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ARTICLE INTFO ABSTRACT

Keywords: Objective. To provide conditions for the validity of the exposure reciprocity law as it pertains
Photopolymerization to the photopolymerization of dimethacrylate-based dental composites.

Exposure reciprocity law Methods. Composites made from different mass ratios of resin blends (Bis-GMA/TEGDMA
Radiant exposure and UDMA/TEGDMA) and silanized micro-sized glass fillers were used. All the composites
Irradiance used camphorquinone and ethyl 4-dimethylaminobenzoate as the photo initiator system.
Autodeceleration A cantilever beam-based instrument (NIST SRI 6005) coupled with NIR spectroscopy and a
Polymerization exotherm microprobe thermocouple was used to simultaneously measure the degree of conversion

(DC), the polymerization stress (PS) due to the shrinkage, and the temperature change (TC)
in real time during the photocuring process. The instrument has an integrated LED light
curing unit providing irradiances ranging from 0.01 W/cm? to 4 W/cm? at a peak wavelength
of 460 nm (blue light). Vickers hardness of the composites was also measured.
Results. For every dental composite there exists a minimum radiant exposure required for
an adequate polymerization (i.e., insignificant increase in polymerization with any further
increase in the radiant exposure). This minimum predominantly depends on the resin vis-
cosity of composite and can be predicted using an empirical equation established based on
the test results. If the radiant exposure is above this minimum, the exposure reciprocity
law is valid with respect to DC for high-fill composites (filler contents >50% by mass) while
invalid for low-fill composites (that are clinically irrelevant).
Significance. The study promotes better understanding on the applicability of the exposure
reciprocity law for dental composites. It also provides a guidance for altering the radiant
exposure, with the clinically available curing light unit, needed to adequately cure the dental
composite in question.
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1. Introduction

In photochemistry, using different combinations of irradiance
(radiant flux per unit area) and exposure time is justified
by the Bunsen-Roscoe reciprocity law [1] (also referred to as
the exposure reciprocity law, ERL). For example, in restora-
tive dentistry the ever-increasing demand from dentists for
reducing the exposure time (i.e., reducing chairside time) in
photocuring composites has led to high irradiance LED cur-
ing units (e.g., >2W/cm?) [2]. The ERL states that for a given
radiant exposure (defined as the total radiant energy received
per unit area=irradiance x exposure time), the polymeriza-
tion (the degree of conversion from monomers to polymers,
DC) of the resin does not change with any combination of
irradiance and exposure time. However, studies in the liter-
ature have debated rather inconclusively about the validity
of the ERL in dentistry [3-16]. The results of these studies
depended on the combination of the photocuring conditions
(irradiances and radiant exposures) and materials (model den-
tal resins/composites and commercial composites) used. The
objective of this work is to address the discrepancies regarding
the validity debate and, hence, promote a better understand-
ing of the applicability of the ERL as it pertains to resin-based
dental composites.

Although a few studies showed that the ERL for dental
materials was valid [14,15], a majority of the studies showed
that the ERL was invalid. These studies can be divided broadly
into two categories. In the first category, the ERL has been
demonstrated not to be valid since a higher DC was obtained
using a higher irradiance in comparison to lower irradiances
[5,13,17]. For example, Wydra et al. [13] showed that using a
high irradiance (0.024 W/cm?) UV-cure on a dimethacrylate
resin mixture resulted in a higher DC when compared to using
a low irradiance (0.003 W/cm?). Leprince et al. [5] showed the
same trend when a dimethacrylate resin and composite were
cured with Lucirin-TPO as the initiator. Some theoretical argu-
ments made in these studies, in support of their results, state
that the ERL cannot be valid since the DC, derived from the
classical equation for the rate of photopolymerization [18,19],
is not proportional to the first order of the radiant exposure.
Conversely, in the second category, a large number of stud-
ies have indicated the ERL not to be valid as a lower DC was
obtained using a higher irradiance in comparison to lower irra-
diances [3-12,16]. For example, Hadis et al. [10] showed that
DC achieved using a higher irradiance of 3 W/cm? was signif-
icantly lower than that using an irradiance of 0.4 W/cm? for a
range of commercial dental composites. Similar trends were
seen by Feng et al. [3,4] when they examined the validity of the
ERL on a range of multifunctional acrylate resins, methacry-
late resins, and commercial composites. Due to the clinical
resemblance of the materials used in these studies, this study
will primarily address the ERL validity in this category. Also,
subsequently, results and discussion are provided regarding
the first category as mentioned earlier.

