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Abstract
Objectives This study investigated light transmittance and po-
lymerization kinetics of experimental remineralizing compos-
ite materials based on amorphous calcium phosphate (ACP),
reinforced with inert fillers.
Materials and methods Light-curable composites were com-
posed of Bis-EMA-TEGDMA-HEMA resin and ACP, barium
glass, and silica fillers. Additionally, a commercial composite
Tetric EvoCeram was used as a reference. Light transmittance
was recorded in real-time during curing, and transmittance

curves were used to assess polymerization kinetics. To obtain
additional information on polymerization kinetics, tempera-
ture rise was monitored in real-time during curing and degree
of conversion was measured immediately and 24 h post-cure.
Results Light transmittance values of 2-mm thick samples of
uncured ACP composites (2.3–2.9 %) were significantly lower
than those of the commercial composite (3.8 %). The ACP com-
posites presented a considerable transmittance rise during curing,
resulting in post-cure transmittance values similar to or higher
than those of the commercial composite (5.5–7.9 vs. 5.4%). The
initial part of light transmittance curves of experimental compos-
ites showed a linear rise that lasted for 7–20 s. Linear fitting was
performed to obtain a function whose slope was assessed as a
measure of polymerization rate. Comparison of transmittance
and temperature curves showed that the linear transmittance rise
lasted throughout the most part of the pre-vitrification period.
Conclusions The linear rise of light transmittance during cur-
ing has not been reported in previous studies and may indicate
a unique kinetic behavior, characterized by a long period of
nearly constant polymerization rate.
Clinical relevance The observed kinetic behavior may result
in slower development of polymerization shrinkage stress but
also inferior mechanical properties.

Keywords Polymerization kinetics . Dental composites .

Remineralizingcomposites .Light transmittance .Amorphous
calcium phosphate

Introduction

Composites containing amorphous calcium phosphate (ACP)
filler are capable of releasing calcium and phosphate ions, thus
having the potential to prevent secondary caries [1–3].
Mechanical properties of ACP composites are generally lower

* Matej Par
mpar@inet.hr

Danijela Marovic
marovic@sfzg.hr

Hrvoje Skenderovic
hrvoje@ifs.hr

Ozren Gamulin
ozren@mef.hr

Eva Klaric
eklaric@sfzg.hr

Zrinka Tarle
tarle@sfzg.hr

1 Private Dental Practice, Dankovecka 9/I, Zagreb, Croatia
2 Department of Endodontics and Restorative Dentistry, School of

Dental Medicine, University of Zagreb, Gunduliceva 5,
Zagreb, Croatia

3 Institute of Physics, Bijenicka cesta 46, Zagreb, Croatia
4 Department of Physics and Biophysics, School of Medicine,

University of Zagreb, Salata 3b, Zagreb, Croatia

Clin Oral Invest (2017) 21:1173–1182
DOI 10.1007/s00784-016-1880-6

http://orcid.org/0000-0002-2846-1840
http://crossmark.crossref.org/dialog/?doi=10.1007/s00784-016-1880-6&domain=pdf


than those of their commercial counterparts [1, 4], but can be
enhanced by the admixture of reinforcing fillers, such as
silanized barium glass and silica [5, 6]. This approach im-
proves the material’s strength, while maintaining its favorable
properties, i.e., remineralizing effect and high degree ofmono-
mer conversion [5–7]. By fine-tuning the ACP particle size
and composition of reinforcing fillers, mechanical properties
similar to these of commercial composites may be attained [8].
A more complete understanding and further improvement in
mechanical properties of this class of biomaterials may lead to
their clinical applicability in the future.

