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Abstract

:

This work focuses on the synthesis of terpolymers using methyl methacrylate (MMA) and vinyl pivalate (VPi), along with the incorporation of methacrylate acid (MA) and acrylated fatty acids (AFA) derived from commercial soybean oil. Emulsion polymerizations were carried out using different monomeric species, along with different initiator concentrations ranging from 0.5 g∙L−1 to 2.2 g∙L−1. The thermal properties of the terpolymers were improved when acrylated fatty acid was incorporated into the polymer chains, expressing glass transition temperatures (Tg) ranging from 70 °C to 90 °C and degradation temperatures in the interval between 350 °C and 450 °C for acrylated fatty acid concentrations ranging from 5 wt% to 10 wt%. Furthermore, a change was noted in the molar mass distributions as a result of acrylated fatty oil present in the polymers. The materials with 5 and 10 wt% of acrylated fatty oil presented mass-average molar masses of 225 kg∙mol−1 and 181 kg∙mol−1, respectively. As the results in this work suggest, the molar masses of the formed polymers are significantly altered by the presence of modified fatty acids.
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1. Introduction


The final application of polymeric materials depends on their physical and chemical properties, such as the molecular weight distribution, particle size distribution, morphology, and composition, among others. Thus, the chemical nature of the monomers influences the final properties; therefore, the choice of the monomers is an important step in the development of new polymeric materials [1].



The growing concern for the preservation of the environment is instigating new research that is focusing on alternative routes for sustainable economic development. As a result, the replacement of raw materials derived from fossils is being implemented by renewable sources, such as vegetable oils, as a strategic option for the development of renewable polymeric materials, thereby reducing the environmental impact. Moreover, the use of vegetable oils in polymer synthesis is not only connected to environmental issues but also to the properties of the polymers when incorporated into the polymeric chains [2,3,4].



Vegetable oils are comprised predominantly of triglycerides, which, in turn, are formed by fatty acids. The composition of the vegetable oils may vary according to the plant species and cultivation area but usually contain fatty acids with between 14 and 22 carbons and may have functional groups and double bonds in their chemical structures. Double bonds, for example, allow these raw materials to be used as monomers in polymerization reactions, as the double bonds can be strategically used for the structural modification of the vegetable oil molecules. This modification increases the potential for it to be used as a precursor for several polymeric materials via free-radical polymerization [5,6].



Soybean oil has approximately 84.6% of unsaturated fatty acids, which is composed of 23.4% oleic acid, 53.2% linoleic acid, and 7.8% linolenic acid; these acids have a level of unsaturation consisting of one, two, and three, respectively. Depending on the kind of structural modification, the high functionality enables crosslinking during the polymerization process, influencing the final properties of the polymer [7,8,9,10].



However, the reactivity of triacylglycerol is limited, and this hampers the synthesis of polymeric materials consisting of high molar masses. Consequently, modification of the chemical structure through the double bonds through the introduction of reactive functional groups has been used as a strategy to facilitate the free-radical polymerization process [11,12].



In considering the use of vegetable oil as a polymer precursor in free-radical polymerizations, the double bonds in the vegetable oils can be functionalized through an epoxidation reaction following an acrylation reaction by incorporating an acrylic group in the triacylglycerol structure. This new group permits addition polymerization of monomers of vegetable oil to occur with commercially available monomers [5,12,13,14,15,16,17,18,19,20,21,22].



Saithai et al. [23] investigated the effect on the type of epoxidation processes of soybean oil in the synthesis of acrylated epoxidized soybean oil/methyl methacrylate copolymer. It was employed in two different epoxidation processes: a chemical and a chemo-enzymatic epoxidation process. According to the authors, the epoxidation process can influence the degree of fatty acid epoxidation and, consequently, the polymer properties, such as thermal stability and glass transition temperature (Tg). An improvement was observed in thermal stability due to the addition of acrylated epoxidized soybean oil, along with the relationship among Tg and the number of acrylate groups. As a result, an increase in acrylate groups resulted in an increase in the Tg of the copolymer.



