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Abstract

Novel initiation systems for the production of poly(methyl methacrylate) (PMMA) bone ce-
ments based on low-toxicity tertiary amine initiators and hydroxyapatite nanoparticles were
investigated. Bicomponent systems formed by a solid component containing PMMA and
benzoyl peroxide (BPO) and a liquid component containing methylmethacrylate and low-
toxicity aliphatic (dimethylamino-ethoxy-ethane) (DMEE) and aromatic (dimethylamino-
benzaldehyde) (DMAB) tertiary amines were tested at two amine concentrations (0.75 and
3.75 wt%) and compared with the standard tertiary amine dimethyl-p-toluidine (DMT).
The components were mixed in a 2:1 ratio (solid/liquid) for 60 s. Nanocomposites were
prepared using nano-hydroxyapatite inserted into the PMMA-based polymer matrix at
various concentrations between 1.0 and 3.75 wt%, aiming to increase the biocompatibility of
bone cements applied in cranioplasty. The concentration of tertiary amines directly affects
the reaction rate, and increasing the concentration accelerates the curing reaction. Thermal
analyses (DSC and TGA) revealed that the produced polymers did not show significant
changes in glass transition temperature (113 °C and 115 °C), nor in onset (150-158 °C) or
peak degradation temperatures (353 °C and 355 °C). The reaction with the aliphatic amine
proved to be slow, as no polymerization occurred within the time period stipulated in the
study. However, drastic changes did take place when the cure occurred in the presence of
nano-hydroxyapatite. The cure with DMAB (3.75 wt%) that presented an exothermic peak
at 37 min (53 °C) showed a peak at 16 min (70 °C), and the cure with DMEE (3.75 wt%) a
peak at 11 min (62.5 °C) after the addition of nano-hydroxyapatite. In conclusion, addi-
tion of nano-hydroxyapatite significantly influenced both the time and the temperature
of cure reaction in all amines studied, expanding the possibility of using new initiators in
polymerization systems for cranioplasty flaps.

Keywords: cranioplasty; poly(methyl methacrylate); nanohydroxyapatite

1. Introduction

Cranioplasty is a common technique used to repair bone defects in the skull resulting
from fractures and/or traumatic cranial deformities. In addition to alleviating neurological
symptomes, it also helps mitigate psychosocial symptoms [1]. However, it may result in
complications due to the potential for bone resorption and infections [2,3].
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Self-curing bone cements based on PMMA have been widely used in cranioplasties.
The chemical polymerization reaction of acrylic monomers is initiated by benzoyl peroxide
and a tertiary amine, which allows the reaction to occur at room temperature [4,5].

Currently, the standard tertiary amine used in radical polymerization systems at room
temperature is N,N-dimethyl-p-toluidine (DMT), which can efficiently promote the reaction
in a short period of time at room temperature [6,7]. However, studies have proven that DMT
has neurotoxic potential. Other disadvantages include high polymerization temperatures,
which can cause difficulties for doctors [8-10].

Over the years, various tertiary amines for use in the polymerization synthesis of
PMMA-based bone cement have been studied [11,12]. Furthermore, the scientific com-
munity has been actively searching for new, more biocompatible tertiary amines for
biomedical applications [13-17].

In addition to replacing DMT with more biocompatible initiators, a wide range of
PMMA-based composites has also been continuously investigated to improve the biocom-
patibility of PMMA-based bone cements used in cranioplasties. In this context, hydrox-
yapatite (HA) has emerged as a promising bioactive particle capable of improving the
biocompatibility of the material, promoting a greater osteoblastic response and, conse-
quently, directly reinforcing osseointegration [18].

This study investigated the synthesis of PMMA-based bone cements, proposing
two new amines, dimethylamino-ethoxy-ethane (DMEE) and dimethylamino-benzaldehyde
(DMAB). Both amines have lower toxicity than the standard amine. The effect of insert-
ing hydroxyapatite nanoparticles was also investigated, in an attempt to improve the
biocompatibility of bone cements for application in cranioplasty.

