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The dependence of the photoinitiator concentration on the degree of conversion, mechanical 
properties and colour appearance of dental materials was studied. Alterations due to changes in the 
concentration of the photoinitiator were-undertaken. Test samples prepared by photopolymerizing 
BisGMA and TEGDMA in the presence of the photoinitiator camphorquinone (CQ) were prepared 
and submitted to mechanical analyses, i.e., compressive and diametral tensile strength and Barcol 
hardness tests and CIELAB colour analysis. The hardness and compressive tests showed a levelling 
off at concentrations around 0.5% and remained at those values up to 1.0%, whereas the DTS didn´t 
show any variation over that range of concentrations. The colour experiments showed dependence with 
the concentration of CQ in the photopolymerizing system due to its intense absorption in the yellow 
region. The results indicate that photopolymerization systems containing CQ/EDB as photoinitiator 
at concentrations between 0.5 and 1.0% present similar mechanical properties.

Keywords: Dental materials, photoinitiators, camphorquinone, compressive strength, diametral 
tensile stress, Barcol hardness, CIELAB analysis.

1. Introduction
Dental materials research has been constantly evolving in 

order to make clinical interventions faster, less error-prone, 
more painless, and also turning restorations more durable and 
aesthetically similar to the natural structures of teeth. In the 
current stage of development, to ensure the aesthetics and 
durability of dental restorations, properties of the used dental 
materials, such as solubility, infiltration resistance, chemical 
stability, stability to temperature variations, compatibility 
with pulp tissue, surface roughness, color, translucency, 
fracture toughness, fracture resistance, fatigue resistance 
among others, have been studied.

Thus, there are several studies aiming to determine 
the factors that impact the color and mechanical strength 
of dental resins. By instance, Furuse  et  al.1 studied the 
influence of the reducing agent, Oliveira  et  al.2 and also 
Silami et al.3 determined the variation of those properties as 
a function of different photoinitiators submitted to various 
LED-light wavelengths, whereas Randolph  et  al.4 and 
Ilie  et  al.5 evaluated the influence of various irradiation 
processes on those properties. In general, it was found that 
mechanical hardness properties, as well as optical properties 
vary according to the photoinitiator and reducing agents used 
to promote light curing.

Dental resins are composites containing a polymeric 
matrix (usually based on dimethacrylates), inorganic 
reinforcement fillers load (usually quartz-based or silicates), 
and coupling agent to promote the bond between the 
reinforcement load and the polymeric matrix (usually 
derived from silane)6. Most of the materials consist of at 

least two dimethacrylate monomers: BisGMA (Bisphenol A 
glycidyl dimethacrylate) and TEGDMA (triethyleneglycol 
dimethacrylate). The photopolymerizable resins contain 
in their formulation, in addition to a combination of fillers 
and monomers, one or more photoinitiators to promote the 
photopolymerization reactions.

Photoinitiators are compounds that, under irradiation 
(generally in the visible or near UV region), produce chemical 
species that will initiate the polymerization process. In some 
cases, an additional compound is necessary to complete this 
process, called co-initiator. One of the most used photoinitiators 
is camphorquinone (CQ). The mechanisms involved in the 
photopolymerization of dental resins by this initiator is 
well-known and requires a co-initiator, usually an amine 
derivative like ethyl-4-dimethylaminobenzoate (EDB)7,8.

One of the factors that haven´t been evaluated so far, is 
the effect of the concentration of the photoinitiator on the 
mechanical and optical properties of the dental resins. In the 
present study these effects were evaluated for resins obtained 
by photopolymerization of BisGMA / TEGDMA in the 
presence of different concentrations of the camphorquinone/
ethyl-4-dimethylaminobenzoate photoinitiator.

2. Experimental

2.1. Materials
The test samples were obtained by photopolymerization 

of a bisbiphenol A-glycidyl dimethacrylate [BisGMA 
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98%, Sigma-Aldrich, structure (a)] and triethyleneglycol 
dimethacrylate [TEGDMA 95%, Sigma-Aldrich, structure (b)] 
mixture. The photoinitiators was a mixture of camphorquinone 
[CQ 98%, Fluka, structure (c)]. The co-initiator was ethyl-4-
dimethylaminobenzoate (EDB 99%, Sigma Aldrich). Chemical 
structures of the used materials are shown in Scheme 1.

