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Abstract

Objective—Evaluate the effects of core structure and storage conditions on the mechanical
properties of acid-resin modified composites and a control material by three-point bending and
conversion measurements 15 min and 24 h after curing.

Methods—The monomers pyromellitic dimethacrylate (PMDM), biphenyldicarboxylic-acid
dimethacrylate (BPDM), (isopropylidene-diphenoxy)bis(phthalic-acid) dimethacrylate (IPDM),
oxydiphthalic-acid dimethacrylate (ODPDM), and Bis-GMA were mixed with triethyleneglycol
dimethacrylate (TEGDMA) in a 40/60 molar ratio, and photo-activated. Composite bars (Barium-
oxide-glass/resin = 3/1 mass ratio, (2 x 2 x 25) mm, n = 5) were light-cured for 1 min per side.
Flexural strength (FS), elastic modulus (E), and work-of-fracture (WoF) were determined in three-
point bending after 15 min (stored dry); and after 24 h under dry and wet storage conditions at 37 °
C. Corresponding degrees of conversion (DC) were evaluated by Fourier transform infrared
spectroscopy. Data was statistically analyzed (2-way analysis of variance, ANOVA, Holm-Sidak, p
< 0.05).

Results—Post-curing significantly increased FS, E and DC in nearly all cases. WoF did not change,
or even decreased with time. For all properties ANOVA found significant differences and interactions
of time and material. Wet storage reduced the moduli and the other properties measured with the
exception of FS and WoF of ODPDM; DC only decreased in BPDM and IPDM composites.

Significance—Differences in core structure resulted in significantly different physical properties
of the composites studied with two phenyl rings connected by one ether linkage as in ODPDM having
superior FS, WoF and DC especially after 24 h under wet conditions. As expected, post-curing
significantly contributed to the final mechanical properties of the composites, while wet storage
generally reduced the mechanical properties.
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Introduction

Currently, there are three main classes of polymerizable restoratives available: (1) resin
composites, (2) resin-modified glass ionomer cements, and (3) (polyacid-modified) composite
resins, also known as compomers. In contrast to resin composites, groups 2 and 3 contain, in
addition to polymerizable methacrylate or acrylate groups, carboxylic acid groups that are
attached either to a backbone (group 2) or to the center core of the monomer (group 3). These
acid groups are capable of forming strong hydrogen bonds, for example to collagen, and thus
promote adhesion to tooth structure.

Restorative and preventive dentistry is in need of materials that provide more-durable bonding
of resin composites to both acid-etched dentin and enamel surfaces [1]. Although several
polymerizable aliphatic and aromatic acid monomers are in use for bonding to dentin, the effort
has been simply reduced to developing different acid monomers and choosing from the best.
There is little or no information about the influence of chemical structure and the modification
of a given acid monomer on the bond strength to dentin.

Acidic monomers of the type used in (polyacid-modified) composite resins are a significant
component of a number of primers and bonding agents. They usually contain an aromatic center
core. Dimethacrylates with aromatic core structures have been reported to produce rigid
polymers, while dimethacrylates with aliphatic structures produce flexible polymers [2,3] . It
has also been suggested that dimethacrylates with “hard” segments (aromatic groups) and
“soft” segments (aliphatic groups) will result in polymers with increased toughness and
improved wear resistance in dental composites [4,5]. For example the widely used dental
monomer Bis-GMA (reaction product(s) of the diglycidyl ether of bisphenol A and methacrylic
acid, primarily 2,2-bis[4-(2-hydroxy-3-methacryloxyprop-1-oxy)phenyl]propane) contains
bulky aromatic groups that make it a rigid molecule and is commonly mixed with the flexible
monomer TEGDMA (triethyleneglycol dimethacrylate). The flexibility of TEGDMA isrelated
to the ether linkages of the molecule, with only a slight hindrance to free rotation about the
bonds [6,7]. While the structure of the “kinked” bisphenol A core imparts stiffness and strength,
it hampers the polymerization and results in a higher amount of residual double bonds [8] and
potentially leachable monomer [9] than, for example, an aliphatic core structure as in a urethane
dimethacrylate. Work by Hammesfahr [10] indicated differences from various acidic monomer
structures in dentin bond strength and cohesive (compressive) strength of compomer-type
composite resin formulations.

