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Abstract

Objective: The goal of this study was to characterize the light curing characteristics of a new
oligomer PEM-665 designed to be used as an alternative monomer to BisGMA.

Materials and methods: PEM-665 (P) and BisGMA (B) solutions were prepared with triethylene
glycol dimethacrylate (T) diluent in different weight proportions (70/30 and 50/50). Solutions
containing 70% P and 30% T were designated as 70PT, 70%B and 30%T as 70BT, 50%P and
50%T as 50PT and 50%B and 50%T as 50BT. The initiators were CQ (EDMAB was used as amine
accelerator for CQ) and DPO in 1% concentration. Eight solutions were prepared in a factorial
design: 70PT/DPO; 70PT/CQ; 50PT/DPO; 50PT/CQ; 70BT/DPO; 70BT/CQ; 50BT/DPO; 50BT/CQ.
BISCO VIP visible light was used to cure the monomer solutions using 30 s exposure time and
400 W power setting. TA Instruments Differential Scanning Calorimeter (DSC 2910) was used to
determine the heat of cure (J/g) during polymerization at 37 °C, from which molar heat of cure
(kJ/mole) and %Conversion values were estimated.

Results: Range of mean values as a function monomer selections were: heat of cure (J/g): 161.7
for 70PT/DPO system to 198.6 for 50BT/CQ system; molar heat of cure (kJ/mole): 67.3 for 70BT/
DPO to 78.86 for 50PT/CQ; % conversion: 59.9 for 70BT/DPO to 70.3 for 50PT/CQ. Analysis of
variance and Tukey HSD pairwise contrast showed statistically significant differences between
% conversion means of PEM and BisGMA mixtures, with PEM mixtures showing significantly
higher mean values.

Conclusions: The results suggest that PEM-665 is a promising candidate material for dental
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polymer applications.

Introduction

Dental composites are the mainstay of esthetic restorative
materials used in dentistry. Despite its widespread use in
restorative dentistry, the limitations of composite resin
technology are also widely recognized. Many brands of
composites use dimethacrylate monomers for the composites.
One of the primary reasons for such use is the ease with which
they can be cured by visible light activation, a convenient and
popular chair-side dental restorative procedure. The compos-
ite resins comprise a resin monomer and filler particles, and
when the monomer is cured through light activated curing
agents, it becomes the matrix in which the filler particles are
dispersed and embedded. Most of the important properties of
the composites are determined by the choice of the monomer,
filler particulate composition, size and size distribution of
filler particles as well as the efficacy of the filler-resin
interfacial bonds. Although there have been significant
improvement and diversification of monomer and filler

choices in recent years,[1-4] BisGMA, developed by the
pioneering work of Bowen,[5] is still one of the more popular
dimethacrylate resins extensively used in dentistry. Bis-GMA
is however derived from Bisphenol-A (BPA). BPA is
considered as a xenoestrogen, and it belongs to a group of
chemicals termed as ‘‘endocrine disruptors’’ that are able to
disrupt the chemical messenger system in the body.[6—11]
There is growing international concern about man-made
endocrine disrupting chemicals. Therefore, there is consider-
able interest in finding new monomers not derived from BPA,
but at the same time retains the facile light curing charac-
teristics of dimethacrylate moiety.

