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The aim of this paper is to replace toxic coinitiators (tertiary amines) by non-toxic compounds such as glycerol and inositol

(polyalcohol) in dimethacrylate resins. For this purpose, mid infrared spectroscopy (MIR) was used to calculate the monomers’

degree of conversion (%DC); as well as simultaneous Thermogravimetric Analysis — Differential Thermal Analysis (TGA-DTA) and

Differential Scanning Calorimetry (DSC) were conducted to evaluate thermal stability, degradation steps, and thermal events. The use

of different initiator systems did not modify the thermal events or the thermal stability of each of the dimethacrylate resins. Results

show a substitution of system 2 (toxicity) by system 3 (low toxicity), which had a good conversion velocity and total conversion in

some monomers, is plausible.
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INTRODUCTION

The dimethacrylates resins photopolymers are widely used
in dentistry, with applications ranging from restoration material,
sealing, and cementation to dental adhesives.'* Nowadays,
photopolymerization is of high interest, due to its ease of synthesis,
and its economic and ecological benefits.* These dimethacrylates
monomers are easily polymerized by radicalar systems and have
broad applicability. In particular, the following monomers (shown
in Figure 1) are the most commonly used in dentistry: Diurethane
dimethacrylate (UDMA), Triethyleneglycol dimethacrylate
(TEGDMA), Bisphenol A glycerolate (Bis-GMA), and Bisphenol
A ethoxylate (Bis-EMA).

The polymerization is triggered by initiators, which generate
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Figure 1. Structure of the Monomers: UDMA (a), TEGDMA (b), Bis-GMA (c)
and Bis-EMA (d)
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reactive forms that attack the alkene in the monomer structure. The
two-component (Type II) method is the most widely used, applying
camphorquinone as initiator (CQ, Figure 2-a) and coinitiators such
as ethyl-p-dimethylaminobenzoate (Tertiary amine, Figure 2-b).
However, it is known that secondary and tertiary amines are toxic and
carcinogenic to humans, as they may leach into the human body after
being used as bone polymers and dentistry polymers.”'? To ensure
patient safety and regarding green chemistry, these amines should
be changed to polyalcohol.

With this in mind, this study employed only non-toxic
polyalcohols such as glycerol (Figure 2-c) and inositol (Figure 2-d)
as coinitiators. Glycerol (1,2,3-propanetriol), a colorless, odorless,
sweetish and very viscous liquid, is a trihidroxylated compound
with three carbons, derived from both natural and petrochemical
sources.* Since 1959 it is acknowledged as a non-toxic compound,
being considered a “GRAS” (Generally Recognized as Safe) by the
American Food and Drug Administration (FDA). Hence, its use
is allowed in canned foods.'* Furthermore, in Brazil it is used in
food products, assured by resolution 45", of November 3, 2010."
Inositol (1,2,3,4,5,6-Hexahydroxycyclohexane) is a cyclic compound
hexahydroxylated, present in the growth metabolism of plants and
animals. Itis also used to treat women with polycystic ovary syndrome
and children with respiratory distress syndrome, attesting non-toxic
activity.'®?!
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Figure 2. Structure of the Initiator and coinitiators on this study: camphor-
quinone (a), ethyl-p-dimethylaminobenzoate (b), glycerol (¢), and inositol (d)
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In the study of these dimethacrylate resins it is important to
understand their thermal behavior, thus Thermoanalytical techniques
such as Simultaneous Thermogravimetric Analysis — Differential
Thermal Analysis (TGA-DTA) and Differential Scanning Calorimetry
(DSC) are used in order to determine their thermal stability, degradation
steps, glass transition, crystalline transition, crystallization, melt, and
polymer cure.”>?® Another important point is to study the dimethacrylate
monomers’ conversion, using different initiators systems. The Mid
Infrared Spectroscopy (MIR) is used to get this information, so that it
is possible to measure which system is more advantageous.

