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Abstract

:

Diphenolic acid is functionalized with furfuryl amine and subsequently incorporated in a (partly) bio-based polyester through interfacial polycondensation with terepthalic chloride. The furan groups present in the resulting polyester are able to form a thermoreversible covalent network with different bismaleimide moieties via the Diels–Alder (DA) reaction. Our analysis of the polymer network by 1H-NMR clearly shows the formation of both possible stereoisomers (endo and exo) from the Diels–Alder coordination of furan and maleimide. Furthermore, it was found that these isomers can be reversibly interchanged at temperatures below the reported retro Diels–Alder reaction temperature, a phenomenon often claimed but, until present, never directly observed, for thermally reversible polymeric systems. Finally, a proof of principle for reversibility and recyclability is shown.
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1. Introduction


The uncertain prices of crude oil, the increasing awareness of carbon emissions, and the resulting desire to become gradually independent from fossil fuels constitute strong driving forces behind the search for sustainable alternatives to fossil fuel-based chemicals [1]. An ever increasing number of processes are “going green”. The first and most obvious approach towards this end is the direct substitution of petrol-based chemicals by their bio-based counterparts. There are various examples of commercially available chemicals obtained from renewable resources, such as polyethylene [2] and succinic acid [3]. These “drop-in” products require no special adaptation before using them as they are essentially the same chemical, merely isolated from a different feedstock. The transition towards the use of green chemicals is not always smooth since obtaining these chemicals is hindered by a few complicating factors. Most predominantly, it is often cumbersome to obtain them in high purities as bio-based chemicals are often obtained from a mixture of usually very similar and hard-to-separate chemicals [4]. This problem is particularly pressing for green monomers as these require very high purities in order to be able to undergo successful polymerization reactions [5]. Fortunately, there are cases where a mixture of products has successfully been used as a green component. Indeed, up to 75% of phenol used in wood adhesives can be replaced by a mixture of various phenolic compounds obtained from lignin [6], and polyols from vegetable oils have successfully been employed as crosslinkers in polyurethanes [7]. However, these are rare exceptions rather than common practice. Nevertheless, despite these complications, several successful implementations of green chemicals as monomers have been reported [8,9,10], reducing both the carbon footprint of the associated materials and their fossil fuel dependency. Unfortunately, despite these positive aspects, the simple substitution of oil-based chemicals with biomass-derived ones does not provide an exhaustive answer to the sustainability issue as waste streams (i.e., the waste produced at the end of the product’s life) remain virtually unaffected. Green thermoplastic materials might be recyclable in a “cradle-to-cradle” fashion as this is generally true for polymeric materials with physical (e.g., van der Waals) interactions between the chains [11]. However, thermoset materials are notoriously and factually impossible to recycle according to the “cradle-to-cradle” approach [12]. This is obviously true independent of their origin, i.e., whether oil- or bio-based. In the past decade, many efforts have been made in order to increase the recyclability of these materials, and a promising recent advancement is the use of thermoreversible crosslinking by means of the Diels–Alder reaction [8,9,10]. The reversible nature of the Diels–Alder reaction has been successfully applied in self-healing polymers [13,14,15,16,17,18,19,20,21]. Most popular is the reaction between a furan and maleimide [11,22], mainly due to fast kinetics and the wide availability of the reacting groups [12], although systems based on cyanofumarate and fulvene [23] or anthracene and maleimide [24] have also been reported. The application of the Diels–Alder reaction in crosslinking has many advantages: as the formed bonds are covalent, the superior properties attributed to thermosets will be retained (e.g., due to their crosslinked structure, these usually possess superior barrier and mechanical properties, as well as higher chemical resistance than most thermoplastic ones). Furthermore, as the reaction is an equilibrium one and its extent can be easily influenced by changing the temperature, it constitutes an ideal candidate for use as a crosslinking reaction. Finally, the temperatures for bond formation and the reverse reaction, which yields the de-crosslinked product, are sufficiently far apart (namely, 50–80 °C and 110–170 °C, respectively, for furan and maleimide) to ensure that the obtained materials have a large application window.



The conceptual combination of thermal reversibility with the “green” character of available monomers constitutes a possible solution to the problems outlined above, thus providing in principle a lower carbon footprint as well as recyclability (cradle-to-cradle) of the end product. In this context, the presence of functional groups (e.g., -OH ones), is often considered a major drawback of green chemicals, when compared to fossil fuel-based ones, might be conveniently exploited to provide the chemicals with an added functionality. A paradigmatic example is constituted by diphenolic acid (DPA), a structural analog to bisphenol A [25] obtained via a condensation reaction of levulinic acid [26] with phenol. The only difference with bis-phenol A is the presence of an extra carboxylic acid moiety. Bisphenol A is widely used as monomer in polycarbonate and epoxy resin synthesis, but is also employed as a rigidifier in polyester resins. Apart from the fact that it is currently obtained from non-renewable resources, it is also a toxic chemical with shown estrogenic properties. Polycarbonates and polyesters have been successfully synthesized using unmodified DPA [25,27] or after protection of the acid group [28]. However, the acidic group might also be employed for a chemical reaction with a furan-bearing molecule, thus enabling the possibility at later stage for a Diels–Alder crosslinking reaction.



The aim of this work is to ideally combine the two strategies towards sustainability: i.e., the bio-based character and the possibility for thermally reversible crosslinking and. thus. The possibility for recycling. To this end, DPA was modified with furfuryl amine to obtain a furan-functionalized diol. The incorporation of this monomer into a fully aromatic novel polyester is described based on known polymerization concepts. Finally, the obtained polymer was crosslinked by employing the Diels–Alder reaction with a bismaleimide in order to provide a preliminary proof of principle for the possibility of recycling the end product.




