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Abstract
Objective—This study evaluates the performance of highly reactive novel monomethacrylates
characterized by various secondary moieties as reactive diluent alternatives to TEGDMA in BisGMA
filled dental resins. We hypothesize that these monomers improve material properties and kinetics
over TEGDMA because of their unique polymerization behavior.

Methods—The cure rates and final double bond conversion of the resins were measured using real-
time FTIR spectroscopy. The glass transition temperature and storage modulus of the formed
polymers were measured using dynamic mechanical analysis. Flexural modulus and flexural strength
values were obtained using a three-point bending flexural test carried out with a MTS® 858 Mini
Bionix system.

Results—Polymerization kinetics and polymer mechanical properties were evaluated for the novel
resin composites. It was observed that upon the use of novel monomethacrylates as reactive diluents,
polymerization kinetics increased by up to 3-fold accompanied by increases in the extent of cure
from 5% to 13% as compared to the BisGMA/TEGDMA control. Polymer composites formed from
resins of BisGMA/novel monomethacrylates exhibited comparable Tg values to the control, along
with 27–37% reductions in the glass transition half widths indicating the formation of more
homogeneous polymeric networks. The BisGMA/monomethacrylate formulations exhibited
equivalent flexural modulus and flexural strength values relative to BisGMA/TEGDMA.

Significance—Formulations containing novel monovinyl methacrylates exhibit dramatically
increased curing rates while also exhibiting superior or at least comparable composite polymer
mechanical properties. Thus, these types of materials are attractive for use as reactive diluent
alternatives to TEGDMA in dental formulations.

Introduction
A variety of methacrylate resins have been examined previously for use in dental formulations
[1–3]. Due to its high mechanical strength, low volatility, and relatively low polymerization
shrinkage, (2,2-bis[p-(3-methacryloxy-2-hydroxypropoxy)phenyl]propane (BisGMA) is the
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primary component in a majority of commercial dental resins [2]. However, BisGMA is also
characterized by a very high viscosity and low polymerization conversion. Hence, 20–50 wt
% of less viscous dimethacrylates such as triethylene glycol dimethacrylate (TEGDMA) have
been added to improve handling of the dental formulations, as well as to achieve higher degrees
of conversion [2,4].

The addition of TEGDMA is also associated with an increased volumetric shrinkage due to
the higher double bond concentration of TEGDMA and increased overall double bond
conversion [5]. BisGMA/TEGDMA resins also exhibit a high shrinkage stress which
contributes to premature failure or reduced overall performance of the restoration [6,7]. Hence,
many alternative reactive diluents to TEGDMA have been explored as a means to mitigate
shrinkage stress [8,9]. Monomethacrylates and acrylates such as hydroxypropyl methacrylate
and isobornyl acrylate have been explored and shown to be characterized by reduced
volumetric shrinkage and increased double bond conversions [10]. However, the reaction rate
is significantly lower for these traditional functional compounds compared with that available
from dimethacrylates.

Recently a series of mono-vinyl (meth)acrylic monomers characterized by unique secondary
moieties and greatly enhanced polymerization kinetics has been developed. The secondary
moieties include, carbamates, carbonates, cyclic carbonates, cyclic acetals, hydroxyl/carboxy,
oxazolidones, morpholine, and aromatic rings [11–20]. The cure rates of these mono-vinyl
acrylates and methacrylates rival or exceed those of multifunctional acrylates while also
achieving much higher extents of cure, hence reducing the amount of extractable material
[13]. The more rapid curing kinetics of these monomers facilitate the use of lower light
intensities and/or reduced initiator concentrations. Reduced initiator concentrations effectively
minimize certain drawbacks associated with initiator usage such as discoloration, optical
opacity, and photodegradation of the cured product. Also, since there is significant light
attenuation during polymerization, a more reactive resin enables more complete
polymerization at the bottom of thick composite systems irradiated only from the upper surface.

Previous work by Lu et al. has explored the performance of mono-(meth)acrylates
characterized by carbonate, carbamate and oxazolidone secondary moieties, as reactive
diluents in unfilled dental polymers [21]. It was observed that in addition to enhanced
polymerization kinetics, mixtures of these (meth)acrylates with BisGMA also exhibited
reduced volumetric shrinkage as well as comparable glass transition temperatures with a
narrower Tg half-width. This current study focuses on evaluating the impact of
monomethacrylate monomers on the polymerization and polymer properties of filled,
composite systems as relative to dental restorative systems. The experimental procedures were
designed to eliminate other considerations, including differences associated with the initiation
rate. As such, an ultraviolet initiating system was chosen that utilizes a cleavage initiator. The
initiation rate for cleavage initiating systems is far less affected by monomer composition than
the traditional camphorquinone/amine systems in dental materials. This selection, therefore,
enabled us to focus only on the differences in kinetics associated with the monomers, while
maintaining an initiation rate that was approximately the same across the various samples,
including the controls. Further, the previous work with these systems also utilized an ultraviolet
initiation system light and thus this approach maintained consistency. All results of
polymerization kinetics and mechanical properties are compared to the control BisGMA/
TEGDMA system at identical curing conditions.
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Materials and Methods
Materials