EXPERIMENTAL
Solution’s preparation

The solutions of photoinitiators were made by dissolving 0.01
mol of Camphorquinone (CQ) 97% (Aldrich) in 10 mL of acetone
P.A (Aldrich) in four different amber little bottles. In the first one
just Camphorquinone was added (System 1), in the second one CQ
and 0.01 mol of Ethyl-p-dimethylaminobenzoate 99% (Aldrich) were
added (System 2), in the third one CQ and 0.01 mol of glycerol P.A
(Merck) were added (System 3), and in last one CQ and 0.01 mol of
Inositol P.A (Aldrich) were added (System 4).

Mixture of each monomer with different initiator system.

The monomeric mixtures were made adding monomers (0.01 mol)
in 16 different flasks. Thus there were 4 flasks with UDMA, 4 flasks
with TEGDMA, 4 flasks with Bis-GMA and 4 flasks with Bis-EMA.
In each flask 0.3 mL of each different photoinitiators solutions was
added (system 1-4).

Synthesis of polymers

Blue light was used to induce polymerization. This was obtained
using the D-2000 equipment (DMC Ltda, Sao Carlos) that uses a
LED to emit light with wavelengths between 430nm and 490nm.
The polymerization occurred at room temperature. Each monomeric
mixture was placed in a PTFE mold with 1.5 mm of depth and 3
mm of diameter obtaining polymers with average mass of 10mg.
Afterwards had thirty two different samples, two samples of each
monomer with different photoinitiator solution, to simplify, polymers
were named as PMonomer- system number, for example the UDMA
polymer with the first solution as called PUDMA-1. Thereby all the
samples names are: PUDMA-1, PUDMA-2, PUDMA-3, PUDMA-4,
PTEG-1, PTEG-2, PTEG-3, PTEG-4, PGMA-1, PGMA-2, PGMA-3,
PGMA-4, PEMA-1, PEMA-2, PEMA-3, and PEMA-4.

Characterization

Thermal Analysis (TGA-DTA and DSC)

The TGA-DTA curves were obtained using a Netzsch equipment,
model STA 449 F3, using 70 uL. o-alumina open crucibles with
samples of about 15 mg and a heating rate of 10.0 °C minin a dry
air atmosphere at flow rate of 50.0 mL min™ and a temperature range
of 30.0-800.0 °C.

The DSC analyses were obtained on a Mettler-Toledo equipment,
model DSC 1 Star® System, using 40 pL closed aluminum crucibles
with perforated lids, samples of about 9 mg without previous thermal
treatment, and at a heating rate of 10.0 °C min™ in dry air atmosphere
and a 50.0 mL min™! flow rate. The heating/cooling procedures were
performed from -35.0 °C to the thermal stability of each polymer,
with isotherms at -35.0 °C for 10 minutes.

Quim. Nova

Mid infrared Spectroscopy (MIR)

A Bruker equipment, model Vertex 70 spectrophotometer,
operating in the range of 1680-1500 cm™ with a diamond crystal, was
used to collect the spectroscopic data of the polymers; one drop of
monomers mixture was added to the crystal, and then blue light was
irradiated for 350 s, with scans being made in 10-second intervals.
Thereby, it was possible to calculate the degree of conversion using
the equation 1.

7%DC = {1- [(T_(C=C) / T((C=C)]} x (-1000) ey

Unconverted double bonds were calculated by comparing the ratio
of C=C transmittance near 1640 cm™'. The value of C=C transmittance
at some point in time (t=x) is divided by the initial value of C=C
monomer transmittance (t=0). With all these data it is possible to
plot a graph of Degree Conversion vs. Time.?!

RESULTS AND DISCUSSION
Reaction mechanism

The reaction was initiated with free radical photoinitiators. The
CQ absorbed visible light in the spectrum of 400-550 nm, reaching
an excited state and withdrawing a hydrogen atom from the tertiary
amine, producing a primary radical. A resonance (structure) may have
occurred in the CQ between the second carbonyl of the molecule and
the radical produced in the initiation step, thus forming a new radical
in oxygen. This new radical can extract another hydrogen atom from
either the tertiary amine or a polyalcohol (initiation step, Figure 3).
It is known that the radical in CQ does not start the reaction, due to
the resonance (structure), which stabilizes the molecule.*
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Figure 3. Reaction mechanism of photoinitiators

The primary radical triggers the homolytic cleavage in @ bonds
(C=C) on dimethacrylate monomers, which produces new radicals
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Figure 4. Reaction mechanism: production of new radicals (a); and propagation and termination in UDMA (b)

(propagation step).”* Two different radicals might be formed, a
tertiary one [more stable (A), Figure 4-a] or a primary one [less
stable (B), Figure 4-a], both of which can initiate and propagate the
polymerization (Figure 4-b).