2. Materials and Methods


2.1. Chemicals


4,4′bis(hydroxyphenyl)valeric acid (Diphenolic acid, DPA) 95%, 2-methyltetrahydrofuran (MeTHF) anhydrous, N,N′Carbonyldiimidazole (CDI) 97%, Terephtaloylchloride 99+%, and 1,1(methylenedi-4,1-phenylene)bismaleimide 95% were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received. Furfurylamine 99+% was purchased from Sigma-Aldrich and distilled prior to use. Dodecyl bismaleimide was synthesized as described in the literature [29].




2.2. Equipment


The 1H-NMR spectra were recorded on a Varian Mercury Plus 400 MHz using DMSO-d6 as a solvent. The 1H-NMR spectra of the samples at elevated temperatures were recorded on a Varian Mercury Plus 500 MHz using DMSO-d6 as a solvent. The PPM values are given relative to tetramethylsilane (TMS). Thermogravimetric analysis was performed on a Mettler Toledo TGA. The samples were weighed (ca. 10 mg) and placed in the analyzer. Subsequently, the temperature was raised from 25 °C to 900 °C at a heating rate of 10 °C per minute under N2 atmosphere. Differential scanning calorimetry (DSC) was performed on a Perkin Elmer differential scanning calorimeter Pyris 1 under N2 atmosphere. Before DSC, the sample was weighed (ca. 12 mg) and subsequently heated from 25 °C to 180 °C. Multiple cycles were performed at a heating rate of 10 °C/min throughout the measurements. The DMTA measurements were performed using a Rheometrics scientific solid analyzer (RSA II) under air using the dual cantilever mode at an oscillation frequency of 1 Hz and a heating rate of 5 °C/min. The GPC measurements were performed on a HP1100 equipped with three 300 × 7.5 mm PLgel 3 μm MIXED-E columns in a series using a GBC LC 1240 RI detector. The average molecular weight calculations were performed with the PSS WinGPC Unity software from Polymer Standards Service.



The following conditions were used: THF as eluent at a flow rate of 1 mL min−1; 140 bar, a column temperature of 42 °C, 20 μL injection volume, and a 10 mg mL−1 sample concentration. Toluene was used as a flow marker, and polystyrene samples with different molecular weights were used as the calibration standard. The pressing of samples was performed in a Taunus-Ton press type VS up to 150 A.




2.3. GPC


GPC measurements were performed to determine the average chain length, and, while absolute values cannot be given due to the absence of a suitable reference calibration, the spectra obtained across various samples confirm a consistent distribution of chain lengths between batches.




2.4. Synthesis of DPA-Fur


Diphenolic acid (1, 5 g, 17.5 mmol), 2-methylhydrofuran (30 mL) and N,N′-carbonyldiimidazole (1.2 equivalent, 3.398 g, 21 mmol) were charged to a dry three-neck round-bottomed flask connected to a cooler under N2. The reaction was stirred under reflux conditions (90 °C) for 2 h. Furfurylamine (1.2 equivalent, 1.85 mL, 21 mmol) was added, and the reaction was stirred at 90 °C for an additional 5 h. The reaction mixture was then allowed to cool to room temperature and diluted with additional 2-methylhydrofuran (45 mL). The solution was washed with 1M HCl (2 × 37 mL), 0.1 M NaOH (2 × 47 mL) and brine (1 × 15 mL) successively. Evaporation of the organic layer yields a yellow oil. The final purification by recrystallization from ethanol gave 3.26 g (51.1%) of white solid.



1H NMR (300 MHz, DMSO-d6)δ 9.16 (s, 2H, OH) 8.19 (t, 1H, NH) 7.53 (s, 1H, fur-p) 6.93 (d, 4H, benzene-o) 6.62 (d, 4H, benzene-m) 6.35 (t, 1H, fur-m) 6.18 (d, 1H, fur-o) 4.19 (d, 2H, N-CH2) 2.17 (t, 2H, -CH2-) 1.86 (t, 2H, -CH2-) 1.45 (s, 3H, -CH3).




2.5. Polymerization (DPA-Fur/Tereph)


DPA-fur (3, 1.755 g, 4.8 mmol), tert-butyl ammonium bromide (0.152 g, 8.7 wt.% on DPA-fur), sodium hydroxide (0.384 g, 9.6 mmol), and water (45 mL) were charged to a one-neck round-bottomed flask (250 mL). The mixture was stirred vigorously. Terephthaloyl chloride (0.975 g, 4.8 mmol) dissolved in chloroform (45 mL) was added to the reaction mixture. The reaction was stirred vigorously for 2 h. Precipitation in methanol (1800 mL) yielded 2.20 g (95.6%) of white solid.



Analysis:



1H NMR (300 MHz, DMSO-d6) δ 8.42–7.95 (m, 4H, aromatic not next to ester) 7.53 (s, 1H, fur-p) 7.42–7.12 (m, 8H, aromatic next to ester) 6.34 (s, 1H, fur-m) 6.19 (s, 1H, fur-o) 4.21 (d, 2H, N-CH2) 2,38 (broad s, 2H, -CH2-) 1.95 (broad s, 2H, -CH2-) 1.63 (s, 3H, -CH3).




2.6. DMTA Sample Preparation via Compression Moulding


First, a mixture of polymer and bismaleimide was prepared by dissolving the desired amount of bismaleimide in a minimal amount of chloroform (e.g., 0.25 g polymer, 0.09 g of bismaleimide in 1 mL of CHCl3). Mixing and successive solvent removal by rotary evaporation yielded a crosslinked film of polymer. This film was dried overnight in an oven at 60 °C, then frozen in liquid nitrogen and ground into particles using an IKA industrial hand grinder. This powder was pressed into bars (6 mm wide, 54 mm long, and 1 mm thick). Pressing was performed at 4 MPa at a temperature of 150 °C for 15 min. The material was expected to, and did, behave as a flowing thermoplastic polymer as this temperature is above the RDA decoupling temperature as well as above the Tg of the uncrosslinked polymer. The samples were cooled slowly inside the press (~30 min) to allow the formation of a rigid network through DA coupling. Afterwards, the samples were placed in an oven at 50 °C for 24 h to ensure complete crosslink formation.