In addition to exploring the validity of the ERL, some
studies also discussed the effect of irradiance, at a constant
radiant exposure, on other key properties of the composites.
These properties involve, but are not limited to, polymeriza-
tion stress (PS) due to shrinkage, the temperature change (TC)

due to the reaction exotherm and absorbance associated with
the photocuring process, and the hardness. For example, it
has been discussed that photocuring with high irradiance may
increase PS and effectively decrease the bond strength to the
tooth [20-22]. Although an increase in irradiance will increase
the rate of PS, it is speculative as to whether this will lead to
a higher PS [13,23-27]. The exothermic temperature increases
due to the increase of irradiance, along with the temperature
rise due to the absorbance. This can potentially lead to pulpal
and dental tissue damage [28-30]; however, only a few stud-
ies on the validity of the ERL [17,31] have measured TC. The
hardness of the composites was also evaluated, sometimes as
a substitute to measuring the DG, to test the validity of the ERL
[16]. As these properties are clinically relevant, in the current
study they will also be measured and discussed in conjunction
with the discussion of the ERL.

A systematic study involving the variation of the
composition of model dental composites and the pho-
tocuring conditions has been carried out in this work
to address the validity of the exposure reciprocity law
(ERL) with respect to the DC. Model dimethacrylate dental
resins blended of Bis-GMA (bisphenol A glycidyl methacry-
late)/TEGDMA (triethyleneglycol dimethacrylate) or UDMA
(urethane dimethacrylate)/TEGDMA at different ratios were
used. The resin blends were mixed with a fixed mass of
visible-light initiator system (camphorquinone and ethyl
4-dimethylaminobenzoate) and with varied content of a
silanized micro-sized glass filler. A NIST-developed standard
reference instrument (NIST SRI 6005) [32,33] coupled with
NIR spectroscopy and a microprobe thermocouple, which
simultaneously measures DC, PS, and TC in real time dur-
ing the photocuring process, was used in this study. After the
measurement of the polymerization properties, the Vickers
hardness test was performed for the composites. The result
from this study indicates that for every dental composite there
exists a minimum radiant exposure required for adequate
polymerization (i.e., insignificant increase in polymerization
will be produced with any further increase in the radiant expo-
sure). This minimum depends primarily on the resin viscosity
of composite; an empirical model as a function of the resin
viscosity is established and verified based on experimental
results to predict it. The validity of the ERL should be discussed
only if the radiant exposure used in the photocuring process
is above this minimum. The ERL is valid with respect to DC
for high-fill composites (filler contents >50% by mass, which
are clinically relevant to dental composites) while invalid for
low-fill composites. The difference between the high-fill and
low-fill composites on the ERL validity is largely due to the sig-
nificance of polymerization temperature effect on the resin
viscosity during the photocuring process. The result of the
study clarifies discrepancies reported in the literature and
gives guidance on the validity of the exposure reciprocity law
for dental composites. Also, the empirical model can enable
one to determine the exposure time required to adequately
cure a given dental composite with the available curing light
unit (irradiance). More importantly, when employing a high
irradiance and the corresponding exposure time, based on the
law, care should be taken such that the associated temperature
change in the underlying tissue is clinically acceptable. Finally,
although the study is based on dimethacrylate-based resin
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composites, the conclusions made in this study are applica-
ble to other resin composite systems where the nature of the
photopolymerization reaction is primarily influenced by the
diffusion-controlled polymerization.

2. Materials and methods

Model composites comprising of typical commercial den-
tal resins filled with silanized inorganic fillers were tested
(Table 1). The fillers were mixed with resin blends using a
centrifugal mixer (DAC 150FVZ, FlackTek Inc., Landrum, South
Carolina, USA).

Uncured composite specimens of disk shape (2.5 mm diam-
eter, 2mm height, C-factor=diameter/(2 x height)=0.625)
were prepared. The photopolymerization properties of com-
posites were measured using the NIST-developed cantilever
beam-based instrument (NIST SRI 6005, Polymerization Stress
Tensometer). The design of the instrument, comparing to its
previous version [34,35], follows the first principle of mechan-
ics that provides much higher sensitivity and accuracy to the
presence of polymerization shrinkage [32]. The instrument
setup is coupled with an in-situ near-infrared (NIR) spectrom-
eter (NIRQuest512-2.2, Ocean Optics, Inc., Dunedin, Florida,
USA) in transmission mode and a microprobe thermocouple
(0.1 mm diameter, Physitemp Instruments, Clifton, New Jersey,
USA), which allow simultaneous monitoring of DC (degree of
conversion), PS (polymerization stress) and TC (temperature
change) during the photocuring process in real time. A more
detailed description about the testing mechanics and instru-
ment setup has been reported in our previous study [33]. A
compliance of 0.33 um/N was chosen as it is comparable to
the compliance of tooth cavities reported in the literature
[36,37]. A curing light system including a blue LED light (sharp
absorbance peak at 460nm, LZ1-10DB00, LED Engin, Mouser
Electronics, Mansfield, Texas, USA) and a controller (6340
ComboSource, Arroyo Instruments LLC, San Luis Obispo, Cali-
fornia, USA) is integrated with the instrument. This allows the
precise delivery of varying light irradiance and exposure time
for the polymerization process. Several different combinations
of irradiance and the exposure time were used in the study.
For every combination of irradiance and exposure time, at
least three replicate experiments were conducted. Regardless
of the exposure time, the polymerization properties (namely,
the DC/PS/TC data) were simultaneously collected in real
time for 10min unless otherwise mentioned. The experi-
ments were performed at room temperature (21°C-22°C) and
under a yellow light environment to minimize premature pho-
topolymerization. Data collected were subjected to one-way
analysis of variance; pairwise comparisons were done using
the Holm-Sidak method with a 95% level of statistical signif-
icance (SigmaPlot version 14.0 from Systat Software Inc., San
Jose, California, USA).