The polymerization’s termination step may have occurred
according to two reaction processes in the polymer. In the first process,
a bond between the radical UDMA and the radical carbon present in
the glycerol molecule may have formed, similarly to the termination
step. The second process may have involved the formation of a bond
between two radicals present in neighboring UDMA molecules
(Figure 4-b).

Simultaneous Thermogravimetric Analysis — Differential
Thermal Analysis (TGA-DTA) and Differential Scanning
Calorimetry (DSC)

The TGA/DTG-DTA curves of the polymers with CQ/Glycerol
initiator system (system 3) are shown in Figure 5. The TGA/
DTG-DTA curves for the other polymers with different coinitiators
can be viewed in supplementary material (Figures 1S, 2S and 3S).
Due to the similarity of the samples, just the polymers with glycerol
(system 3) are shown now. Each polymer, regardless of the monomer,
has four steps of mass loss, the first one indicates the volatilization of
the acetone and residual monomer and the other three steps indicate
its thermal degradation. The coinitiator does not affect these steps
and the thermal stability of each polymer. The average stability
of PUDMA, PTEG, PGMA and PEMA occurred at 173.75 °C;
126.70°C;227.37 °C and 172.85 °C, respectively. Furthermore, some
samples had a carbonaceous residual mass (average residual mass =
0,99%), even though the coinitiator also had no effect on this aspect
point. Table 1 shows the details of the volatilization and decomposing
steps of all the polymers.

Due to the similarity of DSC curves of each monomer using
different initiator systems (systems 1-4); only curves for system 3 are
shown in Figure 6. The DSC curves for other systems can be viewed
in supplementary material (Figures 4S, 5S and 6S). The cyclic DSC
curves depict the characteristic thermal events of each polymer, which
is consistent with the literature.*® Furthermore; it is observed that the
coinitiator does not affect the thermal events.

The DSC curves of UDMA polymers (Figures. 4S-a, 5S-a and 6S-
a) did not show any thermal events at any cooling stage. However, on
the first heating stage the endothermic event in the range of 20.0-160.0
°C was observed, indicating the acetone volatilization (PUDMA-3
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Figure 5. TGA/DTG-DTA curves of polymers with initiator system 3: PUD-
MA-3 (a), PTEG-3 (b), PGMA-3(c), and PEMA-3(d)

first heating stage expanded in Figure 7S). On the second heating
stage an exothermic event that indicates the degradation of these
polymers was observed, due to thermal stress. Hence they became
yellowish and brittle.

