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This paper reports the preparation, characterization, and performance of three low viscosity fully bio-based benzoxazine resins synthesized from bio-based furfurylamine, paraformaldehyde, and three new enzymatic originated diphenols obtained through a sustainable and highly selective lipase-catalyzed enzymatic process from p-coumaric acid, and three bio-based diols (propanediol, butanediol, and isosorbide, respectively). The enzymatic method is used for the first time, to the authors' knowledge, to design specific diphenolic structures dedicated to the preparation of benzoxazine thermosetting resins whose precursors exhibit easy handling within a wide processing window (from room temperature up to 200 °C). The resulting cross-linked materials present high glass transition temperature (Tg > 200 °C) and inherent charring ability upon pyrolysis (≈50 wt% at 1000 °C). These results open a valuable and new pathway to develop enhanced benzoxazines and bring them new properties.

Introduction

 have developed a new methodology for the production of diphenols incorporating lignocellulosic-based monophenolics such as ferulic acid and bio-based diols or diamines through a chemoenzymatic process involving Candida antarctica lipase B (CAL-B, Novozyme 435). This method allows the preparation of diphenolic derivatives whose aromatic rigidity can be balanced by biobased diol or diamine spacers and which are of particular value in the search for improving the processability of benzoxazine resins. It is worth to note that classical chemistry was

already performed by Tüzun et al., [42,43] Rao et al., [44] and Trejo-Machin et al. [45] to prepare benzoxazine monomers bearing ester linkages whereas Yagci et al. [46] and Ishida et al. [47] have used ether chains. Although they obtained fluid benzoxazine monomers, they could only achieve low glass transition temperature (Tg) polybenzoxazine materials thus limiting their potential use at high temperature. To the best of our knowledge, the enzymatic pathway has not been explored to design specific phenolic structures dedicated to the preparation of 1,3-benzoxazine precursors for high-performance thermosetting applications. We aim at demonstrating that lipase-mediated biocatalysis is a promising tool to add to the benzoxazine engineering toolbox, which allows for further enlarging the molecular design possibilities of benzoxazine monomers by making available new phenolic structures especially tailored to prepare liquid fully bio-based benzoxazine precursors exhibiting a very large processing window without sacrificing the resulting high thermal and thermo-mechanical performance. More specifically, we report the preparation, characterization, and properties as determined by thermogravimetric analysis (TGA) and dynamic mechanical thermal analysis (DMA) of three new fully bio-based benzoxazine resins synthesized from bio-based furfurylamine, paraformaldehyde, and three new enzymatic originated diphenols (based on para-coumaric acid and respectively butanediol, propanediol, and isosorbide).

Experimental Section 2.1. Materials

Candida antarctica lipase B supported on acrylic resin, paracoumaric acid, isosorbide, 1,3-propanediol, 1,4-butanediol, furfurylamine, and paraformaldéhyde were purchased from Sigma-Aldrich and used without any further purification.

Characterizations

The 1H NMR spectra were recorded with a NMR spectrometer (Bruker, 500 MHz), using deuterated dimethylsulfoxide (DMSO-d6) as solvent and the chemical shift was calibrated by setting the chemical shift of DMSO as 2.50 ppm. Calorimetric studies were carried out at a heating rate of 10 °C min-1 using a differential scanning calorimeter (DSC Q200 from TA Instruments) under nitrogen flow of 50 mL min-1. An Indium standard was used for calibration. Rheological measurements were performed with an ARES rheometer from TA Instruments equipped with a temperature control device with disposable aluminium plate-plate configuration (diameter 40 mm). All experiments were performed in oscillatory mode at a frequency of 1 Hz and 0.5 mm gap between the plates. Two types of measurements were performed. The first test was carried out in temperature ramp mode with a strain of 10%. The samples were placed in the plate-plate geometry assembly and they were heated from 50-220 °C at a heating rate of 3 °C min-1. The storage modulus G′(Pa), the loss modulus G″(Pa) and the complex viscosity (Pa s) were recorded versus temperature. The second test was performed in isothermal dynamic time sweep mode under a 1% strain. The samples were placed in the plate-plate geometry assembly and they were heated to the target temperature of curing. Measurements started when target temperature was achieved. Two curing temperatures (150 °C and 180 °C) were used for each benzoxazine precursor sample. The storage modulus G′(Pa), the loss modulus G″(Pa) and the complex viscosity (Pa s) were recorded versus time. Gelation was reached when viscosity diverged toward infinity. Thermomechanical properties were investigated using a dynamic mechanical thermal analysis (DMA) apparatus (DMA 2980 Dynamical Mechanical Analyzer from TA Instruments). Specimens (60 × 12 × 3 mm3) were tested in a dual cantilever configuration with a dual cantilever length of 35 mm. The thermal transitions were studied in the temperature range of 25-370 °C at a heating rate of 3 °C min-1 and at a fixed frequency of 1 Hz. An amplitude of 10 μm was used corresponding to a strain of 0.043%. One representative sample was used for the measurements. The accuracy of the temperature measurement is 3 °C. Thermogravimetric analysis (TGA) was used to study the anaerobic thermal degradation of the cured systems. Approximately 10 mg of the sample was submitted to a temperature ramp from 25-1000 °C at a heating rate of 10 °C min-1 under a nitrogen flow of 60 mL min-1. All TGA experiments were performed by using a TGA Q50 device from TA Instruments. Fourier transform infrared (FTIR) spectra were recorded in transmission mode using a Bruker IFS 66v/S spectrometerequipped with a vacuum apparatus. Precursors and cross-linked polymers were powdered and dispersed into a KBr matrix with a weight concentration of about 1 wt%. Spectra were recorded under vacuum from 500-4000 cm-1 with a wavenumber resolution of 4 cm -1 . 64 scans were collected for each sample.

