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Abstract

The thermal degradation of resins based on bis-phenol A glycidyl dimethacrylate (Bis-GMA), bis-phenol A ethoxylated dimethacrylate (Bis-
EMA), urethane dimethacrylate (UDMA) and triethylene glycol dimethacrylate (TEGDMA) was investigated using thermogravimetric analysis.
Four different heating rates were employed for its polymer in order to have adequate data to perform an isoconversional analysis. Activation energies
were estimated as a function of the extent of degradation using a differential and an integral method. The observed differences were interpreted in
terms of degradation mechanisms, which are highly depended on the structural characteristics of the corresponding resin. The existence of only a
small number of defects in the network structure of Bis-GMA and Bis-EMA resins together with their stiff aromatic nuclei lead to the formation of
a rigid network with high thermal stability and to decomposition in one-step. In contrast, inhomogeneities in the network structure of TEGDMA
and UDMA resins, mainly due to the formation of primary cycles during polymerization, result in a two-step degradation mechanism at much
lower temperatures. The hydrogen bonding ability of Bis-GMA and UDMA monomer units was also found to play an important role during thermal

degradation of these resins.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The thermal degradation of polymers has been at the cen-
ter of thermal analysis for many years. The determination of
the parameters of the thermal decomposition process provides
more specific information regarding internal structures of poly-
meric materials [1-5]. Thermogravimetric analysis (TGA) is
a common experimental method used to study the overall or
macroscopic kinetics of polymer degradation. However, apart
from a simple TGA scan, further computational kinetic anal-
ysis is needed to probe the degradation mechanism, as well
as, to predict the thermal stability of polymers. Among oth-
ers, isoconversional methods have been conceived by many
researchers and widely used in thermal degradation kinetic
studies [6].

As it is well-known, polymers degrade on heating form-
ing low molecular products. The process involves breaking
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of the bonds between individual atoms forming a polymer
chain. Study of polymer degradation becomes more difficult
when the material studied does not form linear macromolecular
chains but three-dimensional networks. Dimethacrylate-based
resins are such materials, which find wide applications as
biomaterials. In fact, dental resins require highly crosslinked
three-dimensional network structures which can be produced
from the photopolymerization of multifunctional monomers.
The monomers typically used combine a relatively viscous
dimethacrylate base monomer, such as 2,2-bis[p-(2’-hydroxy-
3’-methacryloxypropoxy)phenylene]propane (usually referred
as bis-phenol A glycidyl dimethacrylate, Bis-GMA) with
a low viscosity dimethacrylate comonomer, such as tri-
ethylene glycol dimethacrylate (TEGDMA) used as reactive
diluent. Other common used base monomers in commercial
dental resin-based materials are the bis-phenol A ethoxy-
lated dimethacrylate (Bis-EMA) and 1,6-bis-(methacryloxy-2-
ethoxycarbonylamino)-2,4,4-trimethyl hexane (usually referred
as urethane dimethacrylate, UDMA). These monomers are
copolymerized at ambient temperature, by using either a pho-
toinitiation system or a redox initiation system. In the first case
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the most common photoinitiation system is a combination of
camphorquinone with an amine. Polymerization kinetics and
network structure formation of these resins have been exten-
sively studied in literature [7-10].

Thermal degradation of these monomers has been described
in only a few reports owing to the complexity of the process
[11-14]. Pielichowski et al. [13] studied the thermal decompo-
sition of copolymers based on long chained diol dimethacrylated
and Bis-GMA/TEGDMA. One degradation step was observed
using a rather high heating rate (50 K/min). Only two serious
attempts to study thermal degradation of photo-polymerized Bis-
GMAJ/TEGDMA copolymers were presented by Teshima et al.
[11]and Rigolietal. [14]. To our knowledge thermal degradation
of UDMA, Bis-EMA and also of the homopolymers prepared
from Bis-GMA and TEGDMA has not been reported so far in
literature.

Therefore, following our recent publications on the effect
of the monomer chemical structure on the degree of con-
version, water sorption, modulus of elasticity, and thermal
expansion characteristics of dimethacrylate-based dental resins
[15-18], in this investigation the thermal degradation kinet-
ics of resins based on Bis-GMA, Bis-EMA, UDMA or
TEGDMA is examined. Thermogravimetric scans are taken
at different heating rates and an isoconversional analysis is
carried out to determine the change of the effective activa-
tion energy as a function of conversion for all resins. Both
differential and integral isoconversional methods are exam-
ined.