2.2. Test samples
Samples were prepared by photopolymerizing 50-50 w/w 

mixtures of BisGMA and TEGDMA. The mixtures were kept 
under agitation at 25±5 oC for 24 h prior to polymerization, 
in order to obtain a homogeneous mixture. The photoinitiator 
system CQ/EDB was added to obtain CQ proportions of 
0.01, 0.1, 0.25, 0.5, 0.75, 1.0 and 10% w/w. The amount of 
the co-initiator EDB was always kept at 1%.

The mixtures contained in a cylindrical glass tube 
(~4 mm diameter, ~5 cm length) were irradiated on the 
upper side of the tube with a 3M™ ESPE™ DeepCure LED 
(1200±200 mW/cm2) for about 160 s. Maximal conversions of 
35-40% were obtained after irradiating for 30 s. The cylindrical 
polymer was then cut to obtain 2 mm height discs for DTS 
tests and 8 mm for compression tests. Afterwards, the discs 
were kept for 24 h at 37 oC in distilled water to simulate the 
oral conditions9. Discs cut from different cylinders showed 
no noticeable difference among them.

Polymerization rates and conversion were evaluated 
by the RT-FTIR (real time FTIR) technique using a Fourier 
Transform Infrared Spectrometer (Perkin-Elmer, mod. 
Frontier). Absorptions at 815 cm-1 (due to the C==C double 
bond and 1054 cm-1 corresponding to the C=O carbonyl 
group were compared during irradiation. The conversion α 
was calculated using
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were A0 and At correspond to the initial and any time 
absorptions at the indicated frequencies.

2.3. Compressive and diametral tensile strength tests
The samples for the determination of mechanical resistance 

were done according to standard 27 of ADA/ANSI10, as well 
as ISO 404911 procedure for dental polymer-based restorative 
materials. Determination of the mechanical properties were 
performed on a Instron 5966 Universal Mechanical Test 
equipment (Tecsistem, Brazil) using a load cell of 10 kN at 
a speed of 1 mm/min. Experiments were performed at 25 oC 
and results with different samples were analysed using the 
ANOVA and Tukey methodologies.

2.4. Hardness tests
Hardness tests were performed following the ASTM 

D258312 standard. on 2.5 mm thickness and 6 mm height 
resin discs. Temperature and humidity were kept at 23±2 oC 
and 50±10%, respectively.

2.5. Colour analysis
The CIELAB system based on the L*a*b* space was 

used to analyse the differences in colour of the resins due to 
the use of various concentrations of photoinitiators. A Colour 
i7 spectrophotometer (X-Rite) was used to determine the L*a*b* 
parameters of 1.0±0.1 mm thickness resin discs. The experimental 
values were obtained directly from the equipment using the 
NETPROFILE software installed in the instrument.

3. Results

3.1. Photopolymerization
Figure 1 shows the uv-spectra of the system used to 

prepare the samples with different CQ concentrations. 
It can be noticed that the absorption peak at ~475 nm 

Scheme 1. Structure of used chemicals.
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increases steadily as expected for larger concentration of 
the photinitiator. On the other hand, at shorter wavelengths 
there is an increase of the absorption starting at 350 nm for 
the resin components without photoinitiator. This absorption 
increases sharply when CQ is added to the system.

The photopolymerization is rather fast, and after about 
15 s the maximum conversion is reached at 35-40%. 
It is noteworthy to notice that the maximum percentage of 
conversion, as well as the conversion rate, are practically 
equal for all photoinitiator concentrations used. In these 
experiments, the limiting step in the photopolymerization 
process is the formation of the initial free radicals, that 
depend on the light intensity. Therefore, independent of 
the photoinitiator concentration, the amount of free radicals 
formed will always be the same (see Figure 2).

3.2. Mechanical tests
Table 1 shows results of the compression resistance, 

and diametral tensile tests for the materials obtained using 
different concentrations of the photoinitiator. All shown 
values were obtained applying the ANOVA test to, at least, 
four independent measurements for each system.

As can be seen, there is a relatively large dispersion 
of the results. Nevertheless, in general, the compression 
resistance decreases with the increase of the concentration 
of photoinitiator. On the other hand, the diametral tensile 
pressure seems not to be influenced at large by the photoinitiator 
concentrations. Barcol hardness presents an initial increase 
followed by a plateau.

