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Heat of polymerization of Dimethacrylate Monomers Investigated
by Isothermal DSC Measurement

Seiji BAN and Jiro HASEGAWA

Department of Dental Materials, School of Dentistry, Aichi-Gakuin University, Chikusa-ku, Nagoya,
Japan

Received on March 31, 1984

Heat of polymerijzation of Bis-GMA—TEDMA monomer mixtures, corresponding to the conceivable
constituents of composite resins, was evaluated from the area of exothermic peak in DSC curves, and also
the conversions of polymerization were calculated from the ratio of the heat of polymerization for each
monomer mixture to an assumed one at 1009 conversion. The effects of composition of monomers and
environmental atmosphere on the polymerization were examined. The results suggest that increasing
amounts of TEDMA in the monomer mixtures increases the length of the inhibition period for oxygen-
inhibited polymerization of dimethacrylate monomers, but decreases the porosity of cured resins.
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INTRODUCTION

Methacrylate monomers, such as Bis-GMA and TEDMA, have been used extensively
in commercial composite resins. There have been many investigations into the causes of
pulp irritation by the residual monomer. Furthermore, the mechanical properties are well
correlated with the amount of residual monomer”. Using a method of liquid chromato-
graph, the amounts of residual Bis-GMA monomer at the setting time were in the range
0.4-1.219% of the original weight of cured resin®. Infrared spectroscopy (IR) has been
often used to evaluate the conversion of polymerization of commercial composite resins®:%,
However, with IR methods, interference in the critical vinyl absorption region by the filler
component makes sample preparation difficult. Isothermal differential scanning calorimetry
(DSC) used in this study does not have such a problem. The DSC methods can be adapted

to studies on the polymerization and polymer reaction®®, and can also be used in the
study of setting reaction of dental materials”?~®. The purposes of this investigation are
to obtain the heat of polymerization and the conversion of Bis-GMA—TEDMA monomer
mixtures from DSC curves, and to discuss the effects of composition of monomers and
environmental atmosphere on the polymerization and the adaptability of isothermal DSC
measurement by comparison with IR measurement.

MATERIALS AND METHODS

The monomers used in this study were Bis-GMA* and TEDMA (triethylene-glycole-
dimethacrylate)*. Either BPO (benzoyl-peroxide)** as initiator or DMPT (dimethyl-para-

* Shin-Nakamura Chemical Industries Ltd., Wakayama, Japan
** Wako Pure Chemical Industries Ltd., Osaka, Japan
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toluidine)** as accelerator were dissolved in each monomer, and HQME (hydroquinone-
monomethyl-ether)* as inhibitor was dissolved in both monomers. The Bis-GMA—
TEDMA monomer mixture contained 209, 309, 409, 509, 60%(, 80%, and 1009, TEDMA
by weight. The monomer content of BPO, DMPT and HQME was 1.0%;, 0.5% and 0.39
by weight, r'espectively. The additive-containing monomers were used in combinations that
gave setting times between 3 and 10 minutes according to previous results'® ™',

Differential scanning calorimeter (DSC)* was used in this study. The experiments
were conducted under air or argon gas at 23°C, isothermally. The instrument was cali-
brated using In, Sn, Pb, KNO,; and KClO,. With DSC measurement, the samples were
produced as follows: An amine-containing monomer was mixed with an equal content of a
peroxide-containing monomer for 20 seconds. Samples (approximately 10 mg) were then
placed in DSC aluminum pans and were quickly transferred within 10 seconds to the sample
holder of the instrument. The sample weight was obtained by subtracting the weight of
the pan from the final weight after the run. The heat of polymerization was evaluated from
the planimeter measurement of the total area of exothermic peak in the DSC curves. A
base line for the DSC curve was obtained by a second measurement of the polymerized
material under the same condition. At least 5 samples of each monomer were measured
in the same manner. Details of the DSC measurement are the same as those described
previously™9.

The conversion C was calculated from the ratio of the observed heat of polymerization
4Q for each sample to the assumed one 4Qt at 1009, conversion:

C = 100-4Q/4Qt . )
The assumed heat of polymerization 4Qt at 1009, conversion is derived as follows;
2-4Q <100——X X )
4Qt = 0 —
A="100 \_ Mb " wmi/’ @

where Mb and Mt are the molecular weights of Bis-GMA (=512) and TEDMA (=286),
respectively. X is weight percentage of TEDMA in the Bis-GMA—TEDMA monomer
mixture and 4Q, is the heat of polymerization of methacrylate monomer. A basic as-
sumption of this method is that heat from the reaction for the conversion of a vinyl group
to saturated carbon-carbon bond is the same for all methacrylate monomers, and is only
proportional to the number of reacted vinyl groups”. The value of 4Q, used in this
study is 13.3 kcal/mole for methyl-methacrylate'.