2,2-Bis[4-(2-hydroxy-3-methacryloxyprop-1-oxy)phenyl]propane (BisGMA) and triethylene
glycol dimethacrylate (TEGDMA) were donated by Esstech, Inc. (Essington, PA, USA). The
initiator used was 0.1 wt% 2,2-dimethoxy-2-phenylacetophenone (DMPA/Irgacure 651 Ciba-
Geigy, Hawthorne, NY). The reactive diluents 2-(methacryloyloxy)ethyl morpholine-4-
carboxylate (morpholinecarbonyl methacrylate) and 2-(phenoxycarbonyloxy)ethyl
methacrylate (phenyl carbonate methacrylate) were synthesized by the reaction of morpholine
carbonyl chloride or phenyl chloroformate with hydroxyethyl methacrylate, respectively. The
detailed synthesis and purification methods of these monomers are available elsewhere [15].
Barium glass filler (4 μm average diameter) treated with methacroyloxypropyltriethoxysilane
was donated by Confi-Dental Products (Louisville, CO). Chemical structures of monomers are
given in Figure 1. All resins contain 70 wt% BisGMA, 30 wt% of the reactive diluent
TEGDMA, morpholinecarbonyl methacrylate, or phenyl carbonate methacrylate, and 0.1 wt
% DMPA. Composites were prepared in 5 gram batches and contain 70 wt% barium glass
filler. Composites were mixed with a Flacktek SpeedMixer (Landrum, SC). All samples were
protected from ultraviolet light exposure.

Fourier Transform Infrared Spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) experiments were utilized for kinetic analysis
and conducted in the mid-infrared (4000 – 600 cm−1) using a Nicolet 750 Magna FTIR
spectrometer (Madison, WI) with a KBr beam splitter and an MCT/A detector. All samples
were laminated between NaCl windows and a horizontal transmission accessory (HTA) was
utilized to redirect the IR beam vertically, which allows the samples to remain in a horizontal
configuration during analysis [15]. Series scans were recorded at a rate of approximately 2
scans per second until the reaction was complete, as indicated by the reactive group absorption
peak no longer decreasing. Methacrylate functional group conversion was monitored utilizing
the methacrylate absorption peak at 1630 cm−1 (C=C stretching vibration) or 810 cm−1 (C=C
twisting vibration) in real time. Samples were irradiated for 5 min with 5.0 mW/cm2 UV light
utilizing an EFOS Ultracure with a 320–500 nm filter. Irradiation intensity was measured at
the sample surface level with an International Light, Inc. Model IL1400A radiometer
(Newburyport, MA). For each system, experiments were performed in triplicate.

Methods
Samples were irradiated utilizing an EFOS Ultracure with a 320–500 nm bandpass filter.
Irradiation intensity was measured at the sample surface level with an International Light, Inc.
Model IL1400A radiometer (Newburyport, MA).

Dynamic mechanical analysis
Samples for dynamic mechanical analysis (DMA) were irradiated for 10 min at 5.0 mW/
cm2. Dynamic mechanic analysis in extension mode (TA Instruments, Q800 DMA, CT) was
utilized for measurement of the material properties. Loss tangent and storage modulus were
determined as a function of temperature, applying a sinusoidal stress at a frequency of 1 Hz.
The temperature of the sample was increased from −10 to 250 °C at a rate of 3 °C/min. The
glass transition temperature (Tg) was taken to be the maximum of the loss tangent versus
temperature curve. Glass transition and modulus data are from the second heating. For each
system, experiments were performed in triplicate.
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Flexural modulus testing
Flexural strength studies were performed with monomer samples of dimensions, 25 mm×2
mm×2 mm photopolymerized in a glass/Teflon mold with 5.0 mW/cm2 of UV irradiation for
10 min on each side. A three-point bending flexural test was carried out with a MTS® 858 Mini
Bionix system (MTS Systems Corporation, Eden Prairie, MN, USA) using a span width of 20
mm and a crosshead speed of 1.0 mm/min. The flexural strength and modulus were obtained
from the following equations:

where σ is the flexural strength and Ef is the flexural modulus, F is the peak load in Newtons,
l is the span length in mm, b is the width of the specimen in mm, h is the thickness of the
specimen in mm, and d is the deflection of the specimen in mm, at load F1 in N during the
straight line portion of the trace [22]. For each system, at least four repeat experiments were
performed.

