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Abstract

:

Antioxidants (AOs) from natural resources are an attractive research area, as petroleum-based products can be replaced in polymer stabilization. Therefore, novel esters based on the p-hydroxycinnamic acids p-coumaric acid, ferulic acid and sinapic acid were synthesized and their structure properties relationships were investigated. The structures of the novel bio-based antioxidants were verified using NMR and Fourier-transform infrared (FTIR) spectrometry. The high thermal stability above 280 °C and, therefore, their suitability as potential plastic stabilizers were shown using thermal gravimetric analysis (TGA). The radical scavenging activity of the synthesized esters was evaluated by using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. Stabilization performance was evaluated in polypropylene (PP) using extended extrusion experiments, oxidation induction time (OIT) measurements and accelerated heat aging. In particular, the sinapic acid derivative provides a processing stability of PP being superior to the commercial state-of-the-art stabilizer octadecyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate.
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1. Introduction


Due to their versatile material properties, low price and remarkable processability, commodity polymers, such as low-density polyethylene (LLDPE) and PP, have a wide range of applications from food packaging to engineering applications [1,2,3]. The influences of heat, light, metal ions and mechanical stress lead to oxidative degradation during their processing and service life, resulting in the loss of chemical and physical properties like changes in the molar mass or a decline in the mechanical properties [4,5].



To retard the oxidative aging and protect the polymers against the harmful effects of oxidation, antioxidants are employed [6]. Antioxidants are divided into the two groups of primary and secondary antioxidants according to their reaction mechanism. Primary antioxidants scavange alkyl and peroxy radicals, which are formed via thermo-oxidative degradation. Secondary antioxidants, such as organosulfur compounds or phosphites, react with the intermediately formed hydroperoxides and convert them into non-reactive, thermally stable, harmless products [4,7]. The very effective sterically hindered phenols are among the most commercially used primary antioxidants. Typical representatives of this substance class in industrial applications are octadecyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate (AO-1076) and pentaerythritol tetrakis(3,5-di-tert-butyl-4-hydroxyhydrocinnamate) (AO-1010) [8]. According to their synthesis based on 3-(3,5-di-tert-butyl-4-hydroxyphenyl)methylpropionate as the raw material, most of the stabilizers commercially used today have a petrochemical origin [9,10]. In addition, there are various concerns about the potentially harmful interactions of these structures with human metabolism, especially with regard to applications in the food sector [9,11,12]. Furthermore, these structures were shown to leach from the polymer matrix and demonstrably contaminate the environment [13,14,15].



In view of the described issues and the sustainability aspect, bio-based antioxidants are of great academic and economic interest. Well-known examples of biogenic plastic stabilizers are α-tocopherol [16,17], lignin [18,19,20], quercetin [21,22], dihydromyricetin [23,24], curcumin [25,26] and rutin [21]. However, the use of naturally extracted phenols is associated with some drawbacks. They tend to produce discoloration [21,22,25,27,28] and have often only limited temperature stability, which causes their degradation during polymer processing [28,29]. Furthermore, many natural phenols exhibit only low solubility in apolar polymers, such as PP and polyethylene (PE) [27,28,30,31].



One way of counteracting these problems is the synthetic adaptation of biogenic building blocks for their use in plastics. Zheng et al. were able to synthesize a thermally stable polymer using an enzyme-catalyzed polymerization of pyrogallic acid, which provides a greater thermo-oxidative stability of PP than various commercial stabilizers, such as AO-1010 or butylated hydroxyanisole (BHA) [32]. The tannin hexanoate and tannin hexanoate acetate esters synthesized by Grigsby et al. also showed a high UV-stabilizing effect in PP but contributed significantly less to the oxidative stability of PP than AO-1010 [33]. The esters of rosmarinic acid synthesized by Doudin et al. showed significantly greater thermal stability compared with the pure acid. In particular, the stearyl rosmarinate was found to be a strong radical scavanger according to the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay and shows a high melting temperature, as well as a long-term heat stabilizing effect in PE and PP [34]. Furthermore, Reano et al. described the synthesis of bis- and trisphenols based on the biogenic building block ferulic acid via enzymatically catalyzed transesterification reactions. The synthesized polyphenols show a greater contribution to the thermo-oxidative stability of the polybutylene succinate (PBS) than the commercial AO-1010 [35]. With the aim of expanding the library of known biogenic antioxidants and gaining a better understanding of structure–property relationships, we focused our development of new plastic stabilizers not only on ferulic acid but also on sinapic acid and coumaric acid as biogenic p-hydroxycinnamic acids. Thus, we report on the synthesis of p-hydroxycinnamic acid stearyl ester derivatives based on these three biogenic building blocks, which are present in many plants and can be isolated through biotechnological processes [36,37,38,39]. According to Scheme 1, the structures were prepared using a simple two-step synthesis route. They are characterized by their high thermal stability and, as a result of the aliphatic stearyl functionality, high compatibility with the PP matrix. The antiradical properties of the ester structures presented in Table 1 were examined using the DPPH assay. Furthermore, the structure–property relationships were determined with respect to the degree of methoxy-group substitution on the phenolic ring (methoxylation) and the process, as well as long-term heat-stabilizing properties in PP. Since the new structures were tested as plastic stabilizers for the first time, they were compared with the commercially available α-tocopherol and AO-1076 to classify their antioxidant efficacy. While α-tocopherol is a well-known biostabilizer, AO-1076 is obtained from phenol as a petrochemical building block. Both structures are shown in Table 1. The results of this work provide essential insights for the future synthetic design of new biogenic stabilizers based on p-hydroxycinnamic acids.




2. Materials and Methods


2.1. Materials


Coumaric acid, stearyl alcohol, dibutyltin oxide (DBTO), DL-α-Tocopherol and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were purchased from Alfa Aesar (Haverhill, MA, USA). Ferulic acid and concentrated sulfuric acid (98%) were purchased from Sigma-Aldrich Corp (St. Louis, MO, USA). Dichloromethane (DCM), silica gel (0.2–0.5 mm) and ethanol were purchased from Merck KGaA (Darmstadt, Germany). Methanol was purchased from VWR International, LLC. (Radnor, PA, USA). Sinapic acid was purchased from Apollo Scientific (Stockport, UK). Tonsil® Optimum 210 FF bleaching earth was kindly supplied by Clariant AG (Muttenz, Switzerland). AO-1076 (octadecyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate) was received from BASF SE.



PP Moplen HF501N (MVR = 10 g 10 min−1, 230 °C, LyondellBasell Industries N.V., London, UK) and Moplen HP500N (MVR = 12 g 10 min−1, 230 °C/2.16 kg, LyondellBasell Industries N.V.) were purchased from Ultrapolymers (Lommel, Belgium). The polymers contained a small amount of basic stabilization of less than 400 ppm phenolic AO.