The cured monomer mixtures were mounted in epoxy resins and polished. Cross
sections of the samples were observed by a Scanning Electron Microscopy (SEM)¥,

The unreacted methacrylate groups, having C=C bond, were quantitatively analyzed
for reaction time by means of infrared spectroscopy (IR)* and compared with the results
obtained by DSC measurement. Samples were mixed for 20 seconds the same as the pro-

* Tokyo Kasei Kogyo Co., Ltd., Tokyo, Japan

# Rigaku Denki Co., Ltd. Standard model, Tokyo, Japan
# JOEL JXA-50A, Tokyo, Japan
##% Hitachi Modet 215, Tokyo, Japan
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cedure for DSC measurement, then quickly pressed between two KBr crystal plates (¢30
mm) and the infrared absorption spectra between 1700 cm™ and 1550 cm™* were measured
every minute for the first 15 minutes and several times after that until saturated value.
The measurement time to obtain a spectrum was about 10 seconds. The amounts of the
unreacted methacrylate groups were evaluated from the ratio of the intensity of C=C
stretching bands at arround 1640 cm™ to that of aromatic C..C bands at arround 1600
cm™'.  This method is basically the same as the one developed by Ruyter and Gyorosi'¥.
Details of the calibration and the determination of the amounts of C=C are the same as
those described previously'®',

RESULTS AND DISCUSSION

Figure 1 shows the change in the DSC curves during the curing for the Bis-GMA—
TEDMA monomer mixtures at 23°C under air. The heat of polymerization, conversion,
Tp and Te for each monomer mixtures were obtained from these curves, where Tp is the
time to the peak of the DSC curve from the start of mixing and Te is the time to 5% of
the height of the peak from the start of mixing. Te corresponds to the setting time meas-
ured with an oscillating rheometer according to ISO-4049%. Obtained values of the heat
of polymerization, conversion, Tp and Te are summarized in Table 1, with the comparison
of the results under argon gas. Both Tp and Te were retarded with increasing amounts
of TEDMA in monomer mixtures, and the times of those polymerized under air were more
retarded than those under argon gas. Furthermore, the difference of these times accord-
ing to the difference of atmosphere increased with increasing amounts of TEDMA in
monomer mixtures.
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Figure 1 Change in the DSC curves for Biss~GMA—TEDMA monomer mixtures
at 23°C under air. DSC range and chart speed were 416 mcal/sec and
20 mm/min respectively.
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Table 1 Results measured with DSC for BissGMA—TEDMA monomer mixtures at
23°C under air and argon.

Amounts of 4Q AQt 100- 4Q/4Qt Tp Te
TEDMA .
(wt. %) (cal/g) (cal/g) (%) (min) (min)
20 24.60* 1.87**  60.16 40.89 3.1l 1.18 0.09  2.52 0.16

30 32.88 1.35 64.27 51.16  2.10 1.33 0.04 2.78 0.07
40 24.67 0.96 68.37 36.04 1.40 1.95 0.15 3.75 0.29
air 50 18.10 1.60 72.48 2497 221 2.19 0.04 372 0.10
60 19.75 1.44 76.58 25.79 1.88 2.49 0.10 3.98 0.10
80 11.90 1.43 84.79 14.03 1.69 . 2.88 0.09 4.33 0.19
100 822 2.04  93.00 8.84 2.19 2.95 0.09 4.21 0.12

20 26.61 2.56 60.16 44.23 4.25 1.26 0.1l 2.14 0.19

30 3423 5.58 64.27 53.26 8.68 1.23 0.05 2.54 0.36

40 43,18 1.74 68.37 63.16 2.50 1.79 0.20 3.26 0.18

argon 50 42.50 7.46 72.48 58.64 10.29 1.85 0.19 3.55 0.24
60 42.79 5.08 76.58 55.88 6.63 2.11 0.07 3.45 0.30

80 46.43 0.92 84.79 5476 1.09 2.36 0.07 3.48 0.10

100 44.42 3.42 93.00 47.76  3.68 2.53 0.09 3.56 0.14

*: mean **; standard deviation
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Figure 2 Relationship between heat of polymerization and amounts of TEDMA
in Bis-GMA—TEDMA monomer mixtures at 23°C under air and argon
gas.

Figure 2 shows the heat of polymerization and Figure 3 shows the conversion sum-
marized in Table 1. In case of polymerization under air, the monomer mixture containing
30% TEDMA by weight showed the highest heat of polymerization and conversion. In
the case of polymerization under argon gas, the monomer mixture containing 40%, TEDMA
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Figure 3 Relationship between conversions and amounts of TEDMA in Bis-GMA—
TEDMA monomer mixtures at 23°C under air and argon gas.

by weight showed the highest conversion. These heat of polymerization and conversion
under air were lower than those under argon gas. Furthermore, the differences of these
according to the difference of environmental atmosphere increased with increasing amounts
of TEDMA in monomer mixtures as well as the change of Tp and Te. It is suggested
that the length of the inhibition period for oxygen-inhibited polymerization of dimetha-
crylate monomers increased with increasing amounts of TEDMA in monomer mixtures:

