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Degree of conversion (DC) is one of the important
factors that affect clinical performance of dental resin
2001). The physical and

mechanical properties of photo-cured composites are

composites (Imazato et al,,

directly influenced by the level of conversion attained
during polymerization (Moraes et al, 2008).

The methodology of determining degree of conversion
in dental composite materials by means of Fourier trans-

form infrared (FTIR) spectrometer has been successfully
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used to determine DC. An internal standard method is
the absorption of a functional group that does not
enter into reaction during curing (e.g., aromatic C=C),
The early commercial composite mostly contained
Bis-GMA (2,2-bis[4-(3-methacryloyloxy-2-hydroxypropoxy)
phenyl] monomer, The aromatic C=C contained in
Bis-GMA-based resins was successfully used as internal
reference peak for ratioing the aliphatic C=C since it is
stable in the matrix resin during reaction (Yoshida and
Greener, 1993). Afterwards, the urethane (N-H) and
carbonyl (C=0) (Yoshida and Greener, 1993) were also
used as internal references with the appearance of
UDMA (urethane dimethacrylate) monomer, This method
has been successfully and mainly used to determine

DC of composites.
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However, as the development of dental resins, new
monomers which do not contain internal reference to
serve as a standard, may be appeared, A new method
to determine DC having no internal standard was
developed by Loshaek and Fox (1953), and verified by
Rueggeberg (1994) and Bartoloni et al, (2000), This
method is based on the assumption that the gravi-
metric form of methacrylate group (HC=C(CH3)C=0O,
molecular weight: 69.081) can be used for concentra-
tion measurements, DC of monomers is expressed as a
proportion in weight percent of the methacrylate groups
(WPMG) remaining after polymerization relative to the
total number of C=C in the uncured resins. It is not
influenced by changes in density of the resin as it
cures (Rueggeberg, 1994). The WPMG method includes
the following four steps: (1) the establishment of the
absorbance vs, concentration (moles C=C/mL) calibra-
tion curve of methyl methacrylate (MMA); (2) the abso-
thbance analysis of uncured composite resins and the
calculation of C=G/mL using the calibration curve (WPMG,);
(3) the transmittance analysis of cured composite resins
(WPMG,); and (4) the calculation of final DC using the
ratio of WPMG, to WPMG, (Ha et al,, 2011),

Differential scanning calorimetry (DSC) is a convenient
tool for the analysis of the polymerization behavior of
dental resin monomers, It is a direct method that
analyses the extent of polymerization based on the assu-
mption that heat generated during resin polymerization
is proportional to the percentage or concentration of
reacted monomers (Cadenaro et al., 2005). The extent

and rate of the polymerization of functional vinyl mono-

Table 1, Materials used in this study

mers can be analyzed by measuring the heat value of
the exothermal peak area, enabling determination of
degree of polymerization,

Applying WPMG and DSC methods to calculating
DC, it is necessary to determine the aliphatic C=C
concentration of the uncured material, However, it is
nearly impossible to calculate the amount of aliphatic
C=C of commercial composite because it would be nece-
ssary to know the exact amount of each monomers in
each material, which is not provided by the manu-
facturers, In this case, it is necessary to build a calibra-
tion curve, The calibration curve has been successfully
used to determine the DC of liquid resin monomers
(Rueggeberg, 1994), adhesive (Bartoloni et al., 2000) and
denture base materials (Cadenaro et al,, 2005) employing
WPMG method, However, a limited numbers of studies
applied this curve on WPMG and DSC methods to
calculate DC of commercial composites,

The purpose of this study was to determine the
degree of conversion of commercial composites by
DSC and FTIR, The null hypothesis was that calibration
curve could be applied to WPMG and DSC methods to

determine the DC of commercial composites

MATERIALS AND METHODS

Composites

Five commercial composites were used in this study,

and their compositions are listed in Table 1.