2.2. Synthesis Procedure


2.2.1. Synthesis of the Coumaric Acid Methyl Ester


Coumaric acid methyl ester was synthesized according to Percec et al. [40]. A total of 5.00 g (30.46 mmol, 1.00 eq.) coumaric acid was dissolved in 100 mL (2465.67 mmol, 80.95 eq.) methanol in a single-neck flask with a reflux condenser under slight heating. A catalytic amount of concentrated sulfuric acid was then added and the reaction solution was heated to reflux overnight. After completion (reaction control by DC, running medium ethyl acetate/n-hexane 3:1), the reaction mixture was cooled to room temperature, and the methanol was completely removed under reduced pressure. The residue was taken up in ethyl acetate and washed with saturated NaHCO3 solution and water. The organic phase was dried over sodium sulfate and the solvent was removed under reduced pressure. The residue was dried in vacuo and used for the subsequent reaction without further purification. A total of 5.13 g of a colorless solid was obtained (yield 95%).




2.2.2. Synthesis of the Ferulic Acid Methyl Ester


Ferulic acid methyl ester was synthesized according to Masuda et al. [41]. In a single-neck flask, 10.00 g (51.50 mmol, 1.00 eq.) ferulic acid was dissolved in 200 mL (4931.34 mmol, 95.75 eq.) methanol under slight heating. Subsequently, a catalytic amount of concentrated sulfuric acid was added. The yellow solution was heated at 50 °C for 3.5 h (reaction control by DC, running medium ethyl acetate/n-hexane 3:1). After cooling to room temperature, the reaction mixture was poured into 250 mL chloroform. The reaction mixture was washed with water and saturated NaHCO3 solution. The organic layer was dried over sodium sulfate and the solvent was finally removed at the rotary evaporator. After drying in a high vacuum, 10.10 g of a slightly yellowish oil was obtained (yield 94%).




2.2.3. Synthesis of the Sinapic Acid Methyl Ester


Sinapic acid methyl ester was synthesized according to Fujita et al. [42]. A total of 10.00 g (44.60 mmol, 1.00 eq.) sinapic acid was dissolved in 140 mL (3451.94 mmol, 77.40 eq.) methanol under slight heating. Subsequently, a catalytic amount of concentrated sulfuric acid was added and heated for 7 h to reflux. After cooling, the reaction solution was stirred overnight at room temperature. Afterward, the reaction mixture was cooled in the refrigerator for 1 h. The precipitated colorless needles were filtered, washed with methanol and dried overnight in a vacuum drying oven at 50 °C. A total of 7.35 g of a colorless solid was obtained (yield 69%).




2.2.4. Synthesis of the Cinnamic Acid Stearyl Esters


The synthesis of the stearyl ester derivatives was carried out via a bulk transesterification route according to Fischer et al. [43]. The cinnamic acid methyl ester (1.00 eq.) and stearyl alcohol (1.03 eq.) were placed in a dried Schlenk flask with a condensation bridge and attached cold trap. The reaction mixture was melted at 120 °C and degassed three times. DBTO (0.04 eq.) was added to the melt and the reaction mixture was heated to 135 °C at a pressure of 200–800 mbar. Reaction control was performed with 1H NMR spectroscopy by observing the decreasing signal of the methyl ester group at 3.80 ppm. The required reaction time varied strongly between the different cinnamic acid methyl esters. While the coumaric acid ester achieved conversion above 80% after 2 h, the esters of ferulic and sinapic acid required 14 and 18 h, respectively, for the same conversion. After completion of the reaction, the temperature was increased to 155 °C and the pressure was gradually reduced to 1 × 10−3 mbar to remove the excess stearyl alcohol from the reaction mixture. The vacuum was broken by adding nitrogen and the organic melt was cooled down to room temperature. The solidified melt was dissolved in DCM, bleaching earth was added and the reaction mixture was heated to reflux for 30 min. Subsequently, the reaction mixture, cooled again to room temperature, was filtered through a glass frit covered with silica gel. DCM was removed in a vacuum and the obtained product was dried in a vacuum drying oven. It can be recrystallized from ethanol if necessary.



Colorless fine powder of coumaric acid octadecyl ester (yield: 82%). Tm = 94 °C.



1H NMR (300 MHz, Chloroform-d) σ = 7.65 (d, 1 H, -Carom-CH=CH-COO-), 7.44 (d, 2 H, -Carom-H), 6.86 (d, 2 H, -Carom-H), 6.33 (d, 1 H, -Carom-CH=CH-COO-), 5.62 (s, 1 H, OH), 4.19 (t, 2 H, -COO-CH2-C17H35), 1.70 (m, 2 H, -COO-CH2-CH2-C16H33), 1.26 (m, 30 H, -COO-CH2-CH2-C15H30-CH3), 0.88 (t, 3 H, -COO-CH2-CH2-C15H30-CH3) ppm. 13C NMR (76 MHz, Chloroform-d) σ = 168.33, 158.35, 144.98, 130.15, 127.06, 116.09, 115.41, 65.07, 32.07, 29.84–29.43, 28.87, 26.12, 22.83, 14.25 ppm. IR (ATR, ν) = 3370 (OH), 2919 (CH2), 2847 (CH3), 1660 (C=O), 1602 (C=C), 1273 (C-O-C) cm−1.



Colorless fine powder of ferulic acid octadecyl ester (yield: 82%). Tm = 67 °C.



1H NMR (300 MHz, Chloroform-d) σ = 7.63 (d, 1 H, -Carom-CH=CH-COO-), 7.06 (m, 2 H, -Carom-H), 6.93 (d, 1 H, -Carom-H), 6.32 (d, 1 H, -Carom-CH=CH-COO-), 5.92 (s, 1 H, OH), 4.19 (t, 2 H, -COO-CH2-C17H35), 3.92 (s, 3 H, -O-CH3), 1.70 (m, 2 H, -COO-CH2-CH2-C16H33), 1.26 (m, 30 H, -COO-CH2-CH2-C15H30-CH3), 0.88 (t, 3 H, -COO-CH2-CH2-C15H30-CH3) ppm. 13C NMR (76 MHz, Chloroform-d) σ = 167.52, 148.07, 146.91, 144.30, 127.20, 123.16, 115.82, 114.86, 109.46, 64.76, 56.08, 32.06, 29.84, 28.92, 26.14, 22.82, 14.24 ppm. IR (ATR, ν) = 3387 (OH), 2916 (CH2), 2850 (CH3), 1714 (C=O), 1635 (C=C), 1263 (aryl-O), 1155 (C-O), 1031 (O-CH3) cm−1.



Colorless fine powder of sinapic acid octadecyl ester (yield: 82%). Tm = 78 °C.



