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Abstract

The copolymerization of viscous monomers with a nonviscous diluent comonomer was investigated. Overall, photopolymerization
kinetics was compared for equimolar mixtures of triethylene glycol dimethacrylate (TEGDMA), a low viscosity monomer, with either a
rigid aromatic dimethacrylate (Bis-GMA) or a flexible aliphatic urethane dimethacrylate (UDMA), as examples of viscous comonomers. Sol
fraction analysis from partial cure polymerizations provided individual monomer reactivities as a function of conversion. The resin contain-
ing UDMA reached greater maximum polymerization rate and final conversion compared with the resin based on Bis-GMA. The viscous
monomers (Bis-GMA or UDMA) were found to be less reactive than the diluent comonomer (TEGDMA) at nearly all stages of the
photopolymerization process. The reactivity differential was especially dramatic at the latter stages of the polymerization. © 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Typical resins used in dental restorative applications are
composed of a mixture of at least two dimethacrylate mono-
mers. Generally, one of the monomers is relatively viscous
since the particulate glass filled resin must have sufficient
body to allow controlled placement and contouring prior to
photopolymerization. Monomers of this type, often referred
to as a base monomer, include an adduct of bisphenol A and
glycidyl methacrylate (Bis-GMA, Fig. 1) and urethane
dimethacrylate (UDMA; product of 2,2,4(2,4,4)-trimethyl-
hexyl diisocyanate and 2-hydroxyethyl methacrylate). The
base monomer in a resin serves to minimize polymerization
shrinkage by virtue of its relatively large molecular volume
and enhances the modulus of the cured polymer [1,2]. In
addition, dental resins contain a reactive diluent comono-
mer, such as triethylene glycol dimethacrylate (TEGDMA).
The low viscosity diluent monomer is added in mass frac-
tion proportions commonly ranging between 20 and
50% to reduce the overall resin viscosity and provide
good handling properties to the material. The diluent
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monomer also affords improved copolymer conversion
due to its greater flexibility and smaller molecular
volume compared with the base monomers [3,4]. The
use of comonomer composition to control resin proper-
ties, such as viscosity and wetting ability (toward glass
filler or tooth substrate), prior to polymerization is fairly
well defined [5-7]. Likewise, the influence of resin
composition on the resulting polymer properties, such as
mechanical strength and water sorption, has been docu-
mented extensively [8§—12].

Various investigators have explored the photopoly-
merization kinetics of dental resins [4,13—15]. Other studies
have been conducted to measure the evolution of certain
properties, such as the development of modulus and stress,
as the polymer network is formed [16,17]. These studies
assume equivalent reactivity of the comonomers involved.
In one previous study involving denture base polymers, the
extractable free monomers were differentiated as either
methyl methacrylate or a dimethacrylate cross-linking
comonomer [18]. However, an understanding of the parti-
cipation of the individual comonomers in dental resins
during the course of the polymerization process has been
lacking. The development of polymeric properties as a func-
tion of conversion is critically linked to the compositions of
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both the polymer network and the remaining unreacted
monomer throughout the polymerization process.

Knowledge of the coreactivity of monomers of varied
structure could aid in the design of resins for more efficient
copolymerization and help in the prediction of potential
leachable products from photocured resins [19]. For obvious
reasons, the majority of dental resin and composite extrac-
tion studies have been conducted in water to mimic oral
conditions. Due to the disparity in aqueous solubility
between the relatively hydrophobic base monomers and
TEGDMA, a bias in the composition of the free monomer
extracted from the polymer may occur. Thus, in prior
aqueous extraction studies with Bis-GMA/TEGDMA
resins, TEGDMA was found to account for the large major-
ity of extractable monomer regardless of the initial resin
composition [20,21]. The use of an ethanol/water extraction
medium for dental polymers produced greater quantities of
extractable material compared with extractions with water
alone [22]. In one previous report involving a chloroform
extraction of fully cured Bis-GMA/TEGDMA composites,
the sol fraction obtained appeared to be depleted of
TEGDMA with respect to the initial resin composition
[23]. In a different study of Bis-GMA/TEGDMA composite
materials, ethyl acetate extractions at either 10 min or 24 h
after photopolymerization were analyzed by HPLC [24].
There, it was demonstrated that over this post-cure interval,
the level of TEGDMA in the extract residue decreased more
rapidly than Bis-GMA.