After the measurement of the polymerization properties,
the Vickers hardness test was carried out on the composite
samples. Prior to the test, the samples were stored in a dark
dry environment under vacuum for two weeks. They were
then polished under a sequence of SiC papers (Struers Inc.,
Westlake, Ohio, USA) of decreasing abrasiveness (P800, P1200,
P2400 and P4000) under continuous water cooling. The sam-

Table 1 - Composition of compositesd.

Composite? Resin Resin mass  Filler
Blends” ratio content by
mass of
composite©
7B3T-75F Bis-GMA:TEGDMA 7:3 75%
7B3T-50F Bis-GMA:TEGDMA 7:3 50%
7B3T-30F Bis-GMA:TEGDMA 7:3 30%
1B1T-75F Bis-GMA:TEGDMA 1:1 75%
1B1T-50F Bis-GMA:TEGDMA 1:1 50%
1B1T-30F Bis-GMA:TEGDMA 1:1 30%
3B7T-75F Bis-GMA:TEGDMA 3:7 75%
3B7T-50F Bis-GMA:TEGDMA 3:7 50%
3B7T-30F Bis-GMA:TEGDMA 3:7 30%
7U3T-75F UDMA:TEGDMA 7:3 75%
1U1T-75F UDMA:TEGDMA 11 75%

)

All composites used camphorquinone (CQ), 0.2% by mass of resin,
and ethyl 4-dimethylaminobenzoate (EDAB), 0.8% by mass of
resin. These mass percentages corresponded to mol% of CQ from
0.39% to 0.49% and mol% of EDAB ranged from 1.34% to 1.71%
for the different resin blends. They were acquired from Sigma-
Aldrich, Milwaukee, Wisconsin, USA.

Bisphenol A glycidyl methacrylate (Bis-GMA), urethane
dimethacrylate (UDMA), and triethyleneglycol dimethacrylate
(TEGDMA) were donated by Esstech Inc., Essington, Pennsylvania,
USA. The resins have a maximum of 600 ppm of mequinol (MeHQ)
as an inhibitor.

The filler (donated by Dentsply-Caulk, Milford, Delaware, USA)
was TPH silanized MLD glass particle with mean size of 1pm.
The mass percentage values correspond to a volume percentage
ranging from 14% to 53% of the composite. The 30F and 50F com-
posites are referred to as low-fill composites, whereas, the 75F
composites are referred to as high-fill composites in this study.
Certain commercial materials and equipment are identified in
this manuscript in order to specify adequately the experimen-
tal and analysis procedures. In no case does such identification
imply recommendation or endorsement by the National Institute
of Standards and Technology (NIST) nor does it imply that they
are necessarily the best available for the purpose.

o

a

o

ples were further polished using a sequence of felt cloths with
3pm and 1pm polycrystalline diamond suspension liquids
(Buehler, Lake Bluff, Illinois, USA). Afterwards, the samples
were rinsed and dried with compressed air, followed by stor-
age under a dark dry vacuum environment for 24 h before the
hardness test. A microhardness testing machine (Tukon 1202,
Wilson Hardness, Norwood, Massachusetts, US) with inden-
tation loads of 1.96 N and 2.94N (i.e., 200 gf and 300 gf) was
used for the measurement. The dwell time at a peak load of
15s was used and the indentation size was measured with a
50x objective.