3. Results and Discussion


The overall strategy for the synthesis of the desired polymers relies on the possibility of modifying DPA and functionalizing it (Scheme 1, top) with a Diels–Alder reactive group (in this case, furan). The employed reaction conditions, based on similar ones for amidation reactions [30], entail the use of an intermediate (the imidazole peptide), subsequently reacted with fufurylamine to yield the desired product.



This synthetic strategy allows for very controlled reaction conditions and a high purity and acceptable yield of the end product. Indeed, after crystallization, the DPA-fur was obtained in a 51% yield as an off-white powder characterized by a 1H NMR spectrum with no relevant traces of impurities (Figure 1). DPA-fur was then subsequently polymerized with terephtaloyl chloride in a two-phase system (Scheme 1, bottom) as described in the literature [31]. Clean polymer formation was evident from the complete disappearance of the signals at δ 9.4 ppm in 1H NMR (corresponding to the OH group on the DPA-fur monomer). Furthermore, aromatic protons from both terephtaloyl chloride and the DPA-fur shifted significantly. Two distinct groups of peaks can be identified, one at δ 7.42–7.12 ppm belonging to the aromatic protons next to an ester bond containing eight protons (4 o-from the DPA-fur, and 4 from the terephtaloyl monomer), and another group at δ 8.42–7.95 ppm containing four protons (the o-protons from DPA-fur away from the ester bond).



Crosslinking of the prepared polymer via the Diels–Alder reaction was achieved by mixing it with an equimolar amount of bismaleimide in DMSO. The system was expected to crosslink by a reaction of the pendant furan moieties with the maleimide groups (Scheme 2).



The reaction was initially carried out in DMSO in order to visually observe gel formation (indicative of the formation of a network structure), as well as to preliminarily investigate its reversibility as a function of temperature. Two types of bismaleimide were added in various ratios, and the gelation time (defined as the time it took the stirrer to stop spinning), a rough indication for the gel formation kinetics, was determined (Table 1). In the first instance, it is worth noting how both bismaleimides were able to induce gel formation, thus indicating network formation. It was also evident that the aromatic bismaleimide displayed faster kinetics than the aliphatic one. The significant difference in gelation times might be related to different reaction kinetics. On the other hand, this might also be due to the possibility of the aliphatic crosslinker (because of its flexible nature) to backbite coordination where both maleimide groups attach to the same polymer chain. The aromatic bismaleimide was expected to be far too rigid to be able to coordinate in this fashion [32]. Furthermore, increasing the maleimide to furan ratio led to a decrease in gelation time. This has been observed for other polymeric systems crosslinked in the same way [12] and is most probably related to the second-order kinetics (first-order in the bismaleimide) of the crosslinking reaction.



Generally speaking, the chemical reversibility of the furan–bismalimide systems has been already investigated and reported in previous studies (among others in our group [12,22]). In all these studies, this reversibility (as proved by FT-IR, but also by using model compounds) is also coupled with the thermal and mechanical one, as also shown in this paper (see below). However, in these published works, no light could be shed on the chemistry of crosslinking as the prepared samples, in all cases insoluble networks, did not allow any accurate spectroscopic analysis. In the present case, the relatively low molecular weight allowed the elucidation of the mechanism of crosslinking at the molecular level by solution NMR. First, a sample containing uncrosslinked polymers and bismaleimide in a 1:1 ratio of maleimide to furan groups in DMSO-d6 was prepared. Immediately after mixing, an NMR spectrum was recorded (spectrum I in Figure 2). Next the sample was heated to 50 °C for 3 h; this should ensure complete formation of the crosslinks. Afterwards, another NMR spectrum was recorded, and the signals attributed to the DA adduct of furan and maleimide could clearly be detected (spectrum II in Figure 2). There have been various reports describing [12,22] the assignments of these signals based on model compounds. Interestingly, there are two clearly distinct peaks for the endo and exo adducts visible. To the best of our knowledge, this is the first direct confirmation for the formation of both species since similar works on different systems describe an NMR spectrum of a crosslinked polymer network [22], but only see a single peak which is attributed to both isomers. When the sample was subsequently heated to 150 °C for 5 min and a new spectrum was recorded. the adduct signals disappeared indicating that the RDA reaction had completely occurred (spectrum III in Figure 2). This is further proof, in addition to the gelation process and its reverse (vide supra), of the reversibility of this crosslinking system in solution.



Being able to observe the two DA adducts in the NMR, an attempt was made to quantify their relative ratio as a function of temperature. This is quite interesting as such a shift in the ratio of these two adducts has been frequently invoked in the literature in order to clarify the thermal behavior of thermal reversible networks [12,33], yet no clear proof has ever been reported for a crosslinked polymeric system. For the present system, in another experiment, the same solution containing uncrosslinked polymer and bismaleimide in a 1:1 maleimide:furan group ratio was created. A spectrum was recorded immediately after mixing (spectrum I in Figure 3). Next, the sample was heated to 65 °C for 2 h, and a new spectrum was recorded (spectrum II in Figure 3). Once again, the signals belonging to the DA adduct were found, and the ratio of endo:exo adducts was 58:42. It is well known that the DA reaction is an equilibrium reaction, and that the exo isomer is thermodynamically favored and the endo adduct is kinetically favored. When the sample was kept as 65 °C for 48 h and another spectrum was recorded (spectrum III in Figure 3), the ratio of endo:exo isomers shifted significantly to 11:88. This constitutes, to the best of our knowledge, the first direct confirmation of the formation of two adducts in as well as their nature (thermodynamically and kinetically favored) for furan maleimide crosslinking reactions on a polymeric system. Indeed, other studies have shown a similar behavior, but only model compounds or singular adducts have been used [22].