Materials Classification Manufacturer Co_mposmon Z2E0 .2
Filler type (shade)
) ) Kuraray Medical Inc,, Bis-GMA, TEGDMA
Clearfil AP-X Hybrid Okayama, Japan Barium silicate83,1 wt% 010104 (A%
3M ESPE, Bis-GMA, UDMA,
Filtek 7250 Hybrid St Paul, MN, Bis-EMA 6LLJ (A2)
USA Zirconia/silicar7.7
) Dentsply Caulk, Bis-GMA, TEGDMA
Esthet X Hybrid Ba-Al-B-Si glass, silicon oxide81.4 0806043 (A2)
' S Ivoclar Vivadent, Bis-GMA, UDMA, DDDMA
Heliomolar Microfiled Schaan, Liechtenstein SiOy, ytterbium trifluoride77 8 K35053 (A2)
Biscoasia, Seoul Bis-GMA,
Aelite Universal Nanohybrid ’ ’ Bis-EMA, TEGDMA BA0B001023 (A2)

Korea

Glass frit, amorphous silica81.0
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Table 2, Weight percent of methacrylate groups in uncured monomers and theoretical amount of heat evolved during
polymerization of 1 g composite

IR Moles C WL L e Composite L0 moles C o
Material absorption ~C/ml methacrylate densi pc(> g/mi) methacrylate ey amount of heat

P . groups/ml 5 groups (WPMGU) =9 4Hcal (J/g)
Clearfil AP-X 0.02579 0.008603 05943 22821 26.04 0.003770 21456
Filtek 2250 0.02356 0.007854 05426 2,0201 2686 0.003888 221 31
Esthet X 0.02356 0.007854 0.5426 1.8243 2974 0.004305 245,06
Heliomolar 0.02373 0.007911 0.5465 19672 2778 0.004022 228 91
Aelite 0.02474 0.008250 05699 21038 27 07 0.003918 22301

Wejght percent methacryiate groups (WPMG) in
uncured composites

Solutions of dilution of MMA (Junsei Chemical Co.,
Itd., Tokyo, Japan) with spectroscopic grade hexane
were prepared, The molecular weight (100,12 g/mol)
and density (0,94 g/ml) of MMA were used to
calculate the number of moles of C=C per ml of each
of the standard solutions (Rueggeberg, 1994; Bayne,
2005). The infrared spectrum of each solution was
obtained using a Fourier transform infrared (FTIR)
spectroscope  (IRPrestige-21, Shimadzu, Tokyo, Japan)
with an attenuated total reflectance unit (MIRacle, Pike
, Madison, WI, USA) under the

experimental  conditions (gain: 1

Technologies, Inc,

-1
8 scans, 2 cm

resolution). The height of the absorbance peak of the
aliphatic C=C at 1636 cm” was determined by baseline
technique (Rueggeberg, 1994). Linear regression analysis
was performed on the data to produce the mathe-
matical relationship between the absorbance of the

monomer solutions and C=C concentration per ml,

0.01
0.008 r y =0.3355x - 5E-05
R? = 0.9997

0.006
0.004 |-
0.002 |-

0 : '
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Figure 1, Calibration curve establishing the relationship
between IR absorption peak height and C=C concentration,

The relationship (Figure 1) was used to determine the
C=C molar concentration of each of the five composites
from FTIR spectra data, The weight of methacrylate
groups in each ml of composite was calculated by
multiplying the molar concentration by the molecular
weight of a methacrylate unit (69.081) (Rueggeberg,
1994; Bartoloni, 2000). The density of each composite
was determined using a density determination kit
(VPG214CN, Ohaus Corp., Pine Brook, NJ, USA) at
room temperature, The weight percent of methacrylate
groups (WPMG) in the uncured composite (WPMG,)
was calculated by dividing the weight of the metha-
crylate groups in 1 ml composite in by its density
(Rueggeberg, 1994; Bartoloni, 2000).