3. Results and discussion

It is known that the photopolymerization of dimethacrylate-
based resins exhibit autodeceleration (the rate of degree of
conversion decreases) [38,39]. Also, the time of the autodecel-
eration occurrence is similar to that of the peak temperature
change (PTC) occurrence [40], even for bulk specimens such
as those used in restorative dentistry (Fig. 1a). In addition, the
autodeceleration is delayed to occur at a higher degree of con-
version (DC) when the irradiance is increased [41]. Accordingly,
one can infer that the composite is considered as adequately
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Fig. 1 - Schematic of degree of conversion and temperature change kinetics for a photopolymerization reaction (a).
Normalized DC, (at t=t,) for the composites at different irradiances (0.01 W/cm?-4 W/cm?); The dashed line is the best
schematic fit of results shown for visual aid (b). Vertical bars represent one standard deviation. The high irradiance of
4W/cm? is more than a clinically feasible since the resultant temperature change and/or photoexcitation by the irradiance
could cause irreversible damage of cells in the oral tissue [28-30].

Table 2 - Ratio DC,/DC, t, and PTC at different irradiances for all the 75F composites.

Composite Photocuring condition DC,/DC2 i PTC!
Irradiance, I (W/cm?) Exposure time, t (s)
0.01 2000 0.57 +£0.05 50.06 +16.21 1.91+0.59
0.5 40 0.57 +£0.04 3.90+0.80 10.64+1.58
/B3T-75F 2 10 0.7140.03 2.784+0.14 17.53+1.61
4 5 0.77£0.05 2.4440.24° 23.67 +1.42
0.01 2000 0.49 +0.06 28.93+7.93 3.27£0.39
0.5 40 0.64+0.08 6.48 £0.85 11.02+1.95
7UST-75F 2 10 0.74+0.07 3.01+£0.20 21.14+2.57
4 5 0.79+0.01 2.75+0.23° 26.28+2.78
0.01 2000 0.64+0.01 61.83+12.11 2.86£0.24
0.5 40 0.72+0.06 7.99+1.51 10.81+1.12
1B1T-75F
2 10 0.80+0.04 4.97 +£0.55 18.45+2.69
4 5 0.84+0.06 4.19+0.33° 23.70+2.02
0.01 2000 0.61+0.08 52.46+12.23 2.86+0.24
0.5 40 0.73+0.02 7.64+0.89 11.43+1.74
1U1T-75F 2 10 0.76 £0.13 5.47 £0.51 19.43+1.55
4 5 0.73+0.04 5.06 £0.11 24.02 +2.35
4 10* 0.72+0.06 4.67 +0.49° 24.39 + 3.68
0.01 2000 0.64+0.08 73.05+15.89 2.67 £0.63
0.5 40 0.78 £0.04 12.83+0.46 10.28 +£1.58
3B7T-75F 2 10 0.824+0.02 9.17 +£0.82 14.78 £1.90
4 5 0.64+0.01 5.29+0.11 15.51+3.58
4 10* 0.824+0.04 7.29+0.16° 24.84+1.59

1 Values represent mean + one standard deviation.

2 DC was measured for 10 min for all composites and irradiances except for the irradiance of 0.01 W/cm?, where it was measured for 1h. This
was done to accommodate for the long exposure time at this irradiance.

3t atI (I=4W/cm?) used to estimate REp, (Fig. 2).

4 For the 3B7T-75F and 1U1T-75F composites, RE of 40]J/cm? was used for I, (4 W/cm?) since they were under-cured at a RE of 20]/cm?.

cured (i.e., insignificant increase in the DC will be achieved
with any further increase in the radiant exposure) at the onset
of the autodeceleration if the irradiance is high enough. More-
over, if the time to the PTC (t=t,, Fig. 1a) is obtained for a
given composite cured under a high-enough irradiation (Iy),
then it can be argued that the radiant exposure calculated
based on the t; (i.e.,=I x ta) would act as the minimum (REn,)
needed for adequately curing the composite. This REy, can be
determined as follows.

Fig. 1b shows the DC at time t =t, (namely, DC,, correspond-
ing to the time at autodeceleration or PTC, Fig. 1a), normalized

with its respective DC recorded at the end of the experiment,
as the irradiance was varied. The photocuring conditions and
exact values used for the figure are listed in Table 2. The result
in Fig. 1b indicates that for all the 75F composites (cf. Table 1,
i.e., high-fill composites) tested the ratio of DC,/DC increases
and plateaus at a high value as the irradiance increases. This
suggest that the composites irradiated with a high irradiance
(i.e., Iy =4W/cm?) can be considered as adequately cured at
the time corresponding to PTC (t=ta).

The results of Table 3 indicate the DC,/DC of the 30F and
50F composites is generally higher than that of the 75F com-
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Table 3 - Ratio DC,/DC, t, at I,, and PTG for all BisGMA/TEGDMA based composites.

Composite Exposure time, t (s) at irradiance, I, (I=4W/cm?) DC,/DC%? fi PTC"?