1H NMR (300 MHz, Chloroform-d) σ = 7.55 (d, 1 H, -Carom-CH=CH-COO-), 6.77 (s, 2 H, -Carom-H), 6.32 (d, 1 H, -Carom-CH=CH-COO-), 5.78 (s, 1 H, OH), 4.19 (t, 2 H, -COO-CH2-C17H35), 3.91 (s, 6 H, -O-CH3), 1.67 (m, 2 H, -COO-CH2-CH2-C16H33), 1.25 (m, 30 H, -COO-CH2-CH2-C15H30-CH3), 0.87 (t, 3 H, -COO-CH2-CH2-C15H30-CH3) ppm. 13C NMR (76 MHz, Chloroform-d) σ = 167.36, 147.35, 143.18, 137.22, 128.86, 117.07, 105.17, 63.10, 56.45, 34.12, 30.95, 27.66, 25.27, 22.81, 15.59 ppm. IR (ATR, ν) = 3521 (OH), 2917 (CH2), 2849 (CH3), 1706 (C=O), 1635 (C=C), 1282 (aryl-O), 1156 (C-O), 1103 (O-CH3) cm−1.





2.3. Methods and Characterization


2.3.1. Structural Characterization


NMR spectra were recorded at room temperature with a Bruker NanoBay 300 spectrometer (Billerica, MA, USA). NMR chemical shifts were referenced relative to the used solvent. FTIR spectra were recorded by using a Nicolet 8700 FTIR spectrophotometer with a Golden Gate ATR unit from Thermo Fisher Scientific (Waltham, MA, USA). For every spectrum, 32 scans were performed. The spectral resolution was 4 cm−1, while the measurements were recorded in a range between 4000 and 400 cm−1.




2.3.2. DPPH Antioxidant Assay


According to the procedure of Zhan et al., a DPPH stock solution was prepared from 36 mg DPPH in 100 mL ethanol [44]. By diluting the stock solution, the DPPH working solution used for the measurement could subsequently be prepared with a concentration of 91 µM. During the course of the measurement, 2.97 mL of this DPPH working solution was placed in a quartz cuvette from HELLMA ANALYTICS and the absorbance at 515 nm was determined in a 2600i spectrophotometer from Shimadzu (Kyoto, Japan) for 12 min with an accumulation time of 0.1 s. After a short measurement period, 30 µL of an ethanolic antioxidant solution with a concentration of 2.5 mM was added. The radical scavenging effect was calculated using [(A0 − A2min)/A0]·100%, where A0 and A2min are the absorbance values before and 2 min after adding the ethanolic antioxidant solution to the DPPH solution, respectively.




2.3.3. Characterization of AOs


OIT and thermogravimetric analysis (TGA) were carried out on a TGA-DSC1 from Mettler Toledo (Columbus, OH, USA). TGA measurements were performed in the range of 35 to 600 °C with a heating rate of 10 °C min−1 under nitrogen and synthetic air atmosphere. The measurements were carried out with sample quantities between 4.40 mg and 119.97 mg in 100 μL alumina crucibles from THEPRO GbR. OIT measurements were conducted according to the standard method (DIN EN ISO 11357-6:2013 [45]). First, the sample was equilibrated under a nitrogen flow at 50 mL min−1; then, the atmosphere was switched from nitrogen to synthetic air at the same flow rate. The oxidation of the samples was detected as a significant increase in the heat flow according to the exothermic character of the oxidation reaction. The obtained OIT was observed as the onset peak of the heat flow increase and was calculated by using STARe software Version 14.00. Measurements were carried out in duplicate. Differential scanning calorimetry (DSC) measurements were conducted with a DSC822 e (Mettler Toledo) in the range of −30 to 200 °C with a heating rate of 10 K min−1 in a nitrogen atmosphere. Alumina crucibles (40 μL) with lid from Mettler Toledo were used for the measurement.




2.3.4. Microextruder Experiments: Determination of the Processing Stabilization Performance


The melt-stabilizing effect of the additives and their impact on the processing stability during extrusion was investigated by compounding the polymer and the additives in a DSM Xplore 5cc twin-screw microcompounder by Xplore Instruments BV (Sittard, The Netherlands). A total of 2985 mg PP (Moplen HF501N, LyondellBasell Industries N.V.) was combined with 15 mg of the corresponding additives and compounded at a set barrel temperature of 200 °C and a screw speed of 200 rpm for 30 min. During compounding, the vertical force was measured to examine the change in melt stability and properties. The synthesized antioxidants were compared with the state-of-the-art stabilizer, namely, octadecyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate (AO-1076) and the commercially available bio-based antioxidant α-tocopherol. Measurements were carried out in duplicate.




2.3.5. Preparation of PP Compounds for OIT and Mechanical Properties


The PP samples based on Moplen HP500N from LyondellBasell Industries N.V. were produced by using a co-rotating twin-screw lab extruder (Process 11, Thermo Fisher Scientific) with extrusion temperatures of 200 °C. After cooling in a water bath, the polymer strand was granulated using a lab pelletizer (VariCut, Thermo Fisher Scientific). The compositions of the produced formulations are compiled in Table 2. The granules were used for the melt volume rate (MVR) and OIT measurements. The MVR was determined by using an MI-2 capillary rheometer (GÖTTFERT, Buchen, Germany) at 230 °C with a 2.16 kg load using a die with L/D = 8 mm/2.095 mm according to DIN EN ISO 1133-1 [46]. Furthermore, tensile test bars were injection molded using a Babyplast 6/10P mini injection molding machine from Christmann Kunststofftechnik GmbH (Kierspe, Germany). The melt temperature was 210 °C, while the temperature of the injection molding tool was 40 °C. According to DIN EN ISO 1133-1, the investigation of the mechanical properties of the injection molded test bars was performed with a zwickiLine Z2.5 universal testing machine (Zwick Roell, Ulm, Germany) in standard conditions (23 °C, 50% rel. humidity). To generate comparable material output values, the test bars were tempered for 30 min at 150 °C before determining the initial mechanical properties. In the course of oven aging at 150 °C, the elongation at break fell from 500% to 200% within 30 min and remained at this value until the thermo-oxidative degradation finally took place. The tempering effect was explained by the storage temperature just below the PP melting point of 165 °C [47]. Five tensile test bars were measured for each mechanical test.






3. Results and Discussion


3.1. Characterization of the Hydroxycinnamic Acid Stearyl Esters


The reaction control during the course of the transesterification reaction was carried out by observing the decrease in the methyl ester singlet at 3.80 ppm with simultaneous occurrence of the methylene triplet at 4.19 ppm in the 1H NMR spectra. Figure 1 shows an example of this triplet in the 1H NMR spectrum of the SinSa. Furthermore, the synthesized structures were characterized via 13C and IR spectroscopy. The spectra can be found in the Supplementary Materials.




3.2. Thermal Stability of the Hydroxycinnamic Acid Stearyl Esters


Sufficient thermal stability of the synthesized hydroxycinnamic acid esters above 200 °C is a necessary requirement for incorporation into polyolefins via compounding processes. Figure 2 shows the TGA curves of the three synthesized cinnamic acid esters obtained under a nitrogen atmosphere. Furthermore, TGA data of the prepared structures are displayed in Table 3. While T5% and T10% are the temperatures at which the mass loss during heating is 5% and 10%, respectively, Tmax is the temperature at which maximum mass loss takes place. This value is obtained from the DTG curves by deriving the corresponding TGA curve. The synthesized structures show significant thermal degradation only when close to 300 °C and are, therefore, suitable for incorporation into polyolefins.