Optical properties of light-curable composites determine not
only their esthetic appearance but also their curing depth and
polymerization kinetics [9, 10]. Light transmittance of compos-
ite materials is determined by absorption and complex light
scattering on filler particles of various geometries and refractive
indices [11]. During polymerization, light transmittance chang-
es due to a series of events. First, the resin matrix undergoes a
change in optical properties due to its rising refractive index and
changes in light scattering that occur during gelation and vitri-
fication [12]. Second, the consumption of camphorquinone
(CQ) during polymerization [13] reduces light absorption,
which in turn increases light transmittance. Third, the exother-
mic nature of polymerization reaction causes a transient de-
crease in refractive index of resin due to the density reduction
[10]. Fourth, the capability of material to scatter light is posi-
tively related to the refractive indexmismatch between the poly-
mer and the filler. The refractive index of polymer increases
during curing due to the increase in density and reduced polar-
izability [10] while the refractive index of the filler remains
constant, thus their mismatch either increases or decreases, de-
pending on the initial values. If the initial refractive index of the
monomer is lower than that of the filler, the refractive index
mismatch diminishes during curing, resulting in a gradual in-
crease in light transmittance [14]. However, if the refractive
index ofmonomer is initially higher than that of the filler, curing
further increases the refractive index mismatch, progressively
decreasing transmittance [15, 16]. It is also possible that the
initially lower refractive index of the resin becomes equal to
that of the filler at some point of conversion and continues to
rise afterwards [17]. Therefore, the change of transmittance dur-
ing curing is a complex material-dependent phenomenon, influ-
enced by several simultaneously occurring processes.

The changes in light transmittance during polymerization can
be used to gain information on polymerization kinetics.
Harrington et al. proposed light transmittancemonitoring during
light curing as a means of determining the optimal irradiation
times, suggesting a cessation of light transmittance change as an
indicator of complete cure [14]. Howard et al. described how
light transmission profile during curing relates to the initiator
concentration, filler load, and irradiance [10]. Changes in light
transmittance were used to assess how the reaction kinetics is
affected by various photoinitiators [15] and refractive index

mismatch and monomer reactivity [17]. Rosentritt et al. com-
pared light transmittance, differential scanning calorimetry, and
dielectrical analysis as a means of cure monitoring [18], and Ilie
et al. used mathematical modeling to compare the real-time
measurements of conversion and light transmittance during po-
lymerization [19]. These studies established that changes in light
transmittance allow tracking of the curing progress; however,
the quantitative relation between the transmittance changes and
the fundamental process of polymerization is poorly understood
and recorded changes in transmittance cannot be directly trans-
lated into conversion kinetics [17]. Despite that the change of
light transmittance during curing is to a certain extent convolut-
ed by other factors (e.g., CQ consumption), themost part of light
transmittance change is considered to be due to the changing
refractive index of polymerizing resin, which in turn affects light
scattering at filler/resin interface [16]. In this regard, transmit-
tance curves reflect the progress ofmonomer conversion and are
considered suitable for assessing polymerization kinetics [19].

Photopolymerization of dental composites is characterized
by rapidly increasing viscosity and follows three distinct kinetic
regimes: (I) initial phase in which polymeric chains grow with-
out restriction, with kinetics determined by the concentrations
of monomer and free radicals; (II) the phase in which rapidly
increasing viscosity restricts the termination of free radicals,
resulting in an overall increased reaction rate (gel phase); and
(III) the phase of extreme viscosity which limits propagation
rate and finally ends the reaction (glass phase) [20]. Ilie et al.
were able to identify the latter two phases by fitting the real-
time conversion data to two exponential functions, each
representing one phase [19]. They applied the same approach
to the real-time light transmittance data and found transmit-
tance curves less discriminative, able to address only the begin-
ning of the glass phase. Although several other studies used the
real-time light transmittance monitoring [10, 14–18], none of
them has attempted a mathematical analysis of the transmit-
tance curves as a means of obtaining the polymerization rate.

This paper is one in the series of our investigations on ACP
composites reinforced with inert fillers [5–7, 21]. The aims of
this study were to (I) assess the light transmittance of ACP
composites with reinforcing fillers; (II) use the real-time light
transmittance monitoring to obtain a measure of the polymer-
ization rate; (III) compare the light transmittance, conversion,
and temperature data to gain information about polymeriza-
tion kinetics; and (IV) explore the relationship between the
polymerization rate and light transmittance.

Materials and methods

Composite materials

Five ACP-based and two control composites were prepared,
as described in our previous study [21]. The composition of
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experimental composites is given in Table 1. For light trans-
mittance and temperature measurements, Tetric EvoCeram
(Ivoclar Vivadent, Schaan, Liechtenstein) of shade A2, LOT:
S26173, EXP: 06/2017 was used as a reference. Personal
communication with the manufacturer indicated that Tetric
EvoCeram of shade A2 does not contain any alternative initi-
ators besides CQ.

