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Abstract: In this work, the relationship between the degree of conversion (DC) in the Bis-
GMA/TEGDMA polymer networks, determined by two methods — Fourier transform infrared spec-
troscopy (DCir) and polymerization shrinkage (DCs), was studied. The DCir was calculated by using
the internal standard method, whereas the DCs was calculated by measuring differences in the mon-
omer and polymer densities, resulting in the polymerization shrinkage. Both methods revealed the
same trend in the DC changes with alterations in the Bis-GMA/TEGDMA ratio. However, the DCs
values were lower, in comparison to the DCir values on average by 18 %.

Keywords: dental resin composite, dimethacrylate composite matrix, degree of conversion, Fourier
transform infrared spectroscopy, polymerization shrinkage

1. Introduction

The degree of conversion (DC) is the most useful parameter in the characterization
of dental composite restorative materials based on dimethacrylates. Its value informs
about curing efficiency. If the curing level is insufficient, the physicochemical and me-
chanical properties of the composite can significantly deteriorate [1]. Inadequate curing
also decreases the biocompatibility of the material, due to an increase in free monomer
content, which tends to leach from the composite matrix [2,3].

It is known from the literature that the DC depends on the monomer chemical struc-
ture [1,3,4]. Monomers of highly elastic molecules polymerize to higher DCs, whereas
those of stiff molecules polymerize to lower DCs. In particular, bisphenol A glycerolate
dimethacrylate (Bis-GMA), the most important and commonly used dental monomer, has
a stiff and spacious molecule, willing to form hydrogen bonds, which cause a serious DC
limitation. Therefore, it can achieve a limiting DC of 39 % when homopolymerized [4]. It
is the major drawback of Bis-GMA because the DC below 55 % is not acceptable in prac-
tical applications [5]. To achieve a sufficiently high DC, Bis-GMA has to be copolymerized
with monomers of more elastic and smaller molecules [6,7]. Triethylene glycol dimethac-
rylate (TEGDMA) is the most commonly used in this field. In addition to the monomer
chemical structure, several other factors influence the DC. They include i) initiation
method and initiator type [8,9], ii) irradiation time [7], iii) sample thickness [10], iv) irra-
diation lamp [11], and v) filler type and content [12].

The most popular techniques used for the DC determination include i) Fourier trans-
form infrared spectroscopy (FTIR), ii) Raman spectroscopy (RS), iii) solid-state nuclear
magnetic resonance (ssNMR), and iv) differential scanning calorimetry (DSC).

Proceedings 2021, 68, x. https://doi.org/10.3390/xxxxx

www.mdpi.com/journal/proceedings



O 0 N O U s LN~

NN N N N DN NN PR = /= e = = = =
N O G b= W NN = © O 0N G k&= Wi = O

28

29

30
31

32

33
34
35
36
37
38
39
40

41
42

43
44
45
46
47

48
49

Proceedings 2021, 68, x FOR PEER REVIEW 20f6

The DC determination method that uses FTIR is the most common, simple, and gives
the most reliable results [1]. It is based on the monitoring of changes in the absorption
intensity of several bands resulting from vibrations of the C=C double bond, present in
the methacrylate group. They include: i) twisting vibrations (816 cm™), ii) wagging vibra-
tions (948 cm™), and iii) stretching vibrations (1637 cm™) [1,13]. The intensity of these
bands decreases due to polymerization. As the band located at 1637 cm™is the most re-
solved and intense, it is the most commonly used for DC determination [13]. However, to
comply with the Beer-Lambert law, the C=C absorption intensity has to be related to the
absorption intensity of an internal standard — the band whose absorption intensity does
not alter due to the polymerization [14]. The band corresponding to the skeletal stretching
vibrations of the C-C bonds in the aromatic ring, located at 1608 cm™, usually serves as an
internal standard [4]. If the system lacks an aromatic ring, the band corresponding to the
C=0 stretching vibrations, located within 1715 and 1720 cm™, can be used [4]. However,
this method produces underestimated DC values and therefore it is recognized as less
reliable compared to that using aromatic internal standard [15,16].

An alternative solution for the DC determination in dimethacrylate composites might
be a method based on measuring differences in the monomer and polymer densities re-
sulting from the polymerization shrinkage and calculating its theoretical value (DCs). The
calculation of the latter uses the literature information that the molar volume of one mole
of the methacrylate group decreases by 22.5 cm? [17] due to polymerization, in the course
of which van der Waals forces that occur between monomer molecules turn into covalent
bonds that constitute crosslinks of hardened composite matrix [1]. This method has al-
ready been applied in the survey on the DC of dimethacrylate systems, however, its reli-
ability has not yet been established.

In this study, a series of dimethacrylate copolymers consisted of various Bis-
GMA/TEGDMA various ratios were subjected to FTIR and polymerization shrinkage
analyses to determine the DC and relationship between the results from both methods.

