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ABSTRACT

In three binary monomer mixtures containing an experi-
mentally synthesized polyfunctional urethane monomer
(code; EXP3) and a commercial one (U-4TXA), thermal
analysis clarifed the thermal changes with increasing test
temperature to 800°C using thermally-induced process
of differential thermal analysis (DTA) and simultaneously
thermogravimetry (T'G) analysis methods. Each mono-
mer EXP3 or U4TXA showed two exothermic peaks for
curing and thermal decomposition, whereas U-4TXA had
an endothermic reaction immediately after curing. In
the case of their binary monomer systems due to binary
mixtures of EXP3 and U-4TXA (CQ; camphorquinone =
0.5 wt% and DMAEMA; dimethylaminoethyl methacry-
late = 0.5 wt% as the photo-initiator), their DTA curves
showed that a curing occurred around 150°C, an endot-
herm reaction occurred around 280 to 320°C and also
thermal decomposition initiated around 300°C and fin-
ished around 500°C for binary monomer mixtures.
Their TG curves showed a complete weight loss at 800°C
by thermally-induced decomposition. Characteristic

temperatures on DTA curves increased with increasing
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heating rate from 2 to 10, or 20°C/min. On DTA and
TG curves, a curing started without weight change and a
thermal decomposition initiated with weight change.
The heat values for curing and decomposition were re-
spectively calculated as the heat values at exothermic
peaks on the DTA curves, ranging from 0.20to 0.40k]/g
and 0.63 to 3.36 kJ /g, respectively.

INTRODUCTION

Dental visible light-cured (VLC) resin composites have
been widely accepted as a restorative material, and the
compositions in resin monomers are still concerned
about curing performance and residual monomers in the
set resins'"®. The residual monomers in the set resin
composites were related to the hydrolytic degradation
and discolouration of the filling materials. The resin
matrix in dental resin composites was mainly composed
of polyfunctional methacrylate monomers, such as
triethyleneglycol dimethacrylate (TEGDMA) and
bisphenol-A glycidyl dimethacrylate (bisGMA)*™®, Ter-
nary bis-GMA/TEGDMA/urethane-based resins includ-
ing polyfunctional linkages exhibited the improved ther-
mally-activated cure performance and mechanical
strength’™*?, indicating a cure at 100to 150°C. Thermo-
analytical methods were used to evaluate weight changes
by TG in VLC unfilled resin and also to examine DTA
thermal response patterns of resin systems*®*1"%, [t
was clearly considered from their results that ternary ones
exhibited increased strength values and better cure per-
formance because of addition of urethane monomer.
The results suggest that ternary monomer mixtures in-
cluding polyfunctional urethane monomers are activated

thermally at lower energy than in bisGMA/TEGDMA
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binary monomers.

This study was to examine thermal changes of binary
monomer mixtures with two polyfunctional urethane
monomers and respective constituted monomers when
induced thermally in order to apply them to dental VLC
unfilled resins.

MATERIALS AND METHODS

Table I indicates binary monomer mixtures of EXP3
and U-4TXA examined in this study. EXP Ul includes
EXP3 (1 part) and U-4TXA (1 part), EXP U2 has EXP3 (2
part) and U-4TXA (1 part), and EXP U3 EXP3 (1 part)
and U4TXA (2 part). U-4TXA used in this study is a
commercial urethane polyfunctional monomer (Shin-
Nakamura Chem, Wakayama). EXP3 is an experimen-

Table I The composition parts of EXP3 and U-
4TXA in visible light-cured unfilled experi-
mental resins, EXP U1, EXP U2 and EXP
U3 (binary monomer mixtures) studied

in this study
Code EXP3 U-4TXA
EXP U1 1 part 1 part
EXP U2 2 part 1 part
EXP U3 1 part 2 part

EXP 3: 2-HEMA (40)/N 3500 (60)
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tal polyfunctional urethane monomer, which was synthe-
sized at 40 wt% 2-HEMA/60 wt% N3500 with 2-HEMA (2-
hydroxyethyl methacrylate; Tokyo Kasei Co, Tokyo) and
N3500 (Isocyanulate with — NCO — content = 21.6 wt%;
Sumitomo Bayer Urethane Co, Osaka), as indicated in
Fig. 1. The 22HEMA was added to N3500, which con-
tained additionally hydroquinone monomethyl ether asa
curing inhibitor (0.1 wt%; Wako Junyaku Kougyou,
Osaka), for 3 to 4 hours at 35 to 40°C, and the monomer
mixture was held at room temperature (20°C) for the
bench cooling. The synthesized EXP3 monomer was
used as one urethane monomer of binary monomer mix-
tures, because it was effectively mixed as one poly-
functional monomer of ternary bis-=GMA/TEGDMA/ure-
thane based resins'?. To apply binary monomer mix-
tures to VLC unfilled resins, camphorquinone (CQ) and
dimethylaminoethyl methacrylate (DMAEMA) were
added as the photosensitizer and reducing agent at con-
centration of 0.5 and 0.5 wt% to the binary mixtures. After
the addition, they were kept in a container at 15°C for 24
hours.