Light transmittance and temperature

Uncured composite materials were cast into cylindrical Teflon
molds (d = 6 mm, h = 2 mm), covered from both sides with a
polyethylene terephthalate (PET) film (h = 0.05 mm), and
sandwiched between two glass plates (h = 1 mm), as shown
in Fig. 1. Five samples were made per material. The curing
unit tip was positioned immediately below the glass plate, and
the spectra were taken from the opposite side of the sample by
a charge-coupled device array fiber spectrometer HR4000
(Ocean Optics, Dunedin, FL, USA). Light transmittance was
recorded at the wavelength of 468 nm, corresponding to the
CQ absorption peak [22]. The ratio of the light intensity pass-
ing through the sample and the light intensity passing through
the empty sample compartment was calculated as the light
transmittance (%). Temperature was monitored simultaneous-
ly with light transmittance, using a T-type thermocouple posi-
tioned centrally between the PET film and glass plate at the
side opposite to the curing unit.

Curing was performed for 30 s with Bluephase G2 (Ivoclar
Vivadent, Schaan, Liechtenstein; wavelength range 380–
515 nm, intensity 1185 mW/cm2, as measured with integrat-
ing sphere, IS, Gigahertz-Optik GmbH, Puchheim, Germany).
After 120 s, an additional illumination (30 s) was performed
(Fig. 2). The measurements were performed at the rate of 20
points per second, and five samples were made for each com-
posite. The environmental temperature was 25 ± 1 °C.

Degree of conversion

For each material, five discoid samples (d = 3 mm, h = 2 mm)
were made using a stainless steel mold. Uncured composite
was cast into the mold, the mold apertures were covered with a
PET film, and curing was performed for 30 s through the
upper aperture with the Bluephase device. The curing unit
tip was positioned at the angle of 90°, immediately adjacent
to the mold aperture, contacting the PET film covering the
sample. Curing was performed at 25 ± 1 °C. Raman spectra
were recorded from the center of the upper sample surface
immediately after curing (a single measurement lasted for
15 min) and after 24 h of dark storage in the incubator
(Cultura, Ivoclar Vivadent) at 37 ± 1 °C.

FT-Raman spectroscopy measurements were performed
using a Spectrum GX spectrometer (PerkinElmer,
Waltham, USA). The excitation was an Nd:YaG laser at
1064 nm wavelength, with laser power of 400 mW, reso-
lution of 4 cm−1, and the exposed sample surface of
0.5 mm in diameter. For each spectrum, 100 scans were
recorded. Spectra of the uncured composites (n = 5) were
recorded in the same manner. The spectra were processed
with the Kinetics add-on for MATLAB (MathWorks,
Natick, Massachusetts, USA).

Degree of conversion (DC) calculation was performed
by comparing the relative change of the band at 1640 cm−1,
representing the aliphatic C=C stretching mode to the aro-
matic C=C band at 1610 cm−1, before and after polymeri-
zation. Peak heights of aliphatic C=C and aromatic C=C
bands were used for DC calculation by the following equa-
tion: DC = 1 − Rpolymerized / Runpolymerized, where
R = (aliphatic C=C peak height) / (aromatic C=C peak
height). A previous study by our group [21] showed that
the DC values measured at sample surfaces were statisti-
cally similar to those measured at depths up to 2 mm, thus

Table 1 Composition of the experimental composite materials

Material Filler (wt%) Resin (wt%) Filler load (vol%)

ACP-based materials ACP40 40 % Zr-ACP 60 wt% 67 % EBPADMA
23 % TEGDMA
10 % HEMA
Photoinitiator:
0.2 % CQ
Photoreductant:
0.8 % 4E

27.6

ACP40-Ba10 40 % Zr-ACP, 10 % Ba fillers 50 wt% 35.1

ACP40-Si10 40 % Zr-ACP, 10 % Si fillers 50 wt% 36.6

ACP40-Ba5Si5 40 % Zr-ACP, 5 % Ba fillers, 5 % Si fillers 50 wt% 35.9

ACP40- Ba9Si1 40 % Zr-ACP, 9 % Ba fillers, 1 % Si fillers 50 wt% 35.3

control materials Ba40 40 % Ba fillers 60 wt% 22.0

Ba40Si10 40 % Ba fillers, 10 % Si fillers 50 wt% 31.5

Bariumfillers (Ba): SiO2 55.0%, BaO25.0%, B2O3 10.0%, Al2O3 10.0%, F 2.00%, particle size (d50/d99 (μm)) 0.77/2.28, silanization 6 wt%, product
name/manufacturer GM39923/Schott, Germany. Silica fillers (Si): SiO2 ≥99.8, primary particle size 12 nm, silanization 4–6 wt%, product name/
manufacturer Aerosil DT/Evonik Degussa, Germany

EBPADMA ethoxylated bisphenol A dimethacrylate (Esstech, PA, USA), TEGDMA tri-ethylene glycol dimethacrylate (Esstech),HEMA 2-hydroxyethyl
methacrylate (Esstech), CQ camphorquinone (Aldrich, WI, USA), 4E ethyl-4-(dimethylamino) benzoate (Aldrich)
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the surface DC values were considered representative for
the samples used in transmittance measurements, despite
the different geometry.