Jensen et al. [18] presented an experimental study focusing on the emulsion copolymerization reactions of styrene and acrylated methyl oleate. The acrylated methyl oleate was obtained after successive modification reactions: esterification, epoxidation, and acrylation of methyl oleate. The influence of process variables on the kinetic behavior and copolymer properties was evaluated, and the authors observed that the induction time for reactions with acrylated methyl oleate could be explained by the presence of residual methyl oleate, which lowered the reactivity of the new monomer and/or decreased the nucleation rate. The results showed a decrease in the glass transition temperature, which was proportional to the acrylate methyl oleate content in the copolymer chains.



Li et al. [24] developed copolymers from epoxidized soybean oils and lactic acid oligomers, which may have potential applications as pressure-sensitive adhesives (PSAs). The material was synthesized via a cationic UV polymerization process without solvents. The results showed that the polymeric material exhibited a glass transition temperature, peel strength, tack strength, shear resistance, and viscoelasticity that allow its application as bio-PSAs.



Gobin et al. [25] have prepared polyester from broccoli seed oil and several carboxylic diacids through bulk polymerization. The vegetable oil was modified via an epoxidation reaction followed by a ring opening reaction in the presence of carboxylic diacids. This chemical modification enabled the formation of crosslinking between the triglyceride chains. The material exhibited low Tg and a rubbery feature at room temperature.



Ferreira et al. [19] developed a new class of polymeric materials from the copolymerization of modified fatty acids derived from soybean oil and methyl methacrylate through an emulsion polymerization process. According to the authors, the modified fatty acid concentration plays a fundamental role in the average molar mass and the thermal proprieties of the resulting polymer, indicating an increase in the thermal stability in comparison to poly(methyl methacrylate).



Mazzon et al. [26] have developed a new generation of highly reactive epoxy foams. The materials were synthesized by employing epoxidized linseed oil and epoxidized glycerol with isophorone diamine as a curing agent. Fast reactions, at around 3 min, were performed and the material obtained met the parameters required by the automobile industry, with a glass transition temperature close to 48 °C and an apparent density of about 0.17 g∙cm−3.



Jensen et al. [27] presented an experimental study focusing on the synthesis of vinyl pivalate/methacrylated methyl oleate copolymer through emulsion polymerization. According to the results presented, an increase in the methacrylated methyl oleate concentration in the copolymer promoted the reduction in the copolymerization rate, which can be explained by the low solubility of the monomer in the aqueous phase. This may ultimately affect the mass transfer mechanism between the monomer droplets and the micelles, which is where the polymerization reaction takes place. However, an analysis of the chemical composition of the polymer showed greater incorporation of the methacrylated monomer at the beginning of the reaction, indicating a higher reactivity of this monomer with respect to vinyl pivalate. A reduction was also observed in the molar mass with an increase in the concentration of the acrylated monomer with a consequent reduction in the Tg of the copolymeric material.



In the study developed by Costa et al. [28], polymeric materials were synthesized through a mini-emulsion polymerization reaction of methyl methacrylate in the presence of linseed oil and andiroba oil. A decrease in both the reaction rate and the average molar mass was observed to be proportional to the number of double bonds present in the oils. According to the authors, the monomer or polymer radicals can react with these double bonds or perform chain transfer to the triglyceride molecules present in plant oils, leading to a reduction in the average molar mass.



Acrylic resins derived from acrylic and methacrylic metals are commonly used as a polymeric matrix for the manufacture of dental resins. In this context, polymer resins can be used to inhibit the occurrence of caries or cavities on the dental surface as these materials can exhibit a physical barrier, thereby preventing the accumulation of food residues and the reproduction of bacteria on the surface of the tooth and protecting the tooth against dental cavity formation [29].



The terpolymers obtained through the emulsion polymerization of methyl methacrylate, vinyl pivalate, and methacrylic acid have a great potential to be employed as a dental resin because of the following features: (i) a regular spherical morphology allows homogeneous formation of a protective film; (ii) consequently, minimizing the nanofiltration problems that are observed in films from microparticulate polymeric materials; (iii) aid in controlling particle size, leading to a regular three-dimensional distribution of the nanoparticles, resulting in the improvement of mechanical properties; further allowing for the formation of macrocrystals whose statistical organization leads to the diffraction of visible light, resulting in an iridescent effect [30].



