M, monomer conver-
sion), iso-bornyl methacrylate (IBM =1, low cure shrinkage’), tetrahydrofurfuryl

TABLE |
Compositions of experimental resin formulations
Components* 50% BisEMA 75% BisEMA 100% BisEMA
(E:T:C:=2:1:1)* (E:C=3:1)* (E:C=3:0)
Weight %
BisEMA 50 50 50 50 75 75 75 75 100
TEGDMA SG25 25 25 25
IBM 25 25
THEMA 25 25
MMA 25 25
Molar %
BisEMA 61 64 67 70 83 8 89 93 100
TEGDMA 39 20 21 22 17
BM 16 14
THEMA 12 11
MMA 8 7

“Underlined letter in component name identifies abbreviations used: E= BisSEMA, C=variable
comonomer=T (TEGDMA). I (IBM), F (THFMA) or M (MMA).

"Other components used in all formulations: 5.8% BP (BP=70% active), 0.68% DHEPT,
BP/DHEPT =9 w/w = initiator/accelerator ratio. This produced a 3-5 min setting time for all for-
mulations.
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methacrylate (THFM =F, antiplasticization®). Benzoyl peroxide (BP) and dihy-
droxyethyl p-toluidine (DHEPT) were used, respectively, as initiator and accel-
erator.

Methods

Four factors relating to composition (conversion of acrylate groups, antiplasticiz-
ing, cure shrinkage and crosslinking) and two processing factors (time for ambient
cure and temperature of postcure heating) were studied. These factors are known,
or have potential, for strongly influencing polymer organization in composite
systems. Model compositions were prepared having components that exhibit useful
or attainable extremes (i.e., they either enhance or depress the effect) for each of
these variables (Table I). These were tested to identify those having the greater
influence on tan 3. As shown in Table I, BisSEMA was the major ingredient and
three sets of comonomer formulations were used. These were 100%, 75% and 50%
w/w BisEMA plus comonomers (T and/or I, F, M, as shown). Factors that were
varied as a consequence of changes in the comonomer composition were: cross-
linking, degree of conversion, antiplasticizing effect (high T, comonomer), and
molar volume per methacrylate group (cure shrinkage).

Test specimens were prepared by mixing ingredients and curing them in 1 x 3 x20
mm molds. A Perkin-Elmer DMA-7 dynamic mechanical thermal analyzer (DMA)
was used to determine glass transition temperature, T,, from peak values of tan §.°
The extent of cure was routinely estimated by hardness measurements with a
Durometer D-scale indenter. A DMA measurement consisted of scanning at 0.1
Hz and 3 deg/min to a temperature of approximately 200°C. Initial survey scans
starting at — 100°C showed that the transitions of greatest interest occurred above
0°C, which was used as the starting point for most of the subsequent temperature
scans. DMA scans were run either 2h or 24h after ambient cure with BP/DHEPT
(5.8 wt 9%/0.68 wt %), or 24h postcure followed by heating at either 75° or 125°C.
Postcure-treatment specimens were held at either 75° or 125°C for a time (approxi-
mately 10 minutes) sufficient for the storage modulus, E’, to increase to a plateau
value. These specimens were then cooled and scanned to about 200°C in the same
manner as the others. The 75°C postcure temperature was chosen because, fol-
lowing ambient cure, a transition occurred in this region that appeared to be due to
incompletely converted monomer (which would plasticize the polymer and lower
T,). This was evident from survey scans in which the transition shifted to a higher
temperature upon scanning a specimen for a second time. The 125°C postcure treat-
ment was chosen because the 75°C treatment revealed a transition in this region
(e.g., see Fig. 1).