2. Experimental
2.1. Materials

The dimethacrylate monomers used were Bis-GMA (Aldrich
Chem. Co., Lot no. 07210BB), UDMA (lvoclar-Vivadent, Lot
no. B00338), TEGDMA (Aldrich Chem. Co., Lot no. 09004BC-
275) and Bis-EMA (Aldrich Chem. Co., Lot no. 03514 HF). The
chemical structure of these monomers appears in Scheme 1.
The photoinitiator system was camphorquinone (CQ) (Lot no.
S$12442-053) and ethyl-4-dimethylaminobenzoate (4EDMAB)
(Lot no. 90909001) and they were provided from Aldrich. All
the materials used in this study were used as received without
further purification.

2.2. Preparation of specimens

Polymers were prepared by mixing monomer and the pho-
toinitiator system (CQ 0.2% mass fraction and 4EDMAB 0.8%
mass fraction), followed by heating in the dark at 60 £ 0.5°C
until the photo-initiator components were dissolved in the
monomer. Then the mixture of monomer was cured in Teflon
molds using a XL.3000 dental photocuring unit (3M Company).
This source consisted of a 75-W tungsten halogen lamp, which
emits radiation between 420 and 500nm and has the maxi-
mum peak at 470nm. The samples were irradiated for 200s
on each side, time that has been found to be adequate for the
polymerization to reach the limiting degree of conversion [16].
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Scheme 1. Chemical structure of the dimethacrylate monomers used.
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2.3. Thermogravimetric analysis (TGA)

TGA was performed onaPyris 1 TGA (PerkinElmer) thermal
analyzer. Samples of about 8 mg were used. They were heated
from ambient temperature to 600 °C under a 20 ml/min nitrogen
flow. TGA measurements of each sample were performed at
different heating rates of 2.5, 5, 10 and 20 °C min—! and sample
mass versus temperature was continuously recorded.

3. Kinetic analysis of TGA data according to
isoconversional methods

The kinetics of polymer degradation are usually described by
the following single-step kinetic equation [1,6]:
RN )

t

where o represents the extent of reaction, which can be deter-
mined from TGA runs as a fractional mass loss, ¢ is time, k(7)
a temperature-dependent rate constant and f{«) denotes the par-
ticular reaction model, which describes the dependence of the
reaction rate on the extent of reaction. If an Arrhenius-type
expression is used to describe the temperature dependence of
k(T), then Eq. (1) yields:

do
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with A and E the pre-exponential factor and the activation energy,
respectively.

According to the isoconversional principle, at a constant
extent of reaction, the reaction rate is a function only of the
temperature. So Eq. (2) can be written as:

[d In(da/dt)} _E,

d1/7) |, R @)

where the subscript « denotes value at a specific extent of reac-
tion.

Isoconversional methods employ multiple temperature pro-
grams (e.g., different heating rates) in order to obtain data on
varying rates at a constant extent of conversion. Thus, isoconve-
rional methods allow complex (i.e., multi-step) processes to be
detected via a variation of E, with « [6].

Simple rearrangement of Eq. (2) leads to the following
equation, which forms the foundation of the differential iso-
conversional method of Friedman [19]:

do Eq
In (df>a,i =1In [Aaf(a)] — RToi 4)

The subscript i denotes different heating rates.

Application of the Friedman method to the integral part (e.g.,
TGA data) requires numerical differentiation of the experimen-
tal @ versus T curves. This is typically carried out by the software
of the instrument used and in sometimes results in quite noisy
rate data and thus, unstable activation energy values. This prob-
lem of numerical differentiation could be avoided by using
integral isoconversional methods. For nonisothermal conditions,

when the temperature is raised at a constant heating rate 3, inte-
gration of Eq. (2) involves solving the temperature integral in
the following equation:
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Since the integral I(E,T) in Eq. (5) does not have an analytical
solution it can be solved using either approximations or numer-
ical integration. One of simplest approximations by Doyle [20]
gives rise to the following equation, which is used in the popu-
lar isoconversional methods of Flynn [21] and Wall and Ozawa
[22]:
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The use of a more precise approximation by Coats and Red-
fern [23] yields the equation:

; E
In ﬁz’ = const, — —— (7
Ta,i RTa,i

Further increase in precision of the integral methods can
be accomplished by using numerical integration, a method
developed and extensively used by Vyazovkin [24-26]. In this
investigation the methods of Friedman, Flynn, Wall and Ozawa
(FWO) and Coats and Redfern were used.