The DSC curves of TEGDMA polymers (Figures. 4S-b, 5S-b and
6S-b) show an exothermic event (130 °C) on the first heating stage,
indicating the cure of the residual monomers. As this occurred at a
temperature below the thermal stability temperature, and as no thermal
events happened on the second heating stage of PTEG-3, this event
is in agreement with literature. * However, on the second heating
stage a glass transition with midpoint at 74.55 °C was observed only
in PTEG-1, PTEG-2 and PTEG-4 (Figures. 4S-b, 5S-b and 6S-b);
the polymers had no change in color and did not become brittle. On
the cooling stages no thermal events were observed.
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Table 1. Thermal events of temperature (6°C), mass loss (Am) and temperature peak (T;) observed in each TGA-DTA curve steps of polymers.
Polymers 1% step 2™ step 31 step 4% step
PUDMA 1 0°C 30-175 175-371 371-471 471-635
Am/% 0.89 59.40 28.70 10.46
T,/°C - 1847, 247-311%, 3417 371-635% 371-635%
PUDMA 2 0 °C 30-180 180.0-372.5 372.5-476.3 476-643
Am /% 0.86 56.62 32.25 10.27
T, /°C - 185T, (241-301, 309-373)* 3886437 388-643
PUDMA 3 0 °C 30-172 172-376 376-472 472-640
Am /% 1.13 61.50 24.70 11.48
T, /°C (170-233, 245-299)*, 3307 401-463* 51157
PUDMA 4 0°C 30-170 180-372 372-468 468-640
Am /% 0.50 63.54 2231 13.42
T, /I°C - (170-220, 239-295)*, 334 T 400-452% 455-640%
PTEG 1 0 °C 30-124 118-359 359-459 459-608
Am/% 0.24 60.65 30.47 7.09
Ty/°C - 161 T, 211-287* 363 T,407 T 501 T
PTEG 2 8 °C 30-127 127-342 342-472 472-613
Am /% 0.83 43.85 49.13 6.19
T, /°C - (127-191, 211-297)* (309-373), 404 T 494 7
PTEG 3 0 °C 30-128 128-358 358-456 456-600
Am /% 0.90 4971 41.04 6.18
T, /°C - (128-194, 216-296, 313-375)* 40477 4795 T
PTEG 4 0 °C 30-127 127-361 361-454 454-602
Am /% 0.71 56.10 36.29 6.90
T, /°C - (127-195, 224-313, 316-374)* 393.7 T 4977
PGMA 1 0 °C 30-229 229-360 360-469 469-650
Am/% 1.84 19.44 42.80 34.02
T,/°C - (229-326, 339-400)* 405-467* 569 T
PGMA 2 0 °C 30.0-227.7 228-385 385-463 463-662
Am /% 175 34.52 21.38 39.96
T, /I°C - (228-321, 332-378)* 412-458% 569 T
PGMA 3 0°C 30.0-225.8 226-376 376-457 457-651
Am /% 1.63 34.06 21.62 38.61
T, /°C - 226-317*,356 T 406-460* 556 T
PGMA 4 0 °C 30-227 227-375 375-469 469-650
Am /% 1.71 27.99 31.92 36.56
T, /I°C - (236-332, 338-388)*, 334 T 416-465* 270 T
PEMA 1 0 °C 30-180 180-245 245-445 445-605
Am/% 2.67 6.11 79.62 11.60
T,/°C - 180-247* 361 T,372 7 5177
PEMA 2 0°C 30-169 169-247 247-450 450-614
Am /% 2.36 9.31 78.15 10.18
T, /°C - 169-252% 363 T,376 T 5157
PEMA 3 0 °C 30-172 172-244 244-447 447-613
Am /% 1.26 9.39 77.76 11.59
T, /°C - 172-244% 362 T,374 T 508 T
PEMA 4 0 °C 30-170 170-242 242-446 446-618
Am /% 1.12 7.77 79.98 11.13
T, /°C - 170-242% 321, 1,369 T 509 T

*exotherm; T = exo up.
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Figure 6. DSC curves of polymers with initiator system 3: PUDMA-3 (a), PTEG-3 (b), PGMA-3(c), and PEMA-3(d)

In the DSC curves of Bis-GMA polymers (Figures. 4S-c, 5S-c
and 6S-c) a glass transition (T,) was observed on the first heating
stage, and the midpoint temperatures were calculated following the
ASTMY: Tgpaar = -4.06°C; Tgpoyianr = -4.98°C; Tgpauas = -7.68°C;
and Tgpgyas = -7.54°C.* Also on the first stage, an endothermic
event was observed, due to the volatilization of acetone in the range
of 10.0-165.0 °C, (PGMA-3 first heating stage expanded in Figure
8S). On the second heating stage the same Tg, but slightly displaced
to a higher midpoint temperature, was observed: Tgpgya. = 4.63°C;
Tgromar = 5.27 °C; Tgpomas = 6.16 °C; and Tgpgyay = 9.15 °C.
Furthermore, an exothermic event (200 °C) was observed, indicating
thermal degradation, as was verified by sample yellowing (PGMA-3
second heating stage expanded in Figure 9S).