Scanning electron microscopy

The light-cured (30 s), disk-shaped samples of 1 mm thick-
ness, unpolished and unsputtered, were examined with FE-
SEM JSM 7000 (JEOL, Peabody, MA, USA).

Statistical analysis

Normality of distribution and homogeneity of variances were
confirmed using Shapiro-Wilk’s and Levene’s test, respective-
ly. Light transmittance values at the start of curing (T1), end of
curing (T2), and during an additional illumination (T3) were
compared among composites by one-way ANOVA and Tukey
post hoc test. Within a given material, T1, T2, and T3 values
were compared using repeated measurements ANOVA and
Bonferroni post hoc test.

Mean values of the variables used to describe polymeriza-
tion kinetics (duration of the linear transmittance rise, time of
the temperature peak, slope of the linear transmittance rise,
and DC) were compared among materials by one-way
ANOVA and Tukey post hoc test. Additionally, paired t test
was used to compare the duration of the linear transmittance
rise and time of the temperature peak within each composite.
Paired t test was also used to compare the DC values imme-
diately after curing and 24 h post-cure.

Pearson’s correlation analysis was used to correlate the
slope of the linear part of transmittance rise and transmittance
values at three time points (T1, T2, and T3). Statistical analy-
sis was performed in SPSS 20 (IBM, Armonk, NY, USA) with
α = 0.05.

Results

The light transmittance and temperature curves are exempli-
fied in Fig. 2. A linear transmittance rise can be observed in
the initial part of the curve, followed by an exponential-like
behavior towards the end of illumination. The temperature

curve during the first illumination features a distinct peak that
was used to approximate the onset of vitrification [23]. Light
transmittance values used in calculations were taken from
transmittance curves at three time points: start of curing
(T1), end of curing (T2), and during an additional illumination
(T3). These values and results of statistical analysis are pre-
sented in Fig. 3.

Figure 4 shows light transmittance curves representative
for (a) the ACP composites, (b) control composites, and (c)
Tetric EvoCeram. To describe polymerization kinetics, an ini-
tial linear part of light transmittance curves was fitted to a
linear function in the range for which R2 >0.98 could be ob-
tained and its slope (Table 2) was assessed as a measure of the
polymerization rate. Each curve was normalized to its trans-
mittance change during curing (T2 − T1), so that the slope
represents the rate at which transmittance increases in terms of
percentage of the total transmittance change during 30 s of
curing. The slope values were plotted against transmittance
values for each sample (total n = 35) and analyzed by
Pearson correlation. A significant correlation and high r
values were observed (Fig. 5). Since the linear transmittance
rise was not detectable for Tetric EvoCeram (Fig. 4c), it was
excluded from further kinetic analysis.

Table 2 shows variables used for describing the polymeri-
zation kinetics (duration of the linear transmittance rise, time
of the temperature peak, and slope of the linear transmittance
rise) and DC values immediately after curing and 24 h post-
cure. The linear transmittance rise was observed for all of the
experimental materials, with notable differences in its duration
between the ACP-based and control materials. The ACP com-
posites presented high immediate DC with insignificant post-
cure DC increase, while the controls showed the opposite
behavior: low immediate DC and high post-cure DC increase.

Fig. 2 An example of simultaneously recorded light transmittance and
temperature curves. Transmittance values at the start of curing (T1), end
of curing (T2), and during an additional illumination (T3)

to spectrometer

curing unit

Teflon ring

glass plates2 mm 6 mm

composite
sample

T-type thermocouple 

PET films

Fig. 1 Cross-sectional scheme of the experimental setup
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Figure 6 is a SEMmicrograph of a cured sample of ACP40,
showing irregularly shaped ACP agglomerates of approxi-
mately 2–5 μm.