2. Materials and Methods
2.1. Materials

Preparation of polymers and nanocomposite was carried out using methyl methacry-
late (methyl 2-methylprop-2-enoate) (MMA) (purity > 99%), poly(methyl methacry-
late) (purity > 99%), dibenzoyl peroxide A75 (BPO) (LUPEROX®, Pennsylvania, PA,
USA), dimethyl-p-toluidine (N,N-dimethyl-4-methylaniline) (purity > 99% — lethal dose
= 139 mg/kg), dimethylamino-ethoxy-ethano (2-[2-(dimethylamino)ethoxy]ethan-1-ol)
(purity > 99% — lethal dose = 2460 mg/kg), dimethylamino-benzaldehyde (4-(dimethyla-
mino)benzaldehyde) (purity >99% — lethal dose = 800 mg/kg), and chloroform (trichloro-
methane), all of which were supplied by Sigma-Aldrich (Saint Louis, MO, USA).
Methyl methacrylate was purified by distillation. Nano-hydroxyapatite was synthe-
sized from (NH), HPO, and Ca(NOs); at 90 °C and pH 9 according to methodology
previously described [19].

2.2. Preparation of Polymers and Nanocomposite

Polymers and nanocomposites (bone cement) were synthesized from a physical mix-
ture of the two components, powder (P) and liquid (L), with a P:L ratio of 2:1 (w/w), using
a glass stick for 60 s. The powder component consisted of PMMA (10 g) and the initiator
BPO (0.40 g). The liquid component contained two compounds: the MMA monomer
(4.5 mL) and the tertiary amine co-initiator (0.75 wt% = 0.0040 mL and 3.75 wt% = 0.02 mL).
For synthesis of the nanocomposites, a hydroxyapatite-based nanoparticle (1 wt% = 0.1 g;
2.5 wt% = 0.25 g and 3.75 wt% = 0.375 g) was dispersed through a tip sonicator in the liquid
component. Nanoparticle dispersion in the PMMA matrix was achieved by ultrasonication
using a probe sonicator operating at 20% amplitude. The total sonication time was 60 s,
applied in two cycles of 30 s, with a 10 s interval between cycles to minimize thermal effects.
The polymerization occurred at room temperature.
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2.3. Characterization of HA Nanoparticle

The morphology of nano-hydroxyapatite was characterized by transmission electron
microscopy using a high-resolution transmission electron microscope (TEM)—JEOL 2100F
200 kV 2 (JEOL Ltd., Tokyo, Japan).

Fourier-transform infrared spectroscopy (FTIR) analyses of nano-hydroxyapatite pow-
der were performed using a Shimadzu IRPrestige-21 spectrometer. FTIR analyses were
performed in the range of 4000-400 cm~!, using KBr pellets.

X-ray diffraction (XRD) measurements of nano-hydroxyapatite powder were carried
out using a PANalytical X-Per PRO instrument (Tokyo, Japan) using CuKoa radiation
(A = 0.15405 nm), operated at 40 kV, 40 mA, an angular range of 10° < 26 < 80° with 0.05°
steps, and a counting time of 160 s/step.

2.4. Characterization of Polymers and Nanocomposite

Nuclear magnetic resonance 'H-NMR spectra were recorded at 25 °C using a Varian
Mercury VX-300 NMR spectrometer (Palo Alto, CA, USA) and CDClj; as solvent. Analysis
parameters included 16 scans, a 10 s relaxation delay, and an acquisition time of 2.5 s, with
an experimental error of 5%.

Gel permeation chromatography (GPC) was performed on a Shimadzu LC 20 system.
A Shim-pack GPC-803 (Kyoto, Japan), 5 um Phenogel columns, and a refractive index
detector were used, with dimethylacetamide as solvent at a flow rate of 0.8 mL/min. The
samples were solubilized at 80 °C for 24 h and filtered through a 0.45 um PTFE filter. The
analyses were performed with columns conditioned at 80 °C, using a solution concentration
of 0.3% (w/v) and an injection volume of 20 pL. A calibration curve was constructed with
monodisperse PMMA standards. All samples were completely dissolved.

Thermal properties were determined by DSC using a Hitachi 7020 calorimeter (Tokyo,
Japan) with a 10 mg sample. In the first run, heating to 250 °C was carried out, followed by
cooling at a rate of 50 °C/min, to erase the thermal history of the material. In the second
run, heating and cooling at a rate of 10 °C/min were carried out to determine the glass
transition temperature (Tg). Both runs were performed under flow Nj. The estimated error
for each sample in 3 injections was 2%.