Here, a number of acidic monomers with various core structures have been synthesized and
the double bond conversion (DC), flexural strength (FS), elastic modulus (E) and work of
fracture (WoF) under different storage conditions has been investigated. It has been
hypothesized that both rigidity and flexibility within the same polymerizable monomer can be
achieved by having aromatic groups interspaced with ether linkages. As a result, an increase
in the number of aromatic groups and ether linkages within the monomer was expected to result
in polymers with enhanced strength and work of fracture (as an indication of polymer
toughness).

Materials and methods

Pyromellitic dimethacrylate (PMDM), biphenyl-dimethacrylate (BPDM), oxydiphthalic-
dimethacrylate (ODPDM), and (isopropylidene-diphenoxy)bis(phthalic) dimethacrylate
(IPDM) monomers were synthesized at the Paffenbarger Research Center laboratories
following a procedure as described previously except using 2-hydroxyethyl methacrylate
(HEMA) instead of glycerol dimethacrylate [11]. Briefly, stoichiometric amounts of one mole
of each dianhydride and two moles of HEMA were dissolved in anhydrous acetone (dried
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previously over CaSQ,4) containing a small amount of butylated hydroxytoluene as stabilizer.
Ten percent of poly 4-vinyl pyridine (Reillex 402, Aldrich Chemical Co.), based on the masses
of the reactants, was added as catalyst. The mixture was stirred and heated to 50 °C to 53 °C
until all dianhydride had reacted. Infrared (IR) spectroscopy was used to monitor the
disappearance of the split C=0 absorption, characteristic of aromatic anhydrides, at about
(1785 and 1850) cm 1. When essentially all of the anhydride had reacted, the monomers were
filtered and the solvent was removed. Further purification was needed to reduce the amount of
unreacted HEMA to less than 3 % by mass fraction. Monomers were dissolved in diethyl ether
and then transferred to a 500 mL separatory funnel. They were washed with 100 mL distilled
water three times. The unreacted HEMA present in the aqueous phase was separated from the
organic phase, and the diethyl ether solvent was then removed under vacuum.

The acid number of BPDM, IPDM, ODPDM and PMDM monomers was determined by acid-
base titration (n > 3). 50 mg to 60 mg of each acidic monomer, 10 mL of distilled water and 3
drops of bromothymol blue indicator (pH = 6.0 to 7.6) were transferred to a small beaker. The
acid monomer was titrated against a 0.025 mol/L (N) potassium hydroxide (KOH) standard
solution under constant stirring. The acid number was determined using the following equation:
Acid Number = (V,,, X C,,)/A (1)

where Vkon is the volume (mL) of 0.025 mol/L KOH standard solution used, Ckon is the
KOH standard solution concentration (mol/L), and A is the amount (mmol) of the acidic
monomer.

The monomers 2,2-bis[4-(2-hydroxy-3-methacryloxyprop-1-oxy)phenyl]propane (Bis-GMA)
and triethyleneglycol dimethacrylate (TEGDMA) (Esstech, Essington, PA), the photo- and
coinitiators camphorquinone (CQ) and ethyl 4-dimethylaminobenzoate (4-EDMAB), inhibitor
BHT (2,6-di-tert-butyl-4-methylphenol, Aldrich Chemical Co., Milwaukee, WI) and solvents
acetone (J.T. Baker, Phillipsburg, NJ) and diethyl ether (Sigma-Aldrich, St. Louis, MO) were
used as received.

TEGDMA was mixed with Bis-GMA, BPDM, IPDM, ODPDM and PMDM in a 60-to-40
molar ratio. The resins were photo-activated with fixed concentrations of the initiators by
incorporating a mole fraction of 0.6 % CQ and a mole fraction of 2.0 % 4-EDMAB. Resin
composites were made by mixing silanated, milled, barium oxide containing glass filler
(Dentsply Caulk, Milford, DE) with the monomer mixture at a 3-to-1 mass ratio.

