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The photodecomposition of camphorquinone (CQ)/amine during the photo polymeriza-
tion of a dimethacrylate-based resin under continuous irradiation was investigated in
thick samples. The global CQ photoconsumption was measured by monitoring the
decrease in light absorption as a function of irradiation time and the kinetics were satis-
factory fitted to a first order expression where the rate constant of photobleaching was
proportional to the irradiation intensity. In a thick sample, the photobleaching of the
photoinitiator is accompanied by a deeper penetration of the light through the underly-
ing layers. These gradients of photoinitiator concentration, light intensity and photoiniti-
ation rate along the path of irradiation were calculated. The photodecomposition reaction
was spatially inhomogeneous and the degree of nonuniformity increased with increased
initial sample absorbance. The influence of the photobleaching process on the polymeri-
zation reaction was examined. The photobleaching rate of CQ was much slower than the
polymerization rate and only 20% of the initial amount of CQ was consumed before the
polymerization reaction had almost ceased. Results obtained in this research highlight
the inherent interlinking of light attenuation and photobleaching rate in bulk polymeriz-
ing systems.
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1. Introduction

Dimethacrylate monomers are commonly used as the
organic matrix of dental restorative composites materials.
The rapid network formation of monomer mixtures such
as bisphenol-A diglycidyl ether dimethacrylate (bis-GMA)
and triethylene glycol dimethacrylate (TEGDMA) is bene-
ficial in clinical applications since highly crosslinked
polymers are produced at relatively short cure times.
Polymerization of dental resins is generally initiated by
the camphorquinone (CQ)/amine photo-initiating system,
which produces free radicals on exposure to 450-500 nm

* Corresponding author. Fax: +54 223 4816600.
E-mail address: civallo@fi.mdp.edu.ar (C. Vallo).

0014-3057/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.eurpolym;j.2008.11.005

radiation [1,2]. Photopolymerization at high initiator
concentration is attractive in dental applications because
spatially averaged polymerization rates typically increase
as initiator concentration increases. However, many stud-
ies have shown that polymerization rate reaches a maxi-
mum for an optimum level of photoinitiator, and then
decreases due to radiation attenuation in the underlying
layers [1,3-5].

The effect of the attenuation of the light intensity along
the radiation path is a well known factor in photo-pro-
cesses that take place in bulk as well as in films [6-12].
In a photo-reactive initiator system, there is a spatio-tem-
poral distribution of both light intensity and photoinitiator
concentration. Initially, the initiator concentration is uni-
form, and the light intensity will decrease with depth
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according to the Beer-Lambert law. Immediately after
irradiation, the initiator will be consumed at a rate
proportional to the local light intensity, thereby leading
to an initiator concentration gradient along the beam
direction. This leads to temporal variation of local light
intensity - depending on the nature of the photolysis prod-
ucts, this consumption of the photoinitiator can either lead
to a increase in light intensity in the underlying lays (if the
photolysis product is more transparent at the irradiating
wavelengths) or, in some cases, a reduction in light inten-
sity (if the photolysis product is strongly absorbing or in
light scattering media [13-16]. Thus, a mathematical
description of photoinitiation process with a photobleach-
ing photoinitiator must take into account the coupling of
the effect of light intensity gradient and the initiator con-
centration gradient. In a recent report, Terrones et al.
[8,9] discussed the inherent inability of the standard theo-
retical treatments of photopolymerization kinetics to ac-
count for the spatial variation of the initiation rate with
photobleaching initiators.

The attenuation of the radiation as a function of depth
into the material not only affects the cure kinetics but also
often limits the depth of cure. Experimentally, the contri-
bution of attenuation to spatial variation in photopolymer-
ization kinetics has been identified in dental applications.
Since light activated dental composites are normally used
in thick section, the depth of cure is important due to its
affect on the properties of undercured material and the
presence of potentially toxic residual monomer which
can be eluted from the resin into the tissues. The photolysis
of photoinitiators in organic solvents has been widely
studied during the last two decades, however, studies of
the photobleaching of photoinitiators in polymerizing
monomers have not received the same attention. Thus,
the purpose of this work, was to study the photodecompo-
sition of CQ during photopolymerization of a dimethacry-
late-based dental resin, and to analyze the influence of
the photobleaching rate on the spatiotemporal distribution
of photoinitiation rates. Results of local photoinitiator con-
centration, light intensity and photoinitiation rate in sys-
tems with different initial absorbance are presented. The
influence of the photo-decomposition rate of CQ on photo-
initiation rates profiles was investigated for light emitting
diode (LED) sources of relatively low intensity as well as
for commercial dental photocuring sources of high
intensity.