The formation of the two DA adducts and their relative ratio might be of pivotal importance for thermal reversibility of the system, as suggested for the related ones [34].



Thermal reversibility was tested by cyclical DSC measurements, according to which the material was heated to 180 °C and subsequently cooled to room temperature eight consecutive times (Figure 4 for DPA-fur/tereph). The DA coupling is exothermic, while the RDA decoupling is an endothermic process. The integral of the corresponding peaks is an indication of the extent of the reaction.



The results suggest that the system shows thermoreversible coupling and decoupling: the heat capacity of the material did not change significantly over the course of all cycles, which is an indication of full reversibility [12,35]. The peak at 150 °C is related to the RDA decoupling reaction, while the DA coupling is not immediately apparent in this graph as it occurred gradually while cooling the sample. Over the course of all cycles, the maximum of the RDA peak at 150 °C shifted to higher values. A similar shift has been reported for related systems [12,22], for which this was firstly and hypothetically attributed to the RDA reaction being too slow with respect to the DSC timescale. However, this was later disproven, and the difference likely lies in a change in the ratio of endo and exo DA adducts. It has previously been established [34] that the exo isomer is thermodynamically favored, which makes it likely that the kinetically favored endo adduct is initially formed in excess. Nevertheless, during the course of heating and cooling this equilibrium shifts towards the more favored exo product, which in turn should have a higher temperature of RDA decoupling. This is in striking agreement with the NMR experiments (vide supra) and thus provides direct conformation of the formation and importance of the adducts on the thermal behavior.



In order to assess the mechanical properties of the material, DMTA measurements were performed. The formation of solid, homogeneous bars is an indication of the reversibility of the compound, as without reversible crosslinking taking place, only a compressed powder would be obtained. In order to elucidate the effect of the crosslinking degree on the softening temperature (tan (δ) peak), various samples containing different maleimide:furan ratios were prepared. Figure 5 shows G′ and G″ as well as the tan(δ) for samples with 1:1 1:2 and 1:10 mol:mol ratios of maleimide:furan groups.



The softening temperatures were 137 °C, 135 °C, and 120 °C for the 1:1, 1:2, and 1:10 ratios of maleimide:furan, respectively. The effect of the MAL:FUR ratio on the softening point was less expressed than that reported for the related systems (Figure 6).



A highly substituted (60%) polyketone-based system (PK50) displays a drop in softening temperature from 102 °C to 86 °C upon changing the MAL:FUR ratio from 1:1 to 1:2 (halving the amount of bismaleimide). An additional halving of the amount of bismaleimide led to an even larger decrease of the softening point (22 °C lower). A similar trend was observed when looking at the system obtained by the copolymerization of bis(hydroxymethyl)furane and succinic acid (PFS) [36]: when halving the amount of bismaleimide, the softening point dropped from 38 °C to 9 °C. Since this value is below the Tg of the uncrosslinked material (15 °C) [37], the authors attribute this to a disturbance in the chain packing due to the presence of a crosslinker. For DPA-fur, the effect of halving the amount of bismaleimide on the softening temperature was practically insignificant; only a drop of 2 °C was observed. The large difference in the softening point for the other systems probably stems from the low Tg of the uncrosslinked polymer. When the amount of crosslinker was reduced, the material behaved increasingly similar to a branched polymer structure than a three-dimensional network. The Tg of the material will become closer to that of the uncrosslinked polymer as less crosslinker is added. Interestingly, when reducing the amount of crosslinker even further to the ratio of 1:10 MAL:FUR, the softening point of DPA-fur also dropped below the Tg of the uncrosslinked polymer. The aromatic groups present in DPA-fur are likely involved in π-π stacking interactions, which are disturbed by the presence of small amounts of crosslinker. Apparently, the π-π-interactions have a larger influence on the softening point than the small amount of crosslinker present. Finally, the softening point observed for the 1:1 MAL:FUR DPA-fur network was much closer to the theoretical RDA temperature for furane and maleimide groups (e.g., 150 [35]), which could be an indication of a more stable crosslink. Furthermore, as the material remains crosslinked for a larger range of temperatures (e.g., decrosslinking occurs at higher temperatures), this should provide a larger window of application for the resulting material than the PFS- and PK50-based materials.



Another way of influencing the thermal behavior is the use of a different crosslinker [36]. When the aromatic bismaleimide was substituted by an aliphatic one containing a C12 chain between the maleimide groups, a decrease in the softening point by 10 °C was observed (Figure 7).



These results are comparable to the findings reported by Zeng et al. where a drop of approximately 10 °C was reported, as well for the 1:2 ratio of MAL:FUR when substituting the aromatic bismaleimide for an aliphatic one containing a C2OC2OC2 ether bridge [38]. This behavior likely comes from the increased flexibility of the aliphatic bismaleimide compared to its aromatic counterpart. This increased flexibility should result in a less rigid network. Furthermore, as suggested by the gelation experiments, the aliphatic crosslinker should be able to participate in backbiting coordination, limiting its availability for the formation of crosslinks. Independent of the exact mechanism, the observed results indicate that in the case of the present polymer, the amount and structure of the crosslinker might be conveniently used to manipulate the mechanical behavior of the end product.



In order to assess the mechanical reworkability and thermal recovery of the material, cyclical DMTA measurements were performed. The samples were heated to 160 °C and successively cooled back to room temperature (20 °C) for four cycles (Figure 8).