The VLC samples were polymerized by heating them
into 800° C with a DTA and TG analysis (DT50, Shimadzu
Co, Kyoto) at heating rates of 2, 10 and 20°C/min. The
sample weight was 10 mg and reference weight (alpha

alumina powder) 30 mg. The test condition was as fol-
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Figure 1 Structure formula of EXP3 and U-4TXA used in this study



lows: DTA sensivity, 100 uV; TG sensitivity, 20 mg; atmo-
sphere, air under a flow of 30 mL/min N,. The follow-
ing thermal tests were performed: DTA and TG curves,
and heat values of curing performance (exotherm), en-
dotherm reaction and thermal decomposition (exotherm)
during heating.

RESULTS

Figure 2 shows schematic figure of TG and DTA curves
of experimental unfilled resins when heated to 600Aé with
certain heating rate. Two exotherm peaks and one en-
dotherm peak were obtained for resin mixtures. Curing
performance (around 150°C) and thermal decomposition
(250 to 450°C) were observed for the former, and the
reaction after curing was detected as an endotherm
around 280t0 320°C. Weight loss occurred with the ap-
pearance of thermal decomposition within onset and end
points.

Figure 3 shows examples of TG and DTA curves of U-
4TXA and EXP3 monomers at 20°C/min. U-4TXA
showed low height of thermal decomposition peak with
an endotherm, whereas EXP3 monomer had large peaks
of thermal decomposition without endothermic peak.
Figure 4 shows examples of TG and DTA curves of EXP
U1, EXP U2 and EXP U3 at a heating rate of 20°C/min.
The almost same shapes of DTA and TG curves were

obtained for binary monomer mixtures, showing the

DTA

3

curves indicated as two exthothermic peaks and one en-
dothermic peak. Thus, Table II indicates curing tem-
perature and thermal decomposition temperature of U-
4TXA and EXP3 monomers. Table III (curing), IV (en-

- dothermic reaction) and V (decomposition reaction) in-

dicate characteristic temperatures such as curing tem-
perature (peak temperature), endothermic temperature
and decomposition temperature and their heat values at
each heating rate (2, 10and 20°C/min). Lower tempera-
ture of curing in EXP3 than U-4TXA was observed, and
higher decomposition onset and end temperatures in
EXP3 than U-4TXA were obtained. Curing and thermal
decomposition temperatures increased with increasing
heating rates 2 to 10, or 20°C/min. Heat for curing
ranged from 0.20 to 0.40 kJ/g, and heat for endotherm
from 0.04 to 0.58 kJ/g. Decomposition heat values
ranged from 0.63 to 3.36 k] /g.

DISCUSSION

Thermoanalytical characterization of VLC unfilled res-
ins has been determined by thermal analysis techniques
of differential thermal analysis (DTA) and thermo-
gravimetric analysis (TG). Thermal data, such as heats
of cure, endotherm and thermal decomposition over se-
lected temperature ranges was very important to evalu-
ate thermal change of VLC unfilled resins when induced

thermally* "™, Because the thermally-heated process of
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Figure 2 Schematic figure of TG and DTA curves.

Onset and end points on TG curve cor-

responded to thermal change on DTA curve, where curing, endotherm and de-

composition peaks were observed
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Figure 3 TG and DTA curves of U-4TXA and EXP3 monomers

resin matrix occurs in multiple stages indicating cure,
endotherm and thermally-induced decomposition, an in-
tegrated thermal property can reveal an important infor-
mation on VLC curing, endothermic reaction and ther-
mally-induced decomposition phenomena.

Reducing agent is generally added with CQ to dental
VLC resin composites, because the amine radicals are
responsible for initiating the polymerization. The addi-
tion of CQ and reducing agent was very important with
polymerization, because less polymerization occurred
when CQ was added as the only photosensitizer without
using areducing agent in the resin matrix>”. Polymeri-
zation (degree of conversion) in dental resin composites
was influenced by the concentration and the type of photo-

initiators in the monomer mixtures'”. In VLC bis-GMA/
TEGDMA based unfilled resins, the indentation hardness
was affected by the content of CQ, amine and inhibitor
on the mixtures'®. Yoshida et al reported that the ef
fect of photo-initiator on degree of conversion in VLC
unfilled UDMA/TEGDMA resins was using CQ (photo-
sensitizer) and DMAEMA (reducing agent), ranging from
0.25t0 5.0 wt%'”. The appropriate amounts of both CQ
and DMAEMA used in this investigation was 0.5 wt% for
newly-designed binary urethane monomer mixtures,
based on our resin monomer systems used* ">,

The mixing ratio of diluent monomers such asTEGDMA,
2-HEMA, THFFMA (tetrahydrofurfuryl methacrylate)
and NPGDMA (neopenthylglycol dimethacrylate) with