Therefore, the objectives of this study were to prepare
photocured polymers of typical dental resins having a
broad range of conversion values and to determine the
comonomer ratio of the soluble fraction extracted from
the polymers. This allows analysis of the composition of
the polymeric network at various stages of its development
and the demonstration of how the different comonomer
reactivities contribute to the heterogeneous nature of the
cross-linking copolymerization process in dental resins.

2. Materials and method

The monomers employed in this study, Bis-GMA,
UDMA and TEGDMA (Fig. 1), were supplied by Esstech
(Essington, PA) and were used as received. The resin formu-
lations consisted of equimolar mixtures of either Bis-GMA/
TEGDMA (mass ratio of 0.642:0.358) or UDMA/
TEGDMA (mass ratio of 0.622:0.378). The resins were
activated for visible light photopolymerization by the addi-
tion of mass fractions of 0.1% camphorquinone (CQ) and
0.3% ethyl 4-N,N-dimethylaminobenzoate (4-EDMAB).
Resin disks (0.5 mm thick by 20 mm diameter) were photo-
polymerized between mylar films in a dental curing unit
(Triad 2000; Dentsply International, York, PA) with a
light intensity of approximately 35 mW cm? measured by
a radiometer at the specimen position. The duration of the
specimen irradiation was varied at either 5, 10, 20, 40 or
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Fig. 1. Structures of monomers used.

180 s. Triplicate specimens of each resin were prepared and
stored in the dark at 23°C under house vacuum for 10 days.
The specimens prepared with the 5 s irradiation interval
were stored in the molds with the mylar film boundaries
in place to avoid loss of unreacted monomer from the disks.

2.1. Conversion

Conversion of the photocured resins was determined by a
near infrared (NIR) spectroscopic technique (Magna 550
FT-IR; Nicolet, Madison, WI) [25]. Briefly, the area of
the methacrylate overtone absorption (=C-H) at
6164 cm ™' was normalized against an internal reference:
the aromatic absorption at 4623 cm ™' was used for the
Bis-GMA resins and the urethane absorption (N-H) at
4920 cm ™' was used for the UDMA resins. The areas
under the =C—H absorptions in the cured specimens were
then ratioed against the areas of the =C—H absorptions of
the uncured resins. The NIR spectra were obtained after the
10-day storage interval, immediately prior to immersion in
the extraction media.

2.2. Extraction studies

After the storage interval, the resin disks were weighed
(£0.2 mg) to determine their pre-immersion mass. Indivi-
dual specimens were placed in 20 ml of dichloromethane
(containing 0.1 g17" 4-methoxyphenol) for 48 h at 23°C.
The solvent was collected and the specimens were extracted
with a fresh 20 ml portion of dichloromethane (without inhi-
bitor) for an additional 48 h. The combined soluble residue
(sol), obtained after rotary evaporation of the extraction
solvent, as well as the remaining insoluble polymer (gel)
were dried to constant mass under vacuum and the sol and
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Fig. 2. Standard curves based on the FT-IR analysis of resins of
known compositions. The results use absorption ratios that vary
continuously as a function of the Bis-GMA/TEGDMA or UDMA/
TEGDMA resin composition. The residual standard deviations as a
measure of uncertainty are 0.0147 for the Bis-GMA/TEGDMA resin and
0.002 for the UDMA/TEGDMA resin.

gel fractions were determined gravimetrically. For the resin
specimens cured for 40 s, complete extraction of unbound
monomers was verified by a final extraction of the ground
polymer gel in 20 ml chloroform at 50°C for 48 h.

2.3. Sol fractions

Sol fractions were analyzed by FT-IR using specific peak
area ratios related to those of a standard curve obtained from
varied resin compositions. A range of known ratios of Bis-
GMA/TEGDMA and UDMA/TEGDMA were prepared and
used to generate the standard curve plots (Fig. 2). The areas
of the IR absorptions at 1637 cm ™' of the aliphatic C=C
stretching (methacrylate) and at 1582 cm ™' of the aromatic
stretching were used for the Bis-GMA resins while the
absorptions at 776 cm ™' associated with the aliphatic core
of UDMA and at about 2900 cm ™' of the broad multiple
CH; and CH, stretching (over the range of 3146 to
2669 cmfl) were used for the UDMA resins.