Recently, a cycloaliphatic polyester dimethacrylate oligo-
mer (PEM-665, hereafter referred to as only PEM) has been
introduced commercially by Designer Molecules Inc. (San
Diego, CA) as a new monomer for dental applications. A
comparison of the monomer structural features appears to
indicate distinct differences between the structures of PEM
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Figure 1. Structures of monomers used in the
study (A) bisGMA (B) PEM (C) TEGDMA.
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and BisGMA monomers. The monomer structures are shown
in Figure 1(A) and (B). The main differences are (a) the
presence of hydroxyl group in the BisGMA monomer, but not
in PEM (b) the presence of the bulky aromatic groups in
BisGMA, but not in PEM and (c) the presence of
cycloaliphatic groups in PEM, but not in BisGMA. PEM, as
the structure indicates, is also not a derivative product of
BPA. In addition to these chemical structural differences,
there are other differences. The molecular weight of PEM
monomer (M.W.:665) is higher than that of BisGMA
monomer (M.W.:512). The viscosity of PEM (1 =3.0Pas) is
less than half of that of bisGMA (n=7.2Pas) at 50°C.[12]
These structural and property characteristics indicate that
PEM is potentially a viable alternative to the BisGMA
monomer for dental composite resins. Unlike BisGMA, and
other aliphatic monomers such as urethane dimethacrylates,
there is only limited work in cycloaliphatic systems.
Podgorski[13] recently reported synthesis and characteriza-
tion of novel dimethacrylate monomers with bulky bicycloa-
liphatic rings and revealed promising results for their
potential use as dental monomers with improved conversion
and reduced shrinkage. A number of other articles have also
recently appeared in which dimethacrylate formulations not
derived from bis-phenol A have been characterized as
alternatives to BisGMA.[14-22] The main focus in these
investigations was to improve conversion, reduce shrinkage
and/or eliminate bis-phenol A as one of the source materials.
Promising results have been reported in the target objectives
in most systems. PEM is a new cycloaliphatic polyester
dimethacrylate recommended for dental applications, but
there is little published documentation of its feasibility for use
as a dental monomer. For convenient use in dentistry, any
candidate monomer for direct restorative use must be readily
polymerizable by visible light activation. In this study, our
goal was to characterize and evaluate PEM curing response to
typical light activation conditions used in chair-side curing of
commercial dental composite resins. The light activated
curing characteristics of PEM were investigated by measuring
the heat of cure during polymerization. BisGMA was used as
a control. We used the same diluent monomer triethylene
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glycol dimethacrylate (TEGDMA) for comparison. The main

variables considered were two monomers, two monomer/

diluent ratios and two initiators. Molar heat of cure and %
conversion were estimated under standardized conditions of
light cure. The following hypotheses were tested:

(1) There are significant differences in molar heat of cure
and % conversion between the two monomers (with
typical monomer/diluent ratios) under identical light
activation conditions.

(2) There are significant differences in the molar heat of cure
and % conversion of the monomers as a function of
initiator differences under identical light activation
conditions.

Materials and methods
Materials

Table 1 lists the materials used. PEM and BisGMA were
evaluated as the primary monomers. TEGDMA, a monomer
used in many commercial composite resins, was used as a
diluent monomer for both. Figure 1(A)-(C) shows the
monomer molecular structures. Two monomer/diluent pro-
portions (70/30 and 50/50 by weight) were used for the
comparison. These monomer mixtures are designated 70PT
and 50 PT for solutions containing PEM-TEGDMA, and
70BT and S50BT for those containing BisGMA and
TEGDMA, respectively. Camphoroquinone (CQ) with ethyl-
4-dimethylaminobenzoate (EDMAB) as co-initiator, and
diphenyl(2,4,6-trimethoxybenzoyl) phosphinoxide (DPO)
were evaluated as visible light photo initiators for both
monomer groups. 1(w)% Initiator was added in both cases.

Experimental method for heat of cure

A TA Instruments (New Castle, DE) DSC model 2190 was
used to study the heat of cure during light-activated
polymerization. The curing light was mounted on a support-
ing stand with a clamp and the light tip was placed on top of
the open DSC cell as shown in Figure 2. Such an arrangement
standardized the uniformity of the light exposure conditions
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Table 1. Materials.
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Material

Manufacturer

Cycoaliphatic polyester dimethacrylate (PEM-665)

1

2 Bisphenol A glycidylmethacrylate (BisGMA)
3 TEGDMA

4 Camphoroquinone (CQ)

5

Diphenyl(2,4,6-trimethoxybenzoyl) phosphinoxide (DPO)