Syntheses

Synthesis of Ethyldehydrocoumarate

Synthesis of ethyldehydrocoumarate (EDC) was performed according to this procedure: para-Coumaric acid (30 g, 183 mmol) was dissolved in ethanol (460 mL) and few drops of concentrated hydrochloric acid were added. Reaction was refluxed overnight and cooled to room temperature. The reaction was then put under nitrogen and palladium on carbon (3.4 g) was added and the mixture was vigorously stirred under dihydrogen flux for 24 h. Upon completion, the mixture was filtered over celite and the latter was rinsed with ethanol. Ethanol was removed by distillation under vacuum and the resulting crude mixture was dissolved into ethyl acetate and washed with a saturated aqueous solution of sodium hydrogenocarbonate twice and concentrated. 34.6 g of EDC was recovered (97%) as a pale pink oil. 1H NMR (CDCl3): δ (ppm) = 7.03 (d, J = 8.1 Hz, 2H) 6.77 (d, J = 8.1 Hz, 2H), 4.14 (q, J = 7.1 Hz, 2H), 2.88 (m, 2H), 2.61 (m, 2H), 1.24 (t, J = 7.1 Hz, 3H) 13C NMR (CDCl3): δ (ppm) = 174.1, 154.4, 132.0, 129.4, 115.4, 60.9, 36.4, 30.1, 14.1

Synthesis of Propane Di-Coumaric Phenol

Synthesis of propane di-coumaric phenol (PDC) was performed according to the following procedure: Propanediol (31 g, 408 mmol), EDC (237 g, 1.22 mol), and Candida antarctica lipase B (aka, Novozym 435) (25 g, 10% w/w) were slowly stirred at 75 °C under vacuum for 24 h. At the end of the reaction, the mixture was dissolved in acetone (1 L) and CAL-B was removed by filtration. After flash purification on silica gel (30 μm) with the following gradient: (6/4) cyclohexane/AcOEt to remove excess of EDC then 45/55 to recover PDC, 110 g of PDC was recovered (73%). 1H NMR (CDCl3): δ (ppm) = 6.99 (d, J = 8.4 Hz, 4H) 6.72 (d, J = 8.4 Hz, 4H), 6.57 (s, 2H), 4.00 (t, J = 6.3 Hz, 4H), 2.84 (t, J = 7.5 Hz, 4H), 2.57 (t, J = 6.3 Hz, 4H), 1.85 (m, 2H) 13C NMR (CDCl3): δ (ppm) = 173.8, 154.4, 132.0, 129.4, 115.5, 61.2, 36.1, 30.1, 27.7