3.3. Colour tests
Table 2 shows the results for the CIELab colour tests. 

The values shown were obtained applying the ANOVA test 
to, at least, four independent measurements for each system.

4. Discussion

4.1. Compression
Figure 3 shows the results of the compression tests as 

a function of photoinitiator concentration.

As can be seen in Figure 3, there is a gradual decrease 
of the compression resistance from about 250 MPa for the 
lower concentration down to around 150 -160 MPa. These 
values are near to those determined for contemporary 
composite resins13.

This decrease can be attributed to the fact that the 
photochemical initiation process will produce a more 
homogeneous amount of free radicals along the sample, 
whereas higher photoinitiator concentrations, due to the 
higher absorption of light, will establish a gradient of free 
radicals in that direction. This distribution will produce a 
less homogeneous polymer that might make it less resistant 
to compression along the vertical axis.

4.2. Diametral tension stress
Figure 4 shows the results of the diametral tension stress 

tests as a function of the photoinitiator concentration.
The use of different CQ/EDB concentrations does not 

affect substantially the resistance to diametral tension, 
remaining more or less constant around 55 MPa.

From the comparison between the resistances to 
compression and to diametral stress, it can be observed 
that the resistance to compression is quite larger than that 
to diametral tension, as can be seen in Figure 5.

The bottom red line indicates the maximum pressure 
done on the teeth during mastication14,15. The upper limit red 
line indicates the minimum resistance limit of the analysed 
systems towards compression16,17.

Figure 1. Absorption spectra of the photopolymerizing systems 
with increasing amounts of CQ.

Figure 2. Conversion percentagem as function of irradiation time 
for systems containing different concentrations of CQ.

Table 1. Compression resistance, diametral tensile resistance 
(DTS) and hardness results for samples obtained using different 
concentrations of the CQ.

% CQ/
EDB 1%

Compression / 
MPa DTS / MPa Hardness / 

Barcol
0.01 225.9 52.09 30.8
0.10 149.0 56.09 50.2
0.25 177.7 56.65 55.6
0.50 168.3 57.28 56.3
0.75 154.3 54.14 55.4
1.00 149.1 58.36 55.7
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4.3. Barcol
Figure 6 shows the behaviour of the Barcol hardness as 

a function of the photoinitiator concentration.
As shown in Figure 6, the hardness reaches a limiting 

value of 50-55 in the Barcol scale at concentrations of about 
0.25% of the photoinitiator. This value can be compared with 
those obtained for ceramic materials (85-95 Barcol) and for 
dental resins with ceramic components, which are generally 
over 70 Barcol. Also, the hardness of dental adhesives is in 
the range of 40-70 Barcol18,19.

These materials, especially those obtained using 
concentrations above 0.5% of the photoinitiator can, 
therefore, be used as adhesives, as it is the restorative resin 
that confers the resulting resistance and hardness after the 
restoration procedure.

Another point that merits attention is that the values 
shown in the Table 1 and analysed thereafter correspond 
to measurements made on the side of the sample that was 

Table 2. Colour data of samples obtained using different proportions of CQ in the CQ/ EDB 1% photoinitiator system.

0.01% 0.10% 0.25% 0.50% 0.75% 1.00%

(L*)

94.53 94.12 91.65 91.75 91.63 92.42

93.86 94.02 91.18 91.86 91.05 91.92

94.27 94.17 90.24 92.02 91.52 89.54

94.19 93.70 92.78 91.00 91.63 91.45

(a*)

-1.24 -1.54 -3.43 -3.42 -4.20 -4.93

-1.29 -1.57 -3.30 -3.02 -4.36 -4.29

-1.33 -1.47 -2.50 -3.51 -4.19 -4.10

-1.39 -1.59 -3.76 -3.20 -4.29 -3.72

(b*)

6.03 8.07 26.4 27.72 32.21 37.52

6.11 10.55 27.9 25.41 35.31 35.71

6.25 8.98 28.99 23.77 32.47 39.9

6.53 10.71 22.17 26.27 30.19 31.92

Figure 3. Compressive strength of samples obtained using different 
concentrations of the photoinitiator.