2. Experimental section
2.1. Materials

The resin formulation used for this study was 70:30
weight ratio of 2,2-bis[4-(2-hydroxy-3-methacryloxy-
prop-1-oxy)phenyl]propane (commonly known as bisphe-
nol-A diglycidyl ether dimethacrylate or bis-GMA) and
triethylene glycol dimethacrylate (TEGDMA). bis-GMA
(Esstech, Essington, PA) and TEGDMA (Aldrich) were used
as received. The resins were activated for visible light
polymerization by the addition of 1 wt% CQ (Aldrich) in
combination with an equimolar amount (0.90 wt%) of
dimethylamino ethylmethacrylate (DMAEMA, Aldrich).

2.2. Light sources

The light source employed was assembled from a LED
with its emittance centred at 470 nm (LED, OTLH-0090-
BU, Optotech. Inc.). The LED was selected in order to obtain
an optimum overlap between the spectral irradiance of the
curing unit and the absorption spectrum of CQ. The relative
emission spectrum of the LED source was measured with a
calibrated CVI-monochromator (Digikrom 480) and was
found to lie within the range 430-520 nm. The diameter
of the irradiation area was 10 mm, which is equal to photo-
curing sample’s diameter. The intensity of the LED was set
at three different values by varying the electrical voltage
through the semiconductor: 30, 75 and 140 mW. The abso-
lute, total intensity of the LED was measured with the
chemical actinometer, potassium ferrioxalate, which is rec-
ommended for the 253-577 nm wavelength range.

2.3. Photobleaching of CQ

The DMAEMA amine and bis-GMA/TEGDMA resins do
not absorb significantly between 420 and 520 nm so that
the photobleaching of the CQ can be assessed by monitor-
ing the decrease in light absorption as a function of contin-
uous irradiation time. The absorption changes were
studied by recording the transmitted light that passed
through samples of bis-GMA/TEGDMA containing CQ/
DMAEMA. The resin was contained in a 10 mm diameter
well constructed from a rubber gasket material and with
a glass slide (Scheme 1). The light intensity that passed
through the perforation in the rubber gasket, was mea-
sured by the actinometer and the resulting irradiances
were 5.0, 12.8 and 21.6 mW/cm?. The thickness of the sam-
ples was varied in the range 1-2 mm. The photodetector of
the transmitted light was an OPHIR device (OPHIR Optron-
ics, Israel), PD 2000, range 2 pW-200 mW, precision +3%.
The light source was placed underneath the sample and
in contact with the glass substrate. The detector (with a
10 mm diameter sensing area) was placed above and at
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Scheme 1. Experimental setup for transmitted light measurement.
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the centre of the sample at a distance <1 mm in order to
collect and measure all of the transmitted light as a func-
tion of irradiation time. Measurements were also carried
out in resins without photoinitiator to correct for the radi-
ation scattered/reflected at the air/glass/resin/air inter-
faces. Three replicates of each test were performed.

3. Results and discussion

Measurements of transmitted light were carried out
during photopolymerization of the resin. The reaction is
highly exothermic, and consequently, the temperature of
the resin increases during the measurement [17-18]. In a
previous study [17], we reported the simultaneous conver-
sion of double bonds, heat generation and shrinkage using
the same experimental setup as that described above.
Thus, the present study of the photobleaching of CQ facili-
tates the comparison of photopolymerization and photode-
composition rate measurements with temperature rise and
shrinkage. CQ absorbs in the 450-500 nm region of the vis-
ible light spectrum and so displays an intense dark yellow
colour due to the presence of two carbonyl chromophores.
During irradiation, the CQ decomposes into colorless prod-
ucts. Fig. 1 is a typical plot of the recorded transmitted
light and the absorbed light (corrected by subtraction of
the light lost by scattering at the sample interfaces or ab-
sorbed by the resin alone) by the CQ as a function of irra-
diation time. The decomposition rate constant was
calculated taking into account that the rate of photode-
composition of CQ is proportional to the volumetric rate
of absorption of photons. The number of photons absorbed
per unit time through a sample thickness L is given by

