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Abstract Electron paramagnetic resonance (EPR) was
used to study the kinetics of methacrylate radical formation
in the monomer mixture 2,2-bis [4-(2-hydroxy-3-methac-
ryloxyprop-1-oxy) phenyl] propane (Bis-GMA)/triethylene
glycol dimethacrylate (TEGDMA), in the presence of a
photo-initiator system (camphorquinone, CQ/N,N-dime-
thyl-p-toluidine, DET). Curing-time dependences on the
filler (040 wt%) and TEGDMA content (15-90 wt%)
were evaluated; the influence of irradiation protocol,
uncured sample storage time and aging of cured systems
were also studied. EPR enabled observing at least two
different kinetic regimes during polymerization. The final
radical concentration decreased both with Bis-GMA and
filler content. However, a reverse trend was obtained when
the relative photo-initiator concentrations were considered.
Filler also showed a significant effect on the radical life--
time reduction. Irradiation protocol and storage time of
uncured matrices showed to affect the free radical con-
centration. The observed changes on the EPR signal
lineshape with post-curing time suggests that the distribu-
tion of CH, conformations also changes with time.
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1 Introduction

Dental restorative composite materials are generally light-
cured by radical polymerization of methacrylate mono-
mers, which proceeds via adding monomers to the growing
polymer chains. A particulate filler is always present, at
different loads, in order to improve the final mechanical
performance.

The camphorquinone (photosensitive-initiator)/amine
(co-initiator reducing agent) system is widely used in the
first reaction stage of polymerization of dental materials
[1-3]. Amine radicals add to the double bonds of meth-
acrylate groups and generate new radicals that further react
successively with monomers to form a cross-linked net-
work; the propagation reaction then leads to the increase of
the matrix viscosity. This reaction occurs until no addi-
tional monomer is able to react or the propagation reaction
is stopped by termination.

It is recognized that these radicals achieve sufficient
concentrations to be observed by EPR in the latter periods
of a four-stage polymerization process: stages I-III that
origin the auto-acceleration period (gelation), during which
polymeric and segmental chains can move by translational
diffusion, and stage IV, i.e. auto-deceleration period (vit-
rification), during which only segmental diffusion and
macromolecular conformational transitions are possible [4,
5]. A more detailed description of these four stages is given
in Sect. 3. The reduced mobility of the polymer network,
formed during vitrification, leads to incomplete double
bond conversion of unreacted dimethacrylate monomers
and pendant methacrylate groups. In fact, the network of a
light-cured composite, with a glass-transition temperature
higher than the reaction temperature, includes remaining
double bonds and molecules with one or two free radicals
which are located at functional groups. These radicals,
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which have been extensively studied by EPR and ENDOR
spectroscopy over the last 50 years, are very reactive, and
their concentration decays logarithmically with time [6].
At a constant storage temperature, the half-life of radicals
depends on the type of filler, the filler fraction, the filler
surface treatment and viscosity. However, the role of these
parameters on the final restorative dental materials prop-
erties is not completely understood [7, 8].

EPR is a powerful tool to detect radicals present in these
photo-cured systems, enabling the study of structure, con-
centration and half-life of the radicals formed. Monitoring
these parameters provides insight into the mechanism of
polymerization, the nature of the polymerization kinetics,
and the network durability [9].

The incomplete conversion of double bonds commonly
achieved in photo-cured dental polymers (<85%) affects
the material performance in vivo and may induce toxicity
problems due to the leaching-out of unreacted monomers.
Aiming to contribute for the improvement of dental
materials, we report here the effect of different experi-
mental conditions on the free propagating radical
concentration.