‘Oxygen itself is well-known as a polymerization inhibitor. The role of oxygen in the
mechanism of vinyl polymerization is peroxide formation in preference to polymerization.
In the presence of excess oxygen, polymerization is either greatly retarded or entirely pre-
vented'®. On the other hand, HQME was also dissolved as an inhibitor in the monomers.
Phenols such as HQME are known to have little effect on the rate of polymerization in
the absence of oxygen. Phenols act simply as antioxidants in the inhibition of vinyl poly-
merization in the presence of oxygen. The role of phenols in the inhibition of stabilization
process is simply to prevent the oxygen from being consumed rapidly and thus to maintain
the oxygen concentration at a level high enough to cause inhibition for a longer time'”.
It is apparent that the inhibition observed in this study is dependent on the effects of HGQME
and atmospheric oxygen. According to Ruyter®, it is assumed that the rate of oxygen
diffusion in a resin liquid decreases with increasing viscosity, and as the viscosity is of the
same magnitude, the supply of oxygen to the reactive site; i.e. the radicals, is of the same
order of magnitude. Asmussen’s investigation'® showed that the viscosity of Bis-GMA—
TEDMA monomer mixtures decreased with increasing amounts of TEDMA in the monomer
mixtures. Thus, it can be seen that increasing amounts of TEDMA in the monomer mix-
tures increased the length of the inhibition period for oxygen-inhibited polymerization of
dimethacrylate monomers. '
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Figure 4 shows the SEM photographs of sections of cured resins containing 209,
30%;, 409, and 50% TEDMA by weight. Pores of about 100 «4m or less in diameter were
found in 207%; and 309 TEDMA by weight, but were extremely rare in 40% and 50%
TEDMA by weight. It appears that the pores in cured resin, caused by entrapment of air
during mixing, were increased with increasing viscosity of monomer mixtures. As describ-
ed previously, the viscosity of Bis-GMA—TEDMA monomer mixtures decreased with in-
creasing amounts of TEDMA in the monomer mixtures and increased with decreasing
amounts of TEDMA. And it can be seen that polymerization of monomers containing
the pores was inhibited by oxygen on the surface and in the pores As seen in Figure 3,
in case of polymerization under argon gas, the conversions of the monomer mixtures con-
taining 207, and 309, TEDMA by weight were relatively less than the conversions of the
other monomer mixtures; furthermoie, the difference of the conversions by the difference
of environmental atmosphere was rather small.

Table 2 shows the conversions evaluated from the change in the C=C bonds obtained
by IR measurement during polymerization of Bis-GMA—TEDMA monomer mixtures at
23°C. These results correspond to those obtained by DSC measurement under argon gas

Figure 4 SEM photographs of section of cured resins. Figures stand for amounts of TEDMA in
: Bis-GMA—TEDMA monomer mixtures.
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Table 2 Results measured with IR for Bis-GMA—TEDMA monomer mixtures at 23°C.

Amounts of Conversion (%)
TEDMA
(wt. %) S min 10 min 24 hr
20 26.3% 6.4%* 31.3 2.0 32.3 2.2
30 30.1 6.9 35.1 7.5 37.0 6.3
40 214 44 45.6 5.8 574 1.2
50 402 5.3 553 8.9 58.1 5.0
60 12.7 6.7 39.9 8.3 66.4 2.4

*; mean **; standard deviation

summarized in Table 1. Except for the conversion of 60% TEDMA by weight after 24
hours from the start of mixing, the conversion obtained by IR was less than the one by
DSC. In IR measurement, samples were pressed between KBr crystal plates; so that samples
did not come into contact with air and pores were extremely rare. However, samples
came into contact with KBr plates having large heat capacity, and the temperature of the
samples was not raised by heat of polymerization. Thus, it seems that the rate of poly-
merization was not accelerated by the rise of temperature and the conversion was less than
the one by DSC. Considering the procedures for clinical samples, DSC analysis is more
applicable than IR.

In the case of the conversion obtained by IR after 24 hours from the start of mixing,
the conversion increased with increasing amounts of TEDMA in the monomer mixtures.
This is in agreement with results by Asmussen®” and Ruyter et al." On the other hand,
in the case of conversion obtained by DSC measurement under argon gas, conversion
showed the highest in 40%, TEDMA by weight, but decreased with more than 409, TEDMA
by weight such as Figure 4. As described previously, increasing amounts of TEDMA in
the monomer mixtures increased the length of the inhibition period for oxygen-inhibited
polymerization. And it seems that the rate of polymerization in DSC measurement was
inhibited by diffused oxygen on mixing and impure oxygen in argon gas. Furthermore,
in the case of greatly retarded polymerization, the DSC curve is broad and total area of
exothermic peak in the curve is difficult to measure precisely. Thus, it should be noted
that the DSC method is not always possible in the case of greatly retarded reaction.

CONCLUTIONS

The isothermal DSC measurement used in this study was suitable as a method for de-
termining the conversion of polymerization of dimethacrylate monomers, such as Bis-GMA
and TEDMA used in commercial composite resins. It was also found that increasing
amounts of TEDMA in monomer mixture increased the length of the inhibition period
for oxygen-inhibited polymerization of dimethacrylate monomers, but decreased the po-
rosity of cured resins.
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