This work presents an experimental study on the synthesis of terpolymers based on methyl methacrylate, vinyl pivalate, and methacrylate acid through an emulsion polymerization process. The effect of process variables (for instance, monomer species and initiator concentration levels) on the reaction behavior and final properties of the polymeric materials (such as average molar mass, glass transition temperature, and thermal stability) was evaluated. This class of terpolymer, combining vinylic monomers with modified soybean oil, might generate attractiveness for the development of polymeric materials from an industrial application point of view. To the best of our knowledge, there are no previous publications in the open literature focusing on the synthesis of terpolymers containing acrylated soybean oil combined with methyl methacrylate and vinyl pivalate through an emulsion polymerization process.




2. Materials and Methods


2.1. Materials


The following reactants were used: commercial soybean oil (Liza, São Paulo, Brazil), sodium hydroxide (NaOH) with purity of 99% (Vetec, Rio de Janeiro, Brazil), hydrochloric acid (HCl) 38% (Vetec, Rio de Janeiro, Brazil), acrylic acid (AA) with purity of 99% (Vetec, Rio de Janeiro, Brazil), toluene with purity of 99% (ECIBRA, São Paulo, Brazil), hydrogen peroxide (H2O2) 30% (Vetec, Rio de Janeiro, Brazil), acetic acid with purity of 99.7% (Synth, São Paulo, Brazil), hydroquinone with purity of 99% (Vetec, Rio de Janeiro, Brazil), methyl methacrylate (MMA) with purity of 99% (Sigma-Aldrich, São Paulo, Brazil), vinyl pivalate (VPi) with purity of 99% (Vetec, Rio de Janeiro, Brazil), methacrylic acid (MA) with purity of 99% (Sigma-Aldrich, São Paulo, Brazil), sodium dodecyl sulfate (SDS) with purity of 90% (Reagen, São Paulo, Brazil), potassium persulfate (KPS) with purity of 99% (Vetec), and tetrahydrofuran (THF) with purity of 99.9% (Sigma-Aldrich, São Paulo, Brazil). All chemicals were used as received without further purification. Distilled water was used for reactions and sample washing.




2.2. Modification of Soybean Oil


First, a mixture of the free fatty acids was obtained by a saponification reaction of soybean oil. In a 2 L beaker, 400 mL of distilled water and 4.7 mol of sodium hydroxide was dissolved and heated to 70 °C under mechanical stirring. Approximately 500 g of soybean oil was added and kept under continuous agitation for six hours. The final solid material was mixed with 600 mL of hydrochloric acid solution (2:1 w:w) and washed with distilled water.



The mixture of fatty acid was epoxidized in the presence of acetic acid and hydrogen peroxide. About 100 g of the mixture of fatty acid, 0.42 mol of acetic acid, and 0.44 mol of toluene was added in a 250 mL triple-neck round bottom flask. The system was heated to 55 °C under magnetic stirring. Subsequently, 0.7 mol of hydrogen peroxide was slowly added over an hour. The reaction was heated and stirred for seven hours. The final material was washed with saturated sodium bicarbonate solution to remove the residual acetic acid and bring the pH to neutral.



The epoxidized material was functionalized with acrylic acid in the presence of hydroquinone to avoid undesirable radical polymerization of acrylic acid. Then, 10 g of epoxidized fatty acid mixture, 0.14 mol of acrylic acid, and 14 mg of hydroquinone were added to a 100 mL bottom flask. The system was heated to 100 °C under stirring for six hours. The product was washed with a saturated sodium bicarbonate solution to neutral pH.




2.3. Emulsion Polymerization


The latexes were prepared by emulsion polymerization. Initially, 89 mL of SDS solution (12 g·L−1) and different concentrations of KPS solution—depending on the polymerization recipe (see Table 1)—and 16.4 mL of distilled water were placed in a 250 mL triple-neck round bottom flask. A condenser was topped in the flask and the system was heated to 80 °C with magnetic stirring. About 50 g of monomers were added to the reaction system and the temperature was kept at 80 °C under continuous agitation for two hours. Table 1 shows the recipes used for the polymer synthesis.