The Bis-EMA polymers (Figures 4S-d, 5S-d and 6S-d) presented
a greater quantity of thermal events (melting, cure, glass transition
and volatilization) than other samples in this study. On the first
cooling stage, a T, with an average midpoint at -14.50 °C (PEMA-
3 first cooling stage expanded in Figure 10S) was observed. In
addition, on the first heating stage, all the polymers presented
an endothermic average peak at 11.0 °C, indicating the melting
of residual monomers and an endothermic event in the range of
20.0-140.0 °C that indicated the volatilization of the solvent and
the partial cure of some of the monomer.*’ The melting enthalpies
(A H) on the first heating stage were: Ay Hppyay = 3.13 T g7,
AroH ppvan = 599 T gy A Hppuas = 8.30 J g!, and
ApHpeas = 20.39 J g'. On the second cooling stage, a T, with an
average midpoint at 22.00°C was observed (PEMA-3 second cooling
stage expanded is shown in Figure 11S). Finally, on the second
heating stage, the same melting endothermic average peak at 13.84°C
(AnsHpenar =474 g, ArHpenar =7.751 g, Ay Hppnias=9.78 T g7,
and Ay Hppyaa= 19.23J g1), and a few exothermic peaks in the range
of 66.0-88.0 °C, which indicated the polymerization of residual

monomers (Figures 4S-d, 5S-d and 6S-d) were observed. However,
the latter event is not observed on PEMA-3.

Conversion degree by MIR analysis

Figure 7 shows the MIR spectra in the range of 1500-1680
cm’! for each monomer (UDMA, TEGDMA, Bis-GMA and Bis-
EMA) mixture with CQ/glycerol system and their corresponding
polymers are shown in Figure 7. The MIR measurements depicted
a band near 1640 cm™' evincing the C=C double bond present in the
dimethacrylates molecules. As expected, the intensity of this band
decreased considerably for the polymers, since this process involves
the cleavage of the m bond. Hence, it was possible to calculate the
conversion degree of each monomer.

To improve the analysis of the results, polymers containing only
CQ system (Blank sample) were synthetized, in order to understand
if CQ is less or more effective than combined with a coinitiator. Also
the standard CQ/Tertiary amine system was used, thus allowing the
comparison between the CQ/glycerol system and the CQ/Inositol
system. The conversion degree curves of each monomer with a
different initiator system are shown in Figure 8 and Table 2.

The conversion degree of UDMA polymers (Figure 8-a) shows
that the CQ system has a slow conversion degree (0.00 % in the first
20 seconds) with a total conversion degree of 51.84%. As expected,
the standard CQ/Amine system had the fastest conversion degree
(29.85% in the first 20 seconds) and the highest conversion of all
(58.01% in 350 s). The CQ/glycerol system presented itself as a good
substitute to the standard system, with a conversion degree of 14.62
% 1in the first 20 seconds and a total conversion degree of 52.07%.
The CQ/inositol system was not as effective as the other systems, as
it had a slow conversion and the lowest total conversion, due to the
slight solubility of the monomers.
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Figure 7. Infrared spectra of polymers used system 3: PUDMA-3 (a), PTEG-3
(b), PGMA-3 (c), and PEMA-3 (d)

The TEGDMA conversions (Figure 8-b) showed no significant
difference in the conversion velocity considering each initiator system,
despite system 3 being slightly faster. However, the TEGDMA
conversions evidence a difference in the total conversion, such as
a higher conversion in system 3 (96.31%) as compared to that of
the standard system (86.05%), and the poor performance of system
4 with regards same velocity to system 1 and system 2, but with a
less conversion.

In the Bis-GMA conversions (Figure 8-c) it became evident
that there was no difference in the total conversion for each initiator

Quim. Nova

system. However, systems 1 and system 3 had a slow conversion
velocity. System 4 had the highest velocity of conversion of all
systems in the first 10s (1.97 %), while system 1, 2 and 3 showed no
conversion in first 10 s, but after 50s all systems had close relative
velocity. However, for comparison purposes it is possible to arrange
the systems in terms of a velocity sequence: system 3 < system 1 <
system 2 < system 4. Notwithstanding all the systems had similar
conversions 32.91% (system 1), 32.35% (system 2), 29.06% (system
3), and 30.51% (system 4).