2 Materials and methods
2.1 Materials

Three homogeneous co-monomer mixtures of Bis-GMA
(Polysciences Inc.) and 15, 50 or 90 wt% TEGDMA
(Aldrich Chemical Co., Milwaukee, WI, USA) were pre-
pared with CQ (1 mol%, Aldrich Chemical Co.) and DET
(1 mol%, Aldrich Chemical Co.); the photo-initiator sys-
tem (CQ and DET) was used as received. The chemical
structures of Bis-GMA and TEGDMA are shown in Fig. 1.
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Fig. 1 Structure of: (a) 2,2-bis [4-(2-hydroxy-3-methacryloxyprop-1-

oxy) phenyl] propane (Bis-GMA); (b) triethylene glycol dimethac-
rylate (TEGDMA)
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A homogeneous co-monomer mixture of 75 wt% Bis-
GMA and 25 wt% TEGDMA containing the same photo-
initiator system, was also prepared and subsequently used
to obtain five composite resins with 10, 20, 30 and 40 wt%
filler loading; the viscosity of the unfilled resin was
about 2 Pa s [6]. The filler was a silanated hybrid filler
(Herculite, Kerr, USA) with an average particle size of less
than 1 pm. The filler particles were from Ba aluminosili-
cate glasses and pyrogenic silica treated with the organic
silane y-methacryloxy(propyl)trimethoxysilane.

2.2 Methods

A Bruker ESP 300E spectrometer was used to obtain the
EPR spectra. The resins and composite resins were placed
in quartz tubes (3 mm inner diameter, 170 mm height)
filled up to about 20 mm height; the samples were irradi-
ated outside the spectrometer using a light source (Optilux
401, Demetron Research Corp., Danbury, CT, USA) with
light emission between 400 nm and 500 nm, maximum at
470 nm, and 500 mW/cm? light intensity. Samples were
irradiated from the side of the tubes; during curing, the
light tip was moved around the sample tube, in overlapping
positions, in order to achieve the maximum conversion
degree. The measurements were carried out at 295 K, in
air. EPR spectra were acquired prior irradiation and after
the following cumulative irradiation periods: (a) 1, 2, 4, 6,
10, 15, 20, 40, 60, 100, 160, 180 s; (b) 1, 2, 4, 10, 15, 20,
30, 60, 100, 140, 200, 300 s and (c) 60, 180, 300 s. Spectral
peak to peak heights were used to monitor the variation of
free radical concentration with different parameters (irra-
diation time and protocol, filler and diluent content and
aging of the uncured matrices), while keeping constant the
volume sample.

To study the storage time effect on polymerization of
unfilled and 20 wt% filler loaded resins, EPR spectra were
acquired immediately after the sample preparation and
after storing the sample over 10 days at 0°C in the dark.

The concentration of free radicals in two Bis-GMA/
TEGDMA matrices (0 and 30 wt% filler loaded), also used
to evaluate the filler concentration effect, was monitorized
over 65 days (samples were not stored in the dark).

3 Results and discussion

The copolymerization of different Bis-GMA/TEGDMA
matrices was followed up by EPR. Figure 2 shows typical
spectra which were recorded after cumulative irradiation
periods up to a total of 300 s was reached. A typical EPR
spectrum is composed of nine lines which are assigned
to methyl methacrylate radicals; it is difficult to observe
amine-primary radicals because their life-times are
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Fig. 2 Typical EPR spectra of methacrylate dental resins obtained
during photopolymerization

extremely short. These nine line spectra are generally
called 5 + 4 line spectra because of the different intensity
ratios between a set of five peaks and another one of four
peaks. Such spectra, are generally assigned to a single
chemical species (Figs. 3 and 4), with the 5  protons of
the CHj; (methyl) and CH, (methylene) groups being
responsible for the hyperfine pattern. The methyl group is
rotating freely even at low temperatures, but the confor-
mation of the methylene protons is rigidly fixed due to
restricted movement of the polymer chain [10]. However,
the experimental spectrum seems to contain a weighted
sum of sub-spectra corresponding most possibly to differ-
ent conformations. Simulations of the ENDOR spectra
[10] suggest that the major contribution is from the con-
formation where the polymer chain makes an angle
approximately between 0° and 10° with the p-orbital
bearing the unpaired electron (structure B in Fig. 4). This
orientation corresponds to the most stable conformation,
because it maximizes the distance between bulky substit-
uents. Some researchers have suggested that the nine-line
spectrum (Fig. 2) is due to two different radical species: the
propagating radical obtained by addition to the methacry-
late double bond and an allylic radical produced by

Fig. 3 Pathways for CH;
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Fig. 4 Oxidation of radicals in different conformations. The elimi-
nation is favored by conformations where the H atom bond is parallel
to the single-occupied p-orbital (a). The reaction is much slower in
the most stable conformation (b), where the C—H bond is not parallel
to the p-orbital bearing the unpaired electron

hydrogen abstraction from the CH3 group [2, 6]. However,
the experimental spectra can be simulated by considering
only one radical [10], and the secondary allylic radical is
not likely to be produced in amounts sufficient to signifi-
cantly affect the EPR spectra. Therefore, we admit the
simplest scenario, that the EPR spectra is due to only one
radical.