7B3T-75F 5 0.77 +£0.052 2.44 +0.247 23.67 +1.422
7B3T-50F 5 0.87 £0.02° 2.52+0.152 46.03 +1.38P
7B3T-30F 5 0.91+0.01° 2.60+0.122 59.02 + 6.38¢
1B1T-75F 5 0.84 4 0.062 4.1940.332 23.70 +£2.022
1B1T-50F 5 0.9140.052 4.714+0.262 41.72 +4.66°
1B1T-30F 5 0.9240.022 4.8440.352 54.45 + 5.48°
3B7T-75F 10 0.794+0.052 7.29+0.162 24.84 +1.592
3B7T-50F 10° 0.88+0.01° 7.48+0.20? 43,56 +3.35P
3B7T-30F 103 0.894+0.04° 7.55+0.422 57.03 +5.54¢

1 Values represent mean + one standard deviation.

2 For each resin blend, values with same small letter are not statistically different at p=0.05.
3 Like the 3B7T-75F composite, RE of 40J/cm? was chosen at I, for the 3B7T-50F and 3B7T-30F composites since they were under-cured at a RE

of 20]/cm? (cf. Table 2).
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Fig. 2 - Radiant exposure (REy,) at t=t,, onset of
autodeceleration at the irradiance I, (4 W/cm?), vs resin
viscosity (7, at room temperature) of the composites.

posites, for the same resin blend used. This can be attributed
to the peak temperature change (PTC) produced in 30F and
50F, which is significantly higher than that in 75F. Thus,
the increased temperature enhances the mobility of resin
monomers which results in a higher DC,/DC. Also, the results
in Table 3 demonstrate there is no significant time difference
in the occurrence of autodeceleration (t=t,) among those com-
posites with different filler contents (low-fill, 30F and 50F, and
high-fill, 75F, in Table 3) and the same resin blends. However,
the results indicate t, varies with the resin blends for compos-
ites with the same filler content. A key difference between the
resin blends is their viscosity. Thus, this demonstrates that the
time corresponding to the PTC or autodeceleration is predom-
inantly dependent on the resin viscosity of the composites.
Fig. 2 shows the best curve fit for the minimum radi-
ant exposure (REn, J/cm?) as a function of viscosity (, Pas)
of resins, at room temperature, used in the study. REpy is
calculated based on the I, (4W/cm?) used and t, (Table 2)
experimentally obtained for the composites. As there is some
uncertainty associated with the measurement of t,, its mean
value plus two standard deviations (in order to be greater than
the 95% confidence interval) are used to calculate REy,. The

Table 4 - Ratio DC,/DC, t, at I;, (4 W/cm?2), and PTC for

composites with CQ and EDAB of 0.1% and 0.4% by mass
of resin respectively.

Composite DC,/DC! ta(s)? PTC!
7B3T-75F 0.73+£0.08 2.72+0.11 20.36+1.61
3B7T-75F 0.78£0.06 7.52+0.13 21.89+3.21

1 Values represent mean + one standard deviation.

curve fit of the data in Fig. 2 can be represented by an equation
of the form as follows:

REm = 11.76 + 24.68e>27" )]

The resin viscosity, n, is acquired from the monomer
provider (Esstech Inc., Essington, PA) and literature [42,43]. Eq.
(1) can be used to predict the minimum radiant exposure (REn,)
needed for any composite, whose resin viscosity falls within
range tested in this study, to be adequately cured. The resultin
Table 5 indicates that when RE > REyy,, the DC of the 75F (high-
fill) composites does not change significantly comparing to the
DC obtained at REn, for the same irradiance used. This can be
replicated for all the low-fill (<50% by mass) composites shown
in Table 1 as well. Hence, these results demonstrate that a RE;,
exists for adequately curing the composites.

It is worthwhile to note that the increase in the rate of
conversion would lead to an earlier occurrence of the autode-
celeration (ta), which implies a lower REy,, would be needed
than that of Eq. (1). Four main factors that could result in a
different rate of conversion than that seen in this study are,
namely, the initiator type, initiator concentration, processing
(ambient) temperature, and curing light bandwidth. Although
most commercial composites use CQ as their only photoini-
tiator (type-II initiator), some commercial composites use a
small amount of type-I initiator as well. These type-I initia-
tors generally have a higher extinction coefficient than CQ and
would lead to an increased rate of reaction when used with an
appropriate initiator wavelength matching curing light. Stud-
ies reported in the literature have shown that the initiator
concentration can vary from 0.1% to 0.4% by mass of the resin
in commercial dental composites [44,45]; a CQ concentration
of 0.2% was used in this study (Table 1). It is understand-
able that the rate of conversion would increase when the CQ
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Table 5 - Degree of conversion (DC) of all 75F composites when photocured at a radiant exposure lesser than, equal to,

and greater than its RE, at three different irradiances.