4. Results and discussion
4.1. Effect of heating rate

Figs. 1a—4a show the TGA scans of Bis-GMA, Bis-EMA,
UDMA and TEGDMA resins, respectively at different heating
rates of 2.5, 5, 10 and 20 °C min—1. The corresponding differ-
ential TGA (DTGA) plots of all these resins at different heating
rates appear in Figs. 1b—4b, respectively. In all cases studied, it
was observed that an increase in the heating rate shifts the TGA
curves and peak temperatures to higher values, as it was expected
and is common in different types of polymers [2—4,14]. Decom-
position of crosslinked polymers in an inert atmosphere occurs
in such a way that they tend to conserve the structure of their
matrix, thus bond breaking inside the polymer matrix requires
a large amount of energy [27]. In this investigation, almost all
resins exhibited high thermal stability with very small degra-
dation even at 300 °C. The values measured at the heating rate
10°Cmin~t were 2.3, 3.1, 5.5 and 34.5% for Bis-GMA, Bis-
EMA, UDMA and TEGDMA, respectively. It is obvious that
only the TEGDMA resin degraded significantly at this temper-
ature. From Figs. 1-4 it can be observed that either one-step or
a two-step degradation mechanism may occur depending on the
resin type. The temperature where degradation starts together
with that where the maxima appears for all resins at different
heating rates are provided in Table 1. An explanation of the
results, taking into consideration the degradation mechanism,
follows.
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Fig. 1. Effect of heating rate on the TGA scans (a) and DTGA curves (b) of
Bis-GMA resin.

Table 1

Temperatures where thermal degradation starts (7p) and at the first (771) and
second (72) maximum of thermal decomposition, as well as residual mass at
600 °C for each sample studied at different heating rates

Sample Heatingrate 7o (°C) Ti (°C) T>(°C) Residual mass
(°Cmin~1) at 600 °C (%)
Bis-GMA 25 250 394 - 17.2
5 248 400 - 18.4
10 250 415 - 171
20 255 431 - 17.0
Bis-EMA 25 242 414 - 53
5 244 414 - 5.3
10 245 424 - 4.1
20 246 441 - 4.2
UDMA 25 209 321 417 15
5 209 340 434 1.7
10 217 357 444 1.0
20 222 372 454 1.3
TEGDMA 25 201 277 370 2.0
5 203 284 371 1.2
10 204 306 403 1.9
20 206 320 416 1.8
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Fig. 2. Effect of heating rate on the TGA scans (a) and DTGA curves (b) of
Bis-EMA resin.

4.2. Effect of the resin chemical structure

Thermal degradation of radically polymerized mono-
methacrylate polymers like poly(methyl methacrylate), PMMA,
usually shows two or three mass loss steps during decomposition
[2]. The decomposition reaction is a radical depolymerization
where the chain backbone of the polymer is split by a radi-
cal reaction mechanism [28]. Depending on polymer type and
experimental conditions either end-chain, or random scission of
the macromolecules occurs [28] leading to the production either
of the monomer in a large amount (i.e., in PMMA degradation
[29]) or in other secondary products [30]. During thermal degra-
dation of PMMA at low temperatures (330—-400 °C) end-chain
scission is favoured, which is replaced by random main-chain
scission at higher temperatures (>400°C) [31]. Thus, initial
degradation is initiated at vinylidene end groups resulted from
the termination by disproportionation reaction taking place dur-
ing polymerization. Once the vinylidene-terminated chains have
unzipped, further degradation is initiated by random scission
that corresponds to the second mass loss step in TGA experi-
ments [2]. Furthermore, random main-chain scission may start
at abnormal head-to-head linkages formed as a result of ter-
mination by combination of growing polymer chains [31,32].
During this step two radicals are formed by the action of heat
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Fig. 3. Effect of heating rate on the TGA scans (a) and DTGA curves (b) of
UDMA resin.

on the polymer chain, which both can undergo a number of
different reactions such as depolymerization, hydrogen abstrac-
tion or interaction with another radical giving either coupling or
disproportionation. Considering the isobutyryl macroradical it
is general accepted that it will depolymerize to form monomer
molecules in a process which is the reverse of polymerization.
However, the second primary radical formed does not depoly-
merize efficiently. Therefore, different mechanisms, such as
B-scission to form a methoxycarbonyl radical, or side-group
scission, have been proposed to describe the degradation of these
radicals and predict the different products obtained during the
process [32].

For the Bis-GMA resin, the temperature at which degrada-
tion starts is near 250 °C and does not seem to depend much on
the heating rate. Thermal degradation seems to stop at approx-
imately 500 °C, where afterwards it continuous, but at a much
slower rate. The solid residual weight at 600 °C was not much
affected by the heating rate used, with a char yield of car-
bonization high enough and approximately equal to 17-18%.
The degradation is completed in only one-step and the tempera-
ture at which maximum degradation occurs ranges between 394
and 431 °C, as the heating rate increased from 2.5 to 20 °C min—1
(Table 1).