Thermogravimetric analyses (TGA) were performed with 10 mg of sample, using a
TA TGA Q500 thermogravimeter (New Castle, DE, USA). Measurements were conducted
under a Ny atmosphere at a heating rate of 10 °C/min up to 700 °C, with a gas flow rate of
20 mL/min.

3. Results and Discussion
3.1. Morphology of HA Nanoparticle

The structure and morphology of the nano-hydroxyapatite was investigated by trans-
mission electron microscopy (TEM), Fourier-transform infrared spectroscopy (FTIR), and
X-ray diffraction (XRD). TEM images of HA nanoparticles showed that they were rod-
shaped particles with an average length of 230.5 £ 29.1 nm. The average diameter of the
nanoparticles was 39.5 & 5.39 nm, as shown in Figure 1.

Functional groups associated with hydroxyapatite were identified by FTIR spec-
troscopy, analyzing the absorbance spectra for neat nano-hydroxyapatite in the region
between 500 and 4000 cm~!. All specific absorption bands expected for the nano-
hydroxyapatite structure were observed; these included an ion stretching vibration around
3572 cm ™!, attributed to the presence of the hydroxyl (OH) groups, and vibrations of phos-
phate (PO,)*~ groups at 1086 cm~! and 629 cm~!. (Supplementary Material Figure S1).
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Figure 1. (A) TEM images of hydroxyapatite nanoparticle; (B) diameter distribution of HA nanoparticles.

The structural analysis of nano-hydroxyapatite was performed using X-ray powder.
The X-ray diffraction showed sharp peaks, indicating significant crystallinity. Peak positions
were in good agreement with the literature, and it was possible to observe that nano-
hydroxyapatite exhibited several diffraction peaks, at 26 values of 26.10, 29.20, 32.00, 32.10,
34.30, 40.00, 46.90, 49.70, and 53.30, corresponding to the respective crystal planes of (002),
(210), (211), (112), (300), (202), (222), (213), and (004). (Supplementary Material Figure S2).
These diffraction peaks can be attributed to hexagonal crystal structures according to the
JCPDS standard card no. 01-0721243 [20,21]. The crystallite size (L) was calculated using

the Scherrer equation:
kA

- B cos 0

where A is the wavelength of the X-ray radiation (1.54 A), 8 is the angle of diffraction of
the peak, K is the factor (0.89), and p is the total width at half maximum (FWHM) of the
diffraction peak. The crystallite size according to the Scherrer equation was 8 nm. The
average crystallite size (8 nm) estimated by the Scherrer equation was significantly smaller
than the average nanoparticle size (230 nm x 40 nm) visualized by TEM, indicating that
the hydroxyapatite nanoparticles exhibited a polycrystalline character.

3.2. Thermal Profile for Synthesis of Bone Cement and Nanocomposite

Two different tertiary amine structures, one aliphatic (DMEE) and another aromatic
(DMAB) (Figure 2), were evaluated in this work. Both molecules have lower toxicity com-
pared to the standard amine (DMT). The thermal profiles of bone cements with different
tertiary amine concentrations were analyzed to understand their influence on polymeriza-
tion. The influence of HA nanoparticles on composition at different concentrations was
also analyzed. Temperature was measured using a thermocouple directly introduced in the
bulk reaction. After mixing the two components of the system for 60 s, the temperature
was monitored for 60 min.

First, the influence of the standard tertiary amine (DMT) concentration on the poly-
merization reaction was investigated using three different concentrations: 0.75 wt%
(standard), 1.50 wt%, and 3.75 wt%. The results demonstrated that the higher the
amine concentration, the faster and more exothermic the cure/polymerization reaction.
(Supplementary Material Figure S3). The reaction enthalpies were calculated by DSC, and

https://doi.org/10.3390/pr14020213


https://doi.org/10.3390/pr14020213

Processes 2026, 14, 213

50f13

these confirmed the described trend. It must be highlighted that the reaction with 3.75 wt%
DMT occurred so quickly that when the analysis was initiated, the reaction had already
started, making it difficult to obtain an accurate analysis of the reaction enthalpy, resulting
in an enthalpy evaluation which was lower than the true reaction enthalpy.

Dimethyl-p-toluidine

DMT
HiC., .CH
3C N CHg 5
HaCu O Q/t i
3 \l}l/\/ \/\OH HJC‘N
CH3 CH3 CHj,
STARDART AMINE
Dimethylamino ethoxy-etanol Dimethylamino benzaldehyde
DMEE DMAB

Figure 2. Tertiary aliphatic and aromatic amines evaluated as co-initiators of bone cements.

