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Abstract

The propagating and allylic free radicals generated when polymerizing dimeth-
acrylate resin-based materials used in dentistry are detected by electron spin reso-
nance (ESR) spectroscopy as a nine-line spectrum. This study aimed to probe their
post-polymerization reactivity with a novel methodology to quantify these radicals
separately. X-band ESR spectra were recorded from a photo-cure dental resin com-
posite (~20 days) and a dual-cure resin cement (~ 15 days). Spectra simulations were
applied to separate and determinate the contribution from each radical to the ESR
signal according to the method presented. The decay curves of the free radicals were
then obtained to probe their post-polymerization reactivity as function of composi-
tion and initiation mode (photo-cure and self-cure). The allylic radical’s post-polym-
erization half-life time was approximately twice than that of the propagating radical,
independently the composition and the activation mode, indicating that their relative
reactivity does not depend of these parameters. The methodology presented for indi-
vidual quantification of free radicals showed to be adequate to probe the kinetics of
the free radicals generated and trapped in resin-based dental.

Keywords Dual-cure - Photo-cure - Self-cure - Resin composite and resin cement -
Allylic radical - Propagating radical

Introduction

Resin composites and resin cements based on bifunctional dimethacrylates mono-
mers are widely used in dentistry. For example, dental resin composites (DRCs)
are used in direct restoration of the lost part of the tooth, recovering its function
and aesthetics, while resin cements (RCem) are indicated for indirect restorations
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and cementation of an intraradicular post, which will assist the retention of the
external restoration [1-5].

The polymerization reaction of dental restorative materials may occur at oral
temperature and is usually initiated by physical activation (photo-cure) or chemi-
cal activation (self-cure). The DRC’s mass is exposed inside the oral cavity; thus,
the majority of the DRCs are photo-cured. These materials contain the initiator
camphorquinone (absorption peak at approximately 470 nm) and tertiary amines
(co-initiators) [6—10], which interacts with the excited camphorquinone to form
the free radicals that will initiate the chain reaction of polymerization [11]. On
the other hand, the RCem’s mass is, in some cases, totally inserted inside the root
canal; thus, self-cure is chosen for these materials. The self-cure occurs by oxida-
tion reaction of an organic peroxide (like benzoyl peroxide) and a tertiary amine
when the base paste and catalyst are mixed [10]. In addition, some dental materi-
als mix photo-cure to self-cure in order to obtain greater degree of conversion at
deepest points of a restoration, such as dual-cure resin cements, used for cement-
ing translucent fiberglass posts inside the root canal [5, 12].

After polymerization, unreacted free radicals are trapped in the polymer matrix
due to vitrification [11, 13—16]. Truffier-Boutry et al. [11] proposed that the free
radicals generated and trapped in the network during photo-cure of DRCs are the
propagating (RI), the methacrylate (RII) and the allylic (RIII) radicals. Further-
more, they proposed that only RI and RIII are responsible for the formation of
the nine-line electron spin resonance (ESR) spectrum of the DRCs, because RII
reacts rapidly or the quantity generated is too small to be detected [11].

The results obtained by Truffier-Boutry et al. [11] have been confirmed by
multifrequency (X-, Q- and W-bands) ESR experiments and spectra simulations
[14]. In addition, Vicentin et al. [12] showed that for both DRC and RCem, the
radical species generated and trapped are the same, and that the nine-line ESR
signal of the free radicals detected is independent on the initiation mode [15].

All these researches are based on ESR spectroscopy, which is a nondestructive
technique that allows identification of paramagnetic species, such as free radicals
[17, 18]. In addition, ESR spectroscopy allows to observe the signal of the free
radicals trapped in the matrix after polymerization because the free radical sig-
nal persists even long time after initiation [16, 19-24]. The ESR signal is very
intense in the first minutes after initiation, and although it decreases when the
polymerization reaction stops, it is still detected 70 days after initiation [20, 21].
Truffier-Boutry et al. [25] assigned this decrease in the ESR signal after polym-
erization of the shrinkage phenomenon linked to the free volume relaxation in
the organic matrix, resulting in increased proximity and mobility of the radical
species [25].