Bis-EMA resin exhibits a similar to Bis-GMA behaviour with
only one degradation step starting at 242—246 °C and completing
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Fig. 4. Effect of heating rate on the TGA scans (a) and DTGA curves (b) of
TEGDMA resin.

at approximately 450°C. The solid residual weight at 600°C
was again not much affected by the heating rate used, with a
char yield of carbonization much lower than that of Bis-GMA
and approximately equal to 4-5% (Table 1).

Thermal degradation of TEGDMA resin seems to complete
in two steps, starting at rather low temperatures of 201-206 °C
increasing with the heating rate. The first degradation rate max-
imum occurs at 277-320°C (increasing with the heating rate)
and the second at 371-416 °C (increasing with heating rate).
The degradation stops at a temperature interval between 400
and 450 °C, leaving a very small amount of char approximately
equal to 2% (Table 1).

Finally, UDMA resin shows also a two step thermal degra-
dation mechanism starting at temperatures higher than those of
the other aliphatic resin TEGDMA, i.e., from 210 to 220 °C and
completing at 430-470 °C, leaving again a very small amount of
solid residue around 1-1.7%. The first maximum in the degrada-
tion rate ranges from 321 to 372 °C (increasing with the heating
rate) while the second at 417 to 454 °C (increasing with the
heating rate). Both maxima are higher than the correspond-
ing measured for TEGDMA, while the values of the second
maximum seem to be close to those found for Bis-EMA.

A comparative plot of TGA scans for all the polymers studied
at a heating rate of 10°C min~—1 is shown in Fig. 5.
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In order to explain the aforementioned observations, at this
point it is interesting to examine the features of network forma-
tion of these highly crosslinked systems. It has been reported that
such phenomena as microgel formation and primary cycliza-
tion usually occur in the creation of crosslinked networks
[33-36]. Since photoinitiated free radical reactions form mul-
tiple initiation sites upon exposure to light, an inhomogeneous
polymerization ensues. Microgel regions, which are more highly
crosslinked than the rest of the polymer, are created at these ini-
tiation sites. Due to microgel formation, unreacted monomer
pools and highly crosslinked polymer regions coexist within the
same material. In addition, when multifunctional monomers are
polymerized, a pendant double bond can react intramolecularly
with the radical in its propagating chain to form a loop in a
primary cyclization reaction [33,34]. Primary cyclization reac-
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tions are generally undesirable, since they do not contribute to
overall crosslinking density, but does promote network hetero-
geneity, incomplete conversion and reduced mechanical strength
[35]. Pendant double bonds are created by the consumption of
monomer and react away, either by crosslinking or cyclization
reactions. Monomer chain stiffness has been proved to play a
dominant role in cyclization reactions [33]. As both Bis-GMA
and Bis-EMA resins contain the kinked and rigid bis-phenol A
core structure, it is expected that this connecting-group rigid-
ity is primarily responsible for a reduction in the amount of
cyclization reactions occurring in these resins. Bis-GMA is not
flexible enough to react intramolecularly with the radical on the
same propagating chain, until several repeat units have been
added. Thus it forms an excellent monomer for dental applica-
tions because it provides more crosslinking than a similar more
flexible monomer [35]. In contrast, TEGDMA and UDMA due
to their non-aromatic nuclei are more flexible monomers and
therefore their pendants can cycle more readily after they are
created. In fact, TEGDMA pendants undergo cyclization reac-
tions almost three times more than Bis-GMA pendants [33].
A schematic representation of the primary cyclization reaction
in TEGDMA resin, occurring during polymerization appears
in Scheme 2. Therefore, the degradation of Bis-GMA and Bis-
EMA resins at higher temperatures is attributed to the existence
of only a small number of cycles (meaning inhomogeneities)
in the polymer network. In contrast, the existence of a large
number of cycles in the TEGDMA and in UDMA resins leads
to defect points in the network, which could more easily be
degraded. A schematic representation of network with high or
low degree of cyclization appears in Scheme 3. Furthermore,
compared with the 2-hydroxy-propyl groups of Bis-GMA, the
longer and more flexible ethoxylated linkages in Bis-EMA and

Scheme 2. Primary cyclization reaction occurring during polymerization of TEGDMA.
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(a) (b)

Scheme 3. Polymer network with high (a) and low (b) degree of cyclization.

the lack of hydrogen bonding allow a greater degree of mobil-
ity and as a result a degradation in lower temperatures. The
highly homogeneous network formed in Bis-GMA and Bis-
EMA resins is also mainly responsible for the appearance of
only one degradation temperature in these resins. In contrast,
the appearance of two degradation steps in the resins formed
from TEGDMA and UDMA is attributed to inhomogeneities in
the network structure mainly due to the formation of primary
cycles during polymerization. The first degradation step, at low
temperatures, corresponds to bond breaking near the cycling
points, while the second to the main network.