2.4. Photopolymerization kinetics

The isothermal photopolymerization kinetics of the two
resin systems were analyzed by differential photo-
calorimetry (DPC; 2920 DSC; TA Instruments, Inc., New
Castle, DE) with visible light irradiation. Polymerization
was conducted under a nitrogen atmosphere with a mini-
mum of a 6 min purge interval prior to irradiation. The
specimens, approximately 2 mg contained in open alumi-
num pans, were irradiated continuously for 12 min at 30°C
with a 150 W xenon source filtered to 250 wW cm > at
470 = 5 nm with a combination of bandpass and neutral
density filters. An indium standard was used for calibration
of the DPC. The output of heat flow per time was converted

to normalized rate of polymerization as a function of
conversion using the methacrylate heat of polymerization
(54.8kJ mol_l) [26] and the resin densities of 1114 and
1107 g 1”! for Biss-GMA/TEGDMA and UDMA/TEGDMA,
respectively, in the following equation:

_diM] _ heatflow (Wg X p(gl™)
Podr AH, (J mol ™)

R

where R, = rate of polymerization; p = density; AH,, = heat
of polymerization

3. Results and discussion

The overall NIR conversion values associated with the
various irradiation intervals are shown in Fig. 3. The stan-
dard deviations as a measure of uncertainty are shown as
error bars or are less than the size of the symbols. It is
evident that the respective resins are essentially equivalent
up to approximately 50% conversion. Beyond this level, the
UDMA-based resin reaches significantly higher degrees of
conversion for a given irradiation interval compared with
the Bis-GMA material. As the irradiation time is extended, a
progressively greater thermal component accompanies the
photopolymerization and contributes to the conversion
values observed. The NIR analysis technique applied here
provides a convenient method to study conversion in the
0.5 mm thick specimens used in this study. With the
relatively low initiator concentrations and the short
irradiation times used to limit conversion, it is unlikely
that uniform degrees of conversion were achieved through-
out the specimens. Thus, the NIR approach, which allows
analysis of bulk specimens in transmission mode, provides
an overall conversion representing the extent of cure
averaged throughout the entire specimen thickness.

In a previous study that validated the newly developed
NIR technique for measuring the conversion in cross-linked
Bis-GMA/TEGDMA resins, it was determined that use of
the aromatic band at 4623 cm ™' as an internal reference was
not uniformly applicable for all resin compositions containing
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Fig. 3. Resin conversion as a function of irradiation time.
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an aromatic moiety due to cure-related changes in adjacent
absorptions as conversion progressed [25]. Therefore, use of
the aromatic and urethane internal reference peaks were
verified for the Bis-GMA and UDMA resins, respectively,
by the comparison of a range of conversion measurements
obtained with the internal reference approach with those
calculated directly from the disappearance of the
6164 cm ™' absorption normalized to specimen thickness.
Over the range of conversion from approximately 40% to
75%, obtained with five different irradiation intervals, the
differences in the conversion values measured by the two
techniques were 1.2 = 0.7% (mean and standard deviation)
for the Bis-GMA/TEGDMA resin and 0.7 £ 0.7% for the
UDMA/TEGDMA resin. These results demonstrate that
conversion in both of these resin systems can be appro-
priately determined with the internal reference method.

The 10-day incubation interval under vacuum prior to
measuring the pre-immersion specimen mass was designed
primarily to allow removal of adventitious water present in
the polymers that would complicate the determination of the
sol/gel fractions. Due to the low volatilities of the monomers
involved, it is assumed that the residual free monomer
composition is unaffected by exposure to the modest
house vacuum (approximately 8 kPa). This storage interval
also allows for completion of the post-cure process so that
stable levels of conversion are achieved. Yet, it is expected
that free radicals remain in some of the polymer specimens,
even after this post-cure period. In contrast to the relatively
rapid decay of free radicals expected for loosely cross-
linked networks formed at low conversion, the highly
cross-linked, fully cured polymers yield trapped radicals
that can persist on extremely long time scales [27]. Thus,
a trace amount of radical inhibitor was included in the initial
extraction step to avoid additional conversion that could
accompany the increase in mobility associated with the
solvent-swollen network.