Discussion

The effect of composition on light transmittance

Initial light transmittance values (T1) of the ACP composites
(2.3–2.9 %) were lower than those of the commercial refer-
ence Tetric EvoCeram (3.8%). However, the ACP composites
presented a considerable transmittance rise during curing,
which led to T2 and T3 values similar to or higher than those
of Tetric EvoCeram (Fig. 3). This indicates that the initially
lower potential of the ACP composites to transmit light im-
proves during the curing to a level comparable to that of the
commercial composite. The effect of the addition of inert
fillers was the most prominent for material ACP40-Si10
which showed significantly lower light transmittance than in
the other ACP composites. Silica fillers exist as agglomerates
of different sizes, some of which have the size that maximizes
the scattering of curing light (about 0.2 μm for a wavelength
of 468 nm), and are responsible for lowering the light trans-
mittance [24]. Other combinations of inert fillers slightly de-
creased the light transmittance, though not statistically signif-
icant. It is interesting to note that ACP40, ACP40-Ba10, and
ACP40-Ba9Si1 had statistically similar transmittance values
within any measurement time (T1, T2, and T3), suggesting
that the addition of up to 10 wt% barium glass produced a
negligible effect on transmittance.

For all of the experimental composites, T3 was significant-
ly higher than T2, evidencing that post-cure polymerization
continued after the initial curing of 30 s (Fig. 3). An additional
feature that gives information on post-cure behavior is the
shape of the curve during an additional illumination—a pla-
teau observed for the ACP composites (Fig. 4a) suggests that

the post-cure reaction was mostly finished before the addition-
al illumination, while the curves of the control composites
showed a slight slope (Fig. 4b) evidencing the continuation
of the post-cure reaction. Whether this was caused by the
additional illumination or the reaction would continue by itself
Bin dark^ [25] was outside the scope of this work.
Nevertheless, real-time light transmittance monitoring appears
as a simple means for assessment of the polymerization
Bcompleteness^ [14].

Polymerization kinetics

Real-time light transmittance measurements enable monitor-
ing of the curing progress. An interesting kinetic feature ob-
served for experimental composites is the linear transmittance
rise that lasted for 6.6–20.2 s (Fig. 4, Table 2). Such kinetic
behavior has not been reported in previous studies
[10, 14–19], which presented light transmittance curves re-
sembling the function f(x) = 1 − exp (−x) and was shown to
be well represented by a sum of two exponential functions
[19]. The exponential transmittance rise was also demonstrat-
ed for the commercial reference Tetric EvoCeram in our study,
whose transmittance curves could be described by the func-
tion f(t) = 0.0612 + 0.0394 × (1 − exp (−0.2048 t)) +
0.0536 × (1 − exp (−24.2659 t)), where f(t) = transmittance
(unitless) and t = time (s). Despite that the polymerization
progress observed through light transmittance curves cannot
be directly translated into conversion, the existence of a linear
part in transmittance curves of experimental composites sug-
gests a constant reaction rate during a certain period of poly-
merization. This is unusual, since the diffusional restrictions
that occur very early during methacrylate polymerization are
expected to considerably affect the reaction rate through pro-
cesses known as autoacceleration and autodeceleration [20].
However, Dickens et al. have demonstrated that low-viscosity,
TEGDMA-rich resins may present a nearly constant reaction
rate throughout a wide range of conversion [26]. In their study,
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Bis-EMA/TEGDMA comonomers with 0–50 mol% of Bis-
EMA showed a nearly constant reaction rate and delayed

diffusional restrictions, possibly due to the better network mo-
bility and dominance of cyclization over crosslinking. Our
composites had the Bis-EMA content similar to that of
Dickens’ study (46 mol%) and featured an additional
26 mol% of HEMA. The propensity of monofunctional
HEMA to promote linear chain growth instead of crosslinking
can even more postpone diffusional restrictions [20] and con-
tribute to the distinct polymerization behavior seen in our
composites.