Subsequently, the amines proposed in this work (DMAB and DMEE) were tested using
the standard concentration (0.75 wt%). Neither of the proposed amines polymerized during
the experimental time of 60 min.

After increasing the amine concentration from 0.75 wt% to 3.75 wt%, only the DMAB
was able to polymerize, presenting an exothermic peak of 53 °C in 37 min at a concentration
of 3.75 wt% (Figure 3). Using 2.25 wt% of DMAB, the reaction was slower and less
exothermic. (Supplementary Material Figure 54). The aliphatic amine continued to show
no activity during the time interval proposed in the study. The aliphatic amine proved
to be extremely slow-acting, taking approximately 7 days to consume all of the monomer.
This issue was confirmed by FTIR analysis by monitoring monomer consumption along
the reaction time, using the absorption band at 1650 cm~1 of C=C which was attributed to
the monomer. (Supplementary Material Figures S5 and 56).

100

] —— DMT [0.75%]
80 - —— DMAB [3.75%]
| —— DMEE [3.75%]

80 A

~
o
1

Temperature (°C)
3

20 v T T T T T T T
0 10 20

T T
. 30 40 60
Time (Min.)
Figure 3. Thermal profile of PMMA-based bone cement prepared by radical polymerization of
systems initiated by DMT, DMAB, and DMEE in standard concentrations.
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The temperature peak observed in polymerization reactions using the standard tertiary
amine (DMT) and the aromatic amine DMAB is related to the initiation and propagation
stages of the polymerization reaction. After mixing the cement components, the tertiary
amine decomposes the benzoyl peroxide initiator, generating free radicals that interact with
the methacrylate monomer, generating other radicals that subsequently exothermic react
with other monomer molecules until the polymer is formed, releasing energy and causing
a temperature increase [22].

In this work, PMMA-nano-hydroxyapatite nanocomposites with different nanoparti-
cle concentrations were also prepared by polymerizing the monomer in presence of the
nanofiller. The reactions were monitored using a thermocouple for 60 min. In general, the
addition of nano-hydroxyapatite into this polymerization system increases the speed of the
reaction, and the higher the nano-hydroxyapatite concentration, the faster the reaction and
the greater the amount of heat released. Curiously, however, it seems that a saturation effect
occurs, so that above a certain high nano-hydroxyapatite concentration (5% and 7.5 wt%)
no change in the reaction rate is observed, a phenomenon associated with difficulty in
filler dispersion.

In reactions with the standard amine (DMT), reaction temperatures reached 78 °C in
8 min and 94 °C in 6 min in reactions with 1 wt% and 2.5 wt% nanoparticles, respectively.
(Supplementary Material Figure S7). In syntheses with the amine (DMAB), reaction temper-
atures reached 53 °C in 36 min and 70 °C in 16 min in reactions containing 1% and 2.5 wt%
of nanoparticles, respectively. (Supplementary Material Figure S8).

Considering that HA nanoparticles tend to accelerate the reaction, the aliphatic tertiary
amine DMEE was also tested. With the addition of the nano-hydroxyapatite to polymer-
ization systems co-initiated by DMEE, the reaction exhibited an exothermic peak within
the study time limit, as shown in Figure 4. The reaction temperatures reached 51 °C in
22 min and 62.5 °C in 11 min, respectively, in the reactions with 2.5 wt% and 3.75 wt%
HA nanoparticles.
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Figure 4. Thermal profiles of polymerizations of MMA co-initiated by DMT, DMAB, and DMEE at
different concentrations in PMMA-based bone cement.
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The acceleration effect may be related to the fact that the hydroxyapatite nanopar-
ticle interacted with the BPO/amine initiation system, facilitating electron transfer and
generating a catalytic effect, consequently increasing the reaction rate and temperature.

The literature reports that the addition of hydroxypatite particles into MMA poly-
merization causes a reduction in the reaction temperature [23,24]. In the case of the
nano-hydroxyapatite used in this work, the opposite effect was observed, i.e., an accelerat-
ing increase in reaction temperature. This demonstrates that tertiary amines like DMEE,
previously considered inefficient due to their extremely slow action, are very effective
in accelerating MMA polymerization reactions at room temperature when co-actuating
with nano-hydroxyapatite. It is worth noting that there are no reports in the literature of
a reaction acceleration effect caused by the addition of hydroxyapatite nanoparticles into
PMMA-based bone cements.