The Bis-EMA conversion (Figure 8-d) showed a similar total
conversion in all of the samples. However, the highest total conversion
was observed for the CQ/tertiary amine system followed by the CQ/
glycerol system. Systems 2 and 4 showed a similar conversion velocity
until 100s, after that the system 2 had high conversion velocity. Thus,
inositol may be a good choice as a coinitiator for this monomer
considering the velocity, however if consider the total conversion
the system 3 is the best choice.

It was expected that system 1 had a lower velocity and small
total conversion, but is did not occur, the system 1 had a similar
behavior, which found in other systems. This behavior could be
explain considering the chemical structure of monomers, which had
some organic functional groups such as urethane, alcohol and ether
(see Figure 1). It is known that these organic functional groups may
participate as a coinitiator [42]. Thus the radical is generated in the
monomer structure and the polymerization is started.

CONCLUSION

The TGA/DTG-DTA curves showed that PUDMA, PTEG,
PGMA and PEMA (with different systems) had an average stability
at 173.75 °C; 126.70 °C; 227.37 °C and 172.85 °C, respectively.
However, the different initiator systems did not modify the thermal
stability of each monomer nor their thermal degradation steps. The
DSC analysis showed that the many thermal events of each polymer,
such as dehydration, glass transition, melting, degradation and cure,
are not affected by the choice of initiator. Thus it might be concluded
that the initiator system does not modify or influence those thermal
events. In summary, the initiator system does not affect the thermal
behavior of the polymers.

With the MIR analysis, it was possible to calculate the conversion
degree of each monomer under study. The results presented the CQ/
glycerol system (low toxicity), which had a good conversion velocity
and good total conversion in some monomers, such as TEGDMA
and UDMA, as a good substitute to the CQ/tertiary amine system
(toxic). Considering these results the CQ/glycerol system is a viable
choice for formulation of dental resins and materials. In the case of
Bis-EMA monomer a good choice is the CQ/Inositol system, as it
showed a good conversion velocity in first 10s and similar conversion
when compared to other systems, but the best choice is the system 3
(CQ/glycerol) that had a similar total conversion found in the system
2 (CQ/tertary amine).

SUPPLEMENTARY MATERIAL

The supplementary material has shown TGA-DTA and DSC of
the others polymers that used the coinitiator system 1, 2 and 3; as
well as the detailed DSC curve of polymers previous mentioned in
results and discussion.
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Figure 8. Conversion degree curves of all the polymers with different initiator system: UDMA polymers (a), TEGDMA polymers (b), Bis-GMA polymers (c),
and Bis-EMA polymers (d)

Table 2. Conversion degree (%) of monomers to polymers with different initiators systems

Polym:yrst—eﬁlntlator 10 seconds 20 seconds 50 seconds 100 seconds 200 seconds 350 seconds
PUDMA-1 0.00 % 0.00 % 22.65 % 36.64% 47.11 % 51.84 %
PUDMA-2 2.69 % 29.85 % 43.13 % 47.83% 54.15 % 58.01 %
PUDMA-3 331 % 14.62 % 26.93 % 34.95% 47.96 % 52.07 %
PUDMA-4 3.03 % 3.82 % 21.52 % 29.38% 42.24 % 48.59 %

PTEG-1 1.49% 6.42% 17.55% 36.40% 67.94% 89.34%
PTEG-2 3.77% 3.95% 14.15% 33.41% 65.86% 86.05%
PTEG-3 2.43% 9.05% 20.38% 43.06% 78.31% 96.31%
PTEG-4 1.53% 5.46% 12.69% 34.46% 62.40% 84.16%
PGMA-1 0.09% 0.85% 9.39% 16.54% 26.10% 3291%
PGMA-2 0.00% 1.73% 10.20% 19.73% 29.92% 32.35%
PGMA-3 0.03% 0.05% 8.07% 14.46% 21.68% 29.06%
PGMA-4 1.97% 2.63% 9.62% 17.75% 26.94% 30.51%
PEMA-1 1.70% 1.75% 4.56% 7.74% 17.69% 27.74%
PEMA-2 1.74% 3.22% 9.50% 13.35% 25.21% 34.63%
PEMA-3 1.88% 2.03% 4.02% 8.16% 18.12% 33.73%
PEMA-4 1.76% 2.33% 9.10% 12.16% 18.35% 26.52%
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