Designer Molecules, Inc., SanDiego, CA
Esstech Inc., Essington, PA

Sigma Aldrich, St. Louis, MO

Sigma Aldrich, St. Louis, MO

Sigma Aldrich, St. Louis, MO

Figure 2. DSC set up for heat of cure measurements. The VIP light is
mounted on a stand with the light tip at the top of the DSC cell. The light
tip was maintained at the same distance from the sample pan to ensure
uniform light exposure conditions during all experiments.

throughout the experiments. About 25-30 mg of the monomer
solution containing initiator was placed in the aluminum
sample pan of the DSC cell. A similar blank aluminum pan
was used as the reference pan. The temperature during
polymerization was maintained at 37°C by programmed
temperature control of the DSC by the Thermal Advantage
Program. A VIP light cure unit (BISCO, Schaumberg, IL), at
400 W power setting, was used for light curing. Experiments
were done with four successive 30-s light exposures to follow
heat-flow (W/g) during and after initial polymerization, as
shown in Figure 3. The exotherm during the first light
exposure included heat of polymerization and any heat
generated by the light itself. To correct for the heat from
the light, three additional light exposures were used to get an
average exotherm from light alone. The heat of cure was
determined by the difference between the first exotherm and
the average of the exotherms from the next three light
exposures. A total sample size of N =24 was used.

Calculation of molar heat of cure and % conversion

The equivalent molecular weight of a monomer mixture was
estimated using the mole-fractions of the monomers in the
mixture. The molecular weights of the monomers are
PEM = 665, BisGMA =512 and TEGDMA = 286. Mole frac-
tions of the monomers in the monomer groups studied were
estimated from weight fractions using the formula below:

20 -
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50PT/CQ
15
o
= 101
2
]
o
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T 2.35min 3.83min 5.29min
0+ - S —H- t
0.41min 1.88min 3.35min 4.81min
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Figure 3. Heat flow(W/g) change as a function of light exposure time.
The first exotherm represents the heat generated (J/g) by monomer
conversion as well as the heat contributed directly by the light. The
subsequent exotherms show approximately the same amount of heat and
is associated only with light.

Mole fraction(Mf) of monomer A in a A
— B monomer mixture

(Mwora)

l[(&‘@izﬁﬁ)+(m&2§‘§ﬂ]
Mf of monomer B in the same mixture =1 — Mf of A.

The estimated mole fractions for the different monomer
groups were:

70 BT: BisGMA 0.566, TEGDMA 0.434; 50BT: BisGMA
0.358, TEGDMA: 0.642;

70 PT: PEM 0.501, TEGDMA 0.499; 50PT: PEM 0.30,
TEGDMA 0.70.

Based on these mole fractions, equivalent molecular
weights of the monomer mixtures were calculated by
assuming the rule of additive mixtures (assuming no
interactive effects in the heat of polymerization of monomer
mixtures):

70 BT: (0.566 x 512 +0.434 x 286) =413.9
50 BT: (0.358 x 512+ 0.642 x 286) =366.9
70 PT: (0.501 x 665 +0.499 x 286) =475.9
50 PT: (0.30 x 665 +0.70 x 286) =399.7

The molar heat of cure for each monomer mixture was
estimated by multiplying the heat of cure (J/g) with the
equivalent molecular weight of the monomer mixture and
expressing it in kJ/mole.
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Table 2. Summary of ANOVA results.

SOURCE DF Ss MS P
IN 1 35.62 4.10 0.0598
M 3 285.26 10.95 0.0004
IN*M 3 5.11 0.19 0.8972
Error 16 138.91 8.68 -
C Total 23 464.92 - -

Significance levels of the effects of Initiator (IN), monomer (M) and
initiator-monomer interaction (IN*M) on % conversion (means).

220 1 =CQ
Heat of cure, W/gm uDPO

200 -
180 1
160 1
140 |
120 4
100 A . . :

70BT 70PT 50BT 50PT
——o—> Monomer

Heat of cure, j/igm

Figure 4. Bar graph of heat of cure (J/g) means and (SD) for different
monomer mixtures. Note the higher heat of cure means associated with
diluent-rich monomers, as expected.