Synthesis of Butane Di-Coumaric Phenol

Synthesis of butane di-coumaric phenol (BDC) was performed according to the following procedure: Butanediol (4.9 g, 54 mmol), EDC (31.5 g, 162 mmol), and Candida Antarctica lipase B (aka, Novozym 435) (3.6 g, 10% w/w) were slowly stirred at 75 °C under vacuum for 16 h. At the end of the reaction, the mixture was dissolved in acetone and CAL-B was removed by filtration. After flash purification on silica gel (30 μm) Synthesis of isosorbide di-coumaric phenol (IDC) was performed according to the following procedures: Procedure A: Isosorbide (2.0 g, 13.7 mmol), EDC (10.6 g, 54.7 mmol), and Candida antarctica lipase B (aka, Novozym 435) (1.3 g, 10% w/w) were slowly stirred at 75 °C under vacuum for 96 h. At the end of the reaction, the mixture was dissolved in acetone and CAL-B was removed by filtration. After flash purification on silica gel (30 μm) with the following gradient: 7/3 cyclohexane/AcOEt to remove excess of EDC then 45/55 to recovered IDC and 10/90 to recover IMC (propane mono-coumaric phenol), 0.7 g of IDC was recovered (11%). Procedure B: Acetic anhydride (17 mL, 184 mmol) was added dropwise to a stirred solution of 4-hydroxybenzaldehyde (15 g, 123 mmol) in a 1 m aqueous solution of NaOH (150 mL) in a water-ice bath. The resulting mixture was stirred at room temperature for 2 h, and extracted twice with ethyl acetate (100 mL). The combined organic layers were washed with brine, dried over anhydrous MgSO4, filtered off, and concentrated to dryness to give 4-hydroxybenzaldehyde acetate (19 g, 94%) that was used without further purification. 1H NMR (CDCl3): δ (ppm) = 9.92 (s, 1H) 7.85 (d, J = 8.7 Hz, 2H), 7.21 (d, J = 8.7 Hz, 2H), 2.27 (s, 3H) 2-chloroacetic anhydride (30 g, 175.4 mmol) was added by portion to a stirred solution of isosorbide (10 g, 68.4 mmol) and pyridine (30 mL) in dichloromethane (150 mL) under nitrogen and in a water-ice bath. The resulting mixture was stirred at room temperature for 16 h. The reaction mixture was diluted with dichloromethane (200 mL) and quenched in a water-ice bath with a 1m aqueous solution of HCl (150 mL). The organic layer was washed with water and brine, dried over anhydrous MgSO4, filtered off and concentrated to dryness to give bis(2-chloroacetate) isosorbide ( 17 ) was added to a stirred solution of E/Z acetylated IDC-sat (27.5 g, 52.7 mmol) in THF (300 mL) at room temperature. The yellowish mixture was stirred for 2 h and quenched with a 1m aqueous solution of HCl (500 mL) and ethyl acetate (500 mL). The organic layer was washed with water and brine, dried over anhydrous MgSO4 and filtered off. The filtrate was directly hydrogenated in presence of 10% palladium on carbon (1.5 g) and a H2 flow at room temperature for 18 h. The reaction mixture was filtered through a pad of celite. The filtrate was concentrated to dryness. The product was triturated with diethylether (100 mL) for 2 h. The resulting white precipitate was collected by filtration to give after drying 20 g of pure IDC (86%, 2 steps). 1H NMR (DMSO-d6): δ (ppm) = 9.19 (s, 2H), 7.01 (m, 4H), 6.65 (d, J = 8.4 Hz, 4H), 4.95-5.05 (m, 2H), 4.69 (t, J = 5.3 Hz, 1H) 4.27 (s, J = 5.3 Hz, 2H), 3.8-3.65 (m, 3H), 2.73 (t, J = 6.9 Hz, 4H), 2.55 (t, J = 6.9 Hz, 4H). 13C NMR (DMSO-d6): δ (ppm) = 172.1, 156.0, 130.8, 130.7, 115.5, 85.8, 80.8, 77.9, 74.1, 72.8, 70.6, 35.9, 35.7, 29.9

Synthesis of Propane Di-Coumaric Phenol-Based Benzoxazine Precursor

Synthesis of propane di-coumaric phenol-based benzoxazine precursor (PDC-Fa) was performed according to the following procedure: in a two-necked round flask of 100 mL, propane dicoumaric phenol (PDC) (0.013 mmol, 4.971 g), furfurylamine (0.028 mmol, 2.7 g), and paraformaldehyde (0.062 mmol, 1.87 g) were dissolved into 6 mL of 1, 4-dioxane under reflux at 120 °C for 7h 30 min. The reaction progress was monitored with thin layer chromatography (silica as stationary phase and 8:2 acetone/toluene as eluent). Then, 1,4-dioxane and the remaining water were evaporated under vacuum at 120 °C and a light yellow oily product was recovered (Yield: 88%). No further purification was carried out. The PDC-Fa precursor was characterized by a Tg of ≈19 °C, a polymerization temperature of ≈235 °C as determined by DSC (10 °C min -1 ), and a charring of 39% at 1000 °C as determined by TGA under nitrogen (10 °C min -1 ).