The final point to be discussed is the greater thermal stabil-
ity observed in the UDMA resin compared to TEGDMA resin.
To understand this phenomenon the chemical structure of the
resins is examined next. In both these resins, aromatic nuclei are
absent, although two major differences exist. The first is con-
nected with the appearance of hydrogen bonding interactions in
the UDMA resin due to the existence of the N-H groups. Hydro-
gen bonding generally leads to a viscosity increase that results
in enhanced polymerization kinetics. The existence of hydro-
gen bonding leads to a need of extra energy for the network to
degrade. The second reason has to do again with the defects
formed in the network structure due to the cyclization reactions.
In general cyclization is more likely when the crosslinker size
is smaller [36]. Pendant double bonds in a higher molecular
weight crosslinker are more dilute therefore they do not react
(with the same degree of probability as in the case of a lower
molecular weight crosslinker) with the active centre that con-
sumed the first double bond. The molecular mass of UDMA is
470, while that of TEGDMA only 286. Therefore, the larger size
of UDMA leads to less probability of cyclization and therefore
to lower inhomogeneites in the netwotk structure compared to
TEGDMA.

4.3. Isoconversional kinetic analysis

Anisoconversional kinetic analysis of the data reported previ-
ously is presented in this section and the activation energies, E,,
asa function of the extent of degradation, «, are calculated. Anal-
ysis of the E, dependences proves generally to be very helpful
in exploring the effect of the structure of the polymeric material
on its degradation kinetics. Typical plots of In(da/d?) versus 1/T
according to Eq. (4) of the differential isoconversional method
of Friedman, for the Bis-GMA resin and at different extents of
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Fig. 6. Typical plot of In(da/dz) vs. 1/T according to Eq. (4) of the differential
isoconversional method of Friedman, for the Bis-GMA resin at different extents
of degradation.

degradation, appear in Fig. 6. As it can be seen a good linear-
ity was observed in almost all sets of experimental data. From
the slope of these curves the effective activation energy is cal-
culated and plotted as a function of the extent of degradation
in Fig. 7. Use of the integral isoconversional method of FWO
permits the calculation of the corresponding activation energy
by plotting In(B8) versus 1/T. Such plots for Bis-GMA appear
in Fig. 8. From the slope of these lines the activation energies
estimated at different conversions are plotted also in Fig. 7. Acti-
vation energies were also estimated using the CR method and
plotted in Fig. 7. From the data plotted in Fig. 7 it is clear that all
three methods predict the same trend of dependence of the acti-
vation energy on the extent of degradation. In addition, results
form the methods of FWO almost are identical with those esti-
mated using the CR method. Therefore, the latter method was not
employed in further calculations. The steady difference appeared
between the differential and the integral calculation method can
be explained by the systematic error due to integration. The dif-
ferential method of Friedman employs instantaneous rate values
and therefore is sensitive to experimental noise, while in the
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Fig. 7. Effective activation energy as a function of the extent of degradation for
the Bis-GMA resin estimated using different methods.
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FWO method the equation used is derived assuming constant
activation energy, introducing thus a systematic error in the esti-
mation of E inthe case that £ varies with « [3]. Furthermore, from
the results shown in Fig. 7, it is clear that degradation is charac-
terized by steadily increasing activation energy. E, starts from
initial low values of about 130 kJ/mol at &« =0.03 and increase
to a maximum of almost 850 kJ/mol (according to the Friedman
method) at « =0.80. As it is well-known thermal degradation
starts rather easily, because of the weak link sites inherent with
the polymer chain [6]. The initial lower value of the activation
energy is most likely associated with the initiation process that
occurs at these weak links. As these weak links are consumed,
the limiting step of degradation shifts towards the degradation
initiated by random scission, which typically has greater activa-
tion energy [1]. The very high values of E, calculated at large
extends of degradation explain the large amount of solid residue
remained (almost 17%). An increase of E, with « has been also
reported in literature for other types of polymers [1,3,4,6].
Results on the E, versus «, dependence for the Bis-EMA
resin appear in Fig. 9. Almost the same trend with that observed

for Bis-GMA resin was calculated. Data from the two methods
investigated coincide in the intervals 5-10% and 60—70% degra-
dation, whereas again data from the Friedman method are higher
than those from the FWO method. As it was reported previously
for Bis-GMA resin, initial low values for E, were estimated
increasing steadily. However, the lack of hydrogen bonding in
Bis-EMA resin, results in more easily breaking network and
as a result lower activation energies were estimated throughout
the whole extent of degradation. These values start at approxi-
mately 100 kJ/mol for & =0.05 and reach a maximum value of
370 kJ/mol (according to the Friedman method) at o = 0.85. The
much lower maximum value of E, estimated for the Bis-EMA
resin compared to the corresponding for the Bis-GMA, explains
the much lower amount of solid residue (approximately 5%,
Table 1) measured in this resin.