The macroradicals entrapped in the vitrified matrix of dental resinous materials
have been widely studied, and their structure is already determined as mentioned,
but their reactivity and half-life time are not completely described and understood.
Leprince et al. [16, 24] studied the kinetic of RI and RIII free radicals trapped in
DRCs stored in different environments and under different irradiation modes, but
using a methodology that does not allow complete separation of the free radicals for
further analysis.
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The understanding of the post-polymerization phenomena yields formulation of
more efficient materials, especially for the dental materials area, where the aesthetic,
quality and longevity of the restoration are required. Therefore, this research aimed
to propose a novel methodology to construct the decay curve of the propagating and
allylic radicals separately and probe their post-polymerization reactivity in the vitri-
fied matrix. The null hypotheses of this study were: The reactivity of the free radi-
cals is not different; the kinetics is not dependent on the composition and initiation
mode.

Materials and methods
Resin and cement utilized and experimental methodology

The Filtek™ Z350 XT photopolymerizable resin composite from 3M ESPE and the
dual-cure resin cement Allcem from FGM were used. The monomers and inorganic
fillers contained in these materials are shown in Table 1. These materials were cho-
sen because they allow analysis of the influence of the composition and the initiation
mode on the concentration of free radicals with time. Thus, ESR experiments were
separated in three groups: photo-cured DRC, photo-cured RCem and self-cured
RCem.

The X-band ESR experiments were performed using a JEOL (JES-PE-3X) spec-
trometer at room temperature, 0.32 mT modulation amplitude and 100 kHz modula-
tion frequency. An internal standard of MgO:Mn** was used as the magnetic field
marker and intensity standard. DRC and RCem samples were inserted in a Teflon
matrix (6 mm height and 4 mm in inner diameter). The photo-cured samples were
irradiated for 40 s (492 mW/cm? power) with a LED device Emitter A (Schuster,
Santa Maria, RS, Brazil). After the irradiation, the photo-cured DRC and RCem
samples were inserted into the spectrometer cavity for immediate analysis. For
the self-cured RCem specimen, the experiment started 7 min after mixing the two
pastes into the Teflon matrix (curing time of the material when using self-cure only,
according to manufacturer).

After the cure of the composites, ESR spectra were recorded for ~500 h from
DRC (~20 days) and ~350 h from RCem (~15 days) samples. For all groups,

Table 1 Information about the composition of the restorative materials according to the manufacturer

Monomers Inorganic fill Filler content ~ Shade
(Wt%)
Filtek™ 7350 XT Bis-GMA, UDMA, Silica and zirconia nanoparticles; 78.5 A2B
TEGDMA and aggregated zirconia/silica nano-
bis-EMA particles microclusters
Cement Allcem Bis-GMA, bis- Barium—-aluminosilicate glass 68 A2

EMA, TEGDMA microparticles and silicon
dioxide nanoparticles
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spectra were acquired every 5 min in the first 24 h and every 10 min in the next 24 h.
From the third day onwards, on average 12 spectra per day were recorded. The spec-
tra with poor signal-to-noise ratio leading to peak measurement with low accuracy
were disregarded.

One spectrum a day per group was chosen as reference for simulation with the
WinEPR (Bruker) software. All spectra were analyzed, and the curves of relative
concentration of RI and RIII were constructed with the Origin Pro 8 software fol-
lowing the methodology described in the next section.

Methodology to investigate the relative concentration of propagating and allylic
radicals

The structure of the free radicals RI and RIII detected by ESR spectroscopy in
photo-cured and self-cured bifunctional dimethacrylate resin-based composites is
shown in Fig. 1. R denotes the differential part of the monomer, and A denotes the
differential part of the amine.

The spectra simulations were made by overlapping simulations from RI
and RIII radicals. For RI radical, the first neighbors of the unpaired electron are
CH; — C — CH,, so the simulations were performed considering the hyperfine
interactions between unpaired electron and three equivalent protons from the hydro-
gen atoms from the CH; group and two non-equivalent protons from the hydrogen
atoms from the CH, group. For RIII radical, the unpaired electron interacts with
CH, — C' — CH,; thus, the simulations were obtained considering the hyperfine
interactions of the unpaired electron with four equivalent protons from the hydrogen
atoms of two CH, groups [11, 14, 15].

The spin Hamiltonian for RI and RIII is H(RI) = gfHS + [AIS + BIS + CIS] and
H(RIII) = gBHS + [AIS + BIS], respectively, with gBHS the Zeeman effect term
and AIS, BIS and CIS the terms referring to hyperfine interactions of first and sec-
ond order [11, 14, 15]. As the third and fourth lines of the field marker overlaps with
the DRC and RCem spectra, the marker was also simulated.