2. Materials and Methods

2.1. Materials

Bis-GMA, CQ (camphorquinone), DMAEMA (dimethylaminoethyl methacrylate),
and TEGDMA were purchased from Sigma Aldrich (St. Louis, MO, USA).

2.2. Sample preparation

Seven Bis-GMA/TEGDMA mixtures were prepared. The Bis-GMA weight fraction
ranged from 20 to 80 % and increased by 10 % each time. TEGDMA content decreased
proportionally. The mixtures were admixed with the 0.4 wt.% CQ and 1 wt.% DMAEMA
that was a photoinitiating system, composed of respectively, initiator/and accelerator.
Thus prepared compositions were introduced into silicon molds with a diameter of 15 cm
and 5 cm thick, covered with PET film to prevent oxygen inhibition, and irradiated with
the UV-VIS lamp (Ultra Vitalux 300, Osram, Munich, Germany, 280 to 750 nm, 2400
mW/cm?) for 1h, from a distance of 15 cm.

2.3. Fourier transform infrared spectroscopy (FTIR)
2.3.1. Instrumentation

FTIR spectra were recorded with the use of Spectrum Two (Perkin-Elmer, Waltham,
MA, USA) spectrometer, with 128 scans at resolutions of 1cm™. Monomers and polymers
were tested as KBr pellets. A thin layer of a monomer was placed between two KBr pellets,
whereas a polymer was ground into a fine powder with a grain size smaller than 25 um,
mixed with KBr powder, and pressed into a pellet.

2.3.2. Calculation of the degree of conversion (DCr)

The DCk was calculated with the use of the following equation:
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(5
DCir(%) = @# x 100, )

Aar )monomer

where Ac=cis the absorption intensity of the band resulting from the carbon-carbon double
bond stretching vibrations, located at 1637 cm™, and Aar is the absorption intensity of the
internal standard — the band resulting from the skeletal stretching vibrations of the car-
bon-carbon bonds in the aromatic rings, located at 1608 cm ™.

2.4. Polymerization shrinkage
2.4.1. Density measurements

Densities of monomers (dm) were measured with the use of a 1 mL pyknometer, ac-
cording to the ISO 1675 standard [18]. Densities of polymers (dp) were determined with the
use of an analytical balance (XP balance, Mettler Toledo, Greifensee, Switzerland), equipped
with a density determination kit, that uses the Archimedes’ principle.
2.4.2. Calculation of the polymerization shrinkage

The experimental polymerization shrinkage (S) was calculated with the use of the fol-
lowing equation:

S(%) = (1 - ‘;—':) x 100, 2)

where dm is the density of a monomer mixture, and dp is the density of the corresponding
polymer.

The theoretical polymerization shrinkage (Sweor) was calculated on the assumption that
the volumetric shrinkage of one mole of the methacrylate double bonds is equal to 22.5 cm?
[17], according to the following equation:

MW _2x22.5
Stheor (%) = (1 — —25m— | X 100, 3)

dm
where MW is the molecular weight of a monomer mixture, dm is the density of a monomer
mixture, 2 is the number of double bonds in the monomer molecule and 22.5 is the volumet-
ric contraction of one mole of the methacrylate group due to its polymerization [17].
2.4.3. Calculation of the degree of conversion (DCs)
The DCs was calculated according to the following equation:

DCs(%) = —>

% 100,

Stheor (1)
where S is the experimental polymerization shrinkage, and Seneor is the theoretical polymer-
ization shrinkage.

3. Results and Discussion

In this study, seven compositions of Bis-GMA and TEGDMA monomers were pre-
pared, polymerized, and characterized for the density, polymerization shrinkage, and de-
gree of conversion. The latter was determined by two methods — Fourier transform infra-
red spectroscopy and polymerization shrinkage.

The weight ratios of prepared compositions, their molecular weights (MW), concen-
trations of double bonds (xps), and densities of the samples, before and after curing, are
summarized in Table 1. The xos values ranged from 4.52 to 6.37 mol/kg. Its value de-
creased as the Bis-GMA content increased. The percentage difference between the xos of
the B20:T80 and B80:T20 samples was 41 %. As the xos value informs about the theoretical
crosslink density of the dimethacrylate polymer network, it can be said that the greater
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the Bis-GMA concentration in the monomer mixture, the lower the crosslink density in
the resulting polymer network [1,4,8].

As can be seen from Table 1, the densities of monomer mixtures (dm) ranged from
1.106 to 1.147 g/cm?. The dm value increased as the Bis-GMA content increased. The per-
centage difference between the dm values determined for the B20:T80 and B80:T20 samples
was 4 %. As expected, polymerization resulted in tighter packing, which was reflected in
higher densities of cured materials compared to the densities of their uncured counter-
parts (on average by 7.5 %). The polymer densities (dp) ranged from 1.194 to 1.233 g/cm3.
Its value increased with the increase of the Bis-GMA content up to 70 wt.% and then de-
creased. The percentage difference between the largest and the smallest dp values was 3
%. The density values of cured and uncured samples were used to determine the experi-
mental and theoretical polymerization shrinkages (respectively, S and Steor). These results
are summarized in Table 2.