3.3. Antioxidant Activity of the Hydroxycinnamic Acid Esters


Evaluation and classification of the antioxidant activity of the synthesized hydroxycinnamic acid derivatives was carried out via a DPPH assay. The UV-vis spectrum of the DPPH radical had an absorption peak at 515 nm. According to Lambert–Beer’s law, the absorption value of this peak decreased with decreasing DPPH concentration. Since structurally different H-donors scavenge the DPPH molecule at different rates, this method provides information on the antioxidant activity of the examined H-donors [44,48,49]. Figure 3 shows the radical scavenging effect for the phenolic stabilizers calculated from the decoloration kinetics curves. The DPPH assay shows that the sinapic acid derivative had the greatest antioxidant activity among the synthesized hydroxycinnamic acid esters as a result of the greatest degree of steric hindrance. As already reported in the literature, the electro-donating methoxy group (-O-CH3) increased the stability of the aryloxy radical formed after H abstraction. Due to the greater stability of the resulting aryloxy radical, the speed of the H transfer from the phenolic hydroxy group to the DPPH radical was significantly increased. This resulted in a stronger absorption decay at 515 nm and, therefore, a higher measured radical scavenging effect [50,51]. As is known from butylohydroxytoluene (BHT), the transfer of the phenolic hydrogen radical to the DPPH radical is impeded and significantly slowed down by the sterically demanding ortho-positioned tert-butyl groups on the aromatic moiety of the AO-1076 [49,52]. The highest antioxidant activity was exhibited by α-tocopherol, which is known as a very effective antioxidant and, therefore, often used as a reference for this method [53].




3.4. Performance as Processing Stabilizer


Using continuous extrusion in a microextruder, several extrusion cycles can be simulated to determine the process-stabilizing properties of the synthesized hydroxycinnamic acid derivatives. In the course of the measurement, the synthesized structures and PP were subjected to an extrusion circle for 30 min and the residual force was detected. The measured residual force depends on the viscosity of the melt, and thus, the molecular weight of the PP. The force retentions observed after 10 min, 20 min and 30 min are summarized in Table 4. The continuous extrusion time of 30 min corresponds to about 10 processing steps in a multiple extrusion experiment.



The blank sample PP0 shows a substantial drop in the force and, therefore, a significant degradation of the PP during the measurement period. The addition of the synthesized hydroxycinnamic acid stearyl ester and commercial state-of-the-art stabilizers, such as AO-1076 or α-tocopherol, prevents the oxidative degradation of the PP and reduces the drop in the detected forces. Among the hydroxycinnamic acid derivatives, the sinapic-acid-based ester SinSa had the greatest force retention, and thus, the greatest stabilizing effect. The higher substitution degree at the aromatic moiety with methoxy-groups led to a higher radical stability, and thus, a higher antioxidant activity of the SinSa due to the +M effect of the methoxy group [50,51]. The higher antiradical efficiency of the sinapic acid derivative ultimately resulted in the best melt-stabilizing properties among the synthesized hydroxycinnamic acid esters. The drop in the force measured in the extruder, and thus, the process-stabilizing effect of SinSa was comparable with the commercially available AO-1076. The greatest force retention after an extrusion time of 30 min and the best process-stabilizing effect were achieved by the addition of α-tocopherol, which is already known as an extremely effective process stabilizer [16,54].




3.5. OIT Measurements


Oxidation induction time (OIT) measurements are a well-established method to determine and evaluate the thermo-oxidative stability of polyolefins like PP. In the course of the short-term test carried out in a DSC, the time of the onset of oxidation of the sample under oxidative conditions is determined. Higher OIT values indicate a higher extended resilience of the polymer against thermo-oxidative degradation [55]. Since different phenolic stabilizers in the same polymer matrix show different OIT values, these results provide information on the efficiency of the added phenolic antioxidant to stabilize the polymeric material against thermo-oxidative degradation. Thus, the antioxidant activity of the phenolic structures and their ability to stabilize the PP can be compared [56,57]. Table 5 shows the determined OIT values. All samples were measured at TM = 220 °C.



All samples containing the cinnamic acid stearyl esters show higher OIT values compared with the non-stabilized sample PP0. Due to having the highest antiradical activity among the synthesized structures, the sample containing the sinapic acid derivative had the highest OIT value. Nevertheless, the samples with the commercially available stabilizers AO-1076 and α-tocopherol show much higher OIT values, and thus, thermo-oxidative stabilities. The reason for the difference in the OIT values was probably the lack of regeneration mechanisms in the case of the hydroxycinnamic acid esters. It is known that the commercially used Methyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate (metilox) derivatives, such as AO-1076, can regenerate a stabilizing phenol species via their saturated alkyl group in the para-position of the aromatic compound, forming a quinone methide. Therefore, these derivatives exhibit a superstoichiometric activity [58,59]. This also correlates with the results of Reano et al., whose described ferulic-acid-based bis- and trisphenols without double bond in the α,β-position of the aromatic show similar large OIT values in PP to the commercially available AO-1010 [35]. Similarly, Beer et al. found that the presence of such a conjugating double bond in the α,β-position to the phenolic unit results in lower OIT values in the case of their macromolecular antioxidants with bound sterically hindered phenols [60]. Moreover, the dimers and trimers formed as degradation products of α-tocopherol show a high-melt-stabilizing effect in PP and PE [54,61]. In the case of hydroxycinnamic acid esters, comparable regeneration mechanisms are not possible due to the presence of a double bond in the α,β-position to the phenolic moiety, which ultimately results in a reduced contribution to the oxidative stability of the PP [12]. Scheme 2 shows a comparison of the possible regeneration mechanisms in the absence and presence of the double bond in the α,β-position.