Figure 4. Diametral Tensile Stress of samples obtained using 
different concentrations of the photoinitiator.

Figure 5. Comparison of the resistance to compression and to 
diametral stress.
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submitted to light during the polymerization process. For some 
of the lower photoinitiator concentrations tests performed 
on the opposite end (2.5 mm from the illuminated side) the 
hardness was somewhat lower. This effect can be traced to 
the fact that the photopolymerization at the opposite end 
could be lower due to the lower intensity of light reaching 
the material at that point. Therefore, a gradient of hardness 
could be expected for some samples. A similar effect was 
found by Moreira da Silva  et  al. who assumed a lower 
crosslinking density at the bottom of polymer matrixes20.

4.4. Colour
Although several studies were performed to evaluate 

the colour changes of dental resins as a function of the 
polymerization process21 or after its use22, there are no 
investigation of how the concentration of the photoinitiator 
affects these parameters.

The evaluation of the colour changes was performed using 
the CIELab colour parameters L*, a* and b*. In the three-
dimensional space, L* (lightness) defines the darkness of the 
material, ranging from black (L* = 0) to white (L* = 100). 
The a*- value represents the green (a* < 0) to red (a* > 0) 
components, whereas the b* axis represents the blue (b* < 0) 
to yellow (b* > 0) components23. In Figure 7 the behaviour 
of the three parameters as function of the photoinitiator 
concentrations is shown.

It can be observed from the graphs in Figure 7 that there 
is a marked difference in behaviour between the samples 
prepared with increasing concentrations of camphorquinone, 
corresponding to a larger darkening (L*) and yellowing (b*). 
The lightness falls by about 4% when increasing the amount 
of camphorquinone up to 1%. Similarly, the yellowing of 
the samples prepared with camphorquinone increase from 
5 to 35 in that photoinitiator interval. Although there might 
be an increase of these parameters due to the formation of 
oxidized species during the polymerization process, this effect 
is due mainly to the use of increasing amounts of CQ/EDB 
because of its high spectral absorption in the blue region.

The overall colour perception can be evaluated using the 
ΔE parameter defined by Mokrzycki and Talol24 as

Figure 6. Barcol hardness of the samples obtained using different 
concentrations of CQ in the CQ/EDB photoinitiator system.

Figure 7. Behaviour of the CIELab parameters L*, a* and b* of the samples obtained using different concentrations of CQ in the CQ/
EDB photoinitiator system.
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2 * 2 * 2 ( )  ( )  ( )  E L a b∆ = ∆ + ∆ + ∆ 	 (2)

The corresponding values calculated from the graphs in 
Figure 5 are shown in Table 3.

As can be seen in Table 3, there is a constant increase of 
the ΔE for increasing concentrations of the photoinitiator. 
According to Mokrzycki and Talol24 clear differences in 
colour are detected for ΔE values larger than 3.5. Thus, 
Table 3 indicates that colour differences will be noticed 
for each photoinitiator concentration increasing step. 
Additionally, it can also be seen that the ΔE relative to 
the lower concentration increases steadily, for the higher 
concentrations the difference is lower, possibly due to the 
fact the difference between these concentrations is by a 
factor of 25%, whereas for the two initial concentrations it is 
150%. These features reinforce the proposal that the change 
in colour is due mainly to the increase of concentration 
absorbing in the blue region.

5. Conclusions
The rate of photopolymerization of the BisGMA / 

TEGDMA systems seems to be independent of the amount 
of CQ used, at least in the 0.1 – 1.0% region. Also the 
maximum amount of polymerization reached with all those 
proportions of the photoinitiator are similar at about 30%.

The increase of the proportion of CQ in the photoinitiator 
system of BisGMA / TEGDMA dental resins has different 
effects on the mechanical properties. Whereas there is no 
noticeable effect on the diametral tensile resistance, the 
compression resistance and the Barcol hardness showed 
a dependence for CQ proportions between 0.1 and 0.5%. 
At higher proportions, up to 1.0%, the values remain 
constant at values compatible with those found for other 
dental systems.

On the other hand, behaviour of colour perception, as 
determined by the CIELab system, shows a steady increase 
of the yellow (b*) and lightness (L*) parameters when 
increasing the proportion of photoinitiator, due to the strong 
yellowing effect of CQ.
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