Synthesis of Butane Di-Coumaric Phenol-Based Benzoxazine Precursor

Synthesis of butane di-coumaric phenol-based benzoxazine precursor (BDC-Fa) was performed according to the following procedure: in a two-necked round flaskof 100 mL, butane dicoumaric phenol (BDC) (0.013 mmol, 5.004 g), furfurylamine (0.026 mmol, 2.641 g), and paraformaldehyde (0.061 mmol, 1.82 g) were dissolved into 8 mL of 1,4-dioxane under reflux at 120 °C for 7h 30 min. The reaction progress was monitored with thin layer chromatography (silica as stationary phase and 8:2 acetone/toluene as eluent). Then, 1,4-dioxane and the remaining water were evaporated under vacuum at 120 °C and a light yellow oily product was recovered (Yield: 87%). No further purification was carried out. The PBC-Fa precursor was characterized by a Tg of ≈15 °C, a polymerization temperature of ≈234 °C as determined by DSC (10 °C min -1 ), and a charring of 42% at 1000 °C as determined by TGA under nitrogen (10 °C min -1 ).

Synthesis of Isosorbide Di-Coumaric Phenol-Based Benzoxazine Precursor

Synthesis of Isosorbide Di-Coumaric Phenol-Based Benzoxazine Precursor (IDC-Fa) was performed according to the following procedure: in a two-necked round flask of 100 mL, isosorbide dicoumaric phenol (IDC) (0.011 mmol, 5.006 g), furfurylamine (0.024 mmol, 2.3 g), and paraformaldehyde (0.054 mmol, 1.63 g) were dissolved into 8 mL of 1,4-dioxane under reflux at 120 °C for 7h 30 min. The reaction progress was monitored with thin layer chromatography (silica as stationary phase and 8:2 acetone/toluene as eluent). Then, 1,4-dioxane and the remaining water were evaporated under vacuum at 120 °C and a light yellow soft and solid product was recovered (Yield: 95%). No further purification was carried out. The IDC-Fa precursor was characterized by a Tg of ≈3 °C, apolymerization temperature of ≈236 °C as determined by DSC (10 °C min -1 ), and a charring of 35% at 1000 °C as determined by TGA under nitrogen (10 °C min -1 ).

Curing of PDC-Fa, BDC-Fa, and IDC-Fa Resins

The procedure is identical for all the benzoxazine precursors (PDC-Fa, BDC-Fa, and IDC-Fa, respectively). Each of them was introduced in a stainless steel mold, molten, further degassed in a vacuum oven at 140 °C for 10 min, and then step cured in an air-circulating oven according to the following cycle: 2 h at 150 °C, 2h at 180 °C, 3 h at 200 °C, 0.5 h at 250 °C. Thereafter, 60 × 12 × 3 mm3 samples of polybenzoxazines (pPDCFa, pBDC-Fa, and pIDC-Fa, respectively) were allowed to slowly cool down to room temperature before their unmolding.

Results and Discussion

Synthesis and Characterization of the Bio-Based Diphenol Reactants and the Corresponding Benzoxazine Precursors

Three bio-based diphenols, PDC, BDC, and IDC, were successfully prepared from p-coumaric acid and 1,3-propanediol, 1,4butanediol, and isosorbide, respectively, following the enzymatic procedure with supported lipase biocatalystCAL-B summarized in Scheme 1. First of all, p-coumaric acid was esterified to provide ethyl dehydrocoumarate via a onepot two-step procedure involving a Fischer esterification and a palladium-catalyzed hydrogenation. Then the solvent-free lipase-mediated transesterifications of ethyl dihydrocoumarate were performed under reduced pressure. Although yields are sensibly lower than those reported with ethyl dehydroferulate [35] (PDC 73%, BDC 82% and IDC 11% vs PDF 96%, BDF 90% and IDF 87%) starting materials and monoesters can be recovered after purification by flash chromatography or by membrane filtration and reused in further reaction cycles. Then, these phenols were respectively and successfully reacted with furfurylamine and paraformaldehyde to achieve PDC-Fa, BDC-Fa, and IDC-Fa resin precursors according to the reactions depicted in Scheme 2. The structures of the three products synthesized were investigated and compared to their corresponding reagents, that is, diphenols and furfurylamine, by 1H NMR. The attribution of the peaks was based on the analysis of 1H NMR presented in Figure 1 and on similar benzoxazine derivatives reported in the literature. [24,27,[48][49][50][START_REF] Wang | Advanced and Emerging Polybenzoxazine Science and Technology, Part V[END_REF] For the three products, the welldefined characteristic peaks at about 3.8 ppm and 4.8 ppm corresponding to the protons from Ar-CH2-N and O-CH2-N of the oxazine ring respectively attest the formation of the benzoxazine ring. Moreover, the aromatic peaks appearing in the interval 6.5-7 ppm confirm the formation of the heterocycle attached to the benzene ring. Interestingly, the peak at about 9.2 ppm corresponding to the proton from phenolic OH group of the diphenols is not present in the spectra of the benzoxazine precursor achieved evidencing the complete consumption of the reactant. In addition, the signals corresponding to the furan cycle are also observed stressing the preservation of the furan function during the synthesis. More precisely, the protons from the methylene group of furan function are detected at about 3.8 ppm and the protons from furan cycle appear at about 7.6 ppm, 6.4 ppm, and 6.3 ppm. Scheme 2. Representation of a) the syntheses of the different bio-based benzoxazine precursors PDC-Fa, BDC-Fa, and IDC-Fa from enzymatically synthesized diphenols (respectively, PDC, BDC, and IDC) and b) their proposed cured network structures after polymerization (respectively pPDC-Fa, pBDC-Fa, and pIDC-Fa).