The molar heat of cure for 100% conversion of each
methacrylate group, evaluated for a series of monomers, is
56 kJ/mole.[23] Since we used dimethacrylate monomers,
the heat of cure for 100% conversion was assumed as
112kJ/mole. The fraction of the experimentally determined
molar heat of cure for each dimethacrylate monomer mixture
to that of the heat of cure for 100% conversion of a
dimethacrylate monomer (112 kJ/mole), when expressed as a
percentage gives us the % conversion for the respective
monomer mixture, and this was also estimated.

Statistical analysis

The estimated % conversion data were analyzed by two-way
analysis of variance (ANOVA) with monomer group and
initiator system as independent variables (Table 2).
Significant differences between means of % conversion
levels were evaluated at a significance level of a=0.05,
both as function of monomer groups and initiator systems.
When ANOVA results confirmed significant differences
between means, pairwise Tukey—Kramer contrast was also
used to test significant differences between individual groups.
Statistical analysis was done with JMP statistical Program
version 10 (SAS Statistical Institute, Corey, NC).
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Figure 5. Bar graph of molar heat of cure (kJ/mole) and (SD) for
different monomer mixtures. Note the higher molar heat of cure means
for PEM mixtures vis-a-vis BisGMA mixtures.
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Figure 6. Bar graph of % conversion means and (SD) for different
monomer mixtures.

Results

Figure 4 is a bar graph of the means and (SD) of the heat of
cure (J/g) data. The heat of cure data shows higher values for
monomer mixtures with higher diluent proportions in both
BisGMA and PEM groups. Since the molecular weight of the
diluent monomer is significantly lower than that of the
primary monomer in both PEM and BisGMA systems, the
heat of cure values expressed on per gram basis is expected to
be higher for diluent-rich mixtures.

Figure 5 is a bar graph of the means and (SD) of the molar
heat of cure (kJ/mole). The data now show that PEM-based
monomer groups have higher molar heat of cure mean values
in both CQ initiator-based subgroup and DPO initiator-based
subgroup. The molar heat of cure values were converted to %
conversion values by dividing the molar heat of cure data with
the heat of polymerization for 100% conversion and express-
ing the fractions as percentage. Figure 6 is a bar graph of the
% conversion means and (SDs). The bar graphs indicate that
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Figure 7. (A) Tukey—Kramer contrast
of mean % conversion means of different 75
monomers (ignoring initiator differences). ’ — Groups P-level
Note that PEM resins have statistically higher c 70- TN 70PT vs. 70BT  0.0007
mean % conversion than BisGMA o 70PTvs.50BT  0.016
(B) Tukey—Kramer contrast of mean % (8] 50PTvs.70BT  0.002
conversion means based only on initiators X 657 . - * :gg Vo :g:: g'g::
(without differentiating monomers and B ey :
monomer/diluent proportions). Note that Go_v 70BTvs. S0BT 0919
overall % conversion is similar for CQ and : | S
DPO. 50BT ' 50PT ' 70BT ' 70PT Al Pairs
M Tukey-Kramer
0.05
5] Groups P-level
g 70 - cQus. DPO 0.06
Q { ]
£ o~ = > ()
601 .
cQ ' DPO Al Pairs
Tukey-Kramer
IN 0.05
each PEM-TEGDMA mixture has higher % conversion mean
than that of either BisGMA-TEGDMA means.
80
Discussion of results ] —— CQ »
. . . 60 1 .o DPO +
The summary of a statistical two-way ANOVA is shown in -
Table 1. The results show significant differences only as a 40 Interactive
function of monomer systems (p =0.0004). A Tukey—Kramer 20 - effect, p=0.90,
pairwise comparison of means due to main effects of . ol
monomers and initiators is shown in Figure 7. It presents a T
comparison of means by mean diamonds and Tukey—Kramer 50BT S0PT 70BT  70PT