3 RESULTS

Typical results are shown in Figs. 1 and 3, and are summarized in Figs. 2, 4 and 5.
At 24h after initiation of cure, transitions occurred in ranges centering on approxi-
mately —30°, 75° and 150°C (150° is due to the glass transition, T,). Heating at 75°
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FIGURE 1

AMORPHOUS-PHASE ORGANIZATION
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increased modulus, reduced the —30° and 75° peaks and shifted the 75° and T,
peaks approximately +30°and =3°, respectively. Asshownin Figs. 1 and 4, heating
at 125° nearly eliminated all peaks except T,, and reduced and shifted T, between
zero and + 14 degrees. Figs. 3, 4 and 5 show that the effect of the comonomer was
to increase T, in the order: TEGDMA>IBM=MMA>THFM. In Figs. 2, 3 and 5§
it can be seen that comonomer decreased the intensity of tan 8 at T, in the order:
TEGDMA>MMA=THFM>IBM. These effects, as a function of both the type
and concentration of comonomer, are illustrated in Figure 5.

4 DISCUSSION

Inspection of the figures reveals the following:

1. A transition occurs in the 60°-160°C range and another in the 135°-175°C
range. The loss tangent (tan 3) at these transitions decreases in intensity and
shifts to higher temperatures in response to the presence of specific co-
monomers and various processing conditions.

2. The 60°-160°C transition is probably due to plasticized polymer and/or poly-
mer segments or domains containing pendent chains from unreacted acrylic
end groups, since it decreases with both time after curing and postcure heat-
treatment temperature.

3. The transition at 135°-175°C is an a-transition (i.e., T,) in which amorphous
phase(s) change from a glassy to a flexible state.

2BiIsEMA+TEGDMA+C 3 BisEMA +C
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FIGURE 5 Effect of Comonomer on T, and Tan 8 in E:T:C=2:1:1 and E:C=3:1, 24h Ambient-
curc Resins. See Table | for comonomer identification.
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4. Heating at 125°C had the strongest effect on elevating T, and reducing tan 8
in both transition regions, while heating at 75°C had a smaller, but similar,
effect which was more dependent upon comonomer composition.

5. Only crosslinking comonomers, TEGDMA and BisEMA, had a major effect
on both maximizing T, and minimizing loss tangent (tan §).

6. Concentration of comonomers had very little effect in the 25%-50% w/w
(7%-39% molar) range.

7. Among the non-crosslinking comonomers, IBM has the strongest effect on
elevating T, but the weakest effect on reducing tan 3, while THFMA is the
least effective in elevating T,.

8. MMA shows evidence of increasing the degree of monomer conversion at
ambient temperature.

9. Between 2h and 24h ambient cure time, very little change occurred except for
the copolymer with 50% w/w TEGDMA (E:T:T=2:1:1, Table I). For this
composition T, was 170°C after 2h and decreased to 161°C after 24h. From
the current results we have no explanation for this.

Overall, the factors found to influence changes in T, and tan & in amine-promoted,
unfilled BisEMA resins, in decreasing order of effect, are:

Crosslinking comonomers (TEGDMA and BisEMA)
125° postcure heating

Comonomer producing high T, (IBM)

Comonomer with high conversion efficiency (MMA)
75°C postcure heating

2 hour ambient-cure

24 hour ambient-cure

Antiplasticizing comonomer (THFMA)

THOmoTO0Ow >

The effects labeled with the same letter (A, B erc.} are not significantly different at
p<<0.05 (Student’s t-test). The strong-effect extreme of this relationship is character-
ized by an elevated T, and depressed tan & peaks in both transition regions. The
weak-effect extreme is characterized by a depressed T, and elevated tan & in both
transition regions. Interestingly, within the range of factors studied, the optimum
composition was found to include those factors that are utilized with many commer-
cial resin composites used as adhesive tooth-filling materials. Also, resin composites
used as inlays to restore decayed teeth have been found to display optimized me-
chanical properties when cured in the 100°~150°C range'” and optimum 3-body wear
resistance when cured at 125°C."!

On the basis of the observed elevations in T, and decreases in loss tangent, we
conclude that crosslinking monomers and post-cure heating at 125°C have the
stronger effects on intrachain organization in unfilled BisEMA-based acrylic resins
cured under ambient conditions. We would also predict that, other factors being
equal, the performance of acrylic adhesive materials can be optimized by selecting
crosslinking comonomers and postcure heating conditions that minimize tan & and
maximize T,. These and other factors, filler and coupling agent characteristics in
particular, will be the subject of future studies.
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