During cooling, the material was expected to re-form the DA crosslinks that had been broken at high temperatures by the RDA reaction (which is dominant at these elevated temperatures). If the DA reaction is performed consistently, the material should display the same mechanical properties in all subsequent cycles. A relatively large change in properties was observed between the first and second cycle; this is consistent with the shift observed in DSC, and the explanation given of a kinetically favored orientation (endo vs. exo) still holds true. However, after each consecutive cycle, the softening point of the material increased. If the only equilibrium involved is the changing from an endo to exo isomer, the difference should not be as large as that observed. Most likely, a more permanent change occurs in the material under these circumstances. A well-known side reaction of the Diels–Alder adduct of furan and maleimide is the formation of an aromatic ring via the elimination of water [35]. The mechanical properties of the material were not expected to change significantly in the low-temperature region as in both cases (reversible crosslinked and aromatized crosslinked) a covalently crosslinked network was obtained. However, as the aromatization leads to an irreversible network under these conditions, less crosslinks will be broken in each consecutive cycle, explaining the ever increasing softening point. This indicates that the observed system is only able to display full reversibility for a few thermal cycles.




4. Conclusions


In this work, diphenolic acid was successfully functionalized with furfurylamine, yielding a furan-bearing diol. This was incorporated into an aromatic polyester by reacting it with terephtaloyl chloride in an interfacial polycondensation reaction. The polymer obtained contains pendant furan groups, which are able to participate in reversible crosslinking, forming a thermally reversible network.



Reversibility was shown in solution by gelation experiments, where a gel was formed between 15 and 45 min when employing the aromatic crosslinker, depending on the ratio of maleimide to furan groups. Gelation with an aliphatic crosslinker took significantly longer: 143 to 368 min, depending on the maleimide to furan ratio. Decoupling (evident by the transition of gel to solution) occurred for all samples in approximately 3 min at 150 °C for all experiments.



Reversibility in the solid state was shown by the cyclical DSC measurements where the peak for RDA decoupling had a maximum at 154 °C for the first cycle. The maximum shifted slightly towards 160 °C for the eighth cycle, but all the other thermal properties of the material remained constant. The small shift in the maximum is attributed to differences in the ratio of endo and exo adducts formed. The NMR measurements showed a clear shift from a kinetic equilibrium to a thermodynamic one.



The material displays the recovery of mechanical properties, as evident from the cyclical DMTA measurements, and after an initial change, the polymer displays a high degree of recovery. However, the increase in the softening point after each cycle suggests that irreversible aromatization of the furanes and maleimides occurs.







Author Contributions


Conceptualization M.B., A.A.B., H.J.H. and F.P.; Methodology M.B. and F.P.; Investigation M.B.; Writing—original draft preparation M.B.; Funding acquisition H.J.H., F.P. and A.A.B.; Writing—review and editing H.J.H., A.A.B. and F.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Biobased Performance Material (BPM) research program, grant number BPM 052.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to acknowledge the former student L. Mevius for his contribution to (part of) the experimental work presented in this paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sheldon, R.A. Green and sustainable manufacture of chemicals from biomass: State of the art. Green Chem. 2014, 16, 950–963. [Google Scholar] [CrossRef]

	



Almanza, L.O.; Chanaga, Q.T.M.; Ramirez, S.I.B. Proceso para la Produccion de Propileno y Etileno a Partir de Etanol Empleando un Catalizador Zeolitico. WO2012085690 A1, 2012. Available online: https://patents.google.com/patent/WO2012085690A1/es (accessed on 19 January 2022).

	



Beauprez, J.J.; De Mey, M.; Soetaert, W.K. Microbial succinic acid production: Natural versus metabolic engineered producers. Process Biochem. 2010, 45, 1103. [Google Scholar] [CrossRef]

	



Joffres, B.; Lorentz, C.; Vidalie, M.; Laurenti, D.; Quoineaud, A.-A.; Charon, N.; Daudin, A.; Quignard, A.; Geantet, C. Catalytic hydroconversion of a wheat straw soda lignin: Characterization of the products and the lignin residue. Appl. Catal. B Environ. 2014, 145, 167–176. [Google Scholar] [CrossRef]

	



Kawalec, M.; Coulembier, O.; Gerbaux, P.; Sobota, M.; De Winter, J.; Dubois, P.; Kowalczuk, M.; Kurcok, P. Traces do matter-Purity of 4-methyl-2-oxetanone and its effect on anionic ring-opening polymerization as evidenced by phosphazene superbase catalysis. React. Funct. Polym. 2012, 72, 509–520. [Google Scholar] [CrossRef]

	



Mittal, M.; Sharma, C.B. Studies on Lignin-Based Adhesives for Plywood Panels. Polym. Int. 1992, 29, 7–8. [Google Scholar] [CrossRef]

	



Kong, X.; Liu, G.; Qi, H.; Curtis, J.M. Preparation and characterization of high-solid polyurethane coating systems based on vegetable oil derived polyols. Prog. Org. Coat. 2013, 76, 1151–1160. [Google Scholar] [CrossRef]

	



Gandini, A. Polymers from Renewable Resources: A Challenge for the Future of Macromolecular Materials. Macromolecules 2008, 41, 9491–9504. [Google Scholar] [CrossRef]

	



Williams, C.K.; Hillmyer, M.A. Polymers from Renewable Resources: A Perspective for a Special Issue of Polymer Reviews. Polym. Rev. 2008, 48, 1–10. [Google Scholar] [CrossRef]

	



Belgacem, M.N.; Gandini, A. (Eds.) Monomers, Polymers and Composites from Renewable Resources; Elsevier: Amsterdam, The Netherlands, 2008. [Google Scholar]

	



Wendelin, G.; Feichtinger, K.; Hackl, M. Method for the Pretreatment, Reprocessing or Recycling of Thermoplastic Material. U.S. Patent Application No. 12/514,070, 2010. Available online: https://patents.google.com/patent/AU2010257435B2/en (accessed on 19 January 2022).