Composite REn, (J/cm?) Photocuring condition DC (%)"?
RE (J/cm?) Irradiance, I (W/cm?) Exposure time, t (s)
0.5 20 58.394+1.242
10<REy? 2 5 58.97 +2.152
4 2.5 58.5042.112
0.5 24 59.09 4+ 1.582
7B3T-75F 12 12 =REp, 2 6 59.32 4 0.042
4 3 59.64 4 0.572
0.5 40 58.134+1.332
20>RE, 2 10 58.3340.702
4 5 58.184+1.752
0.5 20 73.184+0.572P
10<REp, 2 5 73.02 4 0.992:p
4 2.5 70.07 4 1.85P
0.5 28 73.54 4 1.832b
7U3T-75F 14 14=REp, 2 7 75.10 4 0.602
4 3.5 75.63+3.242
0.5 40 74.29 4+ 1.972P
20>RE, 2 10 75.64 4+ 1.902
4 5 74.544+1.092
0.5 20 70.89 4+ 2.412
10<REp, 2 5 68.11 4 2.422P
4 2.5 63.74+1.61P
0.5 40 69.8341.822
1B1T-75F 20 20=RE, 2 10 68.08 +2.232
4 5 67.72 4 2.032P
0.5 80 70.51+1.842
40>REp, 2 20 70.01+1.642
4 10 69.86+2.192
0.5 10 75.95+1.112p
10<REp, 2 5 72.41+2.82°
4 2.5 56.24 4+ 4.15°
0.5 48 76.33 +£1.072P
1U1T-75F 24 24=REp 2 12 77.8340.992
4 6 75.13+1.612P
0.5 80 76.39 4 1.332P
40>REp, 2 20 76.19 4+ 1.832P
4 10 75.724+2.032
0.5 20 77.43+3.622
10<REp, 2 5 50.93+2.77°
4 2.5 37.724+1.35¢
0.5 64 78.37 £2.572
3B7T-75F 32 32=REn 2 16 78.57 +0.702
4 8 77.57 +2.472
0.5 80 79.11+1.702
40>REp, 2 20 78.17 +£1.312
4 10 772242312

1 Values represent mean + one standard deviation.

2 For each composite and property, values with same small letter are not statistically different at p=0.05.
3 The ERL was held even though 10 <RE,, due to the marginal difference between the two radiant exposures.

concentration is increased. Thus, what was needed to exam-
ine was the applicability of Eq. (1) when the concentration
was lower than 0.2%. Two composites, 7B3T-75F and 3B7T-
75F, were prepared with 0.1% CQ and 0.4% EDAB (reducing
agent) by mass of the resin. Table 4 shows that the t, at
I, (4W/cm?) of these two composites occur only marginally
later than those containing 0.2% CQ shown in Table 3 (i.e.,
they have similar rate of conversion). Regarding the process-
ing temperature, clinically it would be higher (~37°C) than
those maintained in this study (~21-22°C). It is known that

higher processing temperature increases the rate of conver-
sion [46,47]. Also, this study is based upon experiments using
a LED curing light with a narrow bandwidth around 460 nm
wavelength. Some curinglights, such as, quartz tungsten halo-
gen or plasma arc lamps, have broader bandwidths [48,49].
This would lead to higher rate of conversion, with similar irra-
diance at 460 nm wavelength, than that seen in this study.
From the aforementioned discussion, one can conclude that
Eq. (1) would be applicable for composites with clinically
relevant initiator types, initiator concentrations, processing
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Table 6 - Degree of conversion (DC) and peak temperature change (PTC) of all low-fill (-50F and -30F) composites when

photocured at different irradiances and radiant exposures greater than or equal to REn,.

Composite REm (J/cm?) Photocuring condition DC (%)1? PTC'?
RE (J/cm?) Irradiance, I (W/cm?) Exposure time, t (s)
0.5 40 60.56+1.062 18.89 =+ 2.452
/B3T-50F 12 20 4 5 64.53 +1.44> 46.03 +1.38P
0.5 40 64.98+0.572 28.74+2.222
/B3T-30F 12 20 4 5 71.7140.59° 56.01+10.11P
0.5 40 70.714+0.85% 22.72+1.572
1BIT-50F 20 20 4 5 70.06 +0.94% 41.72 +4.66°
0.5 40 69.14+0.182 28.29+0.292
1B1T-30F 20 20 4 5 72.1940.83 49.45 +5.48P
0.5 80 78.63+2.082 19.74+2.74%
3B7T-50F 32 40 4 10 77.79+0.572 43.56 + 3.35P
0.5 80 78.33+2.59% 28.78 +0.852
3B7T-30F 32 40 4 10 78.31+1.472 57.03 +5.54°

1 Values represent mean + one standard deviation.

2 For each composite and property, values with same small letter are not statistically different at p=0.05.

Table 7 - BisGMA/TEGDMA based composites (Table 1) for which the ERL is valid and invalid.

