

  polymers-13-03538




polymers-13-03538







Polymers 2021, 13(20), 3538; doi:10.3390/polym13203538




Article



Sustainable Polyurethane Networks Based on Rosin with Reprocessing Performance



Jiawei Li, Weiming Yang, Zhao Ning, Bin Yang and Yanning Zeng *





Key Laboratory of New Processing Technology for Nonferrous Metal and Materials, Ministry of Education, College of Material Science and Engineering, Guilin University of Technology, Guilin 541004, China









*



Correspondence: ynzeng@glut.edu.cn







Academic Editors: Sixun Zheng and Rentong Yu



Received: 28 September 2021 / Accepted: 12 October 2021 / Published: 14 October 2021



Abstract

:

Rosin is an abundant natural product. In this paper, for the first time, a rosin derivative is employed as a monomer for the preparation of polyurethane vitrimers with improved properties. A novel rosin-based polyurethane vitrimers network was constructed by the reaction between isocyanates (HDI) as curing agent and monomers with alcohol groups modified from rosin. The dynamic rosin-based polyurethane vitrimers were characterized by FTIR and dynamic mechanical analysis. The obtained rosin-based polyurethane vitrimers possessed superior mechanical properties. Due to the dynamic urethane linkages, the network topologies of rosin-based polyurethane vitrimers could be altered, contributing self-healing and reprocessing abilities. Besides, we investigated the effects of healing time and temperature on the self-healing performance. Moreover, through a hot press, pulverized samples of 70%VPUOH could be reshaped several times, and the mechanical properties of the recycled samples were restored, with tensile strength being even higher than the of that of the original samples.
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1. Introduction


Polyurethane (PU) thermosets, which are the sixth largest class of synthetic polymers, have found wide applications in the fields of elastomers, foams, adhesives, coatings, and structural components [1,2]. PU thermosets are typically prepared by the reaction of isocyanates and monomers with alcohol/amino groups, leading to the formation of urethane groups. The various mechanical properties of PU thermosets derive from the diverse structural availability of both alcohol and isocyanate monomers. The desirable mechanical properties of PU thermosets come from the combination of “hard” and “soft” domains. The “hard” domains formed by urethane groups which are capable of hydrogen bonding provide stiffness and toughness, and the “soft” domains from aliphatic monomers supply flexibility to the material. However, it is exceptionally difficult to recycle the covalently cross-linked networks of PU thermosets. Though mechanically grinding approaches have been employed to downcycle PU thermosets into fillers to enhance adhesive composites [3], chemical recycling of PU thermosets remains a challenge.



Several strategies to obtain malleable PU thermosets have been reported. One of strategy involves the introduction of dynamic Diels–Alder (DA) adducts into PU networks by grafting functional groups onto the main chains [4,5,6]. Another strategy involves PU cross-linking with dynamic covalent bonds, such as urea bonds [7,8], reversible C−C bonds [9], disulfide bonds [10,11], aromatic Schiff base bonds [12], and imine bonds [13]. The major limitations of the two approaches relate to the cost of the materials themselves and the changes in the properties of the PU thermosets. Therefore, controlling the dynamic nature of urethane linkages is a more straightforward way to recycle PU thermosets, because the essential carbamate bonds are exchangeable. The innovative work by the Dichtel group [14] has explored PU thermosets with covalently adaptable networks (CANs) providing a reprocessing capability which is attributed to the dissociation of urethane linkages to isocyanates and alcohols. However, PU CANs cannot maintain the integrity of the network, which leads to inconstant urethane linkages. PU vitrimers with exhibit a distinct dimensional stability and network integrity, because the crosslinked bond does not break until a new bond is formed, which makes the network permanent and dynamic. PU vitrimers show a gradual viscosity decrease upon heating, which is a distinctive character of vitreous silica. Furthermore, they are repairable, malleable, weldable and reprocessable by compression molding, due to thermally induced dynamic interexchange reactions. Therefore, PU vitrimers with dynamic urethane linkages have been developed to obtain new properties of polymers, including shape memory [15], self-healing [16,17], malleability [18,19], and reprocessability [20]. In brief, transcarbamoylation reaction in various PU thermosets have been researched to facilitate reprocessability, because the exchange reaction in the unique urethane linkages can occur with two different mechanisms. For conventional polyurethanes, the dissociative mechanism is the predominant one, while it is found that to obtain PU vitrimers, the effective approach is to form polyhydroxyurethane by introducing many hydroxyl groups in polyurethane [15,21]. Besides, another key factor regarding PU vitrimers system is the presence of an appropriate catalyst which contributes to transcarbamoylation reactions, providing reprocessing ability [22,23]. As a conclusion, it is crucial to obtain polyhydroxyurethane and add an appropriate catalyst for the synthesis of PU vitrimers.