ACP composites showed longer durations of linear trans-
mittance rise than the controls Ba40 and Ba40Si10 (Table 2),
suggesting the later onset of diffusional restrictions in case of
the former. Similar to the way in which TEGDMA delays
gelation by favoring cyclization over crosslinking [26], the
unsilanized ACP particles may be hypothesized to favor high
local conversion while hindering the formation of infinite net-
work. Early polymerization of resins containing TEGDMA
and HEMA is dominated by cyclization reactions, resulting
in poorly crosslinked microgel regions. As polymerization
progresses, the microgels become interconnected by
crosslinks, leading to macroscopic gelation [20]. Unsilanized
ACP particles may present obstacles for joining of the
microgels, thus hindering crosslinking and delaying gelation.
In contrast, silanized particles are capable of bonding to the
growing polymeric network and may allow earlier
crosslinking. The earlier onset of diffusional restrictions
caused by reactive fillers was demonstrated in a study of com-
posites filled with reactive and nonreactive nanogels [27].
Another contributing factor for the observed differences in
kinetic behavior may have been comparatively larger particles
of ACP filler (Fig. 6), which had lower surface area in contact
with the resin thus allowing better mobility [28, 29]. In any
case, all of the ACP composites showed similar duration of the
linear transmittance rise (Table 2), demonstrating that the ad-
dition of 10 % of silanized fillers did not considerably affect
their kinetic behavior.

The differences in polymerization kinetics between ACP
composites and controls are furthermore evidenced by the DC
results obtained immediately and 24 h after cure. For the ACP
composites, very high DC immediately after curing and a
statistically insignificant post-cure DC increase were observed
(Table 2), suggesting high mobility of reactive species during
curing. In contrast, the controls showed lower initial DC and a
significant post-cure DC increase, indicating that severe mo-
bility restrictions occurred much before the composites
attained their final conversion. The explanatory hypothesis
that this difference may be due to presence of unsilanized
particles which enabled better mobility during curing is sup-
ported by the studies of rubbers which demonstrated that local
mobility and glass transition temperature depends upon the
ability of filler particles to form chemical bonds with the ma-
trix [30, 31]. For dental composites, the effect of reactive
particle surfaces on network mobility was suggested by lower

a

b

c

Fig. 4 Averaged light transmittance curves for materials ACP40 (a),
Ba40 (b), and Tetric EvoCeram (c). The insets show a magnified part of
curves during the light curing, range of linear fitting (R2 >0.98), and fit
result (dotted line)
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conversions of composites containing silanized particles [32,
33]. Additionally, the fact that commercial composites
encompassing a wide range of resin compositions, filler loads,
and geometries [34] commonly show conversions in the range
of 50–75 %, contrasting the ACP composites which attain
conversions of 80 % or higher [1, 21, 35–37], supports a
probable role of unsilanized particles on polymerization
kinetics.

To obtain additional information on polymerization
progress, temperature rise was recorded simultaneously
with light transmittance (Fig. 2). The peak in temperature
curve occurs when the temperature buildup ceases due to
the sudden decrease in reaction rate that occurs at the onset
of vitrification [23]. Thus, the time of the temperature peak
(Table 2) can be used to approximate the glass point. The
glass point of the ACP composites was observed at 19.9–
24.0 s, while for Ba40 and Ba40Si10 the glass point oc-
curred at 22.6 and 16.6 s, respectively. Among the ACP
composites, ACP40-Si10 had the latest occurrence of peak,
possibly due to its comparatively lowest transmittance that
reduced the initiation rate, thus delaying vitrification. The
influence of other inert filler additions on the time of tem-
perature peak for ACP composites was statistically insig-
nificant. The early onset of peak for Ba40Si10 suggests the
fastest vitrification among all of the materials. A possible
explanation is high silanized surface area that may have
contributed to more rapid immobilization of the polymer-
izing matrix [32, 33]. Much earlier vitrification seen in
Ba40Si10 than in Ba40 can be attributed to increased vis-
cosity due to the addition of small silica particles [28]. On
the other hand, the addition of 10 wt% of silica to ACP
composites did not cause such a pronounced shift in vitri-
fication point. This may have been compensated by large
ACP particles with unsilanized surfaces that allowed better
mobility, as discussed previously. Comparison of the times
of the temperature peak and the duration of linear transmit-
tance rise showed that the largest part of the pre-glass

polymerization of ACP composites was characterized by
a linear transmittance rise, which lasted for approximately
17–20 s and ended 0–3 s before vitrification (Table 2). This
suggests that the polymerization proceeded with a nearly
constant rate until very close to vitrification. In the case of
ACP40-Ba10, the nearly constant reaction rate lasted
throughout the whole pre-glass period. In contrast, the lin-
ear part of transmittance rise for the control composites
Ba40 and Ba40Si10 ended approximately 10–13 s before
the temperature peak, indicating that mobility restrictions
occurred at the earlier phase of the polymerization.