FTIR analysis was carried out and the spectra of the precursors are displayed in Figure 2 and compared with the ones of their corresponding diphenols. The main absorbance peaks were identified based on the analysis of the spectra and existing literature on similar structures. [23,27,[48][49][50][START_REF] Wang | Advanced and Emerging Polybenzoxazine Science and Technology, Part V[END_REF] For the three precursors, the characteristic absorption peaks of the benzoxazine ring are observed at 930 cm -1 (C-H out of plane deformation of the benzene ring attached to the oxazine), 1496 cm -1 (stretching vibrations the trisubstituted benzene ring, that is, the benzene ring attached to the oxazine ring), 1224 cm -1 (asymmetric stretching of C-O-C), 1010 cm -1 (symmetric stretching of C-O-C), and 1111 cm -1 which is ascribed to the asymmetric stretching vibration peak of C-N-C of the oxazine ring. In addition, the broad bands over 3200 cm -41 which are characteristic of the stretching vibrations of phenolic O-H groups are not observed anymore in the three benzoxazine precursor spectra. This result is in agreement with 1H NMR data. The C-O-C stretching band of ester functions present on the diphenol moieties should be observed in the interval 1000-1250 cm -1 but itis more difficult to identify and assign it in the benzoxazine precursor spectra due to overlapping. Nevertheless, the characteristic peak of carboxyl group from the ester spacer moieties is well detected at about 1718 cm-1 for the diphenols and at about 1728 cm-1 for the benzoxazine precursors highlighting their formation during the syntheses of the diphenols and their preservation during the benzoxazine syntheses. Finally, the furan group can be observed with the peaks at 1145 cm-1 and 981 cm -1 . In conclusion, NMR and FTIR analyses allow us to clearly attest the formation of the desired benzoxazine molecule structures. 