Flexural strength specimens, 25 mm x 2 mm x 2 mm, were made by filling metal molds,
clamping them between Mylar and glass slides and light curing them for 1 min per side using
three side-by-side aligned curing units (Dentsply, York, PA). The edges were lightly polished.
Three sets of each composite were prepared to conduct the following treatments: the first set
was tested 15 min after the photo-curing at room temperature; the second set was stored dry
in an oven at 37 °C for 24 h and then tested at room temperature; the third set was immersed
in distilled water at 37 °C in a humidity chamber for 24 h and then tested wet at room
temperature. Specimens (n = 5) were tested in three-point bending at a crosshead speed of 0.5
mm/min in a universal testing machine (Instron Corp., Canton, MA). The span length was 20
mm. The flexural strength (FS), elastic modulus (E) and work-of-fracture (WoF) were
evaluated. The composite flexural strength was calculated by [12]

FS =3 Pux L/2 b W), @)
where Ppax is the maximum load on the load-displacement curve, L is flexure span, b is

specimen width, and h is specimen thickness. Elastic modulus was calculated by
E=(P/d) (Ls/l4 b I, (3)
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Results

where load P divided by the corresponding displacement d is the slope of the load-displacement
curve in the linear elastic region before the curve deviates from linearity.[12,13]

Work-of-fracture was calculated as a measure of toughness defined by the total area under the
stress strain curve by [12]
WoF =A/(b h), (4)

where A is the area under the load-displacement curve, which is the work done by the applied
load to deflect and fracture the specimen. With the unit of A being J (joules), the unit of
WoF (or fracture resistance) is J/m2 or more conveniently, kJ/m2 (k = 103). [12,13]

Fourier transform infrared spectra (Nicolet Magna 550, Nicolet Inc., Madison, W1) in the near
infrared (NIR) region were collected with 264 scans at 4 cm™2 resolution to measure bulk
polymer cure (C=CH,, peak at 6164 cm™1) [14] using an area baseline technique with peak
areas being normalized to the polymer thickness. The degree of conversion (DC) at 15 min or
24 h after curing was determined with respect to the uncured resin composite using the
following equation:

DC % = (Ap— Ay)/Ap x 100 (5)

where Ay is the peak area of the uncured composite, Ay is the peak area of the composite at 15
min or 24 h. Data was statistically analyzed by two-way analysis of variance (ANOVA) and
an all pairwise multiple comparison procedure (Holm-Sidak, p < 0.05).

The standard deviations in tables and figures are given as a measure of standard uncertainty.

The acid numbers of the synthesized acid monomers (Table 1) varied from 2.13 (ODPDM) to
2.34 (BPDM). If the acid monomers were pure dimethacrylates they would contain two
carboxylic acid groups (Figure 1) yielding an acid number of 2.0. On the other hand, pure
monomethacrylates shown as an example for PMDM contain three carboxylic acid groups,
which would result in an acid number of 3.0. Therefore, the acid monomers were mostly
dimethacrylates.

Bis-GMA (control), IPDM and ODPDM monomers formed clear and homogeneous resin
solutions when TEGDMA (diluent) was added (Table 1). BPDM monomer formed an opaque
solution, though no phase separation was observed. PMDM showed poor miscibility with
TEGDMA. Since the phase separation may have affected the physical properties, the PMDM
composite was excluded from the overall statistical analysis. Additional reasons for eliminating
PMDM from the general statistical analyses are presented in the discussion. The data for the
PMDM composite are shown in Table 2.

Two-way ANOVA (Holm-Sidak, p < 0.05) revealed that time and type of monomer had
significant effects on all measured composite properties (FS, E, DC and WOF). Interactions
between time and type of monomer were also found to be significant for all properties
evaluated. In contrast to the 24 h data under dry conditions, at 15 min the properties with the
exception of E were not significantly different (Figures 2). Significant chemical post-curing
was observed for all composites within the first 24 h with DC increasing by about 12 % to 18
%. Accordingly, FS and E increased significantly for nearly all composites.