The results (Figs. 5 and 6) interpretation is supported by
the hypothesis that we are in the presence of a four-stage
reaction, as already mentioned in Introduction (Sect. 1).
When low or no extent of polymerization has taken place,
the viscosity of the reacting system remains low; hence, the
mobility of the propagating free radicals favors the termi-
nation process by a bimolecular reaction (either by
dimerization or disproportionation) and/or by reaction with
dissolved molecular oxygen (a recognized free radical
scavenger [2]). Typically, these termination processes keep
the propagating free radical concentrations low and unde-
tectable. (II) In a first intermediate stage, the rapid increase
of the radical population from the onset of polymerization
is accompanied by an auto-acceleration reaction; because
the viscosity increases, mobility decreases and the termi-
nation reaction yield decreases, hence the free radicals
become EPR detectable. (IIT) Once the termination drops to
low rates, the reaction becomes diffusion controlled. This
mechanism is related with the low mobility of the growing
chain-end radicals and the termination essentially occurs
when an unpaired electron propagates through monomeric
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(or pendant) double bonds until it reacts with another
radical. (IV) A final stage is observed in which additional
increase in radical concentration occurs with slow rates.
This fact takes place because polymerization has become
extensive and initiation, propagation and termination are
all diffusion controlled. Even after the sample entered the
vitrification period it is possible to detect an increase in
methacrylate radical concentration, which is explained by a
release of a sufficient number of radicals by photocleavage
of the photo-initiator.

3.1 Dilution effect

Experiments were carried out using dimethacrylate
monomers commonly present in dental restorative formu-
lation, consisting of a high viscous monomer, Bis-GMA
(1,200 Pa s), mixed with different weight ratios of a dilu-
ent, TEGDMA (15-90 wt%). The variation of radical
concentration with irradiation time, up to 180 s, is shown
in Fig. 5a. Three parameter sigmoidal (logistic) functions
were used to fit these data:

Fig. 5 Free radical
concentration variation with
irradiation time obtained over
300 s for Bis-GMA resins with
different TEGDMA content:
(O) 90 wt% diluent, (x)

50 wt% TEGDMA and (e)

90 wt% TEGDMA

Free radical concentration (arb. units)

[R°](1) = M+ [R"];, (1)
1+ (L)

I

where [R']f represents the radical concentration at the end
of the reaction (upper asymptote), #, the time at which half
of R was formed [i.e. t for ([R*])/2] and [R"];, the initial
free radical concentration, is null. The exponent p is an
empirical constant reflecting the trend (positive for growth)
and asymmetry shown by the [R](¢) curve around its
inflection point, which can be correlated to free radical
termination constraints by diffusion. Pintar et al. have
expressed the variation of radical concentration with irra-
diation time, taken into account the depth of cure, by
means of a two fitting parameter exponential equation [11].
However, in the present study, the use of Eq. 1 provided a
higher correlation factor. Figure 5a shows the sigmoidal
fitting curves generated using the parameters indicated in
Table 1. Two different regimes were observed during the
irradiation period: (a) the concentration of free radicals was
higher for lower diluted matrices over the first 4 s and (b)
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an opposite trend was observed from about 4 to 180 s.
These results may be explained on the basis of the viscosity
influence on the four-stage reaction mechanism (I-IV),
which was previously mentioned [5]. In regime (a), the
starting monomeric system viscosity appears to control the
radical termination kinetics; hence, a less viscous system
like (Bis-GMA/90 wt% TEGDMA) favours the radical
termination reaction and, accordingly, the presence of free
radicals remain low or undetectable. The polymerization
mechanism present in stages I and II (two radicals diffus-
ing, meeting, and reacting by termination) may explain the
free radical concentration decrease with the diluent content

in this initial regime. Hence, the polymerization period
occurring under regime (a) is assigned to stages I and II [5].
In regime (b), the initial viscosity of the reacting matrix did
not seem to affect the radical concentration since a rigid
network was already formed and consequently the radical
termination was reaction controlled or even inhibited; the
polymerization period occurring under regime (b) is
assigned here to stages III and IV, corresponding to the last
step of gelation and to vitrification [5].