Since there was no correlation between OIT results and the long-term heat stability of the material, the PP samples were additionally examined via accelerated oven aging [56,62]. The aging process and the degradation of the PP can be determined via MVR values and mechanical parameters. The MVR value is determined using the molecular weight of the polymer, as well as existing branching or cross-linking. The oxidative degradation and the associated chain scission results in a higher fluidity of the polymer melt and, therefore, higher MVR values [43,63]. Both the samples with the added hydroxycinnamic acid octadecyl esters and the sample with the α-tocopherol show a significant increase in the MVR value before reaching 400 h (Figure 4a). The much smaller contribution of α-tocopherol to the long-term thermal stability of polyolefins compared with sterically hindered phenols, such as AO-1076, has already been described in the literature [64,65]. It is assumed that the oxidation products of α-tocopherol are mainly effective in quenching alkyl radicals, but not peroxyl radicals [64]. Among the hydroxycinnamic acid esters, the ferulic acid and sinapic acid derivatives provide the greatest contribution to the long-term heat stabilization of PP. Due to their greater degree of methoxylation and their consequently higher antioxidant activity [50,51], the peroxy radicals formed in the course of the thermo-oxidative degradation process are more effectively scavenged by these two derivatives. The faster degradation of the PP compound PP3 with the sinapic acid ester derivative compared with the compound with the ferulic acid stearyl ester can presumably be attributed to the slower radical adduct formation due to the greater steric hindrance at the aromatic moiety of the SinSa. Thus, the formation of these adducts plays a crucial role in the anti-radical mechanism for both sinapic and ferulic acid [66]. Even though the ferulic acid and sinapic acid octadecyl esters outperformed α-tocopherol in terms of their long-term heat stabilizing effect, the AO-1076 shows the greatest stabilizing effect among all the investigated stabilizers. A significant decrease in chain length and, consequently, an increase in MVR values are observed above an aging time of 1560 h. The MVR values and results of the mechanical measurements are shown in the Supplementary Materials. In view of the structural similarity between the hydroxycinnamic acid esters and the AO-1076, the presence of the double bond in the α,β-position to the phenolic moiety appears to be a critical factor for the long-term heat stabilization of the phenols. In contrast with AO-1076, the formation of the quinone methide and the regeneration of the stabilizing phenolic species cannot take place in the case of the synthesized derivatives, which ultimately results in their reduced long-term heat stability of the hydroxycinnamic acid esters (Scheme 2). Also, the ferulic-acid-based bis- and trisphenols described by Reano et al. without a double bond in the α,β-position to the phenyl group provide significantly improved long-term heat stabilization in PBS, even though the test conditions were considerably milder at 40 °C. [35] Therefore, the removal of the α,β-unsaturation seems to be an opportunity to enhance the contribution of the p-hydroxycinnamic-based antioxidants to long-term heat stabilization.



Degradation and aging processes resulted in a reduction in the molecular weight, and thus, a deterioration in the mechanical properties of polymers like PP. Mechanical parameters such as elongation at break are, therefore, also suitable aging criteria and provide information on the degree of material damage at a particular point of the aging time [62,67]. The elongation at break results of the aged tensile bars are shown in Figure 4b and correspond to the MVR results. Thus, both samples with the synthesized hydroxycinnamic acids and α-tocopherol show a small contribution to the long-term thermal stability of the PP. Below an aging time of 550 h, a complete degradation, and thus, a decrease in the elongation at break of the PP test bars took place. The best stabilizing performance among the synthesized derivatives was again shown by the test bars with the ferulic and sinapic acid octadecyl ester (PP2 and PP3), which outperformed the stabilizing effect of α-tocopherol.





4. Conclusions


A simple method for the synthesis of hydroxycinnamic acid stearyl esters based on the biogenic building blocks coumaric acid, ferulic acid and sinapic acid is presented. The bio-based antioxidants were realized in a two-step synthesis and characterized using NMR and FTIR spectroscopy. The three esters featured high thermal stability above 280 °C and, therefore, are suitable for incorporation into plastics such as PP. The DPPH analysis and prolonged extrusion experiments show that the degree of substitution on the aromatic moiety was a critical factor in terms of anti-radical and melt-stabilizing properties. According to its highest methoxylation degree, the sinapic acid derivative provides superior anti-radical properties and a processing stability comparable with AO-1076, which is a commercially available and petrochemically based antioxidant. Due to the presence of the double bond in the α,β-position with the phenolic group and the resulting suppression of the regeneration mechanism, the hydroxycinnamic acid derivatives contributed less to the oxidative stability and long-term heat stabilization of the PP. To develop potent biogenic antioxidants with strong long-term heat stabilizing properties, future work should, therefore, focus on the preparation of the corresponding saturated p-hydroxycinnamic analogs lacking a double bond in the discussed α,β-position.




5. Patents


Mayer, J.; Metzsch-Zilligen, E.; Pfaendner, R. Use of substituted cinnamic acid esters as stabilizers for organic materials, stabilized organic material, method for stabilizing organic materials and specific cinnamic acid esters WO2021191078 (A1) 30 September 2021.








Supplementary Materials


The following supporting information can be downloaded from https://www.mdpi.com/article/10.3390/polym15173621/s1. Figure S1: 1H NMR of Hzocd in Chloroform-d. Figure S2: 13C NMR of Hzocd in Chloroform-d. Figure S3: 1H NMR of FaSa in Chloroform-d. Figure S4: 13C NMR of FaSa in Chloroform-d. Figure S5: 13C NMR of SinSa in Chloroform-d. Figure S6: FTIR spectra of the synthesized hydroxycinnamic acid stearyl esters. Figure S7: Decoloration kinetic curves of the examined antioxidants in the DPPH assay. Figure S8: Obtained normalized vertical forces during 30 min micro-compounding with 200 °C and 200 rpm. Each compound was measured twice. Figure S9: MVR values (2.16 kg/230 °C) during aging at 150 °C. Figure S10: Elongation at break during aging at 150 °C.





Author Contributions


Conceptualization, R.P.; methodology, J.M.; validation, J.M. and R.S.; formal analysis, J.M. and R.S.; investigation, J.M., E.M.-Z. and R.S.; data curation, J.M and R.S.; writing—original draft preparation, J.M.; writing—review and editing, E.M.-Z. and R.P.; visualization, E.M.-Z.; supervision, E.M.-Z.; project administration, R.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Fraunhofer Gesellschaft e.V., which supported this work within the Fraunhofer Cluster of Circular Plastics Economy.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


We express our gratitude to the suppliers of polymers and additives for providing us with samples.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Maddah, H.A. Polypropylene as a Promising Plastic: A Review. Am. J. Polym. Sci. 2016, 6, 1–11. [Google Scholar]

	



Bertoldo, M.; Ciardelli, F. Water extraction and degradation of a sterically hindered phenolic antioxidant in polypropylene films. Polymer 2004, 45, 8751–8759. [Google Scholar] [CrossRef]

	



Simpson, D.M.; Vaughan, G.A. Ethylene polymers, LLDPE. In Encyclopedia of Polymer Science and Technology; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2001; pp. 441–482. [Google Scholar]

	



Wegmann, A.; Le Gal, A.; Müller, D. Antioxidantien. In Handbuch Kunststoff-Additive, 4th ed.; Maier, R.-D., Schiller, M., Eds.; Hanser: Munich, Germany, 2016; pp. 1–153. [Google Scholar]

	



Al-Malaika, S.; Axtell, F.; Rothon, R.; Gilbert, M. Additives for Plastics. In Brydson’s Plastic Materials, 8th ed.; Gilbert, M., Ed.; Elsevier: Amsterdam, The Netherlands, 2017; pp. 127–168. [Google Scholar]

	



Dexter, M.; Thomas, R.W.; King, R.E. Antioxidants. In Encyclopedia of Polymer Science and Technology; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2002; pp. 164–197. [Google Scholar]

	



Al-Malaika, S. Mechanisms of antioxidant action and stabilisation technology—The Aston experience. Polym. Degrad. Stab. 1991, 34, 1–36. [Google Scholar] [CrossRef]

	