The linear part of transmittance rise was fitted to a linear
function whose slope was assessed as a measure of the poly-
merization rate. Theoretically, before the onset of diffusional
limitations, the polymerization rate is a function of the con-
centrations of monomer and free radicals [38]. For early phase
of the polymerization, two assumptions can be made: that the
monomer concentration remains constant and that all of the
present free radicals are in fact the radicalized initiator. Such
simplification yields a constant polymerization rate, which is
linearly dependent on the concentration of the radicalized ini-
tiator [39]. Although this approximation is not valid for long-
time ranges through which we performed linear fitting (7–
20 s, Table 2), a good fit throughout the whole range means
that the slope remained the same as in the earliest stage of
polymerization where the approximation holds. Assuming that
the slope of the linear part of transmittance rise is a valid mea-
sure of the polymerization rate, a relationship between slope
and transmittance should exist, as transmittance determines
the effective irradiance in the bulk of the sample, which in turn
dictates the concentration of the radicalized initiator. To exam-
ine this relationship, transmittance values of seven experimental
composites at the start of curing (T1), end of curing (T2), and
during an additional illumination (T3) were plotted against the
slope values and Pearson correlation coefficient was calculated
(Fig. 5). In a linear function written as y = ax + b, where
y = normalized slope and x = transmittance, a values (s−1) were

Table 2 Variables used for describing polymerization kinetics and degree of conversion immediately after curing and 24 h post-cure

Material Duration of the linear
transmittance rise (s)

Time of the temperature
peak (s)

Slope (%/s) DC immediately
after curing (%)

DC 24 h
post-cure (%)

ACP40 18.98 (0.97)AB 22.19 (0.63)AB 4.10 (0.07)AB 86.4 (1.1)A 86.7 (1.6)A

ACP40-Ba10 20.22 (0.64)A 20.18 (0.77)A+ 4.44 (0.28)AB 80.0 (1.9)B 81.3 (1.7)B

ACP40-Si10 19.94 (0.59)A 23.96 (0.65)B 3.99 (0.20)A 81.5 (1.6)B 83.5 (0.7)AB

ACP40-Ba5Si5 17.38 (0.55)C 19.90 (0.31)A 4.55 (0.27)B 80.3 (2.5)B 80.6 (1.5)B

ACP40-Ba9Si1 17.94 (0.48)BC 20.64 (0.23)A 4.45 (0.23)AB 79.5 (0.9)B 80.6 (2.0)B

Ba40 9.36 (0.74)D 22.60 (1.96)AB 6.45 (0.47)C 33.0 (2.9)C 55.5 (2.3)Ca

Ba40Si10 6.58 (0.69)E 16.56 (3.34)C 7.14 (0.31)D 33.4 (1.6)C 59.2 (3.5)Ca

Standard deviations are given in parentheses. Same uppercase letters denote statistically homogeneous groups within a column. Plus sign (+) denotes
statistical similarity between values in the first two columns, for a given material
a Statistically significant post-cure DC increase, for a given material
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0.0082, 0.0053, and 0.0047 respectively for T1, T2, and T3.
Respective values of Pearson’s r were 0.962, 0.918, and 0.906,
statistically significant at p < 0.01. The trend of decreasing a
values in the order T1 > T2 > T3 shows that the linear depen-
dence of reaction rate is steeper for earlier transmittance values,

while the trend of decreasing r values in the same order shows
that earlier transmittance values were more predictive of the
reaction rate. Higher correlation for earlier transmittance values
is expected, since these values determined the concentration of
the radicalized initiator.

Despite that the kinetic inferences drawn from light
transmittance curves were not confirmed by real-time con-
version measurements, we observed a kinetic behavior
that has not been reported previously and is suggestive
of a rather long period of a nearly constant reaction rate
for composites composed of Bis-EMA/TEGDMA/HEMA
resin and unsilanized ACP particles. Since remineralizing
composites usually contain unsilanized particles of vari-
ous calcium phosphates [8], there are possible conse-
quences relevant to this group of materials. A kinetic be-
havior with no evidence of autoacceleration suggests
slower development of polymerization shrinkage stress
and possibly a prolonged pre-gel phase, which is favor-
able from a clinical standpoint. On the other hand, the
final polymeric network may be highly heterogeneous
and consist of many poorly interconnected microgel re-
gions [20], resulting in impaired mechanical properties.
This indicates the need to further investigate the kinetic
behavior of remineralizing composites.
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