2.4. Characterization Techniques


Soybean oil fatty acid profile was determined using a gas chromatograph 7890A GC System (Agilent Technologies, Santa Clara, CA, USA) equipped with a flame ionization detector (FID) and autosampler CombiPAL G6500-CTC (CTC Analytics, Zwingen, Switzerland).



The conversion of the reactions was calculated by gravimetry. Small aliquots of the latex samples were collected along the reaction, and the hydroquinone solution (2%) was added to the sample to inhibit further the polymerization. The masses of the samples were recorded before and after being dried.



The glass transition temperatures of the polymers were measured using a differential scanning calorimeter Shimadzu DSC-60 (Shimadzu Scientific Instruments, Columbia, MD, USA) at a heating rate of 10 °C·min−1 and two heating ramps (−50 °C to 200 °C) under helium atmosphere with a flow rate of 30 mL·min−1.



The thermal stability of the material was determined by thermogravimetric measurements on a Shimadzu Tg-60H thermogravimetric analyzer (Shimadzu Scientific Instruments) at heating rates of 10 °C·min−1 under a nitrogen atmosphere with a flow of 30 mL·min−1.



The mass-average molar mass and the molar mass distribution were determined through gel permeation chromatography (GPC) on a ViscotekGPCmax (Malvern Instruments Ltd., Worcestershire, UK) equipped with an integrated pump, autosampler, degasser, refractometer detector, three columns in series (KF-802.5, KF-804L and KF-805L), and an injection loop of 100 μL. Sample solutions of a concentration of 1.0 mg/mL were prepared with dry polymers and the measurements were carried out in THF as the mobile phase with a flow rate of 1 mL·min−1 at 40 °C. The calibration curve was built with standard polystyrene samples with an average molar mass in the range from 1.2 × 103 g·mol−1 to 4.5 × 106 g·mol−1 and molar-mass dispersity close to 1.0.



The fatty acids, their modification procedure, and NMR spectra of polymers were followed using the equipment of nuclear magnetic resonance (NMR) (Varian Mercury Plus M300 MHz, Varian Instruments, Santa Clara, CA, USA) equipped with a 54 mm probe operating at 300 MHz. Approximately 10 mg of the samples were dissolved in 1 mL of deuterated chloroform, and the spectra were acquired at 25 °C with tetramethylsilane (TMS) as the internal standard.





3. Results and Discussion


3.1. Modification of Soybean Oil


Soybean oil composition obtained through gas chromatography (GC) is shown in Table 2, indicating that soybean oil is composed of about 83% unsaturated fatty acids whose double bonds offer potential for the incorporation of the acrylic group in the molecule. These reactive groups allow the use of modified fatty acids as monomers in free-radical polymerization reactions.



Figure 1 shows the 1H-NMR spectrum of the mixture of fatty acids of soybean oil and the products of each modification step: epoxidation and acrylation. In the fatty acid spectrum (Figure 1a), a signal δ = 5.3 ppm is observed, characteristic of hydrogens attached to unsaturated carbons (H1 and H2, corresponding mainly to linolenic, linoleic and oleic acids), confirming the presence of double bonds in the chemical structure of the fatty acids [27].



After the epoxidation step, a reduction in the intensity of these signals is observed with the appearance of two signals at δ = 3.1 ppm and δ = 2.9 ppm, characteristic of hydrogens bonded to the carbon of the epoxide ring (H1 and H2). However, the presence of a signal δ = 5.3 ppm indicates that the conversion of the epoxidation reaction was not complete, with a small fraction of non-epoxidized double bonds remaining. After the acrylation step, these signals disappeared and signals at δ = 6.4 ppm, δ = 6.1 ppm, and δ = 5.8 ppm (H1, H2, and H3) appeared, confirming the formation of acrylated fatty acids.