Statistical analysis
The experimental results were analyzed using one-way analysis of variance (ANOVA) based
on triplicate specimens for FTIR and DMA and quadruplicate speciments for flexural modulus
testing. Multiple pairwise comparisons were further conducted using Tukey’s test with a
significance level of 0.05.

Results
The photopolymerization kinetics of morpholinecarbonyl methacrylate and phenyl carbonate
methacrylate as compared to TEGDMA, when utilized as reactive diluents to BisGMA, were
evaluated with 70 wt% barium glass fillers. The polymerization kinetics are shown in Figure
2. It was observed that the BisGMA/morpholinecarbonyl methacrylate and BisGMA/phenyl
carbonate methacrylate formulations exhibited enhanced polymerization rates and final
conversions as compared to the BisGMA/TEGDMA formulations (Table 1). However, only
the BisGMA/morpholinecarbonyl methacrylate system exhibits statistically different
polymerization rate and conversion values. DMA analysis results are given in Table 2. The
BisGMA/TEGDMA control system and BisGMA/morpholinecarbonyl methacrylate systems
did not provide statistically different Tg values. The Tg of the BisGMA/phenyl carbonate
methacrylate systems was lower than the other two systems. The storage modulus values of
both experimental monomethacrylate-containing composites were significantly greater than
that of the control. Due to thermal post-curing effects when performing DMA analysis [21],
all DMA results are reported for the third heating cycle to assure that these are stable materials
undergoing no additional post-cure. The final conversions range from 91–95 %. Flexural
strength and modulus results are given in Table 3. The BisGMA/phenyl carbonate methacrylate
system yielded equivalent flexural modulus and decreased flexural strength relative to the
BisGMA/TEGDMA control. The BisGMA/morpholinecarbonyl methacrylate system
exhibited increased flexural modulus and equivalent flexural strength relative to the control.

Discussion
As can be inferred from Figure 2 and Table 1, composites with the monovinyl methacrylates
exhibited enhanced polymerization kinetics as compared to the BisGMA/TEGDMA
formulations, with up to a 3-fold rate enhancement in the mean polymerization rates. The
conversion levels are less than the analogous unfilled materials [21], which is not uncommon
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when comparing resin versus composite systems. In agreement with the previous unfilled resin
study, the BisGMA/morpholinecarbonyl methacrylate composite provided the highest reaction
rate. Increased curing efficiency is very desirable because a reduced amount of initiator may
be utilized to achieve a particular cure rate, thereby improving the long term performance and
color stability of the dental composites [1,23]. While only thin film specimens were evaluated
in the kinetic studies here, the high reactivity at low light intensities also suggests higher
achievable depths of cure in these composite materials. The greatly enhanced reactivity as well
as the high mobility of these novel monomers is expected to minimize potential for significant
amounts of residual unreacted monomethacrylate monomer in these copolymers with
BisGMA, but this point remains to be verified.

The DMA data in Table 2 demonstrate that the BisGMA/morpholinecarbonyl methacrylate
system exhibits a Tg that is equivalent to BisGMA/TEGDMA at equivalent conversions.
Additionally, both the BisGMA/phenyl carbonate methacrylate and BisGMA/
morpholinecarbonyl methacrylate systems provide improved storage moduli compared to that
of the BisGMA/TEGDMA system. Flexural modulus data in Table 3 also demonstrates the
utility of the BisGMA/novel monomer systems in regards to mechanical properties.
Specifically, the BisGMA/morpholinecarbonyl methacrylate system exhibits improved
flexural modulus and equivalent flexural strength as compared to BisGMA/TEGDMA. The
uniformly favorable mechanical strength properties achieved with the BisGMA/
morpholinecarbonyl methacrylate composite material are likely associated with the hydrogen
bonding donor/acceptor capabilities possible based on the urethane/cyclic ether structures of
the morpholinecarbonyl methacrylate [24].

It is also observed that the BisGMA/novel monomer systems exhibited much narrower glass
transition half peak widths as compared to BisGMA/TEGDMA. Though the BisGMA/
TEGDMA and BisGMA/morpholinecarbonyl systems exhibit comparable Tgs, the glass
transition half peak width is much greater for the BisGMA/TEGDMA system (100 ± 6 °C)
than for the BisGMA/morpholinecarbonyl system (56 ± 5 °C). It has been shown that the
broadness of the glass transition peak is directly associated with the extent of the heterogeneity
of the polymer system [25]. Thus, the formulations of BisGMA with the novel methacrylates
result in less heterogeneous systems. Due to heterogeneity within the material, a dental
composite begins to soften well before the defined Tg. Therefore, even though the BisGMA/
morpholinecarbonyl system exhibits a similar Tg to BisGMA/TEGDMA, the narrower Tg
width/reduced heterogeneity indicates that this experimental system will exhibit less softening
at temperatures below the defined Tg.