Dhawan, A.; Kumar, V.; Parmar, V.S.; Cholli, A.L. Novel Polymeric Antioxidants for Materials. In Antioxidant Polymers: Synthesis, Properties, and Applications; Cirilo, G., Lemma, F., Eds.; Wiley: Hoboken, NJ, USA, 2012; pp. 385–425. [Google Scholar]

	



Marturano, V.; Cerruti, P.; Ambrogi, V. Polymer additives. Phys. Sci. Rev. 2017, 2, 20160130. [Google Scholar] [CrossRef]

	



Fiege, H.; Voges, H.-W.; Hamamoto, T.; Umemura, S.; Iwata, T.; Miki, H.; Fujita, Y.; Buysch, H.-J.; Garbe, D.; Paulus, W. Phenol Derivatives. In Ullmann’s Encyclopedia of Industrial Chemistry; Wiley-VCH: Weinheim, Germany, 2000; pp. 521–582. [Google Scholar]

	



Xu, X.; Liu, A.; Hu, S.; Ares, I.; Martínez-Larrañaga, M.-R.; Wang, X.; Martínez, M.; Anadón, A.; Martínez, M.-A. Synthetic phenolic antioxidants: Metabolism, hazards and mechanism of action. Food Chem. 2021, 353, 129488. [Google Scholar] [CrossRef]

	



Reano, A.F.; Chérubin, J.; Peru, A.M.M.; Wang, Q.; Clément, T.; Domenek, S.; Allais, F. Structure–Activity Relationships and Structural Design Optimization of a Series of p-Hydroxycinnamic Acids-Based Bis- and Trisphenols as Novel Sustainable Antiradical/Antioxidant Additives. ACS Sustain. Chem. Eng. 2015, 3, 3486–3496. [Google Scholar] [CrossRef]

	



Haider, N.; Karlsson, S. Kinetics of migration of antioxidants from polyolefins in natural environments as a basis for bioconversion studies. Biomacromolecules 2000, 1, 481–487. [Google Scholar] [CrossRef]

	



Unice, K.M.; Bare, J.L.; Kreider, M.L.; Panko, J.M. Experimental methodology for assessing the environmental fate of organic chemicals in polymer matrices using column leaching studies and OECD 308 water/sediment systems: Application to tire and road wear particles. Sci. Total Environ. 2015, 533, 476–487. [Google Scholar] [CrossRef]

	



Brocca, D.; Arvin, E.; Mosbæk, H. Identification of organic compounds migrating from polyethylene pipelines into drinking water. Water Res. 2002, 36, 3675–3680. [Google Scholar] [CrossRef]

	



Laermer, S.F.; Zambetti, P.F. Alpha-Tocopherol (Vitamin E)—The Natural Antioxidant for Polyolefins. J. Plast. Film Sheeting 1992, 8, 228–248. [Google Scholar] [CrossRef]

	



Al-Malaika, S.; Ashley, H.; Issenhuth, S. The antioxidant role of α-tocopherol in polymers. I. The nature of transformation products of α-tocopherol formed during melt processing of LDPE. J. Polym. Sci. Part A Polym. Chem. 1994, 32, 3099–3113. [Google Scholar] [CrossRef]

	



Alexy, P.; Košíková, B.; Podstránska, G. The effect of blending lignin with polyethylene and polypropylene on physical properties. Polymer 2000, 41, 4901–4908. [Google Scholar] [CrossRef]

	



Gregorová, A.; Cibulková, Z.; Košíková, B.; Šimon, P. Stabilization effect of lignin in polypropylene and recycled polypropylene. Polym. Degrad. Stab. 2005, 89, 553–558. [Google Scholar] [CrossRef]

	



Gregorova, A.; Košíková, B.; Staško, A. Radical scavenging capacity of lignin and its effect on processing stabilization of virgin and recycled polypropylene. J. Appl. Polym. Sci. 2007, 106, 1626–1631. [Google Scholar] [CrossRef]

	



Kirschweng, B.; Tilinger, D.M.; Hégely, B.; Samu, G.; Tátraaljai, D.; Földes, E.; Pukánszky, B. Melt stabilization of PE with natural antioxidants: Comparison of rutin and quercetin. Eur. Polym. J. 2018, 103, 228–237. [Google Scholar] [CrossRef]

	



Tátraaljai, D.; Földes, E.; Pukánszky, B. Efficient melt stabilization of polyethylene with quercetin, a flavonoid type natural antioxidant. Polym. Degrad. Stab. 2014, 102, 41–48. [Google Scholar] [CrossRef]

	



Kirschweng, B.; Bencze, K.; Sárközi, M.; Hégely, B.; Samu, G.; Hári, J.; Tátraaljai, D.; Földes, E.; Kállay, M.; Pukánszky, B. Melt stabilization of polyethylene with dihydromyricetin, a natural antioxidant. Polym. Degrad. Stab. 2016, 133, 192–200. [Google Scholar] [CrossRef]

	



Xin, M.; Ma, Y.; Lin, W.; Xu, K.; Chen, M. Use of dihydromyricetin as antioxidant for polypropylene stabilization. J. Therm. Anal. Calorim. 2015, 120, 1741–1747. [Google Scholar] [CrossRef]

	



Tátraaljai, D.; Kirschweng, B.; Kovács, J.; Földes, E.; Pukánszky, B. Processing stabilisation of PE with a natural antioxidant, curcumin. Eur. Polym. J. 2013, 49, 1196–1203. [Google Scholar] [CrossRef]

	



Kirschweng, B.; Tátraaljai, D.; Földes, E.; Pukánszky, B. Efficiency of curcumin, a natural antioxidant, in the processing stabilization of PE: Concentration effects. Polym. Degrad. Stab. 2015, 118, 17–23. [Google Scholar] [CrossRef]

	



Kirschweng, B.; Tátraaljai, D.; Földes, E.; Pukánszky, B. Natural antioxidants as stabilizers for polymers. Polym. Degrad. Stab. 2017, 145, 25–40. [Google Scholar] [CrossRef]

	



Pfaendner, R.; Melz, T. Biogene Kunststoff-Additive. In Biologische Transformation; Neugebauer, R., Ed.; Springer: Berlin/Heidelberg, Germany, 2019; pp. 165–182. [Google Scholar]

	



Elhamirad, A.H.; Zamanipoor, M.H. Thermal stability of some flavonoids and phenolic acids in sheep tallow olein. Eur. J. Lipid Sci. Technol. 2012, 114, 602–606. [Google Scholar] [CrossRef]

	



Pouteau, C.; Dole, P.; Cathala, B.; Averous, L.; Boquillon, N. Antioxidant properties of lignin in polypropylene. Polym. Degrad. Stab. 2003, 81, 9–18. [Google Scholar] [CrossRef]

	



Pouteau, C.; Baumberger, S.; Cathala, B.; Dole, P. Lignin-polymer blends: Evaluation of compatibility by image analysis. Comptes Rendus Biol. 2004, 327, 935–943. [Google Scholar] [CrossRef]

	



Zheng, K.; Tang, H.; Chen, Q.; Zhang, L.; Wu, Y.; Cui, Y. Enzymatic synthesis of a polymeric antioxidant for efficient stabilization of polypropylene. Polym. Degrad. Stab. 2015, 112, 27–34. [Google Scholar] [CrossRef]