On the other hand, most of the PU vitrimers are obtained from nonrenewable petroleum resources. With the rising awareness of the need of environmental protection, seeking alternative biomass resources for the synthesis of PU vitrimers has become significant for sustainable green materials. Lei group synthesized multifunctional PU vitrimers from renewable castor oil which can be reprocessed at 180 °C in 2 h in the presence of dibutyltin dilaurate (DBTDL) catalyst [24]. Qiu group reported the usage of lignin in cross-linked PU networks to maintain excellent mechanical performance after hot reprocessing [25]. Among various types of biomass resources, rosin is a good candidate for PU vitrimers preparation because its hydrophenanthrene ring structure may enhance polyurethane properties, especially its hardness [26]. The hydrogen phenanthrene ring structures of rosin acids are advantageous to obtain the desired thermal and mechanical properties of the derived thermosets. For example, improvements in Tg of cured epoxidized soybean oil are significantly influenced by rosin-based derivatives used as the curing agent [27,28], and cured epoxies employing rosin as the curing agent display a higher Tg than the commercial monocyclic analogs [29,30]. In this study, high mechanical properties and reprocessable PU vitrimers based on rosin are fabricated for industrial sustainable development.




2. Experimental


2.1. Materials


Rosin (acid number 166 mg KOH g−1, softening point 76 °C) was kindly supplied by Guilin Xingsong Forest Chemical Co., Ltd. (Guilin, China). Maleic anhydride (99%), DBTDL (95%), and HDI were purchased from Aladdin (Shanghai, China). Toluenesulfonic acid was purchased from Macklin (Shanghai, China). Pentaerythritol was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Tetrahydrofuran (THF), acetic acid, and dimethylbenzene were purchased from XiLong scientific Co., Ltd. (Shantou, China).




2.2. Synthesis of Maleopimaric Anhydride (MPA)


MPA was synthesized as reported [31] in Scheme 1. Rosin (50.0 g, 0.16 mol) was introduced into a 250 mL three-necked round bottom flask equipped with a mechanical stirrer, a thermometer, and a reflux condenser, then was heated to 180 °C and let react for 3 h under a N2 atmosphere to complete the isomerization of the abietic structure to a levopimaric structure. The reaction mixture was cooled to 120 °C; then acetic acid as the solvent (150 mL), maleic anhydride (24.0 g, 0.24 mol), and toluenesulfonic acid as a catalyst (2.5 g) were added, and the reaction mixture was refluxed for 12 h. A yellow solid crude product was obtained, which was further recrystallized with acetic acid to give white crystals of pure MPA (yield: 62%).




2.3. Synthesis of an Esterified Adduct of MPA with Pentaerythritol (PEMPA)


PEMPA was prepared as described [32] in Scheme 2. In a 250 mL flask equipped with a mechanical stirrer, a Dean–Stark device, and a thermometer, we mixed MPA (20 g, 0.05 mol), pentaerythritol (20 g, 0.15 mol), toluenesulfonic acid as a catalyst (accounting for 1% of the total mass of the reactants), and xylene as the solvent (40 mL). The reaction mixture was refluxed until 0.1 mole of water was collected. A light-yellow solid was obtained and washed with hot water to remove unreacted pentaerythritol (yield: 64%).




2.4. Synthesis of the VPUOH Cross-Linking Network


A typical reaction of PEMPA and HDI to fabricate VPUOH networks is shown in Figure 1. HDI and a catalytic amount of DBTDL were added into the THF solution of PEMPA under accelerating stirring until they were dissolved. The mixture was quickly transferred to a release paper mold and let stand at r. t. for 12 h. Then it was sequentially cured at 60, 80, and 100 °C for 4 h. The HDI content was 30, 40, 50, 60, 70, and 80 mol% relative to PEMPA; the abbreviation of x%VPUOH refers to the cured PEMPA with x mol% of HDI.




2.5. Characterizations


Fourier-transform infrared (FTIR) spectra were collected using a Nicolet 205 FTIR spectrometer (Waltham, MA, USA) from 500 to 4000 cm−1 by the KBr tablet method. Stress relaxation tests were carried out using a TA Q800 instrument for dynamic mechanical analysis (DMA). Stress relaxation experiments were conducted by monitoring the stress decay at a constant strain of 5% after equilibrating at the required temperatures for 20 min. The loss angle and storage modulus of the material were measured by a TA Q800 (New Castle, DE, USA); the VPUOH samples (20.0 mm × 5.0 mm × 1.0 mm) were tested from 25 to 200 °C (heating rate = 3 °C min−1) with a frequency of 1 Hz. The glass transition temperature (Tg) was obtained from the inflection point of the curve, and the crosslink density (Ve) was obtained from the storage modulus curve. The thermal decomposition behavior of the PEMPA and VPUOH series was examined by thermogravimetry (TGA) at a heating rate of 10 K/min in a nitrogen atmosphere from 35 to 800 °C with a TG 209 (NETZSCH, Selb, Germany). NT-MDT atomic force microscopy was used to observe the phase structure of 70%VPUOH samples in the tapping mode with a force constant of 5.5 N/m and a resonance frequency of 219 kHz. The mechanical performance test employed the UTM4503SLXY universal tensile testing machine of Shenzhen Sansi aspect Technology Co., Ltd. (Shenzhen, China), with 5 mm/min tensile rate; the rectangular samples (50 mm × 8 mm × 1 mm) were aged for three days in a desiccator at ambient temperature prior to testing. Testing was repeated three times testing for each sample. The error bar is the standard deviation obtained from the square root of the arithmetic mean of the squares of the deviations. The original sample used for the mechanical property test was 40 mm, and the length of the fracture sample was 64.2–87.8 mm.