	



Zhang, Y.; Broekhuis, A.A.; Picchioni, F. Thermally Self-Healing Polymeric Materials: The Next Step to Recycling Thermoset Polymers? Macromolecules 2009, 42, 1906–1912. [Google Scholar] [CrossRef]

	



Chen, X.; Dam, M.A.; Ono, K.; Mal, A.; Shen, H.; Nutt, S.R.; Sheran, K.; Wudl, F. A Thermally Re-mendable Cross-Linked Polymeric Material. Science 2002, 295, 1698–1702. [Google Scholar] [CrossRef]

	



Chen, X.; Wudl, F.; Mal, A.; Shen, H.; Nutt, S. New Thermally Remendable Highly Cross-Linked Polymeric Materials. Macromolecules 2003, 36, 1802. [Google Scholar] [CrossRef]

	



Liu, Y.; Chen, Y. Thermally Reversible Cross-Linked Polyamides with High Toughness and Self-Repairing Ability from Maleimide- and Furan-Functionalized Aromatic Polyamides. Macromol. Chem. Phys. 2007, 208, 224–232. [Google Scholar] [CrossRef]

	



Liu, Y.; Hsieh, C. Crosslinked epoxy materials exhibiting thermal remendablility and removability from multifunctional maleimide and furan compounds. J. Polym. Sci. Part A Polym. Chem. 2006, 44, 905–913. [Google Scholar] [CrossRef]

	



Kavitha, A.A.; Singha, N.K. “Click Chemistry” in Tailor-Made Polymethacrylates Bearing Reactive Furfuryl Functionality: A New Class of Self-Healing Polymeric Material. ACS Appl. Mater. Interfaces 2009, 1, 1427–1436. [Google Scholar] [CrossRef]

	



Zhang, J.; Niu, Y.; Huang, C.; Xiao, L.; Chen, Z.; Yang, K.; Wang, Y. Self-healable and recyclable triple-shape PPDO-PTMEG co-network constructed through thermoreversible Diels-Alder reaction. Polym. Chem. 2012, 3, 1390–1393. [Google Scholar] [CrossRef]

	



Plaisted, T.A.; Nemat-Nasser, S. Quantitative evaluation of fracture, healing and re-healing of a reversibly cross-linked polymer. Acta Mater. 2007, 55, 5684–5696. [Google Scholar] [CrossRef]

	



Yoshie, N.; Watanabe, M.; Araki, H.; Ishida, K. Thermo-responsive mending of polymers crosslinked by thermally reversible covalent bond: Polymers from bisfuranic terminated poly(ethylene adipate) and tris-maleimide. Polym. Degrad. Stab. 2010, 95, 826–829. [Google Scholar] [CrossRef]

	



Peterson, A.M.; Jensen, R.E.; Palmese, G.R. Room-Temperature Healing of a Thermosetting Polymer Using the Diels-Alder Reaction. ACS Appl. Mater. Interfaces 2010, 2, 1141–1149. [Google Scholar] [CrossRef]

	



Toncelli, C.; De Reus, D.C.; Picchioni, F.; Broekhuis, A.A. Properties of Reversible Diels-Alder Furan/Maleimide Polymer Networks as Function of Crosslink Density. Macromol. Chem. Phys. 2012, 213, 157–165. [Google Scholar] [CrossRef]

	



Reutenauer, P.; Buhler, E.; Boul, P.J.; Candau, S.J.; Lehn, J.M. Room Temperature Dynamic Polymers Based on Diels–Alder Chemistry. Chem. A Eur. J. 2009, 15, 1893–1900. [Google Scholar] [CrossRef]

	



Yoshie, N.; Saito, S.; Oya, N. A thermally-stable self-mending polymer networked by Diels–Alder cycloaddition. Polymer 2011, 52, 6074–6079. [Google Scholar] [CrossRef]

	



Moore, J.A.; Tannahill, T. Homo- and Co-Polycarbonates and Blends Derived from Diphenolic Acid. High Perform. Polym. 2001, 13, S305–S316. [Google Scholar] [CrossRef]

	



Hayes, D.J.; Fitzpatrick, S.; Hayes, M.H.B.; Ross, J.R.H. The Biofine Process? Production of Levulinic Acid, Furfural, and Formic Acid from Lignocellulosic Feedstocks. In Biorefineries-Industrial Processes and Products; Wiley-VCH: Weinheim, Germany, 2005; pp. 139–164. [Google Scholar]

	



Park, D.; Ha, D.; Park, J.; Moon, J.; Lee, H. Synthesis of Aromatic Polyesters Bearing Pendant Carboxyl Groups by Phase Transfer Catalysis. React. Kinet. Catal. Lett. 2001, 72, 219–227. [Google Scholar] [CrossRef]

	



Cheronis, J.C.; Whalley, E.T.; Nguyen, K.T.; Eubanks, S.R.; Allen, L.G.; Duggan, M.J.; Loy, S.D.; Bonham, K.A.; Blodgett, J.K. A new class of bradykinin antagonists: Synthesis and in vitro activity of bissuccinimidoalkane peptide dimers. J. Med. Chem. 1992, 35, 1563–1572. [Google Scholar] [CrossRef] [PubMed]

	



Malone, T.; Schelkun, R.M.; Yuen, P. Substituted Phenols as Novel Calcium Channel Blockers. U.S. Patent US6,124,280, 2000. Available online: https://patents.google.com/patent/US6124280A/en (accessed on 19 January 2022).