	



Grigsby, W.J.; Bridson, J.H.; Lomas, C.; Frey, H. Evaluating Modified Tannin Esters as Functional Additives in Polypropylene and Biodegradable Aliphatic Polyester. Macromol. Mater. Eng. 2014, 299, 1251–1258. [Google Scholar] [CrossRef]

	



Doudin, K.; Al-Malaika, S.; Sheena, H.H.; Tverezovskiy, V.; Fowler, P. New genre of antioxidants from renewable natural resources: Synthesis and characterisation of rosemary plant-derived antioxidants and their performance in polyolefins. Polym. Degrad. Stab. 2016, 130, 126–134. [Google Scholar] [CrossRef]

	



Reano, A.F.; Domenek, S.; Pernes, M.; Beaugrand, J.; Allais, F. Ferulic Acid-Based Bis/Trisphenols as Renewable Antioxidants for Polypropylene and Poly(butylene succinate). ACS Sustain. Chem. Eng. 2016, 4, 6562–6571. [Google Scholar] [CrossRef]

	



Boerjan, W.; Ralph, J.; Baucher, M. Lignin Biosynthesis. Annu. Rev. Plant Biol. 2003, 54, 519–546. [Google Scholar] [CrossRef]

	



Zago, E.; Lecomte, J.; Barouh, N.; Aouf, C.; Carré, P.; Fine, F.; Villeneuve, P. Influence of rapeseed meal treatments on its total phenolic content and composition in sinapine, sinapic acid and canolol. Ind. Crops Prod. 2015, 76, 1061–1070. [Google Scholar] [CrossRef]

	



Kozlowska, H.; Naczk, M.; Shahidi, F.; Zadernowski, R. Phenolic acids and tannins in rapeseed and canola. In Canola and Rapeseed-Production, Chemistry, Nutrition, and Processing Technology; Shahidi, F., Ed.; Springer: Boston, MA, USA, 1990; pp. 193–210. [Google Scholar]

	



Tilay, A.; Bule, M.; Kishenkumar, J.; Annapure, U. Preparation of ferulic acid from agricultural wastes: Its improved extraction and purification. J. Agric. Food Chem. 2008, 56, 7644–7648. [Google Scholar] [CrossRef]

	



Percec, V.; Peterca, M.; Sienkowska, M.J.; Ilies, M.A.; Aqad, E.; Smidrkal, J.; Heiney, P.A. Synthesis and retrostructural analysis of libraries of AB3 and constitutional isomeric AB2 phenylpropyl ether-based supramolecular dendrimers. J. Am. Chem. Soc. 2006, 128, 3324–3334. [Google Scholar] [CrossRef]

	



Masuda, T.; Yamada, K.; Maekawa, T.; Takeda, Y.; Yamaguchi, H. Antioxidant Mechanism Studies on Ferulic Acid: Isolation and Structure Identification of the Main Antioxidation Product from Methyl Ferulate. Food Sci. Technol. Res. 2006, 12, 173–177. [Google Scholar] [CrossRef]

	



Fujita, M.; Yamada, M.; Nakajima, S.; Kawai, K.; Nagai, M. O-Methylation effect on the carbon-13 nuclear magnetic resonance signals of ortho-disubstituted phenols and its application to structure determination of new phthalides from Aspergillus silvaticus. Chem. Pharm. Bull. 1984, 32, 2622–2627. [Google Scholar] [CrossRef]

	



Fischer, J.; Metzsch-Zilligen, E.; Zou, M.; Pfaendner, R. A novel class of high molecular weight multifunctional antioxidants for polymers based on thiol-ene click reaction. Polym. Degrad. Stab. 2020, 173, 109099. [Google Scholar] [CrossRef]

	



Zhan, K.; Ejima, H.; Yoshie, N. Antioxidant and Adsorption Properties of Bioinspired Phenolic Polymers: A Comparative Study of Catechol and Gallol. ACS Sustain. Chem. Eng. 2016, 4, 3857–3863. [Google Scholar] [CrossRef]

	



DIN EN ISO 11357-6:2013; Plastics—Differential Scanning Calorimetry (DSC)—Part 6: Determination of OXIDATION induction Time (isothermal OIT) and Oxidation Induction Temperature (dynamic OIT). German Institute for Standardisation: Berlin, Germany, 2013.

	



ISO 1133-1:2022; Plastics—Determination of the Melt Mass-Flow Rate (MFR) and Melt Volume-Flow Rate (MVR) of Thermoplastics—Part 1: Standard Method. International Organization for Standardization: Geneva, Switzerland, 2022.

	



Maier, R.D.; Kristiansen, P.M. Nukleierungsmittel und Transparenzverstärker. In Handbuch Kunststoff-Additive, 4th ed.; Maier, R.-D., Schiller, M., Eds.; Hanser: Munich, Germany, 2016; pp. 679–736. [Google Scholar]

	



Foti, M.C. Use and Abuse of the DPPH• Radical. J. Agric. Food Chem. 2015, 63, 8765–8776. [Google Scholar] [CrossRef]

	



Xie, J.; Schaich, K.M. Re-evaluation of the 2,2-diphenyl-1-picrylhydrazyl free radical (DPPH) assay for antioxidant activity. J. Agric. Food Chem. 2014, 62, 4251–4260. [Google Scholar] [CrossRef]

	



Rice-Evans, C.A.; Miller, N.J.; Paganga, G. Structure-antioxidant activity relationships of flavonoids and phenolic acids. Free Radic. Biol. Med. 1996, 20, 933–956. [Google Scholar] [CrossRef]

	



Sekher Pannala, A.; Chan, T.S.; O’Brien, P.J.; Rice-Evans, C.A. Flavonoid B-ring chemistry and antioxidant activity: Fast reaction kinetics. Biochem. Biophys. Res. Commun. 2001, 282, 1161–1168. [Google Scholar] [CrossRef]

	



Dawidowicz, A.L.; Wianowska, D.; Olszowy, M. On practical problems in estimation of antioxidant activity of compounds by DPPH method (Problems in estimation of antioxidant activity). Food Chem. 2012, 131, 1037–1043. [Google Scholar] [CrossRef]

	



Von Gadow, A.; Joubert, E.; Hansmann, C.F. Comparison of the Antioxidant Activity of Aspalathin with That of Other Plant Phenols of Rooibos Tea (Aspalathus linearis), α-Tocopherol, BHT, and BHA. J. Agric. Food Chem. 1997, 45, 632–638. [Google Scholar] [CrossRef]

	



Al-Malaika, S.; Goodwin, C.; Issenhuth, S.; Burdick, D. The antioxidant role of α-tocopherol in polymers II. Melt stabilising effect in polypropylene. Polym. Degrad. Stab. 1999, 64, 145–156. [Google Scholar] [CrossRef]

	