Filler content increases

f TB3T-75F / |7B3T-50F ¢ |7B3T-30F ¥

Resin viscosity

! 1BIT - 75F IBIT — 50F IBIT - 30F

(n) increases v v X
3B7T-75F N [3B7T-50F ~ |3B7T-30F Vv

ERL valid /" ERL invalid P

temperatures, and curing lights as it generally overpredicts
the required minimum radiant exposure (i.e., on the safe
side).

For every dental composite, it is worthwhile to examine
the validity of the exposure reciprocity law (ERL) only if the
radiant exposure used is greater than (or equal to) the mini-
mum radiant exposure (i.e., RE > REy), which is required for an
adequate polymerization. From the results shown in Table 5,
one can note that under the condition of RE> RE,,, the DC
remained constant for high-fill composites cured with vari-
ous irradiances, which implies the ERL is valid. However, the
DC does not remain constant for some of the low-fill com-
posites (7B3T-30F, 7B3T-50F and 1B1T-30F) cured with various
irradiances, Table 6. In such a case, the ERL is invalid even
when RE > REy,. This invalidity can be attributed to the effect
of the in-situ temperature rise on the mobility of reactants;
this effect is not considered in the derivation of Eq. (1) as a
function of resin viscosity. The in-situ temperature rise dur-
ing the polymerization, due to reaction exotherm and curing
light absorbance, decreases the viscosity of monomers and
increases the mobility of transient polymer networks [19],
resulting in a net increase in the mobility of reactants. For
some low-fill composites (7B3T-30F, 7B3T-50F and 1B1T-30F),
the temperature rise (i.e., increase in mobility) becomes more
prominent with higher irradiances. Conversely, this temper-
ature factor is not significant for all the high-fill (clinically
relevant dental composites) and some of the low-fill compos-
ites (1B1T-50F, 3B7T-30F, 3B7T-50F) studied.

It is worthwhile to note that the DC of the 1B1T-50F com-
posite (Table 6) does not increase with irradiance, i.e., the ERL

is valid even though its peak temperature change (PTC) is sim-
ilar to that of 7B3T-50F (where the temperature factor led to an
invalidity of the ERL). The 7B3T-50F has the same filler content
with 1B1T-50F but higher content of BisGMA. This higher con-
tentleads to a significant temperature effect on the mobility of
reactants by weakening the intermolecular hydrogen bonding
[50], under similar PTC. Besides the temperature rise, the fast
rate of temperature rise in the 7B3T-50F composite (Table 3)
could also contribute to the reactant mobility. The invalidity
of the ERL with low-fill content composites and pure resins
was reported in literature as well [5,13]. Additionally, another
factor that can cause a higher exothermic temperature, con-
sequently, invalidate the ERL, is by using an initiator with a
higher extinction coefficient, such as some type I initiators
(e.g., Lucirin-TPO). Using such initiators was shown to lead to
higher exothermic temperature due to higher rate of conver-
sion [5,17] when compared to using a type II initiator (such
as the CQ used in this study). Thus, the DC increased with
irradiance when the same radiant exposure, which is believed
to be greater than the REn, was used [5,13,17]. Theoretical
arguments based on classical rate of photopolymerization
equations were used in some of these studies to support the
invalidity of the ERL [13]. It was claimed that since the rate
of photopolymerization [18,19] is not proportional to the first
order of irradiance, hence, the DC (integral of rate of pho-
topolymerization equation) cannot be simply proportional to
the first order of radiant exposure. However, in addition to
the well-known limitations (e.g., steady-state assumptions) of
these classical equations [19], the terms included in the equa-
tion (e.g., the rate of propagation and termination) are difficult
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Table 8 - Hardness and polymerization stress (PS), at a compliance of 0.33 pum/N, of all 75F composites photocured with a

radiant exposure equal to their respective minimum radiant exposure (i.e., RE=RE,) at different irradiances. Degree of
conversion (DC) of these composites is shown in Table 5.