It was also possible to observe that the polymerization reaction using the aliphatic
amine DMEE and 3.75 wt% of nano-hydroxyapatite resulted in peaks in maximum tem-
perature and reaction time similar to those in polymerization reactions with the standard
tertiary amine.

3.3. Molecular Weights of Polymers and Nanocomposites

The molecular weights and molecular weight distributions of these PMMA-base bone
cements were investigated by using gel permeation chromatography (GPC). The main
findings are presented in Table 1.

Table 1. Molecular weights, glass transitions, temperatures of thermal weight loss, and monomer con-
versions of PMMA-based bone cement prepared with DMT and DMB at different amine concentrations.

Amine Amine M, ? M, ? M../M.. 2 Tg P Tonset © Toffset © Residual
Type (Wt%) (g/mol) (g/mol) wien Q) Q) °O) Monomer 9 (%)
DMT 0.75 65,000 130,000 1.9 115 158 353 2.61
DMT 3.75 39,000 93,000 2.3 112 150 355 2.88

DMAB 3.75 50,000 110,000 2.0 113 140 345 4.53

2 Determined by GPC, ® Determined by DSC, ¢ Determined by TGA, 4 Determined by H NMR.

According to Table 1, the increase in the concentration of the standard tertiary amine
DMT in the bone cement composition caused a decrease in both number average molecular
weight (M,) and weight average molecular weight (M ). Bone cements synthesized with
the amine DMAB presented lower My and M,, values when compared to the standard
system (DMT, 0.75 wt%). Regarding molecular weight distribution, regardless of the
tertiary amine and its concentration, all cements showed a slight increase in polydispersity
(Mw /Mpy) as the DMT concentration increased.

3.4. Thermal Characterization of PMMA-Base Bone Cements

Differential scanning calorimetry (DSC) and thermogravimetry (TGA) were used to
evaluate the thermal characterization of PMMA-base bone cements.

Tables 1 and 2, and Figures 5 and 6, present the DSC and TGA results for these bone
cements, prepared in the absence or presence of nano-hydroxyapatite, and show the glass
transition temperature (Tg), the initial weight loss temperature (Tonset), and the final weight
loss temperatures (Togset) for these materials.
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Figure 5. Curves for (A) TG and (B) DTG of bane cement prepared with DMT 0.75 wt% and
nanocomposite with 3.75 wt% DMEE and hydroxyapatite.
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Figure 6. DSC curves of bone cements prepared with 0.75 wt% DMT and nanocomposite with
3.75 wt% DMEE and hydroxyapatite.
Table 2. Glass transition temperatures, thermal weight loss temperatures, and monomer conversions
of PMMA- nano-hydroxyapatite bone cements prepared with DMT, DMB, and DMEE.
i a b b Residual
PMMA Amine NanoHA Tg Tonset Tottset Monomer €
Nanocomposite (Wt%) (wt%) O O (@) (%)
o
DMT_NanoHA 0.75 2.50 115 160 383 3.59
DMAB_NanoHA 3.75 2.50 113 144 354 4.45
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Table 2. Cont.
PMMA Amine NanoHA Tg? Tonset ° Totfset ° l\i{:r?z,(rl::rl c
Nanocomposite (Wt%) (wt%) O O (@) (%)
o
DMEE_NanoHA 2.50 2.50 107 145 353 11.88
DMEE_NanoHA 3.75 3.75 106 135 360 12.28

2 Determined by DSC, b Determined by TGA, ¢ Determined by H NMR.

Based on the data, it seems that there are no significant changes in the Tg of the bone
cements with variation in amine concentration in the formulations, regardless of the tertiary
amine used, because Ty varied between 115 °C and 106 °C. Nanocomposites synthesized
with DMEE presented the lowest values.

TGA data showed small variations in Tonset and Toffset with the use of different
amines and nano-hydroxyapatite concentrations. Both temperatures tended to decrease
with increasing concentrations of tertiary amine and nano-hydroxyapatite. When corre-
lating the amines used in the syntheses, we noted that the bone cements produced with
DMAB and DMEE presented Tonset and Toffset values which were slightly lower than
those obtained with the standard amine. In nanocomposites synthesized by DMEE, the
decrease in glass transition temperature and initial degradation temperature may be related
to the high content of unreacted monomers in the composition.