Figure 2 shows the results of simulation of the field marker, RI radical, RIII
radical and the overlap of the simulated “RI+ RIII +field marker” spectra with the
characteristic nine-line ESR signal obtained from photo-cured DRC. Figure 2 indi-
cates the fourth line as L, and center line as LC(exp) in the experiment signal. It is

Fig.1 Propagating (RI) and Propagating radical (RI) Allylic radical (RIIl)
allylic radicals (RIII) generated CH CH
during polymerization of photo- 3 2

cure or self-cure dimethacrylate k

resin-based composites A—C H2 —C ' Cc= CH 2

09
R R
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Fig.2 Simulation of the field marker spectra MgO/Mn“, radical RI, radical RIII and the sum of the
simulations providing a typical ESR spectrum obtained through the experiment

possible to see that the center line in the experiment signal is a superposition of the
center lines from RI and RIII free radicals, obtained by simulation (vertical center
line) [11, 14, 15]. In addition, it is concluded that the fourth and sixth lines from
experiment signal are originated from RI free radical only (s, and s, vertical lines).
In this way, we can say that the fourth and sixth lines are “single lines” arising only
from RI, and the fifth line is a “mixed line,” generated by superposition of RI and
RIII. These characteristics were observed in all simulations for the three groups
studied and are in accordance with Truffier-Boutry et al. [11], Fontes et al. [14] and
Vicentin et al. [15].

Since L, from experiment signal is nothing more than the fourth line from RI
radical, the peak-to-peak intensity of L, in all the experiment signals was used to
estimate the relative concentration of RI. We may now find a way to estimate the rel-
ative concentration of RIII in the composite separately. The methodology proposed
is as fallows.

From Fig. 2, we can observe that

LC(exp) = LC(RI) + LC(RIII), (1)
where LC(exp) is the peak-to-peak intensity of center line from the experiment
signal, LC(RI) the peak-to-peak intensity of center line from simulated RI, and
LC(RII) the peak-to-peak intensity of center line from simulated RIII. Assuming
that the center line from simulated RI is a times more intense than its fourth line:

LCRI) = aL,. )
Substituting Eq. (2) into Eq. (1),
LC(RIII) = LC(exp) — aL,. 3)
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The LC(exp) and L, intensities are determined from experiment, while the o
value is obtained from the simulations of RI by measuring the ratio LC(RI)/L, of the
peak-to-peak intensities. Thus, Eq. (3) gives the peak-to-peak intensity of the center
line from RIII, which can be used to estimate the relative concentration of RIII free
radicals in the sample. This methodology allows quantification of RI and RIII in the
composite analyzed separately, since a is known.

Results

Figures 3, 4 and 5 show the simulated spectra from RI and RIII and the overlapping
of these simulations with the field marker and the experiment obtained spectra for
the photo-cured DRC, photo-cured RCem and self-cured RCem.

Table 2 provides the spectroscopic parameters used for simulations of the RI and
RIII radicals for the photo-cured DRC, photo-cured RCem and self-cured RCem.
The proportionality constant « obtained from simulations of RI (indicated in
Figs. 3, 4, 5) and the hyperfine coupling constants (hfcc) used for the simulations
of RI are given in Table 3. In Table 3, A is the hfcc for the three equivalent protons
from the CH; group, B is the hfcc for one proton from CH,, and C is the hfcc for the
second proton from the same CH, group. In the end of Table 3 are shown the values
of the peak-to-peak intensity of the lines LC and L, obtained from the simulations of
the RI on different days. Table 4 gives the hfcc for the simulation from RIII, where A
is the hfcc for the two equivalent protons from the first CH, group and B the hfcc for
two equivalent protons from the second CH, group. As the protons from the hydro-
gen atoms near the unpaired electron in the RIII radical were considered as equiva-
lent, the constants A and B were set equal.

(a) (b)
—— Simulated
—Rlll Experimental
5
s
2
‘@
c
—RI Qo
£
L4 /
LC(RI)=a,L,
T T T T T 1 T T T T T 1
340 345 350 355 340 345 350 355
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Fig. 3 Simulated spectra of RI and RIII (a) and overlapping of the RI, RIII and field marker simulations
with the experimentally obtained spectrum using the photo-cured dental resin composite sample (b)
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Fig.4 Simulated spectra of RI and RIII (a) and overlapping of the RI, RIII and field marker simulations
with the experimentally obtained spectrum using the photo-cured resin cement sample (b)
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Fig.5 Simulated spectra of RI and RIII (a) and overlapping of the RI, RIII and field marker simulations
with the experimentally obtained spectrum using the self-cured resin cement sample (b)