3.2. Emulsion Polymerization


The latexes were prepared with initiator (KPS) concentrations ranging from 0.29 g·L−1 to 2.20 g·L−1, to achieve high polymerization conversions using the smallest possible concentration of initiator. The first polymerization reactions were carried out with a lower KPS concentration, which was gradually increased to achieve proper conversion rates.



Figure 2 shows the terpolymer conversion profiles. The maximum conversion was obtained using 2.2 g·L−1 of KPS. However, the scattering of experimental data for the reaction conversion portrayed in Figure 2 suggests a decrease in the system stability with the appearance of polymer nanoparticle agglomerates, which hindered the withdrawal of aliquots around 40 min of reaction. Due to the instability of the reaction mixture observed with the terpolymer formed with 10% of acrylated fatty acids (AFA) in the feed, a new set of reactions was performed using 0.5 g·L−1 and 2.2 g·L−1 of KPS, whose conversion profiles are shown in Figure 3. Based on the latex features after withdrawal of the samples, the formation of latex agglomerates was not observed, which is indicative that the reaction mixture remained stable throughout the polymerization despite a maximum conversion not being reached. It was expected that high KPS concentrations would lead to auto acceleration of the reaction and could be closely associated with the experimental conversion profiles observed in the TAFA5_b and TAFA5_c essays where the KPS concentrations were 0.7 g·L−1 and 1.3 g·L−1, respectively.



When preparing an emulsion, an increase in the surface area between the monomer and water increases the interfacial tension. As a result, the phenomenon of coagulation can reduce its surface to reach a sufficient level of stabilization, which can result in the formation of macroscopic coagulum and agglomerates. In the work published by Schneider et al. [31], it is stated that the negative charge of the sulfate radical assists in the stabilization of small particles. Boutti and coworkers [32] observed the same effect when comparing the results of reactions conducted with APS (ammonium persulfate) and with an H2O2/ascorbic acid redox pair. The latexes obtained using APS exhibited a broad particle size distribution (PSD) opposed to those obtained when the redox pair was employed, which resulted in monodisperse polymer nanoparticles.



In this present work, KPS was used as the initiator. The decomposition behavior of KPS due to the temperature effect was quite similar to the one observed in the case of the APS. Thus, it is reasonable to deduce that free radicals from KPS thermally generated might stabilize small particles. On the other hand, an increase in the concentration of the initiator may contribute to an increase in the number of small polymer particles with high surface area. An increase in the amount of surfactant is required to stabilize the growing polymer particles, as the initiator radicals are consumed during the emulsion polymerization. However, the concentration of surfactant was not altered; therefore, the phenomenon of flocculation took place during the polymerization.



In addition, the polarity of the monomers also influences the stability of the emulsion. The use of polar monomers such as methacrylic acid reduces the surface tension between monomer and water interface favoring the stabilization of the emulsion and avoiding the formation of coagulum. Therefore, a reduction in stability was expected when the methacrylic acid was replaced by the AFA, as observed in the results presented here. However, for latexes containing AFA, it is noted that an increase in the concentration of AFA improved the stability of the emulsion and reduced the formation of coagulum. This effect can be explained by the presence of the carboxylic acid group in the chemical structure of the AFA and may favor self-stabilization due to the orientation of these groups in the polymer-water interface, reducing interfacial tension [33]. Thus, increasing the initiator concentration from 0.5 g·L−1 (TAFA10_a) to 2.2 g·L−1 (and TAFA10_d) did not exert the same influence on stability as AFA did but played an important role in reducing the incidence of nanoparticle clusters.



Table 3 shows the glass transition temperature (Tg) of acrylate polymers where the variation of Tg may be observed as the relationship of the chemical nature of the monomers used and its content of the polymeric material. The difference in Tg between the methyl methacrylate homopolymer and the copolymer P(MMA-co-MA) was at about 20 °C due to the presence of hydroxyl groups in the methacrylic acid structure; this characteristic allows an intramolecular interaction of the polymer chains by hydrogen bonding, decreasing the chain mobility and increasing the Tg. For the P(MMA-co-VPi) sample, a decrease of 10 °C with respect to the homopolymer of MMA was observed, which may be related to the presence of the tert-butyl group of vinyl pivalate; ultimately, this causes steric hindrance, reducing the interaction between the chains and decreasing the glass transition temperature of the material.