Also, 2-way ANOVA (Holm-Sidak, p<0.05) found that type of post-curing storage (dry or
wet) and type of monomer had significant effects on all the composite properties (Figure 3).
Interactions between type of post-curing treatment and type of monomer were significant for
all the properties evaluated. Under wet conditions 24 h DC was similar to dry 24 h DC for Bis-
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GMA and ODPDM resin composites, but was significantly lower for IPDM and BPDM
composites. 24 h water immersion also significantly reduced the FS and WoF for all but
ODPDM composites, and lowered the moduli for all four composite resins.

Discussion

This study was undertaken to systematically evaluate modifications in monomer core structures
of acidic monomers used in a conventional manner combined with hybrid glass fillers to form
acidic-resin modified composite. It is suggested that both rigidity and flexibility within the
same polymerizable monomer can be achieved by having aromatic groups interspaced with
ether linkages. All of the experimental monomers studied contained one or more aromatic
rings, two or three carboxylic acid groups per molecule and polymerizable double bonds. When
more than one ring was present in the structure the rings were connected by a straight bond,
an ether linkage or an isopropylidene centric core structure. An increase in the number of
aromatic rings and ether linkages within the monomer was then expected to increase strength
and possibly the toughness measured by determining the work of fracture.

PMDM was originally part of the series representing an acidic monomer with only one phenyl
ring as the center core as opposed to two and four pheny| rings in the other monomers. However,
when it turned out that the PMDM acidic monomer did not form a homogeneous mixture with
TEGDMA, we conducted all but the immersion experiments, but eliminated the results from
the general data analysis. PMDM had nominally the highest degree of conversion after 15 min
and 24 h when stored dry, yet FS and WoF were considerably lower than for the other
composites. It is suggested that due to phase separation, TEGDMA and possibly a small
fraction of PMDM cured predominantly to a fairly high degree of conversion leaving some
uncured PMDM behind. Moreover, it is hypothesized that TEGDMA underwent cyclization
forming microgel regions within the forming polymer. High cyclization and microgel
formation has been reported for TEGDMA [15] and has been suggested as the reason for certain
curing characteristics of TEGDMA-rich formulation studied by differential scanning
calorimetry [8]. If TEGDMA formed predominantly primary cycles within the TEGDMA-rich
phase after phase separation, the PMDM/TEGDMA resin could have relatively high
conversion of double bonds but low FS or WoF, since primary cycles of poly(TEGDMA)
would reduce the number of unreacted double bonds but would not contribute as much to the
mechanical strength as crosslinked TEGDMA. The fact that PMDM/TEGDMA composites
exhibited still relatively high moduli in comparison to the other composites may be attributed
to the core structure, with one phenyl ring in PMDM conveying a tighter and more brittle
network compared to the other acidic resins.

The results of the other four monomers studied, which showed significant differences for type
of monomer, time after curing and immersion conditions, need to be considered in view of a
number of parameters. Firstly, the acid number was not consistent for all three synthesized
monomers; thus the average number of acid groups could have an effect on the results. As can
be seen from Table 2, BPDM had the highest acid number and ODPDM the lowest. Under dry
conditions, there were no significant differences between these two composite resins. Under
wet conditions moisture could absorb more readily into the higher-acidic BPDM composite
and could then contribute to the significant differences observed for FS and WoF between
BPDM and ODPDM composites. The moisture effect and dependence on the acid number is
further supported by the wet data for the IPDM composite, which also dropped significantly
compared to the dry data, but less so than the wet BPDM composite. However, as the degree
of conversion was lower for both IPDM and BPDM composites when stored wet, the reduction
of FS and WoF under wet conditions could also have resulted from lower conversion.
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The conversion of double bonds under dry conditions increased significantly over time with
little statistical differences between the four composites. The phenomenon of “dark” post cure
is in agreement with the findings of other authors [16,17], but is in contrast to conversion
measurements performed by Raman spectroscopy, for which little increase in conversion
within 24 h was reported [18,19]. Under wet conditions, the lower conversion in BPDM and
IPDM composites is attributed to water absorbed in the composites, which may have poisoned
the post-polymerization. Since IPDM and BPDM have higher acid numbers and thus higher
potential for hydrogen bonding, more water may have been absorbed faster into these
composites opposed to Bis-GMA and ODPDM, which showed similarly high conversion under
dry or wet conditions.