	



Isabel Loria-Bastarrachea, M.; Aguilar-Vega, M. Synthesis and Gas Transport Properties of Polyesters and a Copolyester Obtained from 4,4′-(9-Fluorenylidene) Bisphenol and 4,4′-(1-Phenylethylidene) Bisphenol. Ind. Eng. Chem. Res. 2010, 49, 12060–12066. [Google Scholar] [CrossRef]

	



Peterson, A.M.; Jensen, R.E.; Palmese, G.R. Thermoreversible and remendable glass–polymer interface for fiber-reinforced composites. Compos. Sci. Technol. 2011, 71, 586–592. [Google Scholar] [CrossRef]

	



Gousse´, C.; Gandini, A.; Hodge, P. Application of the Diels-Alder Reaction to Polymers Bearing Furan Moieties. 2. Diels-Alder and Retro-Diels-Alder Reactions Involving Furan Rings in Some Styrene Copolymers. Macromolecules 1998, 31, 314–321. [Google Scholar] [CrossRef]

	



Canadell, J.; Fischer, H.; De With, G.; Van Benthem, R.A.T.M. Stereoisomeric Effects in Thermo-Remendable Polymer Networks Based on Diels-Alder Crosslink Reactions. J. Polym. Sci. Part A Polym. Chem. 2010, 48, 3456–3467. [Google Scholar] [CrossRef]

	



Zeng, C.; Seino, H.; Ren, J.; Hatanaka, K.; Yoshie, N. Self-healing bio-based furan polymers cross-linked with various bis-maleimides. Polymer 2013, 54, 5351–5357. [Google Scholar] [CrossRef]

	



Rulíšek, L.; Šebek, P.; Havlas, Z.; Hrabal, R.; Čapek, P.; Svatoš, A. An experimental and theoretical study of stereoselectivity of furan-maleic anhydride and furan-maleimide Diels-Alder reactions. J. Org. Chem. 2005, 70, 6295–6302. [Google Scholar] [CrossRef]

	



Zeng, C.; Seino, H.; Ren, J.; Hatanaka, K.; Yoshie, N. Bio-Based Furan Polymers with Self-Healing Ability. Macromolecules 2013, 46, 1794–1802. [Google Scholar] [CrossRef]

	



Gandini, A.; Coelho, D.; Silvestre, A.J.D. Reversible click chemistry at the service of macromolecular materials. Part 1: Kinetics of the Diels–Alder reaction applied to furan–maleimide model compounds and linear polymerizations. Eur. Polym. J. 2008, 44, 4029–4036. [Google Scholar] [CrossRef]

	



Tesoro, G.C.; Sastri, V.R. Synthesis of siloxane-containing bis(furans) and polymerization with bis(maleimides). Ind. Eng. Chem. Prod. Res. Dev. 1986, 25, 444–448. [Google Scholar] [CrossRef]








[image: Applsci 12 02461 sch001 550] 





Scheme 1. (Top): modification of DPA to DPA-fur. (Bottom): polymerization of DPA-fur with terephtaloylchloride. 
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Figure 1. NMR spectrum of DPA-fur. 
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Scheme 2. Diels–Alder crosslinking of polymer chains. R = C12, (C6H4)-CH2-(C6H4) (see Table 1). 
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Figure 2. NMR spectra of uncrosslinked polymers and bismaleimide; (I): no reaction, (II): 3 h at 50 °C, (III): 5 min at 150 °C. Inset: both regioisomers and assignments. 
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Figure 3. 1H-NMR spectra of unreacted polymer and crosslinker (I) after 2 h (II) and 48 h (III) at 65 °C (only the endo/exo protons are shown). 
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Figure 4. DSC measurements of reversible network formation for DPA-fur/tereph. 
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Figure 5. DMTA measurements of polymers containing various maleimide to furan ratios. 
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Figure 6. Softening temperature of various DA systems for varying MAL:FUR ratios (0:1 refers to the uncrosslinked polymer). 
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Figure 7. DMTA measurements of aromatic (top) and aliphatic (bottom) crosslinkers. 
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Figure 8. Cyclical DMTA measurements using the aromatic crosslinker (top) and the aliphatic crosslinker (bottom). Only the heating steps are shown. 
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Table 1. Gelation times for various ratios of two different bismaleimides.
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Ratio maleimides to furanes (mol:mol)

	
1:1

	
2:1

	
3:1

	
4:1




	

	
Gelation time (min)
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1,1′-(methylenedi-1,4-phenylene)bismaleimide

	
45

	
32

	
25

	
15
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Dodecyl bismaleimide

	
368

	
226

	
190

	
143

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
—C(11) G (1:1) emOmmtan(s) (1:1)
—(12) =G (1:2) =Ommtan(s)(1:2)
—' (1:10) il G" (1:10) smOmmtan(s) (1:10)

T T T T T
20 40 60 80 100 120 140 160

Temp (°C)

tan(s)





media/file4.png
— 3500

— 3000

— 2500

— 2000

— 1500

— 1000

— 500
—0

DMSO

Water

N ==

”TH.N i

Fseo

Feso

H_Hlnoé

H_”lmoé

”_”lnm.o

H_Hlmm.o

”_”lmm..ﬁ

f1 (ppm)





media/file18.png
1004 | 8 G'{aromatic)
—Hl— G"{aromatic)
A tan(s) (aromatic)
m o~
60

O 10° - =
- S
Oio -

10° 5

105 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I

20 40 60 80 100 120 140 160
temperature (°C)
10° = —0O— G'(aliphatic)
—0O— G"(aliphatic)
2 tan(s)(aliphatic)

L10° .
i r
¢ C
- S
010? =

10° 5

20 40 60 80 100 120 140 160
Temperature (°C)





media/file3.jpg





media/file22.png





media/file19.jpg
tan(s)

S0_ 75 10 125 150
Temperature (“C)

- Glaphatc)

- Galphate)
.~ tan(s) (siphatic)

tan(s)