Polymerization of the Bio-Based Benzoxazine Precursors

The structural changes with temperature, the reactivity of the three precursors (PDC-Fa, BDC-Fa, and IDC-Fa) and their thermal stability were monitored by DSC and TGA, respectively. Conversely to classical benzoxazine resins, DSC thermograms (Figure 3) show no melting peaks for the three synthesized precursors but three glass transition temperatures (Tg) are observed at 19 °C for PDC-Fa, 15 °C for BDC-Fa, and 6 °C for IDC-Fa. The absence of crystallinity and the low Tg values are good indicators of the processing window broadness of the three resins of this study. Moreover, it is known that 1,3-benzoxazine bearing furan groups exhibit exotherm peaks at temperatures in the range of 200-300 °C which are ascribed to the ring-opening polymerization of benzoxazine cycles and the additional participation into the polymerization mechanism of furan moieties resulting in a large exotherm as reported by several authors. [24,27,[48][49][50][START_REF] Wang | Advanced and Emerging Polybenzoxazine Science and Technology, Part V[END_REF] In our case, for the three prepared precursors, two overlapping exothermic peaks with similar maximum temperatures at about 235 °C and 265 °C are observed, suggesting there is little influence of the synthesized monomer structure on the curing temperature. However, a closer observation of the onset values of the exothermic peaks seems to indicate that BDC-Fa exhibits a slightly increased reactivity as shown by the lowest value of Tponset, then comes PDCFa, and finally IDC-Fa (Table 1). Moreover, the enthalpy value of the polymerization reaction is found to be smaller in the case of IDC-Fa highlighting its significant lowest polymerizability when compared to PDC-Fa and BDC-Fa (Table 1). More sterically hindered isosorbide spacer of IDC-Fa compared to flexible aliphatic spacers of PDC-Fa and BDC-Fa could limit the molecular mobility and thus explain lower reactivity of IDC-Fa and higher Tg value. To explore other assumptions, TGA analyses of the three precursors of the study were performed under nitrogen. By TGA, it appears that with temperature the three precursors undergo two main stages of degradation which are presented in Table 1. The first one is observed at about 200-300 °C and is attributed to secondary rearrangement reactions linked to the curing process whereas the second one, which is much more prominent, starts at about 430 °C and is associated to the main degradation of the precursors. It is worth noting that the first degradation step occurs in the same range as the exothermic peak obtained by DSC which corresponds to the curing of the resin. As a result, it partially overlaps the polymerization of the precursors. This phenomenon is found to be more pronounced in the case of IDC-Fa than for PDC-Fa and BDC-Fa as revealed by weight loss values at the temperature of maximum decomposition rate from the first step. This result confirms the lower enthalpy of polymerization measured by DSC in the case of IDC-Fa. Nevertheless, it appears that the weight losses due to the first stage of degradation and recorded by TGA do not affect dramatically the curing of PDC-Fa, BDC-Fa, and IDC-Fa as it proved possible to achieve bulk materials without significant problems and defects. Moreover, these results are in accordance with data reported in the literature for similar types of precursors. [43,45,50] Table 1. Thermal properties of PDC-Fa, BDC-Fa, and IDC-Fa benzoxazine precursors obtained by DSC and TGA. To complete DSC and TGA analyses, rheological measurements were performed to further evaluate the polymerization ability of the resins and determine their processing window. Two types of tests were considered. First, the dynamic viscosity profile of the three resins was evaluated as a function of temperature (Figure 4). This is a very effective and rapid way to achieve an overview of the rheological behavior of the resins. Initially, at room temperature, IDC-Fa precursor forms a lightyellow soft solid (382 Pa s at 45 °C) and exhibits higher viscosity than PDC-Fa and BDC-Ba ones, which are pasty liquid (26 Pa s and 5 Pa s, respectively, at 45 °C). As it can be seen in the Figure below, with the temperature increasing, the viscosity of the three resins are found to drop down to about 0.1 Pa s for IDC-Fa precursor and 0.01Pas.s for PDC-Fa and BDC-Fa ones in the temperature area of 125 °C. It is worth noting that PDC-Fa is slightly more viscous than BDC-Fa in the low temperature range (i.e., <125 °C). This important decrease is attributed to the physical precursor softening due to the raising of temperature. In the temperature range 125-180 °C, the viscosity of the three resins remains almost constant with the resins being in a liquid state (0.1 Pa s for IDC-Fa and about 0.01 Pa s for PDC-Fa and BDC-Fa) and finally increases exponentially due to the polymerization and crosslinking of the resins at temperatures higher than 180 °C. It is worth noting that the three resins have a similar behavior at high temperature (i.e., >180 °C) as can be seen with the overlapping of the rheological curves. These results are consistent with DSC results which indicate a close value of the maximum temperature of polymerization for the three resins. It also further highlights the excellent processability of the three resins in a large range of temperatures and the possibility to achieve low viscosity benzoxazine resins. In addition, isothermal testing at 150 °C and 180 °C under dynamic oscillations of 1 Hz were also performed and resulting storage modulus G′, loss modulus G″, and complex viscosity were measured as a function of time to evaluate the gelationpoint of the three resins. Several criteria can be used to definethe gelation times. Although some authors consider that in the case of many systems, the gel point does not always correspond to the crossover point of the shear storage modulus and loss modulus, it is however the most generally accepted criterion. [START_REF] Winter | [END_REF] Another criterion considers that gelation occurs when viscosity increases exponentially to infinity. [53] The method used in this study to identify the gel point consists in determining the crossover between the tangent line at G′ when this curve reaches a value close to 100 000 Pa s and the time baseline. The gel times of the three benzoxazine systems are gathered in Table 2. It can be seen that gel time is shortened at 180 °C when compared to 150 °C. This can be explained by the fact that when temperature increases, molecular mobility also increases leading to accelerated curing. It is also to note that the differences between the three systems are attenuated with increasing temperature and the three benzoxazine systems exhibit almost the same reactivity at 180 °C whereas they present differences at lower temperature. Indeed, at 180 °C the three benzoxazine systems reach about the same viscosity value as shown in Figure 4 and thus exhibit similar gelation time (around 20 min). Conversely, at 150 °C, BDC-Fa which is also the most fluid system is found to be more reactive than PDC-Fa precursor and IDC-Fa system. These results confirm DSC measurements showing a lower onset temperature of polymerization for BDC-Fa (180 °C) when compared to PDC-Fa and IDC-Fa (192 and 205 °C, respectively). For the three resins, we clearly observe a correlation between their viscosity and their reactivity. It is interesting to note that the gelation times of these resins are compatible with composite manufacture processes allowing them to be considered for composite applications. 