The present results also show that the final number of
trapped radicals increases with dilution (higher TEGDMA
concentration).

@ Springer



3140

J Mater Sci: Mater Med (2008) 19:3135-3144

Table 1 Parameters of the sigmoidal (logistic) function (Eq. 1) used
to fit the variation of radical concentration with irradiation time for
Bis-GMA matrix with different TEGDMA content: correlation factor
(%, final reached radical content [R"];, time 7, to reach [R"]/2 and the
empirical constant p

TEGDMA (wt%) 90 50 15

v 0.996 0.997 0.997

[R"), 4466 + 227 40.14 4+ 246  38.50 & 3.60
t 3641 + 466 5493 £8.19 78.14 & 16.79
p 1.09 + 008  1.02+ 007 099 + 0.07
fmax (s) 6.10 3.05 =

The time #,,,, to reach the maximum reaction rate is also indicated
# Not detectable in the EPR time scale

The polymerization rates were obtained from numerical
differentiations (Eq. 2) of the functions used to fit the var-
iation of radical concentration with irradiation time (Eq. 1):

(1re], ik )i

(141, )2[R‘]f

[R°)'(r) = (2)

Overall, despite similar reaction rates being expected,
which are mainly determined by using a constant
initiator concentration and light intensity, differences
were observed that must be explained by different sample
reactivities during the polymerizations. Figure 5b presents
the polymerization rate ([R®]’) as a function of irradiation
time at various diluent (TEGDMA) concentrations; clear
differences can be observed for gelation (stages I-III) and
vitrification (stage IV) periods as a function of dilution
showing an evident role of viscosity on the reaction rate
control. For p values between 0 and 1, there is no inflection
point in the curve, only a rate decrease corresponding to the
vitrification stage. This behaviour is shown by matrices
with lower TEGDMA concentration (15 wt%); in this case,
gelation has occurred too fast to be observed by EPR. With
the increase of diluent concentration, p value also increases
and the inflection point is introduced (P > 1) in agreement
with a less pronounced effect of diffusion constraints in the
reaction.

The second derivative of Eq. 1 in order to time ¢, is
related to the inflection point of the sigmoidal curve, cor-
responding to the maximum rate of radical production
(rmax). Data related with the inflection points (f.x/S)
between auto-acceleration and auto-deceleration periods
at various diluent concentrations are shown in Table 1.
These data show that the reaction becomes slower and its
maximum rate occurs at early irradiation periods with
decreasing TEGDMA content. Bis-GMA exhibits a higher
T,(-7.7°C) than the diluent TEGDMA (T, = —81.7°C),
which is generally explained by the presence of strong
hydrogen bonding in the former. Hence, this quasi-network
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hydrogen bonded structure, highly viscous, induced a low
radical termination rate just from the irradiation onset,
which must be responsible for the short auto-acceleration
period, hence only enabling the EPR observation of an
auto-deceleration region in lower dilute matrix polymeri-
zation. This vitrification period occurred during the cure
induces the formation of an inhomogeneous network
morphology [4, 12].

The heterogeneity of the curing reaction is enhanced
with increasing concentration of bulky, rigid Bis-GMA
monomer in the reacting mixture (lower degree of con-
version and cross-linking are then expected to be reached)
[13].