Table 1. Sample names, their chemical compositions, and properties: MW — molecular weight, xps— concentration of double bonds,
dm — density of uncured samples, and dp — density of cured samples.

Weight ratios din (g/cm3) dp (g/cm?)
Sample name MW (g/mol)  xos (mol/kg)
Bis-GMA  TEGDMA avg. SD avg. SD
B20:T80 20 80 314.07 6.37 1.106 0.024 1.194 0.029
B30:T70 30 70 330.09 6.06 1.113 0.052 1.204 0.025
B40:T60 40 60 347.78 5.75 1.121 0.072 1.207 0.061
B50:T50 50 50 367.51 5.44 1.127 0.046 1.210 0.014
B60:T40 60 40 389.60 5.13 1.133 0.062 1.219 0.016
B70:T30 70 30 414.50 4.83 1.141 0.094 1.233 0.033
B80:T20 80 20 442.81 4.52 1.147 0.135 1.216 0.019

Table 2. The theoretical (Steor) and experimental polymerization shrinkage (S) as well as the degree of conversion, calculated from
the polymerization shrinkage (DCs) and absorption intensity (DCir).

S (%) DCs (%) DCi (%)
Sample name Stneor (%)

avg. SD avg. SD avg. SD
B20:T80 15.85 7.39 0.45 46.64 2.32 55.30 5.23
B30:T70 15.17 7.55 0.52 49.81 2.56 60.47 4.78
B40:T60 14.49 7.21 0.41 49.75 2.31 61.01 5.23
B50:T50 13.80 6.89 0.46 49.88 3.04 63.97 3.56
B60:T40 13.09 7.11 0.39 54.33 4.34 64.87 4.87
B70:T30 12.38 7.57 0.55 61.23 3.45 72.83 5.44
B80:T20 11.66 5.44 0.25 46.68 2.98 61.34 5.34

The S values ranged from 5.44 to 7.57 %. They showed no clear trend throughout the
studied series. The highest S value was determined for the B70:T30 sample, whereas the
lowest S value was determined for the B80:T20 sample. The percentage difference between
the largest and smallest S values was 40 %. The Steor values ranged from 11.66 to 15.85 %
and decreased with the increase in the Bis-GMA content. This relationship resulted from
a decreasing concentration of double bonds in this order, since the lower the concentration
of double bonds, the lower the volumetric contraction can occur. The percentage differ-
ence between the lowest and highest Steor values was 34 %. Sweor and S were further used
to determine the DCs (Table 2). The DCs values ranged from 46.68 to 61.23 %. It can be
seen that the DCs increased with the increasing Bis-GMA content up to 70 wt.% and then
decreased.
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The degree of conversion was also examined using the FTIR technique (DCr). Rep-
resentative FTIR spectra of the B80:T20 uncured and cured samples are shown in Figure
1. The results obtained for the DCr are summarized in Table 2. DCr values ranged from
55.30 to 61.34 %. As can be seen from Table 2, the DC values were higher than the corre-
sponding DCs values. Nevertheless, it is worth noting that a similar tendency was ob-
served in both methods. The DCr values increased as the Bis-GMA content increased up
to 70 % and then decreased when the Bis-GMA content exceeded 70 %. The difference
between the DCs and DCi values ranged from 15.66 to 23.90 %.
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Figure 1. The representative FTIR spectra of the B80:T20 composition in its uncured (a) and cured (b) forms.
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Figure 2. The percentage of underestimation of the DCs values to the DCir values.

The underestimation of the DCs values to the DCk values can be explained by the
fact that the volumetric contraction does not only depend on the concentration of double
bonds, but other factors, too, play an essential role in this phenomenon. They include di-
mensions, shapes, and hydrophilicity of monomer molecules [19]. The Bis-GMA molecule
is large, stiff, and hydrophilic. On the contrary, the TEGDMA molecule is small, elastic,
and little hydrophilic. By increasing the Bis-GMA content, its molecular features increase
their impact on the ability to tight packing. It probably resulted in lower d values than
expected. In addition, the increase in the Bis-GMA content caused an increase in the vis-
cosity of the monomer mixture, which might increase the inaccuracy of the dp measure-
ment (the higher the viscosity, the higher the air trapping probability that decreases den-
sity). However, the literature shows that the DCik values calculated with the use of the
carbonyl internal standard (instead of the aromatic one) are also underestimated. Collares
et al. [16] found that the DC values of the Bis-GMA/TEGDMA compositions, determined
with the use of carbonyl internal standard, were lower by 23 % in comparison to the DC
determined with the use of the aromatic internal standard.
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4. Conclusions

The methodology of the degree of conversion determination in dimethacrylate poly-
mers based on the measurements of the polymerization shrinkage can be a valuable alter-
native to the methodology based on the FTIR measurements. It produces underestimated
results compared to the methodology using an aromatic internal standard. However, the
results achieved with the use of the carbonyl internal standard can be less consistent.
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