Bergenudd, H.; Eriksson, P.; DeArmitt, C.; Stenberg, B.; Malmström Jonsson, E. Synthesis and evaluation of hyperbranched phenolic antioxidants of three different generations. Polym. Degrad. Stab. 2002, 76, 503–509. [Google Scholar] [CrossRef]

	



Pauquet, J.-R.; Todesco, R.V.; Drake, W.O. Limitations and Applications of Oxidative Induction Time (OIT) to Quality Control of Polyolefins. In Proceedings of the 42nd International Wire & Cable Symposium, St. Louis, MO, USA, 15–18 November 1993. [Google Scholar]

	



Schmid, M.; Affolter, S. Interlaboratory tests on polymers by differential scanning calorimetry (DSC): Determination and comparison of oxidation induction time (OIT) and oxidation induction temperature (OIT*). Polym. Test. 2003, 22, 419–428. [Google Scholar] [CrossRef]

	



Pospîsil, J.; Nešpůrek, S.; Zweifel, H. The role of quinone methides in thermostabilization of hydrocarbon polymers -I. Formation and reactivity of quinone methides. Polym. Degrad. Stab. 1996, 54, 7–14. [Google Scholar] [CrossRef]

	



Pospîsil, J.; Nešpůrek, S.; Zweifel, H. The role of quinone methides in thermostabilization of hydrocarbon polymers-II. Properties and activity mechanisms. Polym. Degrad. Stab. 1996, 54, 15–21. [Google Scholar] [CrossRef]

	



Beer, S.; Teasdale, I.; Brueggemann, O. Immobilization of antioxidants via ADMET polymerization for enhanced long-term stabilization of polyolefins. Eur. Polym. J. 2013, 49, 4257–4264. [Google Scholar] [CrossRef]

	



Al-Malaika, S.; Issenhuth, S. The antioxidant role of α-tocopherol in polymers III. Nature of transformation products during polyolefins extrusion. Polym. Degrad. Stab. 1999, 65, 143–151. [Google Scholar] [CrossRef]

	



Ehrenstein, G.W.; Pongratz, S. Resistance and Stability of Polymers; Hanser Publishers: Munich, Germany, 2013; pp. 139–271. [Google Scholar]

	



Li, C.; Sun, P.; Guo, S.; Zhang, Z.; Wang, J. Relationship between bridged groups and antioxidant activity for aliphatic diamine bridged hindered phenol in polyolefins. J. Appl. Polym. Sci. 2017, 134, 45095. [Google Scholar] [CrossRef]

	



Strandberg, C.; Albertsson, A.-C. Process efficiency and long-term performance of α-tocopherol in film-blown linear low-density polyethylene. J. Appl. Polym. Sci. 2005, 98, 2427–2439. [Google Scholar] [CrossRef]

	



Mallégol, J.; Carlsson, D.; Deschênes, L. A comparison of phenolic antioxidant performance in HDPE at 32–80 °C. Polym. Degrad. Stab. 2001, 73, 259–267. [Google Scholar] [CrossRef]

	



Yang, J.; Chen, J.; Hao, Y.; Liu, Y. Identification of the DPPH radical scavenging reaction adducts of ferulic acid and sinapic acid and their structure-antioxidant activity relationship. LWT 2021, 146, 111411. [Google Scholar] [CrossRef]

	



Al-Malaika, S. Oxidative degradation and stabilisation of polymers. Int. Mater. Rev. 2003, 48, 165–185. [Google Scholar] [CrossRef]








[image: Polymers 15 03621 sch001] 





Scheme 1. Synthetic pathway for the preparation of the stearyl esters of coumaric acid (HzOcd), ferulic acid (FaSa) and sinapic acid (SinSa). After the synthesis of the methyl ester, the dibutyltin oxide catalyzed the transesterification reaction with stearyl alcohol took place to yield the corresponding stearyl ester. 
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Figure 1. H NMR spectrum in Chloroform-d of SinSa as an example of the synthesized hydroxycinnamic acid stearyl esters. 
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Figure 2. TGA curves of the synthesized cinnamic acid octadecyl ester under nitrogen atmosphere. 
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Figure 3. Calculated radical scavenging effect of the synthesized hydroxycinnamic acid stearyl esters and the commercially available stabilizers AO-1076 and α-tocopherol at t = 2 min in the presence of the DPPH radicals. 
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Scheme 2. Comparison of possible regeneration mechanisms of hydroxycinnamic acid stearyl ester with and without double bond in α,β-position [12]. 
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Figure 4. (a) MVR values (2.16 kg/230 °C) during aging at 150 °C. (b) Elongation at break during aging at 150 °C. 






Figure 4. (a) MVR values (2.16 kg/230 °C) during aging at 150 °C. (b) Elongation at break during aging at 150 °C.



[image: Polymers 15 03621 g004]







 





Table 1. Chemical structure of the synthesized hydroxycinnamic acid stearyl esters and commercial stabilizers.
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	Abbreviation
	Chemical Structure





	HzOcd
	[image: Polymers 15 03621 i001]



	FaSa
	[image: Polymers 15 03621 i002]



	SinSa
	[image: Polymers 15 03621 i003]



	AO-1076
	[image: Polymers 15 03621 i004]



	α-Tocopherol
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Table 2. Generated compounds of the neat PP and of the PP that was stabilized with antioxidants.
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Sample

	
PP

	
HzOcd

	
FaSa

	
SinSa

	
AO-1076

	
α-Tocopherol




	

	

	

	

	
[wt.%]

	

	






	
PP0

	
100

	

	

	

	

	




	
PP1

	
99.5

	
0.5

	

	

	

	




	
PP2

	
99.5

	

	
0.5

	

	

	




	
PP3

	
99.5

	

	

	
0.5

	

	




	
PP-C1

	
99.5

	

	

	

	
0.5

	




	
PP-C2

	
99.5

	

	

	

	

	
0.5











 





Table 3. TGA and DTG data of the synthesized cinnamic acid stearyl esters under air and nitrogen.
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Sample

	
Temperatures of Mass Loss

	
Temperatures of Maximum Mass Loss




	

	
T5% [°C]

	
T10% [°C]

	
Tmax [°C]






	

	
Air

	
N2

	
Air

	
N2

	
Air

	
N2




	
HzOcd

	
297

	
308

	
318

	
327

	
362

	
378




	
FaSa

	
289

	
302

	
312

	
317

	
361

	
364




	
SinSa

	
299

	
321

	
318

	
337

	
364

	
378











 





Table 4. Normalized force retentions after 10 min, 20 min and 30 min micro-compounding at 200 °C.
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Sample

	
Force Retention [%]




	
10 min

	
20 min

	
30 min






	
PP0

	
53.9 ± 0.9

	
27.8 ± 0.1

	
13.9 ± 0.5




	
PP1

	
65.0 ± 0.8

	
49.0 ± 0.5

	
36.8 ± 0.2




	
PP2

	
74.6 ± 0.6

	
59.9 ± 1.6

	
49.5 ± 2.0




	
PP3

	
80.5 ± 0.1

	
67.8 ± 1.6

	
57.8 ± 