3.2 Filler concentration effect

Figure 6 shows the variation of free radical concentration
([R°]) with irradiation time (¢) up to 300 s, obtained for
Bis-GMA/TEGDMA (75/25, wt%) and for this resin with
different filler content (0, 10, 20, 30 and 40 wt%). Figure 6
also shows the curves generated using three parameter
sigmoidal functions (Eq. 1). Just as in Fig. 5, two different
trends (a and b) are observed in Fig. 6: (a) The concen-
tration of free radicals is higher for higher filler loaded
matrices over the first irradiation period (~0—5 s) and (b)
At longer irradiation periods (/~5—300 s) an opposite
behavior was observed. As for the dilution effect previ-
ously described (Fig. 5), the different trends of radical
concentration growth correspond to two regimes (a) and (b)
(Fig. 6) that are assigned here to stages I-II and III-IV,
respectively [5]. This evidence may be explained by an
important viscosity influence (higher for higher filler loa-
ded systems) being dominant over the first irradiation stage
with filler particles most probably being a constraint to
radical termination. Following stages I and II of gelation
and during stages IIl (gelation with reaction diffusion-
controlled termination) and IV (vitrification), mainly
segmental diffusion and macromolecular conformation
changes become possible [5]; consequently, under regime
(b) the initial viscosity appears not to affect significantly
the kinetics of termination. Even with the filler constraint
on radical termination, for the same sample volume, the
final radical concentration decreases with filler content
(Fig. 6a and Table 2). Because filler loaded resins con-
tained a lower concentration of methacrylate groups/
photo-initiator ratio and consequently have generated
fewer radicals, it was necessary to correct the radical
concentration using the relative concentration of CQ as the
correction factor, which was obtained for each composite
using CQ concentration in unloaded resin as the maximum
value (1 mol%), in order to obtain the effective filler effect
on the final radical concentration. The radical concentra-
tion represented in Fig. 6a was calculated per total volume
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Table 2 Parameters of the sigmoidal (logistic) function (Eq. 1) used
to fit the variation of radical concentration with irradiation time for
resins with different filler content (FC): correlation factor (12, final

reached radical content [R®] 1 time 7, to reach [R']_,/Z and the empirical
constant p

FC (Wt%) 0 10 20 30 40
7 0.998 0.998 0.997 0.997 0.995

[R"], 307.20 + 10.74 291.66 + 9.34 268.99 + 9.96 245.12 + 9.85 22331 + 12.32
th 5270 + 4.40 53.79 + 4.09 54.80 + 4.71 54.61 + 4.64 71.24 + 7.84

p 1.47 + 0.07 1.27 + 0.06 1.25 £ 0.08 1.7 £ 0.09 0.91 £ 0.11
fmax. (9 15.20 10.16 9.97 5.08 a

The time t,,,, to reach the maximum reaction rate is also indicated
? Not detectable in the EPR time scale

(see Experimental section); Fig. 6b shows the corrected
experimental data. These results indicate that the increase
of the final radical methacrylate concentration with filler
content may be associated to a reduced radical termination.
This radical termination decrease most probably was due
to a decrease of the bimolecular reaction and oxygen
inhibitor effect promoted by the viscosity rise.

Different monomer reactivity, during gelation (stages I—
IIT) and vitrification (stage IV) periods, is clearly observed
in Fig. 6¢, where the polymerization rate ([R']’) is pre-
sented as a function of irradiation time, at various filler
concentrations. The inflection points (#,,,x) between auto-
acceleration and auto-deceleration at various filler con-
centration are indicated in Table 2. The experimental
results presented in Fig. 6¢ and Table 2 clearly show that:
(a) the polymerization mechanism appears to be similar to
others reported on the literature for dimethacrylate systems
[4, 5, 12]; (b) as expected, all systems point to the presence
of a diffusion-controlled kinetics and to gelation occurring
at an early reaction stage; (c) the auto-acceleration began
earlier and was more pronounced for systems with a
higher filler content; (d) the rate of the radical production
decreased dramatically after propagation became diffusion
controlled and the reaction was subsequently slowed down
by vitrification and (e) gelation stage was not observed at
40 wt% filler concentration due to the high viscosity pro-
moted by the presence of high filler loading.

Figure 6¢ and Table 2 show that systems with lower filler
content had a higher reaction rate. The observed kinetics-
filler content dependence was attributed to the reduced
mobility of pendant double bonds of the lower cross-linked
matrix at higher loaded systems. However, we must
emphasize that the reactivity of the systems depends on
methacrylate group/photo-initiator concentration, which is
lower for higher loaded systems, as it was already pointed out.