For the terpolymers containing methyl methacrylate, vinyl pivalate, and methacrylic acid, the increase in the Tg along with an increase in the methacrylic acid fraction was observed. When the methacrylic acid was replaced by the acrylated fatty acid mixture, a decrease in the glass transition temperature of the material with increasing fatty acid fraction was observed. In previous works, Jensen and collaborators observed that the incorporation of acrylated fatty acid into the polymer chain reduced the glass transition temperature of the copolymers [18,27].



Figure 4 shows the 1H-NMR spectra of poly(methyl methacrylate-co-vinyl pivalate)—TAFA5_d and TAFA10_d polymer samples—evidencing the characteristic peaks of VPi (4.5–5.0 ppm), MMA (3.5 ppm), and AFA (2.3 ppm). The polymer compositions, displayed in Table 4, were determined based on Equation (1) using the relationship between the integral intensities:


     x  A F A   =      N 1  ×  N 2  ×  I 3     (   N 1  ×  N 2  ×  I 3   )  +  (   N 1  ×  N 3  ×  I 2   )  +  (   N 2  ×  N 3  ×  I 1   )       



(1)




where xAFA is the molar fraction of AFA in the terpolymer, I corresponds to the integral value of the peaks, and N is the number of protons related to the peaks.



Figure 5 presents the molar mass distributions (MMDs) of the polymeric materials TAFA5_d, TAFA10_d, and TMA25. As portrayed above, a significant decrease in the mass-average molar masses of the polymer materials can be observed when the methacrylic acid was substituted with acrylated fatty acid. The mass-average molar mass (Mw), number-average molar mass (Mn), and molar-mass dispersity (ÐM) are shown in Table 5. It is possible to observe the influence of the molar masses of the material by the concentration of fatty acid, and a decrease in the molar mass is observed as the concentration of fatty acid in the reaction medium increased from 5 wt% to 10 wt%. As discussed by Costa et al. [28], when the free-radical polymerization was carried out in the presence of saturated fatty acids, an increase in the number of double bonds due to an increase in the fatty acid concentration led to a decrease in the reaction rate. As a consequence, the average molar masses of the polymers were reduced.



The plasticizing effect of the fatty acid should also be considered. For this reason, a secondary factor that affects the Tg of the polymeric material is the fraction of saturated fatty acids of the vegetable oil, approximately 16%. It is also expected that the unsaturated fraction of unmodified vegetable oil may act as plasticizers by reducing the interaction between the polymeric chains, enhancing the mobility of the polymeric chains, and lowering the Tg of the final terpolymeric materials.



The thermal stability of the polymers was evaluated by thermogravimetric analysis. This technique was used to monitor the loss of mass of the dried polymer as a function of temperature, allowing for the determination of the decomposition temperature of the polymer, as well as the presence of the residual monomer, the water, and the concentration of inorganic compounds in the sample.



Figure 6 shows the mass loss of polymeric materials as a function of temperature. According to Figure 6a, the PMMA thermogram shows two mass losses; the first was in the range between 200 °C and 300 °C and refers to the degradation of the unsaturated terminal groups, which presents a lower thermal stability and represents 5 wt% of the total mass of the material. In the second stage of decomposition, the degradation of the saturated groups occurred within a range between 350 °C and 400 °C, representing 95 wt% of the mass losses of the material.



In Figure 6b, it is possible to observe an increase in the thermal stability of the terpolymer along with an increase in the methacrylic acid concentration, suggesting that a higher methacrylic acid fraction increases the thermal stability of terpolymer. Figure 6c shows the thermogravimetric curves of the terpolymers containing the modified fatty acids and the curves of the fatty acid and the epoxidized fatty acid. A mass loss of nearly 10 wt% occurred between 150 °C and 300 °C in the polymer curve, which can be attributed to the mass loss of the oil not incorporated into the terpolymer chains.