DTA Weight (%)
100
£ EXP Ul J
= 40pv[
=
=
£ 0
3
=
(S}
1 1 L i 1 1 1
100
bt EXP U2 - -
k 40va -
2
= TG 4
E 16
k=
S DTA
VaE
1 1 [ 1 ) 1 1
100
2 EXP U3 4
g 40pv]: i
‘E TG 1
E 0
£
3
(5}
1 1 [l ] 1 1 1
0 200 400 600 800

Temperature (°C)

Figure 4 TG and DTA curves of EXP U1, EXP U2 and EXP U3 monomer mixtures tested

bis-GMA was important with less residual monomer mixing ratio of EXP3 and U-4TXA was effectively used
amount and solubility incompatibility using 60 wt% bis- for dental application of binary monomer mixtures of
GMA/40 wt% diluent monomer'®. We examined that the EXP3 and U-4TXA polyfunctional monomers to VLC un-
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Table II Curing and decomposition temperatures
of U-4TXA and EXP3 monomers in binary

Table V Decomposition temperature and heat of
decomposition reaction of binary mono-

monomer mixtures mer mixtures
Curing Decomposition temperature Heating rate Decomposition
Code | temperature ({9} Code eC /flin) Peak temperature Heat
©C) Onset Peak End 0 kJ/g)
UATXA 180 285.2 408.5 425.6 2 395.5 (2.12) 0.63 (0.07)
EXP3 152 3044 345.7(DP1) 469.6 Exp Ul 10 411.5 (0.71) 1.16 (0.14)
367.5 (DP2) 20 400.8 (0.20) 0.87 (0.06)
408.7 (DP 3) 2 3085 (150) 205 (0.10)
4283 (OP 49) ExpU2| 10 4214 G.10) 134 (0.40)
4413 DP5) 20 4013 (370) 111 (0.01)
2 391.3 (0.60) 3.36 (0.70)
Exp U3 10 412.5 (0.70 2.80 (0.00
Table III itil)r;rlll;rgepserformance of binary monomer P 20 3971 20.7 0; 167 20. 09;
. Curing
Code Hia(t:mg r ate Peak temperature Heat
(°C/min) o) &I/g) larger ten times than dental filled resin composites (0.02
9 1485 071) 031 (0.02) t0 0.050 kJ/g) and thermally-induced decomposition oc-
Exp Ul 10 1785 (0.71) 0.36 (0.02) curred around 400°C. Because a small amount of re-
2 191.2 (0.80) 0.23 (0.07) sidual monomers as urethane monomer (EXP3) was able
2 147.5 (0:30) 024 (0.05) to detect using the calibration curves to separate the su-
Exp U2 10 177: 6 (1: 50) 0:38 (0: oD perimposed peaks in HPLC chart'®, EXP3 monomer was
20 188.9 (0.31) 0.20 (0.01) used as one of polyfunctional urethane monomers. This
5 153.6 (0.60 032 (0.02 thermal result suggests that the effect of resin composi-
Exp U3 10 184.0 21'40; 0'40 20'07; tion on the extent of cure is expected, because the mo-
20 200' 5 (0'50) 0'23 (0' on lecular weights for UDMA, bis-GMA and TEGDMA are

Table IV Endothermic reaction temperature and
heat value in binary monomer mixtures

Heating rate Endotherm

Code eC /riin) Peak temperature Heat

0 &l/2
2 283.8 (1.00) 0.22 (0.02)
Exp Ul 10 307.4 (0.14) 0.58 (0.03)
20 322.0 (1.73) 0.05 (0.01)
2 283.3 (1.80) 0.17(0.06)
Exp U2 10 311.0 (0.00) 0.05 (0.02)
20 322.2 (1.60) 0.04 (0.00)
2 280.9 (2.10) 0.15 (0.05)
Exp U3 10 300.5 (1.40) 0.25 (0.17)
20 312.6 (0.35) 0.13 (0.02)

filled resins. Their binary monomer mixtures exhibited
that the heat for cure (a range of 0.20 to 0.40 kJ/g) was

968, 512 and 286. Ruyter et al reported that this phe-
nomena was observed for separate species of the branched
bis-GMA®. The presence of separate peaks in thermal
decomposition patterns are supposed to be due to the
branched components of polyfunctional urethane mono-
mers. Their branched components will be identified by
analyzing them at their decomposed temperatures with
gas-liquid chromatography (GC)/mass spectroscopy
MS).

The synthesized urethane monomer is applicable to
VLC bis-GMA-based resins, because the HPLC analysis
clarified a small uncured urethane residue (EXP3) as com-
pared with residues of bissGMA and TEGDMA in the case
of bis-GMA/TEGDMA/urethane based resins. Thus,
binary monomer mixtures were examined using its ure-
thane monomer including commercial polyfunctional ure-
thane monomer. The ratios between two polyfunctional
urethane monomers were fixed at three different weight
parts to clarify the effect of EXP3 (experimental synthe-
sized monomers) to U-4TXA on thermal reactions, such



as exotherm and endotherm of binary monomers, lead-

ing to better cure performance and higher temperature

decomposition.
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