In contrast to Bis-GMA and Bis-EMA resins, a more com-
plex E, on « dependence was calculated for TEGDMA resin
(Fig. 10). It involves an initial value of about 130 kJ/mol at
«a=0.05, slightly decreasing up to 110kJ/mol at «=0.40. A
rapid increase follows and a peak appears at « =0.65 with a
maximum E, =200 kJ/mol. Afterwards the E, values reach a
minimum at « =0.75, followed by a second increase up to the
maximum value of approximately 210 kJ/mol (according to the
Friedman method). Again, results from the two methods slightly
differ at most data while they coincide in a few. The appearance
of inhomogeneities in the network of this resin, as it was reported
previously, is probably responsible for the particular shape of the
activation energy. The initial estimated value of E, is about the
same with that observed in Bis-GMA resin while slightly higher
than that of Bis-EMA. In order to explain this behavior an addi-
tional plot of the DTGA values versus « is presented in Fig. 11.
As it was reported previously degradation of TEGDMA resins
starts at weak links (defects) in the resin network which have
been attributed to cycles incorporated in the network. Therefore
the first initial low E, values reflect breakage of these parts and
a maximum in DTGA appears at « = 0.40 where the minimum
in E, has been observed. The end of the first degradation stage
is characterized by a decrease in the values of DTGA (approx-
imately at 63-69% degradation, Fig. 11) and a peak in the E,
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Fig. 9. Effective activation energy as a function of the extent of degradation for
the Bis-EMA resin estimated using different methods.
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Fig. 10. Effective activation energy as a function of the extent of degradation
for the TEGDMA resin estimated using different methods.
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Fig. 11. Differential TGA curves versus the extent of degradation for the
TEGDMA resin at different heating rates.

at the same extent of degradation. Therefore, the degradation
where the bond breaking changes from one mechanism to the
other denotes the local peak in the estimated activation energy
values. The rather low maximum E,, value leads to a low amount
of solid residue (approximately 2%, Table 1).

Finally, the estimated activation energy versus the extent of
degradation value obtained using both the Friedman method and
the FWO for UDMA appears in Fig. 12. Results from the two
methods are similar in most of the extent of degradation. Activa-
tion energy initially starts at nearly a constant value between 100
and 110 kJ/mol until @ = 0.50, whereas afterwards a peak appears
at o =0.55 and E, =280 kJ/mol. Again these results denote two
degradation mechanisms. The first exhibiting the plateau in the
E,, values, corresponds to the breakage of weak links (like pri-
mary cycles, or hydrogen bonds), while the second with the
high enough values of E, corresponds to degradation of the
main network bonds. It is for this reason that the estimated max-
imum value of E, is close to the values observed for Bis-EMA
(where in the degradation range from 0.40 to 0.7 a constant value
equal to 250 kJ/mol, was calculated). The final very low E,, val-
ues (approximately 220 kJ/mol) are responsible for the lowest
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Fig. 12. Effective activation energy as a function of the extent of degradation
for the UDMA resin estimated using different methods.

900
1|—n— Bis-GMA .
800 | —e— Bis-EMA
—a— UDMA
7009| _s— TEGDMA
600 4 i

500 - /

400- // y

300 -

E,, (kJ/mol)

2004

,.,-—-;l:':=::1% e
el
e & R

. —4
g \::::Q;#/

~

0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
o (%)

Fig. 13. Effect of the chemical structure of the resin on the activation energy as
a function of the extent of degradation estimated using the method of Friedman.

amount of solid residue (ca. 1.5%, Table 1) measured in this
resin.

A comparative plot of the activation energy as a function of
the extent of degradation using the method of Friedman for all
polymers studied is illustrated in Fig. 13.