Table 2.

Isothermal rheology measurements of PDC-Fa, BDC-Fa, and IDC-Fa benzoxazine precursors.

Properties of the Bio-Based Cured Polybenzoxazines

Cross-linked polybenzoxazine networks were prepared by curing PDC-Fa, BDC-Fa, and IDC-Fa precursors according to the conditions described in the Experimental Section and led to brown translucent samples pPDC-Fa, pBDC-Fa, and pIDC-Fa, respectively. To investigate their thermal stability, TGA was carried out under nitrogen. The TGA thermograms indicate very similar results for the three resins as can be seen in Figure 5 and Table 3. Interestingly, all the three resins start to degrade at high temperatures close to 400 °C and they exhibit high charring ability which is promising for fire resistance properties. More precisely, at 800 °C, the char content of the three fully biobased resins reaches 50 wt%. This result is due to the high content of aromaticity linked to phenolic and furan groups within the structure of the resulting cross-linked materials. Indeed, furan is known to further increase the cross-linking density of the cured polybenzoxazines and suppress segmental decomposition into gaseous fragments as the decomposition of polybenzoxazines is usually considered to begin with the cleavage of the amino part. [54] It is worth noting that such a high charring ability is of high interest for the preparation of more sustainable light-weight structural composite materials for application in transport industries (railway, aeronautic, aerospace for instance…) where high performance represent a prerequisite. The glass transition (Tg) of the resulting polybenzoxazines were not detected when performing conventional DSC measurements, thus the mechanical transition temperature Tα associated with the Tg was determined using thermomechanical analysis (DMA). The results are shown in Figure 6 and the data values are summarized in Table 3. It appears that the three cross-linked benzoxazine systems of the study exhibit excellent thermomechanical behavior with high value of Tα (250 °C for pPDC-Fa, 218 °C for pBDC-Fa, and 217 °C for pIDC-Fa) and high storage modulus in the glassy state (2.5 GPa for pPDC-Fa, 2.3 GPa for pBDC-Fa, and 3 GPa for pIDC-Fa). It is also to note that the α transitions are quite large for the three cured systems evidencing heterogeneous network structures which result from several reactions (benzoxazine ring opening polymerization and contribution of furan groups to the curing[48,51]…). Interestingly, pIDC-Fa material presents the broader and more intense α transition peak. This reveals that pIDC-Fa network is even more heterogeneous than pPDCFa and pBDC-Fa and also less cross-linked as confirmed by the lower value of the storage modulus in the rubbery area. This result can also be correlated to previous TGA analysis of IDC-Fa precursors which showed that upon curing this system underwent more secondary degradation reactions which are less favorable for cross-linking. In addition, this result is also in accordance with DSC analysis performed on IDC-Fa precursors showing lowest polymerization when compared to PDC-Fa and BDC-Fa systems upon curing cycle. Anyway, the resulting thermomechanical properties of pPDC-Fa and pBDC-Fa allow them from being considered as one of the most promising high-performance matrices being moreover advantageously fully bio-based and initially liquid thus ensuring an easy processing compared to conventional solid crystalline benzoxazines. 

Conclusions

To reduce environmental impacts and decrease the dependence on petro-based resource consumption, the development of new monomers fully issued from renewable resources are gaining interest from both the academic and industrial sectors. In the search for high-performance materials, more attention is being paid to the conversion of renewable aromatic biomass into useful precursors such as benzoxazine type especially for the growing thermoset market. Although benzoxazine resins are considered as promising materials, their processability remains a key issue that needs to be addressed in practical use to facilitate their handling and expand their commercial use. Indeed, most available benzoxazine precursors including commercial ones are petro-based solid powders, which exhibit high liquefying temperature that hinders their handling. Three fully bio-based diphenols combining both high thermal resistance and flexibility were successfully prepared through a sustainable and highly selective lipase-catalyzed enzymatic process from p-coumaric acid and three different diols (propanediol, butanediol, and isosorbide, respectively). These new bio-based reactants were further reacted with furfurylamine and paraformaldehyde to manufacture new low viscosity fully bio-based benzoxazine precursors in high yield (about 90%) exhibiting extremely wide processing windowfrom room temperature up to 200 °C without sacrificing their thermal or thermomechanical performance. More specifically, these low viscosity benzoxazine precursors allow the formation of highly cross-linked networks involving the participation of the furan group into the polymerization and leading to cured thermosetting materials which exhibit glass transition temperatures higher than 200 °C and present remarkable inherent charring ability upon pyrolysis (about 50 wt% at 1000 °C). This work demonstrates that Candida antartica Lipase B biocatalysis applied to naturally occurring and renewable phenolic compounds and more generally enzymatic synthesis is a promising and very valuable tool to design new molecular structures especially tailored to bring new properties to benzoxazines.