Iops = Io(1 — e77%) (1)

where CQ is the molar concentration of CQ averaged over
the sample thickness, and ¢ is the wavelength dependent
absorption coefficient of CQ equal to 2.302 times its extinc-
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Fig. 1. Corrected transmitted and absorbed light intensity vs. irradiation
time for bis-GMA/TEGDMA/CQ/DMAEMA. The irradiance was 5.0 mW/
cm?. The ordinate is in arbitrary units. Some points were removed in
order to make the plot clearer. Also included is the measured transmitted
light intensity vs. irradiation time in a resin sample without CQ/
DMAEMA, indicating that the resin spectrum is not altered by the
irradiation.

tion coefficient (42 £ 2 1/mol cm) [1,19]. The rate of decom-
position of CQ is related to the quantum yield and the
radiation absorbed [8,9]:

dCQ  Plys  Plo(1 — e ¥1Q)

S T @
where I, is the irradiance (in moles photons/s/cm?) at the
base of the sample and &, which is usually termed the
quantum yield of the photoinitiator consumption, is the
fraction of photoinitiator reduced per absorbed photon.
In the present case @ is a constant that includes the rates
of intersystem crossing of the exited singlet to the triplet
state, formation of the exciplex state with amine and for-
mation or radicals as well as the rate constants for the
deactivation of the excited singlet and the triplet states
[1]. Integrating Eq. (2) yields:

(102 _ 1)
In|———~
{(10”“‘10 -1)

} = Pelot 3)

where (®¢ly) is the CQ rate constant for the photobleaching
of CQ and CQy is the initial concentration of CQ. Plots of Eq.
(3) versus irradiation time measured with LEDs sources of
different intensity are presented in Fig. 2. Results pre-
sented in Table 1 show that the rate constant for the
photobleaching of CQ, calculated from the slope of the
lines presented in Fig. 2 was proportional to the irradiance.
From the value of the photobleaching rate constant (®e¢lp)
of CQ, the volume averaged CQ concentration versus irradi-
ation time was calculated with the following expression
[8]:

An (10 “SE-1)/(10°%% 1))
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Fig. 2. Plots of Eq. (4) for different light irradiances. The regression
coefficients were >0.99.

Table 1

CQ decomposition rates constant (®elp) calculated from plots of Eq. (3)
from the LED source operated at different irradiance levels (here expressed
in mW/cm?).

Irradiance (mW/cm?) Dely (s71)
5.0 0.0014

12.8 0.0034

21.6 0.0056
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Fig. 3 shows a typical plot for the volume averaged CQ
concentration versus time calculated from transmitted
light measurements assuming a decrease in light intensity
according to the Beer-Lambert law, i.e., —log(I/Iy) = eCQL.

The kinetics of photopolymerization of dimethacrylates
with the CQ/amine pair was studied by Cook [1] who re-
ported a first-order kinetic expression for CQ loss. The
excellent fit (Fig. 3) of the global CQ concentration with
the prediction from Eq. (4), demonstrates that, for the
CQ/DMAEMA concentration used in this study, the
assumption of a first-order kinetic for the decomposition
of CQ is satisfactory.

In systems that are well mixed or with very small
absorbance, the spatial variation of initiator concentration
may be neglected and the concentration of photoinitiator
is only function of exposure time. However, under the
experimental conditions used in this study, more than
50% of the incident light was absorbed by the CQ at the
start of the experiment. At this level of absorbance, the
photodecomposition reactions are spatially inhomoge-
neous and there exists a gradient in the photoinitiator con-
centration. Initially, the initiator concentration is uniform,
and the light intensity will decrease exponentially with
depth. Immediately after irradiation, the CQ is consumed
at a rate proportional to the local light intensity. This leads
to an initiator concentration gradient along the thickness
accompanied by a deeper penetration of the light beam.
Therefore, the light intensity gradient and the initiator
concentration gradient are coupled. The measurements of
transmitted light vs. irradiation time provide information
about the thickness averaged CQ concentration in the sam-
ple. However, a detailed description of the spatiotemporal
variation of the local concentration of photoinitiator as
well as the photoinitiation rate is obtained from the fol-
lowing expression:

ln[] — (] — eSCQOL)e*SKDIDt] (4)