Differential scanning calorimetry
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Figure 2. DSC diagraph of the study set up,

The number of moles of C=C per g of each composite
was calculated by dividing the molar concentration by
its density. The 4Ht was calculated by multiplying
moles of the methacrylate groups in 1 g composite by
theoretic heat release per mole reacted carbon double
bond (56,92 kJ/mol) (Cadenaro et al,, 2008), A differential
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scanning calorimeter (Shimadzu DSC-50, Kyoto, Japan)
was used to measure the heat of polymerization as a
function of the extent of polymerization of different
composites, Two aluminum pans were placed in the
sample holder of the calorimeter furmace: one contained
the tested specimen (15 mg); and the other was empty
(Suh et al., 2003) (Figure 2). The DSC chamber was
covered by an aluminum lid with a round hole (6.8
mm diameter which is the same with diameter of
aluminum pan) and a glass slide (25 X 25 X 1 mm) to
allow light pass through and permit curing of the
specimen inside the calorimeter, A glass plate (68 X (8
X 9 mm) was also used to further reduce the intensity
so that the heat flow recorded by the DSC unit was
within = 40 mW, The light guide was positioned at a
distance of 22 cm from the base of the sample
chamber., The curing procedure was performed for up
to 60 s at about ambient temperature in a nitrogen-
purged environment, Calorimeter analysis consisted of
two consecutive light exposures: the first exposure to
the composite specimens to produce polymerization,
and the second exposure to an empty aluminum pan
to evaluate irradiation heat flow from the light-curing
unit, The heat of reaction obtained from the first scan
represented the sum of the exothermic effect due to
monomer conversion plus the heat flow from the
curing unit, while the heat flow measured in the
second scan was attributed to the irradiation heat
output of the lamp, The observed heat is based on
the total area under the recorded curve. The heat of
resin polymerization can be calculated by subtracting
the heat value of the second exotherm from the value
obtained after the first light exposure, The 4Hobs was
calculated by dividing the heat of resin polymerization
by its weight (15 mg). Degree of conversion (DCs)
was determined as the percentage of 4Ht and 4Hobs

as shown in Equation:
DC, = 4H,bs/ 4Ht X 100%
where 4H, is the heat of polymerization for 1 g of

each composite and 4Ht is the theoretical amount of

heat evolved during polymerization of 1 g composite,

FTIR assessment without an intemal standard:
WPMG method

The height of the absorbance peak of the aliphatic
C=C group occurring around at 1636 cm’ was determined
for each cured composite specimen between two KBr
plates. The cured specimens were obtained using the
same curing method with internal standard, The thickness
of each film was measured with a digital micrometer,
The WPMG remaining in each cured film (WPMGc) was
then determined using the optical constant established

in following equation:
WPMGc = A/(TXK)

where WPMGc is weight percent of methacrylate groups
in cured specimens; A is height of C=C absorbance
peak height at 1636 cm™; T is thickness of cured resin
film (mm); and K is optical constant for methacrylate
group (0.64) (Rueggeberg, 1994).

The DC of composite was then calculated by deter-
mining the property of WPMG available after curing,

compared to the amount present prior to light exposure,
DC, = [1 = WPMGc/WPMG X 100%

where DC2 is percent monomer conversion and WPMGy
is weight percent methacrylate groups in uncured com-

posite,

FTIR assessment with an intemal standard

A sample of the uncured paste of each material was
directly smeared onto the surface of ZnSe crystal. The
absorbance peaks before curing were obtained from 10
scans at a resolution of 4 cm’ on FTIR (Shimadzu
Corp., Kyoto, Japan) with the MIRacle accessory (PIKE
technologies Inc, Madison, WI, USA) from 1550 to
1670 cm”. In order to produce the cured thin films,
the paste was pressed between two glass slides with
Mylar strips. A halogen light unit (Eliper Trilight, ESPE,
MN, USA) was positioned with the curing tip located
at 22 mm above the specimen. A thickness of 9 mm
glass plate was used to contact with curing tip

produce the same curing condition with DSC. Three
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specimen films of each composite were prepared. The
degree of conversion (DC;) could be obtained from
the ratio of the aliphatic C=C peak height to the
aromatic C=C value before and after curing using
conversional baseline techniques. The absorption ratio
values for the cured specimens were obtained directly

from cured thin resin films,
DC, = [1 — C/Ul X 100%

where C and U are the ratio of the aliphatic C=C
peak height to aromatic C=C wvalue of cured and

uncured composites,

Statistical analysis

For each resin, the means obtained from the three
different analysis methods were compared using a one-
way analysis of variance (ANOVA) with Tukey's post
hoc test at a significance level of 0.05 (n=5 for each

variable),

RESULTS

The linear regression analysis for the calibration curve
(Figure 1) generated from various dilutions of MMA
yielded an excellent fit (R*=0,997). Tt demonstrated that
of C=C could

concentrations of unknown values

confidently be determined from their IR peak height,

C=C aliphatic

Absorbance

1680 1660 1640 1620 1600 1580

Wave number (cm'])