3.5. Residual Monomer in PMMA-Based Bone Cements

Residual monomer in PMMA-based bone cements was evaluated by proton nuclear
magnetic resonance ('H NMR), with the aim of determining the content of MMA residue
after the reaction time considered in this study (60 min). The residual monomer ob-
tained from H NMR was calculated using the sum of the integrals corresponding to the
monomers divided by the sum of the integrals of the values corresponding to the polymers
and monomers [25].

The signals at chemical shift = 2.20 ppm and 4 = 3.78 ppm can be clearly attributed to
the CHj3 and O-CHj3 groups of MMA, respectively. Those at 6 = 5.58 ppm and 4 = 6.10 ppm
can be ascribed to the acrylic methylene (CHy) group. Furthermore, the signals in the
range of & = 0.82-1.20 ppm correspond to the resonance of the CH;z group of MMA units
in the polymer chains, and the sharp and very intense signal at 6 = 3.55 ppm is attributed
to the O-CHj3 group of methacrylate units incorporated into polymer chains. The ratio
between the integrated intensities is directly related to the molar ratio between MMA and
the number of MMA units incorporated in the polymer chains. The characteristic peak of
the solvent (CHCI3) is located at & = 7.27 ppm [25].

Figures 7 and 8 show 'H NMR spectra for the bone cement synthesized from the
standard amine and the aliphatic amine DMEE, respectively. Other results can be found
in the Supplementary Materials (Supplementary Material Figures S9-512). The residual
monomer contents of these bone cements are available in Tables 1 and 2. Regarding the
polymers synthesized with the standard amine, the residual monomer content varied
between 2.61 and 2.88 mol% with different amine concentrations (0.75 and 3.75 wt%). The
polymers synthesized with the amine DMAB presented slightly higher residual monomer
content when compared to the standard amine (DMT).

At all concentrations, PMMA nanocomposites synthesized with the aliphatic amine
DMEE presented a high content of unreacted monomer, when compared with nanocom-
posites synthesized from aromatic amines (DMT and DMAB). This can be attributed
to their lower radical efficiency and to kinetic limitations during the polymeriza-
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tion process. In biomedical applications, residual monomers can interfere with the
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Figure 7. 'H NMR spectrum of bone cement prepared in the presence of the standard amine DMT.
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Figure 8. 'H NMR spectrum of nanocomposite prepared in the presence of the aliphatic amine DMEE
and 3.75 wt% of hydroxyapatite.
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4. Conclusions

Standard polymerization reactions indicated that the higher the amine concentration
in the composition, the faster the reaction occurs and the greater the heat release. The
aromatic amine DMAB induces polymerization only at high concentrations (3.75 wt%).
Nanocomposites synthesized with DMEE give rise to bone cements with lower glass transi-
tion temperatures, and lower initial and final degradation temperatures, when compared
to the standard formulation (DMT). All PMMA-based bone cements also showed a molec-
ular distribution of the polymer which exhibited only small variations compared to the
standards. Microstructural analyses demonstrated that bone cements synthesized with the
aliphatic amine DMEE presented a relevant percentage of residual monomers when com-
pared to aromatic amines (DMT and DMAB). The inclusion of hydroxyapatite nanoparticles
can accelerate polymerization reactions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr14020213/s1. Figure S1: FTIR spectrum of nano-hydroxyapatite
used in the preparation of PMMA nanocomposites bone cement.; Figure S2. The X-ray diffrac-
tion of nano-hydroxyapatite used in the preparation of PMMA nanocomposites bone cement.;
Figure S3. Thermal profile of polymerizations of MMA co-initiated by the standard tertiary amine
DMT at different concentrations in PMMA-based bone cement.; Figure S4. Thermal profile of poly-
merizations of MMA co-initiated by DMT and DMAB at different concentrations in PMMA-based
bone cement.; Figure S5. FTIR spectra of PMMA-based bone cement: Monomer consumption in the
polymerization of MMA using DMEE at different reaction times.; Figure S6. FTIR spectrum of MMA
monomer.; Figure S7. Thermal profile of polymerizations of MMA co-initiated by DMT at different
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