Table 2 Spectroscopic parameters used for the simulations of RI and RIII radicals in the photo-cured
dental resin composite, photo-cured resin cement and self-cured resin cement samples

Spectroscopic factor Line shape Line width (mT) 6 @
RI g =2.0051 L/G=1 I,=1,=1,=08 10 50
RIII g =2.0051 L/G=1 l,=1,=1,=05 10 50
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Table 4 Hyperfine coupling constants used for the simulation of the RIII radical

Component Photo-cured dental resin Photo-cured resin cement Self-cured resin cement
composite

AlgB (mT)  B/gB(mT)  A/gf(mT)  B/gB(mT)  AlgB(mT)  B/gf (mT)

(x, X) 2.25 2.25 2.24 2.24 2.28 2.28
(x,y) 0 0 0 0 0 0
(x,2) 0 0 0 0 0 0
o, y) 2.25 2.25 2.24 2.24 2.28 2.28
. 2) 0 0 0 0 0 0
(z,2) 2.25 2.25 2.24 2.24 2.28 2.28

The relative concentration of RI and RIII, obtained for the three groups ana-
lyzed using the methodology presented in this study, is shown in Figs. 6, 7 and 8.
The half-life times from each radical were determined from the curve fitting
(indicated in the graphs), and their values are shown in Table 5. The errors were
estimated by the agreement between curve fitting and experimental points. RCem
presented intense signal of radical, while DRC presented weak sign. Conse-
quently, the number of spectra that offered a peak measurement with good accu-
racy was much higher from RCem. For this reason, there are more points in the
RCem graphs.

(a) | (b)
1 4 _
°| § Radical RI °| & Radical RIll
S5 S5
s s
= 2 :
£ = .
5 gt
= £
t1/2
T T T T T T T T T T T T 1 T T T T T T T T T T T T 1
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (hours) Time (hours)

Fig.6 Decay in the concentration of RI (propagating) and RIII (allylic) on the photo-cured dental resin
composite sample
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Fig.7 Decay in the concentration of RI (propagating) and RIII (allylic) on the photo-cured resin cement
sample
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Fig.8 Decay in the concentration of RI (propagating) and RIII (allylic) on the self-cured resin cement
sample

Table 5 RI and RIII radicals’ half-life times

11, (RD) () 1, (R (h) 11, (RID) /1, ;,(R)
Photo-cured dental resin composite 36.0+1.8 65.5+£3.3 1.8+0.2
Photo-cured resin cement 64.5+3.9 108.7+8.7 1.7+0.2
Self-cured resin cement 47.8+1.9 80.9+8.1 1.7+£0.2
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Discussion

The macroradicals RI and RIII generated during irradiation and/or entrapped in
the vitrified matrix of dental resinous materials have been widely studied. Fontes
et al. [14] reported quantification of the free radicals RI and RIII on a dental
resin composite (2100, 3 M ESPE) during irradiation 200 s irradiation by ESR
spectroscopy. They found that the relative concentration of RIII grows rapidly
during irradiation, reaching stabilization after 200 s with maximum intensity
~2400 (arbitrary units). On the other hand, the relative concentration of the RI
radical grows very slowly, going from 0 to ~200 (arbitrary units) in the same
time interval [14]. Leprince et al. [24] studied the kinetic of RI and RIII free radi-
cals trapped in DRCs stored under different conditions (in air at 25 and 37 °C; in
argon, oxygen and water at 25 °C). By quantifying the relative concentration of
allylic radical (RIII), they found that the storage condition had no influence on
the kinetics in the first day (0-24 h), but from 1 day to 1 month, the rate of decay
depended on the storage environment. Leprince et al. [16] studied the irradia-
tion mode’s impact on radical entrapment by measuring the concentration of RI
and RIII in photo-active resins. They reported that RI concentrations decrease at
higher rates than RIII during the first 4 h [16].

All these studies concerning the quantification of propagating and allylic radi-
cals used the central line of the characteristic nine-line ESR signal arising from
methacrylate resin-based materials to probe the concentration of the allylic radi-
cal (RIII). However, the simulations in this research make it clear that the center
line is actually the sum of the central lines from RI and RIII, which is in accord-
ance with Vicentin et al. [15], Fontes et al. [14] and Truffier-Boutry et al. [11].
Therefore, the quantification of the RIII radical by measuring the peak-to-peak
intensity of the central line in the ESR signal carries a contribution from the
other radical present in the sample, which is not negligible. This research pre-
sented a methodology to remove this contribution. In addition, the quantification
of the RI and RIII radicals in different materials under different initiation modes
is presented in Figs. 6, 7 and 8. The decay curve obtained from each free radical
allowed probing their post-polymerization reactivity and half-life time, as shown
in Table 5.