comparison circles. The horizontal line between the mean
diamonds is the line representing the grand mean of all data.
The diagonal line of each mean diamond displays the mean %
conversion of the group representing the variable (monomer
in 7(a), initiator in 7(b)). The 95% confidence range is
indicated by the lines parallel to the diagonal in each mean
diamond. The Tukey—Kramer comparison circles are shown
on the right in both Figures 7(A) and (B). Significant
differences are highlighted by the color difference of the
circles for the groups. In Figure 7(A), the comparison circles
illustrate that while the monomer solutions within the
BisGMA and PEM show no significant differences
(p>>0.05) in their mean % conversions, the inter-monomer
group comparisons between BisGMA and PEM show
significant differences (p <0.05), as seen in Figure 7(A).
The estimated p values for significance comparison are also
listed in the attached table in Figure 7(A). The results support
the acceptance of the first hypothesis that there is a significant
difference between mean % conversions of PEM and BisGMA
monomers. On the other hand, Figure 7(B) indicates that there
is no statistically significant difference between the %

Figure 8. Profile plot of interactive effects of monomer/diluent propor-
tions and initiators. There is no interactive effect at different levels of
monomer/diluents ratios.

conversion means of the monomers cured by CQ and those
cured by DPO, and the results support the rejection of the
second hypothesis. There was also no significant initi-
ator*monomer interaction contribution (p =~ 0.89), as seen
in Figure 8.

The results of this study agree with previous reports of
relatively lower conversion levels in BisGMA-based resins,
but there are no previous published data on conversion in
PEM that can be used for comparison. It is well established in
the literature that the structure of BisGMA is a limiting factor
that adversely affects its degree of polymerization. In fact,
Sideridou et al. [24] have shown that the % conversion in neat
BisGMA is capped at 39% as the upper limit. The hydroxyl
groups in the BisGMA structure are positioned diametrically
across the rigid bisphenol core structure containing the bulky
aromatic groups, and this rules out any intra-molecular
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hydrogen bonds.[25] For this reason, inter-molecular bonds
form in the uncured state, leading to association between
molecules forming a very viscous hydrogen bonded ‘‘quasi-
network’ structure with highly impaired mobility for the
molecules.[25] The addition of TEGDMA significantly
improved the conversion levels from 39% for neat BisGMA
to the 60% range for BisGMA-TEGDMA mixtures because of
the plasticizing effect of TEGDMA on BisGMA, as seen in
the lowering of Tg from —7.3°C for neat BisGMA to the
range of (—47°C to —61°C) in BisGMA-TEGDMA mix-
tures.[24] Ferracane et al. had also previously shown
enhanced conversion in BisGMA-based resins with the
addition of TEGDMA.[26] The % conversion levels for
BisGMA-TEGDMA mixtures in this study (60-65%) are
close to the values reported in these and other past reports.

Interestingly, the mobility problem in BisGMA oligomer
also limits termination events during polymerization because
it is difficult to bring together radicals attached to rigid
molecular chains in a network, thus limiting rapid termination
by combination or disproportionation.[24] The presence of
unreacted radicals in the network and residual unreacted
monomer molecules in the system facilitates a slow dark cure
process, and it is well known that BisGMA undergoes such a
dark cure for a few days. It is also noteworthy that ambient
temperature during polymerization significantly influences %
conversion in the BisGMA resins because of the temperature
effect on mobility.[27]