5. Conclusions

The thermal degradation mechanism of four dimethacrylate-
based resins used in dental applications was examined. The study
was completed by thermogravimetric measurements together
with an isoconversional kinetic analysis using a differential and
an integral method. Differences in the chemical structure of
the resins formed influence much the degradation behaviour
of the resins. Thus, Bis-GMA and Bis-EMA because of their
rigid aromatic nuclei form a more rigid network decompos-
ing at higher temperatures compared to that from TEGDMA
and UDMA. In advance, the strong hydrogen bonding ability
of Bis-GMA is considered responsible for its slightly higher
thermal stability compared to Bis-EMA. The absence of defects
in the network structure of Bis-GMA and Bis-EMA leads to
one-step degradation mechanism. In contrast the appearance of
two degradation steps in the resins formed from TEGDMA and
UDMA is attributed to inhomogeneities in the network structure
mainly due to the formation of primary cycles during polymer-
ization. Finally, the higher thermal stability of UDMA compared
to TEGDMA is attributed to the existence of hydrogen bonds
from the N—H groups in the UDMA resin as well as to its lower
primary cycling probability. These results were verified from
isoconversional kinetic analysis and estimation of the activation
energy as a function of the extent of degradation.

References

[1] J.D. Peterson, S. Vyazovkin, C.A. Wight, Kinetics of the thermal and
thermo-oxidative degradation of polystyrene, polyethylene and polypropy-
lene, Macromol. Chem. Phys. 202 (2001) 775-784.

[2] J.D. Peterson, S. Vyazovkin, C.A. Wight, Kinetic study of stabilizing effect
of oxygen on thermal degradation of poly(methyl methacrylate), J. Phys.
Chem. B 103 (1999) 8087-8092.



D.S. Achilias et al. / Thermochimica Acta 472 (2008) 74-83 83

[3] K. Chrissafis, K.M. Paraskevopoulos, D.N. Bikiaris, Effect of molecular
weight on thermal degradation mechanism of the biodegradable polyester
poly(ethylene succinate), Thermochim. Acta 440 (2006) 166-175.

[4] K. Chrissafis, K.M. Paraskevopoulos, D.N. Bikiaris, Thermal degradation
kinetics of the biodegradable aliphatic polyester poly(propylene succinate),
Polym. Degrad. Stab. 91 (2006) 60-68.

[5] T. Zorba, K. Chrissafis, K.M. Paraskevopoulos, D.N. Bikiaris, Synthesis,
characterization and thermal degradation mechanism of three poly(alkylene
adipate)s: comparative study, Polym. Degrad. Stab. 92 (2007) 222-230.

[6] S. Vyazovkin, N. Shirrazzuoli, Isoconversional kinetic analysis of ther-
mally stimulated processes in polymers, Macromol. Rapid Commun. 27
(2006) 1515-1532.

[7] D.S. Achilias, I.D. Sideridou, Kinetics of the benzoyl peroxide/amine
initiated free radical polymerization of dental dimethacrylate monomers:
experimental studies and mathematical modelling for TEGDMA and Bis-
EMA, Macromolecules 37 (2004) 4254-4265.

[8] S.H. Dickens, J.W. Stansbury, K.M. Choi, C.J.E. Floyd, Photopolymer-
ization kinetics of methacrylate dental resins, Macromolecules 36 (2003)
6043-6053.

[9] C.J.Floyd, S.H. Dickens, Network structure of Bis-GMA and UDMA based
resin systems, Dent. Mater. 22 (2006) 1143-1149.

[10] L.G. Lovell, J.W. Stansbury, D.C. Syrpes, C.N. Bowman, Effects of
composition and reactivity on the reaction kinetics of dimethacry-
late/dimethacrylate copolymerizations, Macromolecules 32 (1999)
3913-3921.

[11] W. Teshima, Y. Nomura, A. lkeda, T. Kawahara, M. Okazaki, Y. Nahara,
Thermal degradation of photo-polymerized Bis-GMA/TEGDMA based
dental resins, Polym. Degrad. Stab. 84 (2004) 167-172.

[12] Y. Nomura, W. Teshima, N. Tanaka, Y. Yoshida, Y. Nahara, M. Okazaki,
Thermal analysis of dental resins cured with blue light-emitting diodes
(LEDs), J. Biomed. Mater. Res. B: Appl. Biomater. 63 (2002) 209-213.

[13] K. Pielichowski, D. Bogdal, J. Pielichowski, A. Boron, Thermal decompo-
sition of the copolymers based on long-chained diol dimethacrylates and
Bis-GMA/TEGDMA, Thermochim. Acta 307 (1997) 155-165.

[14] 1.C.Rigoli, C.C.S. Cavalheiro, M.G. Neumann, E.T.G. Cavalheiro, Thermal
decomposition of copolymers used in dental resins formulations photo-
cured by ultra blue 1S, J. Appl. Polym. Sci. 105 (2007) 3295-3300.

[15] 1.D. Sideridou, D.S. Achilias, E. Kyrikou, Thermal expansion character-
istics of light-cured dental resins and resin composites, Biomaterials 25
(2004) 3087-3097.