_ % = Pel(z,1)CQ(z, 1) )
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Fig. 3. Normalized global CQ concentration vs. irradiation time calculated
from transmission measurements. The sample was 1 mm thick and the
irradiance was 5 mW/cm?. The solid line corresponds to values calculated
from Eq. (5).

where I(z,t) is the irradiance at a depth into the sample - at
the irradiated surface z = 0, while z = L where the radiation
exits the sample. I(zt) is calculated from the integrated
form of the Beer-Lambert law:

I(z,t) =Ipexp |— /OZ eCQ(z, t)dz} (6)

The dimensionless local photoinitiator concentration
profiles as a function of time and depth into the sample,
z, can be calculated from the following analytic solution
for the system of Egs. (5), (6) [8]:

CQ(z,t)
CQq

In the following analysis we assume that the source is
monochromatic and that the absorption of the radiation
is independent of wavelength. This assumption means that
it is assumed that the shape of the spectrum of the radia-
tion on entering and exiting the absorbing medium is the
same - a full analysis when this assumption is invalid
has recently been published by Kenning et al. [20]. For
the 470 nm LED used in the present work, the full width
of the spectrum at half height was 28 nm (from 456 to
484 nm) and inside this range the absorbance of CQ varied
from 42 (at the 470 nm maximum) to 34 1/mol cm. Calcu-
lations of the change in the shapes of the spectra before
and after attenuation by CQ shows only small differences
and in at the high wavelength end of the spectrum where
CQ does not strongly absorb, and so the monochromatic
assumption is reasonably valid. However, the radiation
from the LED would penetrate further than is calculated
here and the effective thickness of the samples are under-
estimated in the analysis below by approximately 20% and
this error has no impact on the conclusions presented here.

The spatiotemporal distributions of photoinitiator con-
centration and light irradiance were calculated from the
photodecomposition rate constant (¢®lp) for an irradiance
equal to 5.0 mW/cm?, and the results are presented in Figs.
4 and 5. The relevance of these calculations is that our pre-
vious measurements [17] of monomer conversion versus

=[1- e’sCQ"Z/L(l _ es@lgt)]—l (7)
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Fig. 4. Dimensionless local photoinitiator concentration vs. irradiation
time calculated from Eq. (7) at different depths z. The sample thickness, L,
was 1 mm and the irradiance was 5.0 mW/cm?.
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Fig. 5. Dimensionless local photoinitiator concentration profiles along
the dimensionless thickness z/L for different irradiation times calculated
from Eq. (7) at different depth z into the sample. The sample was
L=1mm thick and the irradiance was 5.0 mW/cm?.

irradiation time at that particular irradiance has been
undertaken under identical conditions to those used here.
Thus, the direct influence of the photobleaching process
on the photopolymerization reaction can be examined.
The minimum and maximum values of CQ concentration
occur at the front and rear surfaces (z=0 and z = L) respec-
tively, and the difference between the CQ concentration at
z=0and z =L is a measure of the degree of inhomogeneity
in the initiator concentration through sample thickness.
The maximum value of the difference is observed when
the overall dimensionless CQ concentration is approxi-
mately 50%, which occurs at about 650 s irradiation. This
is in agreement with results reported by previous research
on theoretical treatment of consumption of photobleach-
ing initiators [8]. When absorbance decreases due to
photobleaching of the photoinitiator, the radiation attenu-
ation and the non-uniformity of the CQ concentration is re-
duced as the reaction progresses. As the photoinitiator in
the layers nearest to the irradiation source is consumed,
light penetrates more readily through the sample thickness
which leads to an increase in the rate of photoinitiator con-
sumption in deeper layers. This is illustrated in Fig. 6
which shows the dimensionless local irradiance profiles
as a function of the irradiation time and depth.