Figure 3. IR spectrum of uncured Clearfil AP-X for WPMG
and DSC methods,
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Figure 4. IR spectra of uncured and cured Clearfi AP-X
for intermal standard method

Figure 3 shows the IR spectrum of the uncured Clearfil
AP-X. The peak height of aliphatic C=C was used to
determine the C=C concentration from calibration curve,
Figure 4 displays the IR spectra of Clearfil AP-X at the
range of 1670-1550 cm™ for internal standard method,
The spectrum of cured specimen greatly decreased
since the cured specimen can not contact with crystal
completely, and thus decrease sensitivity, Figure 5
represents the polymerization exotherms of Clearfil AP-X
during and after light exposure obtained from DSC,

Figure 6 shows the DC values obtained from three
methods and the results of statistical analysis. Internal
standard and WPMG methods have no significant
difference between each other for each composite
(p>0.05). However, DSC method is significantly lower
than the other two methods (p<0.05).

Time (min)

Figure 5, Folymerization exotherm oblained from DSC for
Clearfilr AP-X,
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Figure 6, Degree of conversion obtained from the three
methods and statistical analysis results, Within each materials,
the connection with horizontal lines indicates  statistical
simiarity (p)0.05),

DISCUSSION

According to the statistical analysis, DC values of all
materials used in this study obtained from WPMG
method was similar to the results obtained from
internal standard method. Correlated with previous results
(Loshaek and Fox, 1953; Rueggeberg, 1994; Bartoloni,
2000), WPMG method is adaptable not only to liquid
restorative materials (dentin bonding agents, resin adhesives
or denture base materials) but also to highly filled
composites, And the calibration curve also can be used
to determine the concentration of C=C of composite,
although it is obtained by liquid MMA, This investigation
demonstrated that degree of conversion can be determined
for commercial composites without functional groups
acting as internal standards,

In this study, DC values obtained from DSC method
are significantly lower than internal standard method
(p€0.05). However, according to previous studies (Cadenaro
et al,, 2008; Schneider et al,, 2008; Antonucci and
Toth, 1983), DSC method is a useful method to determine
DC. This may be mainly attributed to the fact that the
concentration of uncured C=C was determined from
calibration curve obtained from IR, According to Halvo-
rson et al. (2003), most of the methacrylate functionality
within the silicon layer is in a non-reactive environ-
ment because a highly condensed silane interphase limits
mobility of the silane methacrylate, and hence its reactivity
(Du and Zheng, 2008). While the C=C contained in
silane methacrylate can be observed in IR spectrum. In

other words, the mole concentrations of C=C obtained

from calibration curve is higher than the real C=C from
resins due to the effect of filler, which causes the
theoretical exothermic heat to be higher, According to
equation (Yoshida and Greener, 1993), the DC values
may decrease due to the increasing values of denomi-
nator, Another explanation may be a basic difference
in the measurements: FTIR spectroscopy measures only
contain selected bonds but DSC measures all reactive
groups that react liberating heat (Vijanen et al., 2007).
Although the WPMG method also used the calibration
curve to calculate the concentrations of C=C in
uncured materials, it did not significantly affect the DC
results comparing with internal standard method. This
may be attributed to the fact that the amounts of C=C
contained in filler could be observed in both cured
and uncured materials by IR, Therefore both WPMGy
and WPMGc values contain the weight percentage of
methacrylate in silane layer, not to cause significantly

effect on DC values,

CONCLUSION

From the results obtained from this study, it can be
concluded that calibration curve can be applied to
WPMG method to calculate DC values and not for
DSC method, The hypothesis tested in this study only
partly accepted,
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