[16] I.D. Sideridou, D.S. Achilias, Elution study of unreacted Bis-GMA,
TEGDMA UDMA and Bis-EMA from light-cured dental resins and resin
composites using HPLC, J. Biomed. Mater. Res. B: Appl. Biomater. 74
(2005) 617-626.

[17] 1.D. Sideridou, D.S. Achilias, O. Karava, Reactivity of BPO/amine system
as an initiator for the free radical polymerization of dental and orthopaedic
dimethacrylate monomers: effect of the amine and monomer chemical
structure, Macromolecules 39 (2006) 2072—-2080.

[18] I.D. Sideridou, D.S. Achilias, M.M. Karabela, Sorption kinetics of
ethanol/water solution by dimethacrylate-based dental resins and resin
composites, J. Biomed. Mater. Res. B: Appl. Biomater. 81 (2007) 207-218.

[19] H.L. Friedman, J. Polym. Sci. C 6 (1964) 183.

[20] C.D. Doyle, J. Appl. Polym. Sci. 6 (1962) 639.

[21] J.H. Flynn, L.A. Wall, J. Res. Natl. Bur. Stand. 70A (1966) 487.

[22] T. Ozawa, Bull. Chem. Soc. Jpn. 38 (1965) 1881.

[23] A.W. Coats, J.P. Redfern, Nature 201 (1964) 68.

[24] S. Vyazovkin, D. Dollimore, Linear and nonlinear procedures in isocon-
versional computations of the activation energy of nonisothermal reactions
in solids, J. Chem. Inf. Comp. Sci. 36 (1996) 42—45.

[25] S. Vyazovkin, Modification of the integral isoconversional method to
account for variation in the activation energy, J. Comput. Chem. 22 (2001)
178-183.

[26] S.Vyazovkin, Evaluation of activation energy of thermally stimulated solid
state reactions under arbitrary variation of temperature, J. Comput. Chem.
18 (1997) 393-402.

[27] J. Lefebvre, V. Mamleev, M. Le Bras, S. Bourbigot, Kinetic analysis of
pyrolysis of cross-linked polymers, Polym. Degrad. Stab. 88 (2005) 85-91.

[28] K.Pielichowski, J. Njuguna, Thermal Degradation of Polymeric Materials,
Smithers Rapra Technology Ltd, Shropshire, UK, 2005.

[29] D.S. Achilias, Chemical recycling of PMMA by pyrolysis Potential use of
the liquid fraction as a raw material for the reproduction of the polymer,
Eur. Polym. J. 43 (2007) 2564-2575.

[30] D.S. Achilias, I. Kanellopoulou, P. Megalokonomos, E. Antonakou, A.A.
Lappas, Chemical recycling of polystyrene by pyrolysis Potential use of
the liquid product for the reproduction of polymer, Macromol. Mater. Eng.
292 (2007) 923-934.

[31] O. Chiantore, M.P. Luda di Cortemiglia, M. Guaita, Changes in the thermal
degradation of poly(methyl methacrylate), Polym. Degrad. Stab. 24 (1989)
113-126.

[32] T. Kashiwagi, A. Inabi, A. Hamins, Behavior of primary radicals during
thermal degradation of poly(methyl methacrylate), Polym. Degrad. Stab.
26 (1989) 161-184.

[33] J.E.Elliott, L.G. Lovell, C.N. Bowman, Primary cyclization in the polymer-
ization of Bis-GMA and TEGDMA: amodelling approach to understanding
the cure of dental resins, Dent. Mater. 17 (2001) 221-229.

[34] J.E. Elliott, C.N. Bowman, Kinetics of primary cyclization reactions
in cross-linked polymers: an analytical and numerical approach to het-
erogeneity in network formation, Macromolecules 32 (1999) 8621-
8628.

[35] L.G. Lovell, K.A. Berchtold, J.E. Elliott, H. Lu, C.N. Bowman, Under-
standing the kinetics and network formation of dimethacrylate dental resins,
Polym. Adv. Technol. 12 (2001) 335-345.

[36] A.R. Kannurpatti, J.W. Anseth, C.N. Bowman, A study of the evolution
of mechanical properties and structural heterogeneity of polymer networks
formed by photopolymerization of multifunctional (meth)acrylates, Poly-
mer 39 (1998) 2507-2513.



	Thermal degradation of light-cured dimethacrylate resins
	Introduction
	Experimental
	Materials
	Preparation of specimens
	Thermogravimetric analysis (TGA)

	Kinetic analysis of TGA data according to isoconversional methods
	Results and discussion
	Effect of heating rate
	Effect of the resin chemical structure
	Isoconversional kinetic analysis

	Conclusions
	References