Light attenuation and photoinitiator photobleaching
compete to determine the profiles of initiator concentra-
tion and light intensity and consequently, the local photo-
initiation rate. The spatio-temporal photoinitiation rate, R;,
was calculated from the photoinitiator consumption rate
(Eq. (5)) and the results are presented in Figs. 7 and 8. At
short irradiation times and low photoinitiator conversions,
the photoinitiation rate in the irradiated surface is mark-
edly higher than that in the rear of the sample. However,
during the first 500 s, the photoinitiation rate changes by
almost 50% at z=0 (where the radiation enters the sam-
ple), whereas the value at z/L = 1 (where the radiation exits
the sample) changes by <12%. At longer irradiation times
and higher levels of photoinitiator decomposition, the
opposite trend is observed and the rate of photoirradiation
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Fig. 6. Dimensionless local irradiance, I/I, at various normalize depths (z/

L) into the sample as a function of irradiation times, as calculated from

Eqgs. (6), (7). The sample was 1 mm thick and the irradiance was 5.0 mW/
2
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Fig. 7. Dimensionless local photoinitiation rate vs. time calculated from
Eq. (6) at different normalized depth z/L. The sample was 1 mm thick and
the irradiance was 5.0 mW/cm?.
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is greatest in layers deeper into the resin because the light
intensity for deeper layers is increased due to the photo-
bleaching of the CQ in the upper layers. As a result, the rate
of change of photoinitiation rate with depth changes from
a negative value to positive when the dimensionless
photoinitiation rate is approximately 0.5, according to the
profiles presented in Figs. 7 and 8 [8]. The profiles shown
in Figs. 4-8 were calculated for the irradiation time re-
quired for near-complete photobleaching of the CQ. How-
ever, previous measurements of monomer consumption
[16] carried out in the same assembly (Scheme 1) and with
the same light intensity as that used here demonstrated
that the monomer consumption approached a plateau after
approximately 320 s irradiation due to vitrification of the
crosslinked polymer. Therefore, it is relevant to assess
the initiation rate profiles in the time scale required for
the polymerization of the resin. The spatio-temporal distri-
butions of photoinitiator concentration, light irradiance
and photoinitiation rate during an irradiation period of
320s for 2 mm thick samples were computed and the re-
sults are presented in Figs. 9-11. Fig. 9 shows the influence
of sample thickness on the dimensionless CQ concentra-
tion as a function of irradiation time and depth. It is seen
that the photolysis rate of CQ is relatively slow compared
with the polymerization reaction. At the end of the mea-
surements only 22% of the CQ, averaged over the sample
thickness, was consumed before the monomer conversion
reached a plateau. At a given time and position within
the sample, the degree of light attenuation is determined
by the absorbance of the layers nearest to the irradiation
source. Fig. 10 illustrates the effect of increasing the depth
into the sample on the dimensionless local light intensity
versus irradiation time. Since the local photoinitiation rate
depends on the local light intensity and photoinitiator con-
centration, when absorbance is increased due to increased
sample thickness, the distribution of photoinitiation rate
becomes less uniform, as it is illustrated in Fig. 11. The
slight increase in the initiation rate at the optical exit in
the 2 mm thick sample results from the increase in light
irradiance due to upbeam photoinitiator consumption.
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Fig. 9. Changes in dimensionless local photoinitiator concentration
during the time required for the resin to vitrify at different depth z. The
sample was L=2mm thick and the irradiance was 5.0 mW/cm?. The
dotted line corresponds to the volume averaged concentration of CQ.
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Fig. 10. Changes in dimensionless light irradiance, I/Io, at each depth
through sample thickness during the time period required for the resin to
vitrify. The sample was 2 mm thick and the irradiance was 5.0 mW/cm?2.
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Fig. 11. Dimensionless local photoinitiation rate gradients during the
time required for the resin to vitrify. The sample was 2 mm thick and the
irradiance was 5.0 mW/cm?.
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Fig. 12. Global double bond conversion vs. irradiation time for a bis-
GMA/TEGDMA 70:30 blend containing 1.5 wt% CQ/DMAEMA. The irradi-
ance of the LED Ultralume was 60 mW/cm?. The sample was 3 mm thick.
Results from Ref. [4].
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Fig. 13. Changes in dimensionless local photoinitiator concentration
during the time required for the resin to vitrify at different depth z. The
sample containing 1.5 wt% CQ/DMAEMA was 3 mm thick. The volume
averaged concentration of CQ is also plotted. The LED irradiance was
60 mW/cm?.
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Fig. 14. Changes in dimensionless local photoinitiator concentration
gradients during the time required for the resin to vitrify. The sample
containing 1.5 wt% CQ/DMAEMA was 3 mm thick. The LED irradiance was
60 mW/cm?.