As expected, the conversion influenced the physical properties. Considering all 24 h wet and
dry data, there is a positive correlation between conversion and FS and conversion and WoF.
The degree of conversion is correlated with r = 0.75 to FS through the function of y = 2.84
0-049% and to WoF with r = 0.78 through the function y = 0.0005 e9-104%_Firstly, this is
somewhat surprising considering the differences in base monomer structure and storage
conditions. This apparent correlation could suggest that the degree of conversion overrides the
effects of monomer structure on FS. However, as depicted in Figure 4 the distinct base
monomer distributions shown for both WoF and FS as a function of conversion indicate that
different base monomer structures result in different conversions. Also shown in Figure 4 (C)
are the elastic moduli as a function of conversion. Here we see a distinct difference between
wet and dry data illustrating the strong effect of water as a plasticizer. Generally, under both
wet and dry conditions acidic base monomers appear to have higher moduli than the neutral
Bis-GMA base resin, but lower conversion (Figure 4). The lower conversion of the acidic
monomers are most likely due to increased viscosities because of hydrogen bonding and
dimerization, which then lead to lower polymerization rates and earlier network formation
resulting in lower conversion as the gel forms earlier and reduces mobility of the monomer
molecules [20]. Studies of polymerization kinetics of acidic monomers concluded that
hydrogen bonding remains high throughout the polymerization process and influences the
overall conversion rate [21]. Once water is in the polymer network the water molecules will
hydrogen bond to the carboxylic acid groups, loosening the tighter carboxylic acid-carboxylic
acid interactions.

As detailed above, and shown in Figure 4, the structure of the center core led to distinct group
separation for the properties studied. Comparing BPDM and ODPDM composites, the higher
flexibility of the ether linkage in ODPDM produced higher conversion, FS and WoF after 24
h, especially under wet conditions. In contrast to the conversion, the moduli of the three acidic-
resin composites were not very different, which seems to indicate that the filler plays a greater
role in the development of moduli, while the conversion may more strongly affect the WoF.
Concurrently, use of IPDM resulted in a fairly high-modulus composite especially under wet
conditions, but led to low FS and WoF, which was probably effected by its lower degree of
conversion. Moreover, BPDM with even lower conversion also had a lower modulus when
stored wet. However, in both cases an effect of the base monomer acidity cannot be completely
excluded.

In summary, use of the acidic-resin monomers led to significant differences in the degree of
conversion, which, in turn affected most strongly the work of fracture and flexural strength
with ODPDM having significantly better properties, especially under wet conditions. To
further elucidate the role of conversion a future study will evaluate resins and composites cured
to similar degrees of conversion.
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Control base monomer: Bis-GMA Diluent monomer: TEGDMA
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Figure 1.

Structures of Bis-GMA (acronyms see Introduction) and triethylene glycol dimethacrylate
(TEGDMA) and of the acidic base monomers pyromellitic dimethacrylate (PMDM), biphenyl-
dimethacrylate (BPDM), oxydiphthalic-dimethacrylate (ODPDM), and (isopropylidene-
diphenoxy)bis(phthalic) dimethacrylate (IPDM). Other isomers with respect to the position of
the acid groups, i.e., whether they are attached in meta or para position, are also possible.
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Figure 4.

Work of Fracture (kJ/m?) Flexure Strength (MPa)

Elastic Modulus (GPa)
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Dry and wet flexure strength (A) work of fracture (B), and elastic moduli (C) after 24 h as
functions of the degree of conversion of Bis-GMA.. The horizontal and vertical bars represent
the standard deviations of degree of conversion and flexure strength (work of fracture),
respectively. The standard errors of the estimate are: FS = 21.9 MPa; WoF = 0.52 k/m?; E dry
=0.71 GPa; E wet = 0.80 GPa.
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