Intense decay of the concentration of free radicals in the first 24 h for all
groups analyzed (independent of the irradiation mode and/or composition) was
observed. During approximately the first 24 h after light cure, volumetric shrink-
age (which is linked to the free volume relaxation in the organic matrix) occurs,
resulting in increased proximity and mobility of the radical species. Thus, the
free radical trapped moves closer to each other, and the probability of termination
increases due to shrinkage [25]. After that, although the termination becomes
more restricted, the concentration of free radicals continues to decrease.

Table 5 shows the post-polymerization half-life time calculated from the decay
curves to estimate their reactivity in the vitrified matrix. It is possible to see that
the half-life time of RIII is always higher than that verified for RI. This is because
the allylic radicals are unable to react with species other than free radicals
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because of higher stability due to a resonance phenomenon. In contrast, the prop-
agating radicals (RI) exhibit sufficient reactivity to interact also with remaining
double bonds. In this way, additional propagation reactions can repeat locally,
leading to some bimolecular radical termination through a reaction—diffusion-
controlled termination mechanism [13, 25].

Table 5 shows that the absolute half-life time depends on the irradiation mode
and composition of the material. This difference can be associated with intrinsic
factors, such as the initiator system, fillers, viscosity and extrinsic conditions to
the polymerization, as the amount of the sample to be polymerized, the ambient
temperature at the time of polymerization and angle of incidence of the radiat-
ing source on the sample. This is in accordance with Leprince et al. [24], who
attested that the fillers influenced on the radicals’ kinetics [24]. Thus, compar-
ing the photo-cured samples, the absolute half-life time obtained from RCem
is approximately twice the verified for DRC, because the DRC has higher con-
centration of inorganic fillers. Comparing the self-cured RCem to photo-cured
RCem, the absolute half-life time was greater for the photo-cured sample. It
may be associated with the faster vitrification and higher number of free radicals
resultant from the photo-cure reaction [22]. The self-cure reaction is much slower
than photo-cure reaction [22], and the final polymer presents lower hardness [26,
27] and lower polymerization shrinkage [28]. These factors may have influenced
on the post-polymerization reactivity of the trapped radicals, because the poly-
meric network in self-cured sample allowed fluidity and diffusion of the radical
species, resulting in a higher rate of combination of paramagnetic species after
polymerization.

We also studied the relative reactivity between the two free radicals to probe
changes in the kinetics of the free radicals during time evolution. Table 5 shows
that absolute reactivity of the free radicals is different (first and second columns),
resulting in different kinetics and decay curves; however, we verified that the
radicals continue to combine in the same proportion as the post-polymerization
reaction occurs (3rd column). In addition, we found that the relative reactivity
between free radicals was not influenced by the composition or by the activation
mode because the #; ,(RII) /7 ,,(RI) ratio was constant. This means that the envi-
ronment did not influence the proportional “consumption” of free radicals.

Studying the concentration of free radicals in a long-time interval is limited by
the high number of spectrum to be recorded and analyzed and the high number
of simulations to be performed as well, which restricts the number of specimens
to be evaluated. However, the methodology presented in this research simplifies
this task and showed to be adequate to estimate the concentration of the allylic
radical. This study is important because it assists future researches in the dental
materials area to apply the ESR spectroscopy technique in their studies. In con-
clusion, the null hypotheses of this research must be rejected, because the post-
polymerization half-lime time of the allylic radical was approximately twice the
value verified for the propagating radical, and their kinetics was dependent on
the composition and the initiation mode. However, their relative reactivity was
constant.
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Conclusion

Considering the limitations of this study, the methodology presented in this research
showed to be adequate to quantify the propagating and allylic free radicals separately
in samples of dimethacrylate resin-based dental materials, opening new possibilities
to probe the radical’s kinetics. With this methodology, we found that that the allylic
radical’s half-life time is approximately twice than that for the propagating radical,
independently the initiation mode and material’s composition. In addition, the find-
ings suggest that their relative reactivity is constant as well. These results give new
insights into the understanding of the polymerization process of resin-based dental
materials and highlight the relevance of using ESR spectroscopy.
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