The depth of cure effect was not taken into account
because light propagated through composite samples is
only 2 mm thick; hence, it can be assumed that the gen-
erated radicals were uniformly distributed.

3.3 Irradiation protocol effect

In order to evaluate the influence of continuously versus
interrupted illumination of the monomers, while keeping
constant the total curing period, two samples of Bis-GMA/
TEGDMA (75/25% by weight) were irradiated over dif-
ferent cumulative periods: (a) 4, 10, 15, 20, 30, 60, 100,
140, 200, 300 s and (b) 60, 180, 300 s. EPR spectra (not
shown) were acquired prior to light irradiation and after 60,
180 and 300 s cumulative irradiation periods. More intense
signals were obtained when following protocol (b) and,
particularly, it was observed an intensity increase of 25%
at the end of the irradiation period. These results clearly
demonstrate that the polymerization protocol affects the
concentration of the radicals generated during the mono-
mer curing.

Most probably, illumination interruptions have contrib-
uted to reduce the cross-linking density and DC while
favoring molecular oxygen diffusion; consequently, the
observed decrease of the final number of radicals when using
protocol (a) may be explained by an increase of the yield of
the radical termination reaction in the polymerized matrix.

This explanation is consistent with previous studies [14].

3.4 Storage time effect on curing of unfilled and
composite resins

In order to study the storage time effect on polymerization of
unfilled and loaded resins with 20 wt% filler, EPR spectra
were acquired as following: (a) immediately after the sam-
ple preparation (described in the Experimental section) and
(b) after storing the sample over 10 days at 0°C in the dark.
Figure 7 shows the radical concentration variation with
irradiation time (0—300 s) for the resin and composite resin
under the experimental conditions (a and b). After 10 day
storage, it was clearly observed for both systems a reduction
of radical concentration just from the initial until the end of
the cumulative irradiation periods; this effect was higher
for the unfilled resin. Since all the other experimental
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Fig. 7 Free radical concentration variation with irradiation time (0—
300 s) for unfilled (O, A) and 20 wt% filler loaded (e, A) Bis-GMA/
TEGDMA (75/25) matrices obtained either immediately (O, o) or
10 days after the sample preparation (A, A)

conditions were kept constant, the results suggest that the
onset of the reaction took place before the irradiation period,
i.e. during the storage period and, consequently, the photo-
polymerization yield was affected.

As described in the beginning of this section, during the
first reaction step, a low viscosity favors the termination
process and, consequently, the radical concentration tends
to remain low. However, the fact that free radicals were not
detected by EPR before irradiation, does not completely
rule out the possibility of step I occurrence during sample
preparation, in which case either the generated radicals
remained below the EPR detection level or would react in
both studied systems (a and b). This tentatively explains
the observed free radical concentration decreases with
storage time. Most probably, this effect is less pronounced
in the composite due to restricted mobility of the matrix in
the presence of the filler particles [8, 15].

3.5 Aging effect on cured unfilled and composite resins

Preliminary information of the filler loading effect on the
concentration decay with time of the generated radicals
was obtained in order to evaluate life-time and conforma-
tion changes of radicals in cured matrices. For this purpose,
the concentration of free radicals in two Bis-GMA/TEG-
DMA matrices (either unloaded or with a particulate filler)
was monitorized over 65 days. EPR peak intensities for
both cured systems decreased, but with different rates
during sample aging (samples were not kept in the dark).
Second order exponential decay functions (3) and (4) were
needed to fit the experimental data obtained for O and
30 wt% filler loaded resins, respectively (Fig. 8):

y =(89.5 + 12.5)" exp[—x/(3.5 £ 0.7)]
+ (62.1 £9.2)" exp[—x/(75.1 £ 0.7)]
+ (9224 27.4) (3)
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Fig. 8 Free radical decays obtained for Bis-GMA/TEGDMA (75/25)
matrices: ((J) 0 wt % filler and (M) 30 wt% filler. The curves
obtained from exponential fits to the experimental data are also shown

y =(55.1 4 6.4)" exp[—x/(3.0 + 0.5)]
+ (53.1 £3.7)" exp[—x/(32.8 = 11.5)]
+ (81.9 £ 6.0) (4)