A more comprehensive view of the photopolymerization
kinetics of the two resins is given by the DPC analysis in
Fig. 4. While the static IR-based conversion measurements
do not indicate differences at the initial stages of polymer-
ization, the dynamic DPC results consistently show the Bis-
GMA-based resin to be more reactive up to conversions of
approximately 10% [28]. This is probably due to the higher
initial viscosity of the Bis-GMA-based resin, which allows
autoacceleration from the onset of the polymerization [3,4].
However, the UDMA/TEGDMA resin reaches a higher
maximum rate of polymerization and the rate maximum
occurs at a later stage of conversion than in the Bis-GMA
resin. In addition, the limiting conversion achieved with the
UDMA/TEGDMA resin is greater than that for the Bis-
GMA/TEGDMA resin. The higher level of conversion at
the rate maximum and the higher final conversion for the
UDMA-based resin are consistent with the lower overall
monomeric glass transition temperature (1) and viscosity
of the uncured resin compared with that of the Bis-GMA/
TEGDMA resin. The calculated monomeric T,s of the two
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Fig. 4. Photopolymerization kinetics data for equimolar resins analyzed by
photo-differential calorimetry where R, is the rate of polymerization
normalized by the initial double bond concentration in the resin.

resins, based on the additive T,s of the individual comono-
mers [29], are shown in Table 1. Values for monomeric T, of
Bis-GMA and TEGDMA were taken from a prior study
[15], whereas the corresponding value for UDMA
(—41.7 £ 0.5°C) was determined in this study from differ-
ential scanning calorimeter cooling runs at 5°C min . Since
the T,s of the vitrified polymers are limited by the cure
temperature, to a first approximation, the resin with the
lower initial T, which corresponds with enhanced mobility,
can be expected to attain higher levels of conversion. Table 1
also provides a comparison of viscosities at near-ambient
conditions, which reflects the dramatic differences in
mobility that exist between the various individual mono-
mers and the two resin systems.

The "H NMR spectra of the sol fractions extracted from
the Bis-GMA/TEGDMA photocured polymers were
analyzed to verify the lack of resonance signals in the
saturated aliphatic region (<<1.5 ppm). This indicates that
no appreciable quantities of soluble oligomeric species
were present in the extracts even at relatively low con-
version levels. Therefore, over the ranges of conversion
reported here, all conversion can be accounted for by changes
that occur within the gel. Conversion in cross-linking networks
occurs through two mechanisms: free monomer addition to
the existing polymer, which increases the gel fraction, and
pendant groups engaged in cross-linking, which does not

Table 1
Characterization of uncured monomers and resin compositions

Sample Monomeric 7, (°C) Viscosity (Pa s)*
TEGDMA —81.7° 0.05

UDMA —41.7 28.2
Bis-GMA —6.6" 1367.8
UDMA/TEGDMA® —58.6 1.06
Bis-GMA/TEGDMA® -394 8.32

* Measured at 30°C and 1 Hz with an estimated relative uncertainty of <5%.
" Ref. [15].
¢ Equimolar comonomer mixture.
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add to the gel fraction. It is evident that as polymerization
proceeds and monomer becomes depleted, contributions to
conversion from free monomer addition will necessarily
decline. Conversely, it can also be expected that as cross-
link densities increase in the developing network, the mobi-
lity of residual pendant groups available to engage in addi-
tional cross-linking will decrease more rapidly than the
mobility of remaining free monomer. As Fig. 5 demon-
strates, both resins undergo network development with a
progressively increasing contribution arising from cross-
linking. However, even approaching vitrification, the incor-
poration of free monomer into the polymer remains the
major component driving overall conversion. The solid
curve in Fig. 5 represents the predicted gelation model
based on the equation:

gel fraction =1 — (1 — a)z; where a = conversion

There is excellent correlation between the experimental gel
fraction results and the prediction by simple gelation
theory [30]. Under the curing conditions used here, it
is apparent that the UDMA/TEGDMA resin reaches a
nearly quantitative and considerably higher gel fraction
compared with the Bis-GMA-based material.

With knowledge of both the magnitude and the
composition of the sol fraction, the conversion and compo-
sition within the gel fraction can be calculated by difference.
Thus, as shown in Fig. 6, both resins produce networks in
which the gel conversion increase is linear with the overall
conversion. Since the gel conversion is directly related to
cross-linking within the gel, it is evident that both resins
experience similar degrees of cross-linking as a function
of conversion, even though the Bis-GMA monomer is
considerably more rigid than UDMA.