Results presented in Figs. 4-11 were performed for a
LED source of relatively low irradiance. These types of LEDs
are commonly used in studies of polymerization kinetics
because they permit ready monitoring of the progress of
extremely rapid polymerization processes. However, for
practical purposes it is relevant to analyze the photode-
composition of the CQ when irradiated with light irradi-
ances typical of commercial units. In a previous work [4],
the progress of the photopolymerization of a bis-GMA/
TEGDMA blend, activated with 1.5 wt% CQ in combination
with an equimolar proportion of DMAEMA, was studied
during irradiation with a commercial dental LED unit
(Ultralume?2, Ultradent, USA). This initially high initiator
concentration was used in order to achieve polymerization
times appropriate for the clinical practice. Layers of 3 mm
thickness were irradiated and the global monomer con-
sumption was measured as a function of the irradiation
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Fig. 15. Dimensionless local photoinitiation rate gradients during the
time required for the resin to vitrify. The sample containing 1.5 wt% CQ/
DMAEMA was 3 mm thick. The LED irradiance was 60 mW/cm?.

time. The irradiance of this commercial LED is 12 times
the used in computations presented previously (Table 1).
Assuming that the spectral distributions of the OTLH-
0090-BU LED and the Ultralume were similar, the photode-
composition rate for the Ultralume source, extrapolated
from values presented in Table 1, was 0.015 s~ . As a result
of the higher CQ concentration and radiation intensity,
Fig. 12 shows that the experimentally determined global
double bond conversion reached a plateau after about
50 s irradiation, therefore, computations of the extent of
photobleaching were calculated for this time interval.

Figs. 13-15 illustrate the predicted effect of increased
irradiance upon the local photoinitiator consumption and
initiation rate profiles for the previously reported work
[4]. The increased absorbance of this sample due to the
higher (1.5 wt%) level of CQ and greater specimen thick-
ness (3 mm) gives a less uniform distribution of photoini-
tiation rates (Fig. 13) than for the 2 mm thick sample
using 1.0 wt% CQ (Fig. 9). As found with the thinner speci-
men, a comparison of the conversion (Fig. 12) with the
photobleaching (Fig. 13) shows that the photobleaching
rate is much slower than the polymerization rate. In fact,
only 20% of the initial amount of CQ is consumed before
the polymerization reaction had almost ceased. It is seen
from Figs. 13-15 that the initiation rate decreases rapidly
with time near the irradiated surface but it actually in-
creases in the deeper regions of the specimen, as was ob-
served above (see Fig. 7). In addition, during the early
stages of the irradiation the photoinitiation rate is much
more dependent on the depth into the sample. Thus, the
progress of the polymerisation reaction is characterized
by a markedly nonuniform distribution of photoinitiation
rates and of cure.

4. Conclusions

The global photobleaching kinetics of CQ in thick spec-
imens of the bis-GMA/TEGDMA/ CQ/amine were studied
during continuous irradiation. The kinetics were satisfac-
tory fitted to a kinetic expression based on first order
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decomposition kinetics of CQ and the experimentally
determined rate constant for CQ loss was proportional to
the irradiation intensity in agreement with the photoiniti-
ation mechanism.

The coupled system of equations which describe the
photoinitiator decomposition rate and light attenuation
according to the Beer-Lambert law was solved so that the
gradients of photoinitiator concentration, light intensity
and photoinitiation rate along the path of irradiation could
be computed. The profiles of initiator concentration and
light intensity and, consequently, the local photoinitiation
rate are the result of a balance between light attenuation
degree and photoinitiator photobleaching rate.

Calculations based on the rate of consumption of CQ in
3 mm thick samples photopolymerized with LED sources
of high intensity, revealed that less than 25% CQ was con-
sumed before the polymerization reaction had almost
ceased. Thus, the progress of the polymerisation reaction
is characterized by a markedly nonuniform photoinitiation
rates distribution.
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