4. Conclusions


In this work, terpolymers from methyl methacrylate, vinyl pivalate, methacrylate acid, and acrylated fatty acids from commercial soybean oil were successfully synthesized through a batch emulsion polymerization process. The experimental results have shown that the incorporation of acrylated fatty acids into the polymeric chain can be properly used to modify the properties of commercial polymeric materials designed and prepared from vinyl monomers in high conversions, such as methyl methacrylate.



Regarding methacrylic acid, the thermal stability of terpolymers should be considered based on the degradation pattern evaluated by thermogravimetric analyses and is strongly dependent on both the chemical nature of the monomers and the polymer composition. In the case of the MMA/VPi/MA terpolymers, an increase in MA concentration (from 5 to 25%) resulted in an increase in the degradation temperature. The terpolymer with a concentration of 25% of MA showed a degradation temperature above 400 °C. However, for the MMA/VPi/acrylated fatty acid terpolymers, whose temperature behavior was like that observed for the MMA/VPi copolymer, the degradation temperature was around 300 °C.



The influence of monomer concentration on the glass transition temperature was also evaluated. For the MMA/VPi/MA terpolymers, an increase in the concentration of acrylic acid led to an increase in Tg values; however, the opposite effect was observed in the MMA/VPi/acrylated fatty acid terpolymers. In this case, the higher the acrylated fatty acid concentration, the lower was the Tg of the terpolymeric materials.



The incorporation of the modified fatty acids into the polymer chains decreased the molar masses, which slightly influenced the Tg of the material, representing a secondary effect. The 1H-NMR spectra suggest the incorporation of modified fatty acids in the polymeric chain through the unsaturated carbons of acrylic groups of the modified fatty acids. Based on the results, the average molar masses of the resulting polymers were significantly reduced as the concentration of the modified fatty acids was increased in the reaction medium, lowering the molar-mass dispersity.
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Figure 1. 1H-NMR spectrum of (a) fatty acids of soybean oil, (b) epoxidized fatty acids, and (c) acrylated fatty acids. 
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Figure 2. Polymerization conversion profiles for the latexes synthesized with 35 g of methyl methacrylate (MMA), 2.5 g of acrylated fatty acids (AFA), and 12.5 g of vinyl pivalate (VPi), and potassium persulfate (KPS) concentrations equal to 0.5 g·L−1 (TAFA5_a), 0.70 g·L−1 (TAFA5_b), 1.3 g·L−1 (TAFA5_c) and 2.2 g·L−1 (TAFA5_d). 
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Figure 3. Polymerization conversion profiles for the latexes synthesized with 35 g of MMA, 5 g of AFA, and 10 g of VPi and KPS concentrations of 0.5 g·L−1 (TAFA10_a) and 2.2 g·L−1 (TAFA10_d). 
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Figure 4. (a) Structural representation of the MMA/VPi/AFA terpolymer; 1H-NMR spectrum of (b) poly(methyl methacrylate-co-vinyl pivalate), (c) MMA/VPi/AFA terpolymer with 5 wt% of acrylated fatty acids (TAFA5_d), and (d) MMA/VPi/AFA terpolymer with 10 wt% of acrylated fatty acids and fatty acid (TAFA10_d). The numbers (1), (2), and (3) in the figures correspond to the hydrogen of vinyl pivalate, methyl methacrylate, and acrylated fatty acid, respectively. 
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Figure 5. Molar mass distribution of MMA/VPi/MA terpolymer (TMA25), MMA/VPi/AFA terpolymer with 5 wt% of acrylated fatty acids (TAFA5_d), and MMA/VPi/AFA terpolymer with 10 wt% of acrylated fatty acids (TAFA10_d). 
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Figure 6. Thermogravimetric analysis of the polymeric materials. (a) Methyl methacrylate (MMA) and vinyl pivalate (VPi) homopolymers, (b) MMA/VPi and MMA/MA copolymers and MMA/VPi/MA terpolymers, (c) MMA/VPi/AFA terpolymer with 5 wt% of acrylated fatty acids, MMA/VPi/AFA terpolymer with 10 wt% of acrylated fatty acids and fatty acid. 
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Table 1. Sample names and the respective amounts of monomers and initiator used for polymerization.
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Sample