So_ 75 100 125 150
Temperature (“C)





media/file7.jpg
i C
%






media/file23.png
2 2
A |
MN‘(’CM«};{N/\]J

<) 4





media/file10.png
. -0
| | | | ! | ! | | ! | | ! | ! |
5.50 5.45 5.40 5.35 5.30 5.25 5.20 5.15 5.10 5.05 5.00
f1 (ppm)
T — [ 400
2 S — 200
| | | | ! | ) | | ! | | i | ! |
5.50 5.45 5.40 5.35 5.30 5.25 5.20 5.15 5.10 5.05 5.00
f1 (ppm)
_ "
S 60
™M
S - i
NN Vv — 0
| | | | ! | ! | | ! | | ! | ! |
5.50 5.45 5.40 5.35 5.30 5.25 5.20 5.15 5.10 5.05 5.00

f1 (ppm)





media/file14.png
I

tan(s)

— 71 T T 1 © T ' 1 ' T T 1
100 120 140 160

Temp (°C)





media/file11.jpg
BRI S S Y

o = o low b
dn opus (Mw) Moy 1esp

150 200
Temperature (°C)

100

50





media/file6.png
O—ﬂ-——





media/file15.jpg
137

135

125

120

55

—— DPA-Fur|

-@-PFS

3

—A— PK 50

T
0:1

T
11

T
12

Ratio

14

140 =

120 4

100 o

=Y 9
8 3

(D,) @imesadwa |

T
o
<

204





nav.xhtml


  applsci-12-02461


  
    		
      applsci-12-02461
    


  




  





media/file16.png
125

55

140 -

N
™ (@)
A \
(@)
©
o
& o0
5 o
LL o
< ©
O L X
Q0o o
S ++*
(Q\|
b w
v | v | v | v | v | |
o o o o o o
N o 0 © < N

(D,) @injelsadws |

1:2 1:1 0:1
Ratio

1:4

1:10





media/file2.png
HO

DPA-fur

reflux overnight

HO

interfacial

polycondensation

O

Cl

Cl





media/file20.png
1 010

— -
3 Ze]
- S
] : : -
1| —m— G'(aromatic) ©
- " . D

—m— G"(aromatic)
3| —A—tan(s) (aromatic)
3
I I 1 I L I L I 1 I 1
25 50 75 100 125 150
o
Temperature (°C)

{u III'!!!""!!""!"""'~'~'-"-'-'-'-'-'-'-'-'-'-'-'-'-'.'.'.'.'.'.'.'.'.'.'.'.'.'u'.||'|'|'|'||||''''!''''!.'''!!!.l.'!!III!||||||||||||||||||
- ||||||||||||||||l|| "Ill:gr”'[ﬁ'rﬁ‘r—

E M, G
- T (T
. N T
i P,

7 So3s seseet8clazetzss ., g otlarere) ITI-F- TT-F{:?E

| I|||IIIIIHIIII|III|II|I|I||I||||I|IIIIIIIIiiiiiiii|IiIIiiiII|II'Iil|I_|_.|_|j_ij_i.|_iiiiiiiiiiiiII_III|||I[|_||ii||||:|r'ﬁ- "-l'r-'Fl':

E |||I||||||II|rILIIIlﬁlIrLl|||||||||||||||[m||L||||||||IIIIIM'|'_"---- ~------|||[|—|—l_I,_I- --..—lfiﬂlllfrﬁl-'f__ f,',—f_‘_l —
. : : = o S
| —o— G'(aliphatic) TN = -\l —
- i e | S
1l —o— G'(aliphatic) o, R | ©

. . - =l

d| —/—tan(s) (aliphatic) A=
3 T
. - "-'f-_

- rFF- |
E % N
- A
] #ffly
- L,

] U\

|| I 1 I 1 I 1 I || I 1

25 50 75 100 125 150

Temperature (°C)





media/file5.jpg
igqm_ &q__ I





media/file1.jpg
intertacial
+ —

W polycondensation
of o

O OO}





media/file12.png
1:...._0

o
dn opua

i
o
(Muw)

" %

Lo ~

MO} 1e9H

100 150 200

Temperature (°C)

50





media/file9.jpg
S5 sS4 se0 S35 SN s sa SIS s05 500
aloom
= == o
[ 3 20
UAX o
S5 sas sS40 S35 SN Sis  sa0 SIS S s0s S0
loom
— [
—_ ©
3
o
S5 s4s  se0 S35 SN S sa SIS Sl S05 500

11pm)





media/file0.png





media/file8.png
I
@) O 3 O - 30
; o Hy 4 2 _
// N S ', H 5 m N~ 20
H N 1 .
O O \ O »
"Exo" adduct "Endo" adduct -

o .
i B

!, T Trrrrrrrr--rrr--rrerrrrrrererTrT T T T T T T T T T T T Y

66 65 64 63 62 61 60 59 58 57 56 55 54 53 52 51 50 4.9 4.?1(4.7)4.6 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29
ppm

5 endo 3 3exo 1,2 .
" —— NN, s

-

| DL L R A A A A L L L S O A L I A LA O I L LA DL D LA A A I DL A A L L L D A L A

66 65 64 63 62 61 60 59 58 57 56 55 54 53 52 51 50 49 4.?1(4.7)4.6 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29
ppm

2 P e -0

LN N S S S S S S S S S S T ~-—Trrrr-rr--r T T T T T T T T T T T T T T T T T T Y

T T T T T T T T
66 65 64 63 62 61 60 59 58 57 56 55 54 53 52 51 50 49 4.?1(4.7)4.6 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29
ppm





media/file17.jpg
10

10

tan() (aromatc)

2 40 60 80 100 120 140 160
temperature (‘C)

20 40 60 80 100 120 140 160
Temperature (°C)

tan(s)

tan(s)