For each resin, the use of double exponential functions
with different decay rates (time constants of about 3 days
and, at least, 1 month, respectively) reflect the presence of
fast and slow processes, respectively. The life-time of
radicals (time to reach half of the initial concentration)
were 63 and 47 days in the unfilled resin and composite,
respectively. These results are consistent with different
radical environments and, hence, with different radical
reactivity. For free radicals residing in the cured region, it
is reasonable to expect that the reactive unpaired electrons
remain shielded by the densely cross-linked network and
therefore present long life-time decays. The radical decay
in cross-linked polymer networks has been investigated
before and it has been found that the decay rate of trapped
radicals mainly depends on cross-linking density, storage
temperature and atmosphere [16]. The present data also
show that the half-life of radicals is influenced by the filler;
this issue is explained because the stability of the radicals is
reduced due to a lower cross-linked degree being reached
and to the catalytic effect of glass particle surface [6]. For
example, the presence of a catalytic effect of an inorganic
filler was previously reported on the curing study of an
acrylate mixture and two composites (containing also alu-
mina or hydroxyapatite), which showed lower activation
energy [17]. Thus, electrons from base-sites at filler surface
may participate in decomposition of radicals. This effect is
known to decrease when the filler is treated with a silane
coupling agent, like in the present study [17].
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(C))

Fig. 9 EPR spectra of Bis-GMA/TEGDMA (75/25) resin obtained:
(a) immediately after the irradiation period (300 s) and (b) after
storing the resin for 12 months in the EPR tube at room temperature
(about 22°C)

Moreover, it was observed that the lineshape of EPR
signal changed with time (Fig. 9). This result suggests that
the distribution of CH, conformations that contribute to the
spectrum also changes with time, implying that the life-
time of the radicals depends on its conformation.

The radicals may decay by bimolecular dismutation,
where one radical transfers one hydrogen atom to the other
or by direct oxidation by O, (Fig. 3). The first process is
dependent on the distance between radicals, and the latter
on the diffusion of oxygen through the polymer. In either
case there is a radical that is oxidized by elimination of a
hydrogen atom. This mechanism is greatly enhanced in
conformations where the abstracted hydrogen atom lies in
the same plane as the single-occupied p-orbital containing
the unpaired electron (Fig. 4a). However, in the most stable
conformation of the radical (Fig. 4b), the C-H bond of
the hydrogen atom makes a dihedral angle of 60° with the
single-occupied p-orbital, resulting in slower reaction rates.
This mechanism should be therefore responsible for the
faster depletion of radicals in the conformation A (Fig. 4),
as compared to B (Fig. 4) and to the radicals in other
possible conformations.

4 Conclusions

Using EPR, it was possible to study the polymerization
kinetics through the free radical concentration monitoring
during the irradiation period.

The kinetic parameters predicted by the model agree
well with the experimental data obtained on dilution and
filler content effect studies. At least two regimes were
observed during polymerization, which were assigned to

previously reported stages (non-diffusion limited, auto-
acceleration, reaction-diffusion without propagation limi-
tation and auto-deceleration). It was shown here that
photopolymerization of either unfilled or filler loaded
dimethacrylate dental materials leads to the presence of
long-living free radicals, which remain trapped because of
matrix vitrification. Dilution and filler content effects also
show two different behaviours over the irradiation period
due to discrepancies of viscosity influence on the four
polymerization stages. It was found that filler content
induces the increase of final radical methacrylate concen-
tration, when both the monomer and the filler components
were taken into account to calculate the corrected initiator
concentration. Comparatively to unfilled resins, a short free
radical life-time was found for the composites, which may
be due to the filler surface catalytic effect. Preliminary
studies showed that illumination interruptions during the
irradiation period promoted a 25% decrease on the final
radical concentration, which was also reduced when the
starting reaction mixture was stored over 10 days prior to
the curing period. The observed changes on the EPR signal
lineshape during the post-curing period suggest that the
distribution of CH, conformations that contribute to the
spectrum also changes with time.

Aiming to improve the control of free radical kinetics
and life-times, work is now in progress in order to study the
influence of plasticizers in composite resin formulations.
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