Composite Curing condition Hardness (GPa)’? PS (MPa)%?
Irradiance, I (W/cm?) Exposure time, t (s) Top® Bottom*
0.5° 40° 0.79+0.05? 0.76 +0.042 2.37+£0.1223b
0.5 24 0.7940.022 0.7240.012 2.3440.022
AT 2 6 0.81+0.05? 0.72+0.03? 2.64+0.02°
4 3 0.79 4 0.052 0.72 4 0.042 2.59+0.16%°
0.5° 40° 0.74 +0.042 0.70+0.03? 2.1940.272b
0.5 28 0.7140.042 0.69 +0.062 1.91+0.06°
BN 2 7 0.70+0.03? 0.68+0.052 2.21+0.072b
4 3.5 0.74 4 0.042 0.70+0.03? 2.31+0.01P
0.5° 40° 0.824+0.042 0.78+0.052 2.88+0.10°
0.5 40 0.82 4 0.042 0.78+0.052 2.88+0.107
1BIT-75F 2 10 0.73+0.03 0.69 +0.05° 2.93+0.09?
4 5 0.73+0.02° 0.66 +0.02° 2.42+0.08°
0.5° 40° 0.78 +0.062 0.76 +0.06? 2.77 £0.24?
0.5 48 0.81+0.052 0.76 +0.05? 2.79+0.022
1ULT-75F 2 12 0.73+0.02P 0.69 +0.04° 2.71+0.052
4 6 0.65 +0.04¢ 0.56 & 0.06¢ 2.45+0.212
0.5° 40° 0.84 +0.042 0.78+0.03? 3.5940.152
0.5 64 0.85+0.072 0.81+0.062 3.81+0.08?
3B7T-75F
2 16 0.7940.052 0.76 4 0.042 3.83+0.122
4 8 0.57 £0.03P 0.47 +0.05° 2.96 +0.04°

1 Values represent mean + one standard deviation.

2 For each composite and property, values with same small letter are not statistically different at p=0.05.

3 Top represents the side closer to the light source.
4 Bottom represents the side away from the light source.
> Control photocuring condition.

to measure and are not constant. Hence, the determination
of DC and the broad implication on the ERL from the classi-
cal equation [13] is not straightforward. Finally, it is important
to note that the results of the study (summarized in Table 7)
show that the ERL, when RE > REy,, is valid for conventional
dental restorative composites as they have higher filler con-
tent (such as 75F composites used in this study) and use type II
initiators.

Vickers hardness test was carried out on all the 75F com-
posites (Table 8) which were cured at their respective REp,.
The control photocuring condition shown in this table is for
an irradiance of 0.5W/cm? for 40s. For composites of 2mm
thickness, an exposure time of 40s is generally concerned to
be excessive at a LED irradiance of 0.5W/cm?. It has to be
noted that the hardness of the low resin-viscosity compos-
ites (such as 1B1T-75F, 1U1T-75F, and 3B7T-75F) photocured at
the irradiance of 4 W/cm? was significantly lower than that at
lower irradiances. In such a case, due to the higher content of
TEGDMA molecules in these composites, the probability of pri-
mary cyclization of polymer chains increased with irradiance
rather than crosslinking that can explain the lower mechan-
ical properties albeit at similar degree of conversions [51].
Table 8 also shows the polymerization stress (PS) due to the
shrinkage for all the 75F composites. For the composites with
high resin viscosity (such as 7B3T-75F and 7U3T-75F), higher
irradiance induced higher PS. The higher PS is likely due to
higher thermal shrinkage with these irradiances. For the com-
posites with low resin viscosity (such as 1B1T-75F, 1U1T-75F
and 3B7T-75F), higher irradiance induced lower PS. The lower

PS is likely due to the lower hardness (which generally cor-
relates with Young’s modulus) of these composites discussed
earlier.

4, Conclusions

This study has demonstrated that for every dental composite
there exists a minimum radiant exposure for adequate poly-
merization (i.e., any further increase in the radiant exposure
will produce no significant increase in the polymerization).
This minimum predominantly depends on the resin viscos-
ity of composite and is predicted using an empirical equation.
The validity of the exposure reciprocity law (ERL) can be eval-
uated only if the radiant exposure is above this minimum.
Afterwards, the validity of the ERL is dependent on the sig-
nificance of temperature (reaction exotherm and curing light
absorbance during the polymerization) that has effects on
the mobility of the reactants. For clinically relevant restora-
tive composites, where the filler content is high, this effect is
negligible; thus, the ERL is valid as long as the radiant expo-
sure (RE) is greater than (or equal to) the minimum RE (REm,)
required. However, this effect can be significant for compos-
ites having low filler content (clinically not relevant), and the
ERL becomes invalid even if RE > REp,. Finally, this study pro-
vides a guidance of altering the radiant exposure, with the
clinically available photocuring unit, for an adequate cure
of dental composites and promotes better understanding of
discrepancies on the applicability of the ERL reported in the
literature.
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