From the compositional analyses of the extraction
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Fig. 5. The development of the gel fraction with overall conversion. The
upper dashed line represents the limiting condition where free monomer
incorporation is much greater than the cross-linking reaction of pendant
groups. The lower dashed line shows equivalent contributions from free
monomer addition and pendant group cross-linking in network formation.
The solid curve represents the theoretical gelation profile (residual standard
deviation = 0.027).
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Fig. 6. Conversion in the gel as a function of overall conversion (residual
standard deviation = 0.0324).

residues, the relative reactivities of the comonomers
were found to vary significantly with conversion (Fig.
7). Over the range of conversions observed here, the
bulkier base monomers are clearly less reactive than
TEGDMA throughout the polymerization. At low
conversions, the UDMA appears to be nearly compar-
able in reactivity to the TEGDMA; whereas, the Bis-
GMA is significantly enriched in the sol fraction indi-
cating a depressed reactivity compared with TEGDMA.
At moderate conversions in both resins, base monomer
was found in slight excess over TEGDMA in the sol
fractions. As the limiting conversions are approached in
the cross-linked networks, the proportion of the base mono-
mer in the sol rises dramatically. In several cases, the
composition of the sol was determined separately for each
of the two sequential extraction steps. The proportion of the
base monomer extracted in the second extraction step was
always found to be greater than that obtained in the initial
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Fig. 7. Composition of the sol fraction as a function of overall conversion.
Dotted line represents equivalent reactivities between base monomers
and TEGDMA. The residual standard deviations are 0.023 for the Bis-
GMA/TEGDMA resin and 0.025 for the UDMA/TEGDMA resin.
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Table 2
Analysis of photocured Bis-GMA/TEGDMA resins (0.566:0.434 mole ratio)

Irradiation Conversion® Mole fraction Bis-GMA in sol
time (s) fraction”
NIR® NMR!
5 0.431 £ 0.015 0.614 + 0.029 0.632 = 0.017
10 0.541 £ 0.002 0.664 * 0.050 0.663 * 0.012
30 0.677 = 0.004 0.681 * 0.059 0.692 + 0.028

* Conversion determined by NIR as previously described.

® Specimens cured in the Triad 2000 curing unit, stored in the dark at
room temperature for 48 h and extracted in dichloromethane.

¢ Monomer composition determined as described previously.

¢ Monomer composition determined from the integrated ratio of the
bisphenol A methyl peak to methacrylate methyl peak. Throughout table,
=+ refers to standard deviation, although sample size was only two.

extraction. This indicates a difference in the solvent-
mediated diffusion of the base monomers compared with
the smaller TEGDMA diluent comonomer. This disparity
in diffusion is likely enhanced further in the unswollen
networks. As the polymerization proceeds and the gel frac-
tion rises, there is a progressively diminishing impact of the
remaining free monomer composition on the overall gel
composition. Therefore, in spite of the large predominance
of TEGDMA incorporation in the final stages of network
development, this has a relatively small effect on the final
gel composition.

While compositional analysis based on the FT-IR
spectra of the extraction residues was used in this
study, an alternate 'H NMR analytical method was
also evaluated. In a pilot study with a resin composed
of Bis-GMA/TEGDMA (0.566:0.434 mole ratio) and a
photoinitiator system of CQ (mass fraction of 0.2%) and
EDMAB (mass fraction of 0.8%), the ratio of the
integrated peak areas of the respective methyl reso-
nances arising from the bisphenol A core (at
1.62 ppm) and the methacrylate groups (at 1.94 ppm)
was used to determine composition based on an
NMR-based standard curve (r*=0.998 for Bis-GMA/
TEGDMA resin compositions over a similar range as
reported in Fig. 2). The comparative analytical results
obtained by IR and NMR for this preliminary study are
shown in Table 2. The excellent agreement obtained
between the two techniques as well as the demon-
stration of the same trends observed in the subsequent
studies with equimolar Bis-GMA/TEGDMA and UDMA/
TEGDMA resins further confirms the compositional drift
results reported here.

4. Conclusions

It is suggested that the observed similarities between the
two structurally different resin systems with respect to gel
theory and compositional drift indicate a generalized

behavior governed by the higher reactivity of the more
mobile diluent monomer when it is combined with a bulkier,
more viscous base monomer.
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