	
Name

	
Monomer (g)

	
KPS (g·L−1)




	
Methyl Methacrylate

	
Vinyl Pivalate

	
Acrylated Fatty Acid

	
Methacrylic Acid






	
1

	
TAFA5_a

	
35

	
12.5

	
2.5

	
-

	
0.50




	
2

	
TAFA5_b

	
35

	
12.5

	
2.5

	
-

	
0.70




	
3

	
TAFA5_c

	
35

	
12.5

	
2.5

	
-

	
1.30




	
4

	
TAFA5_d

	
35

	
12.5

	
2.5

	
-

	
2.20




	
5

	
TAFA10_a

	
35

	
10.0

	
5.0

	
-

	
0.50




	
6

	
TAFA10_d

	
35

	
10.0

	
5.0

	
-

	
2.20




	
7

	
TMA25

	
35

	
2.5

	
-

	
12.5

	
0.50




	
8

	
TMA20

	
35

	
5.0

	
-

	
10.0

	
0.50




	
9

	
TMA15

	
35

	
7.5

	
-

	
7.5

	
0.29




	
10

	
TMA10

	
35

	
10.0

	
-

	
5.0

	
0.29




	
11

	
TMA5

	
35

	
12.5

	
-

	
2.5

	
0.29




	
12

	
P(MMA-co-MA)

	
35

	
-

	
-

	
15.0

	
0.50




	
13

	
P(MMA-co-VPi)

	
35

	
15.0

	
-

	
-

	
0.50




	
14

	
PMMA

	
50

	
-

	
-

	
-

	
0.29




	
15

	
PVPi

	
-

	
50.0

	
-

	
-

	
0.29
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Table 2. Fatty acids profile determined by gas chromatography.
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Fatty Acids

	
Composition (%)




	
16:0

	
Palmitoleic

	
11.30




	
18:0

	
Estearic

	
3.70




	
20:0

	
Arachidic

	
0.70




	
22:0

	
Benzoic

	
0.43




	
24:0

	
Lignoceric

	
0.15




	
Total of saturated

	
16.28




	
18:1

	
Oleic

	
21.80




	
18:2

	
Linolenic

	
54.56




	
18:3

	
Linolenic

	
6.15




	
20:1

	
Eicosanoic

	
0.20




	
Total ofunsaturated

	
82.71
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Table 3. Glass transition temperature of the polymeric materials.
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Sample Name

	
Monomer Feed Fraction (wt%)

	
Tg (°C)




	
Methyl Methacrylate

	
Vinyl Pivalate

	
Acrylated Fatty Acid

	
Methacrylic Acid






	
PMMA

	
100

	
-

	
-

	
-

	
120




	
PVPi

	
-

	
100

	
-

	
-

	
70




	
P(MMA-co-MA)

	
70

	
-

	
-

	
30

	
140




	
P(MMA-co-VPi)

	
70

	
30

	
-

	

	
110




	
TAFA5_d

	
70

	
25

	
5

	
-

	
90




	
TAFA10_d

	
70

	
20

	
10

	
-

	
70




	
TMA25

	
70

	
5

	
-

	
25

	
145




	
TMA20

	
70

	
10

	
-

	
20

	
140




	
TMA15

	
70

	
15

	
-

	
15

	
135




	
TMA10

	
70

	
20

	
-

	
10

	
130




	
TMA5

	
70

	
25

	
-

	
5

	
120
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Table 4. Polymer composition obtained by 1H-NMR.
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Sample

	
Mole Fraction (%)




	
MMA

	
VPi

	
AFA






	
TAFA5_d

	
86.2

	
12.1

	
1.7




	
TAFA10_d

	
90.5

	
6.3

	
3.2




	
P(MMA-co-VPi)

	
76.9

	
23.1

	
----
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Table 5. Average molar masses and molar-mass dispersity of the terpolymeric materials.
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	Sample
	Mn (kg∙mol−1)
	Mw (kg∙mol−1)
	ÐM





	TAFA5_d
	62
	225
	3.6



	TAFA10_d
	61
	181
	2.9



	TMA25
	47
	2685
	5.6
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