Thus, PEM is clearly an important alternative candidate
dimethcrylate monomer from visible light activation point of
view. Designer molecules claim that it has a significantly
lower shrinkage also (4.8% for neat PEM vs. >6% for neat
BisGMA, both after 100% conversion). The refractive index
of PEM (n=1.51) is well within the appropriate or modifi-
able range for use with selected commercially available filler
materials (e.g. strontium borosilcate, n = 1.50). The absence
of hydroxyl group in its structure makes it more hydrophobic
vis-a-vis BisGMA that contains hydroxyl groups. The higher
hydrophobicity may be an important advantage to reduce
water sorption and to protect the ester groups in the PEM
structure from hydrolysis because it helps to repel water
responsible for hydrolysis. The higher molecular weight of
PEM is conducive to reducing polymerization shrinkage. A
recent report in the American Dental Research Association
conference has reported reduced water sorption/solubility and
lower shrinkage for PEM vis-a-vis BisGMA monomer
systems, in keeping with these structural differences
(Esquibel et al., Abstract #1026, New monomers as alterna-
tives to BisGMA, AADR conference, 2011, Tampa, FL). The
reduction in viscosity is especially important because the
lower viscosity of PEM (relative to BisGMA) may help
facilitate use of lower diluent levels, and help reduce
shrinkage further. For example, a PEM/TEGDMA weight %
ratio of 75:25 corresponds to 0.565 mole fraction of PEM,
roughly equal to the mole fraction of 0.566 estimated for
BisGMA in the 70:30 weight % ratio of BisGMA/TEGDMA
formulation. Thus, when equivalent monomer/diluent mole
fractions are considered, the use of PEM/TEGDMA can be
done at a higher weight fraction ratio with a lower viscosity
and higher equivalent molecular weight, thus promoting
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better working consistency in the monomer and reduced
shrinkage in the polymer.

Polymers derived from oligomers with bulky aromatic
groups have been reported in the past to form more rigid and
brittle structures, while oligomers with aliphatic/cycloalipha-
tic sequences create a more pliant and tougher structure.[28]
The strength and brittleness in BisGMA resin is also
presumably significantly aided by the hydrogen bonding
(due to hydroxyl groups) in the polymer network.[29]
Brittleness promotes fatigue failure under repetitive loading
typical of chewing and grinding. The network structure in
PEM is expected to be less brittle and tougher than BisGMA
under masticatory functional cycles.

There is, however, concern in the use of TEGDMA as a
diluent monomer. TEGDMA is a leachable and degradable
component in many current generation composites, and may
present toxicological concerns of its own.[30-34] The
TEGDMA structure is shown in Figure 1(C). TEGDMA is
recognized to be somewhat hydrophilic and this may partially
account for its degradable properties. When considering PEM
as a candidate monomer for dental applications, an alternative
diluent monomer is desirable. An alternate diluent monomer
is 1,6 hexanedioldimethacrylate (HDDMA), and this has been
shown to be compatible for use with PEM in our preliminary
studies. The structure of HDDMA is shown below:

Il Il
CHy={—C~0—CHy—CHy~CHy— CHy—CHy—CHy—0—C—C=CH,
CH; CH;

With fewer hetero atoms in its structure than TEGDMA
(which is considered as somewhat hydrophilic), HDDMA is
more hydrophobic and may help resist hydrolytic degradation.
The methylene (—CH,—) group sequence can help add
conformational freedom to chain segments and improve
flexibility to the matrix network, increasing its fracture
toughness.

PEM in conjunction with a proper diluent monomer is thus
a very promising candidate for dental application based on
visible light cure characteristics, and further research is
important to characterize its mechanical, biocompatibility and
clinical performance characteristics. It is also to be noted that
significant improvements in overall dental composite per-
formance requires not only improved monomers, but also
optimum filler particle size and size range as well as its
uniform dispersion. Nanofiller technology is now becoming
increasingly used in dental composites, but the developing
polymer brush technology using advanced polymerization
techniques such as Atom Transfer Radical polymerization and
Reversible Addition Fragmentation Transfer polymerization
are additional methodologies available for enhancing filler-
matrix bonding and filler dispersion in nano-compos-
ites.[35,36] Finally, better adhesion at the restoration—tissue
interface is also critical.

Conclusions

(1) Cycloaliphatic polyester dimethacrylate monomer PEM
is a very promising candidate material for dental
composite applications.
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(2) The % conversion of PEM-TEGDMA monomer system

during light cure is better than that of similar BisGMA-
TEGDMA monomer system.

(3) There is no apparent statistical or clinically significant

difference between the initiators CQ and DPO on
monomer conversion in PEM- and BisGMA-based
MONOMETrs.
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