Flexural modulus measurements are commonly used in the evaluation of dental material
formulations [22,26]. The formulations of BisGMA with morpholinecarbonyl methacrylate
and phenyl carbonate were characterized by higher or comparable values of flexural modulus
compared with the control formulation containing TEGDMA while also being characterized
by comparable to slightly lower values of flexural strength (Table 3). However, these flexural
strength values are much higher than the required standard specified in the international
standard of dentistry-resin-based filling materials, (that the flexural strength should be higher
than the value of [(flexural modulus×0.0025)+40] MPa, and, in any case, not less than 50 MPa)
[22].

Conclusions
Highly reactive novel monomethacrylates phenyl carbonate methacrylate and
morpholinecarbonyl methacrylate were evaluated in composite systems as reactive diluents to
BisGMA. The BisGMA/phenyl carbonate methacrylate and BisGMA/morpholinecarbonyl
methacrylate composite systems were compared to a control BisGMA/TEGDMA system for
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polymerization kinetics, glass transition temperature, and flexural strength and modulus.
Utilizing phenyl carbonate methacrylate did not result in significant improvements in
polymerization kinetics or mechanical properties. However, utilizing morpholinecarbonyl
methacrylate as a reactive diluent resulted in dramatic increases in polymerization rate and
extent of overall double bond conversion. Additionally, the morpholinecarbonyl methacrylate
system exhibited equivalent glass transition temperature and flexural strength along with
improved storage modulus and flexural modulus. Hence, highly reactive monomethacrylates
such as morpholinecarbonyl methacrylate, show great promise for being utilized as reactive
diluents in dental resins.
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Figure 1.
Chemical structures of monomers.
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Figure 2.
Acrylate functional group conversion as a function of time for filled resins of (—) 70/30
BisGMA/morpholinecarbonyl methacrylate, (---) 70/30 BisGMA/phenyl carbonate
methacrylate, and (…) 70/30 BISGMA/TEGDMA. Polymerization conditions: 70 wt% 4
micron barium glass as filler, initiator concentration = 0.1 wt% DMPA, light intensity = 5.0
mW/cm2.
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Table 1
The mean (s.d) polymerization kinetics and the final double bond conversions for triplicate samples of the formulations
of BisGMA with reactive diluents. All systems contain 70 wt% 4 micron barium glass as filler, 0.1 wt% DMPA, and
are irradiated at 5.0 mW/cm2 at ambient temperature. The rates mean values calculated from 5% to 25 % conversion.
Significantly different groups (P < 0.05) within each column are identified by letter.

System (70/30 wt% monomer formulations ) Average polymerization Rate (s−1) Final double bond conversion (%)

BisGMA/TEGDMA 0.013 ± 0.004 a 50 ± 3a

BisGMA/Phenyl Carbonate Methacrylate 0.020 ± 0.002 a 55 ± 1 a

BisGMA/Morpholinecarbonyl Methacrylate 0.040 ± 0.005 b 63 ± 3 b
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Table 2
The mean (s.d) glass transition temperatures, Tg half width, and storage modulus at room temperature for triplicate
samples of filled resins of BisGMA/reactive diluents. All samples contain 70 wt% 4 micron barium glass filler and
were cured at 5.0 mW/cm2, for 10 min at 25 °C. Significantly different groups (P < 0.05) within each column are
identified by letter.

System (70/30 wt% monomer formulations) Tg (°C) Half peak width (°C) Storage Modulus at 25 °C (GPa) Conversion* (%)

BisGMA/TEGDMA 144 ± 8 a 100 ± 6 a 6.9 ± 0.7 a 91 ± 6 a

BisGMA/Phenyl carbonate Methacrylate 116 ± 1 b 65 ± 8 b 8.8 ± 0.1 b 95 ± 5 a

BisGMA/Morpholine-carbonyl methacrylate 140 ± 3 a 56 ± 5 b 8.7 ± 0.1 b 92 ± 8 a

*
Conversion was measured after three heating cycles in the DMA.
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Table 3
Mean (s.d) flexural modulus and flexural strength of quadruplicate samples of the filled resins of BISGMA/reactive
diluents. All samples contain 70 wt% 4 micron barium glass filler and were cured at 5.0 mW/cm2 for 10 min on each
side at 25 °C. Significantly different groups (P < 0.05) within each column are identified by letter.

System (70/30 monomer formulations) with 70 wt% filler Flexural Modulus (GPa) Flexural Strength (MPa)

BisGMA/TEGDMA 7.2 ± 0.2 a 133.1 ± 10.5 a

BisGMA/Phenyl Carbonate Methacrylate 7.3 ± 0.5 a 88.9 ± 11.9 b

BisGMA/Morpholinecarbonyl Methacrylate 9.4 ± 0.3 b 123.5 ± 10.7 a
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