  g, 83%) that was used without further purification. 1H NMR (CDCl3): δ (ppm) = 5.25 (m, 2H) 4.88 (t, J = 5.1 Hz, 1H), 4.49 (d, J = 4.8 Hz, 1H), 4.11 (s, 2 H), 4.05 (s, 2 H), 3.99 (d, J = 3 Hz, 2H), 3.9 (t, J = 5.1 Hz, 2H) 13C NMR (CDCl3): δ (ppm) = 166.7, 166.5, 85.7, 80.7, 79.3, 75.3, 73.1, 70.5, 40.6, 40.5 Crude bis(2-chloroacetate) isosorbide (32 g, 107 mmol), crude 4-hydroxybenzaldehyde acetate (38 g, 235 mmol) and triphenylphosphine (70 g, 268 mmol) were suspended in a saturated aqueous solution of sodium hydrogenocarbonate (750 mL). The reaction mixture was stirred at 80 °C for 90 min and extracted twice with ethyl acetate (500 mL). The combined organic layers were washed with brine, dried over anhydrousMgSO4, filtered off, and concentrated. The crude product was chromatographied on silica gel (30 μm) with the following gradient: 7/3 then 45/55 cyclohexane/AcOEt to give 27.5 g (49%)of an E/Z mixture of acetylated IDC-sat. 1H NMR (CDCl3): δ (ppm) = 7.75-7.5 (m, 6H), 7.15-7.10 (m, 4H) 7.0 (m, 0.33H) 6.48-6.35 (2d, J = 15.9 Hz, 1.69H, 2H vinyl E), 6.05-5.9 (2d, J = 12 Hz, 0.33H, 2H vinyl Z), 5.4-5.1 (m, 2.21H), 4.95 (t, J = 4.8 Hz, 0.86 H) 4.75 (t, J = 4.8 Hz, 0.15H), 4.6 (d, J = 4.5 Hz, 0.85H), 4.4 (d, J = 4.5 Hz, 0.15H), 4.2-3.7 (m, 4.3H) 2.25 (s, 6H) 13C NMR (CDCl3): δ (ppm) = 169.

Scheme 1 .

 1 Scheme 1. Lipase-catalyzed transesterification of ethyl dihydrocoumarate with three different bio-based polyols, namely 1,3-propanediol, 1,4-butanediol, and isosorbide.

Figure 1 .

 1 Figure 1. 1H NMR spectra (DMSO-d6) of the different bio-based benzoxazine precursors and the diphenols and furfurylamine used for their synthesis a) PDC-Fa, PDC, and furfurylamine b) BDC-Fa and BDC c) IDC-Fa and IDC.

Figure 2 .

 2 Figure 2. FTIR spectra of the different bio-based benzoxazine precursors, PDC-Fa, BDC-Fa, and IDC-Fa, and their corresponding diphenols: PDC, PDC, and IDC.

Figure 3 .

 3 Figure 3. DSC thermograms of PDC-Fa, BDC-Fa, and IDC-Fa benzoxazine precursors.

  a)Glass transition temperature as obtained by DSC; b)Onset temperature of the exotherm of reaction as obtained by DSC; c)Maximum temperature of the exotherm of reaction as obtained by DSC; d)Enthalpy of the exotherm of reaction as obtained by DSC; e)Temperature of maximum decomposition rate for the first (Td1) and second (Td2) steps as obtained by TGA-N2; f)Weight loss at the temperature of maximum decomposition rate for the first step as obtained by TGA-N2; g)Char at 1000 °C as obtained by TGA-N2.

Figure 4 .

 4 Figure 4. Temperature ramp rheology measurements of PDC-Fa, BDC-Fa, and IDC-Fa benzoxazine precursors.

Figure 5 .

 5 Figure 5. TGA-N2 thermograms of pPDC-Fa, pPDC-Fa, and pIDC-Fa polybenzoxazines. Table3. Thermal and thermomechanical properties of the cured polybenzoxazines.

Figure 6 .

 6 Figure 6. Thermomechanical behavior of pPDC-Fa, pPDC-Fa, and pIDCFa polybenzoxazines by DMA analysis.

  

  1, 166.2, 165.8, 152.3, 144.8, 131.9, 131.8, 129.4, 122.2, 117.3, 117.2, 86.0, 81.0, 78.1, 74.2, 73.6, 70.4, 21.2 Piperazine (23 g, 260 mmol
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