Self-healing experiments were recorded using a polarizing optical microscopy (POM) equipped with a heating stage and a UCMOS05100KPA (P/N: TP605100A) microscope camera (ToupTek Photonics Co., Ltd., Hangzhou, China). The strip samples (70%VPUOH) were cut using a razor to obtain cracks. The cracked samples were heated in an oven at a controlled temperature (140, 150, or 160 °C) for 2–4 h, and thereafter the cracks were observed using POM.



Welding was performed with two rectangular samples of 70%VPUOH (25.0 mm × 5.0 mm × 1.0 mm). They were held together with a superimposed length of 8 mm for s 3 h at 160 °C. A good contact was ensured after heating. To evaluate the welding strength, the tests was conducted by pulling down weights (3 kg).



To study shape memory, the sample strip (70%VPUOH) was brought to 120 °C, bent into different shapes using an external force, and finally cooled down to room temperature. Digital photos of the strip sample before and after reshaping were recorded.



The reprocessing flake sample (70%VPUOH) was grinded into powder using a file. A hydraulic plate vulcanizer (ZS-406B-30-300, Dongguan Zhuosheng Machinery Equipment Co., Ltd., Dongguan, China) was used as the reprocessing equipment, and the obtained sample powder was added into the reprocessing mold under 5 MPa pressure. Reprocessing was performed at 160 °C for 30, 60, or 90 min; the samples were subjected to three cycles of reprocessing.





3. Results and Discussion


3.1. Covalent Cross-Linking of VPUOH Using HDI


The VPUOH networks were fabricated based on the chemical reaction between PEMPA with −OH groups and HDI with −N=C=O functional groups. They reaction was confirmed by FTIR measurements of HDI, PEMPA, and 40%VPUOH. The related spectra are shown in Figure 2a. In the spectrum of PEMPA, absorption at 3458 and 1727 cm−1 was ascribed to the stretching vibrations of −OH and C=O, respectively [33]. In the case of HDI, the absorption peak at 2269 cm−1 originated from the stretching vibrations of N=C=O [34]. The absorption around 1500–1600 cm−1 was attributed to the distortion vibrations of N–H and the stretching vibrations of C–N of the urethane bond, and the peak at 3428 cm−1 was assigned to the stretching vibrations of N–H, in the spectrum of 40%VPUOH [35]. In comparison with the spectrum of HDI, the peak at 2269 cm−1 disappeared in the spectrum of 40%VPUOH, because abundant −OH groups in PEMPA reacted with N=C=O groups in HDI, so that N=C=O was not present in 40%VPUOH. Meanwhile, compared with the spectra of PEMPA and HDI, a new peak at 1571 cm−1 was observed in the spectrum of 40%VPUOH due to the formation of −NHCOO groups. Besides, the peak at 3458 cm−1 in the spectrum of PEMPA was red-shifted to 3405 cm−1 in the spectrum of 40%VPUOH due to the formation of OH⋯NH, OH⋯O=C, or NH⋯O=C hydrogen bonds [36,37,38,39]. Additionally, the VPUOH series with different HDI contents was measured by FTIR, and the spectra are shown in Figure 2b. Taking the absorption at 1727 cm−1 as a reference, the ratio between the intensities of the peaks at 1571 and 1727 cm−1 (I(1571/1727) = 0.81) in cured 80%VPUOH increased relative to that for PEMPA (I(1571/1727) = 0) due to the formation of the –NHCOO group. With the HDI content increasing (30–80%), the value (I(1571/1727) increased from 0.41 to 0.81, indicating a larger formation of –NHCOO in 80%VPUOH. Besides, the peak at 3405 cm−1 was distinctly present in 80%VPUOH spectrum, indicating the existence of an unreacted −OH group in the networks, while the peak was obviously smaller in comparison with that of PEMPA. These observations indicated the occurrence of a chemical reaction between −N=C=O and −OH groups. Moreover, the covalently cross-linked molecular architecture of the prepared VPUOH sample was further confirmed by the fact that it was insoluble in organic solvents.




3.2. Mechanical Properties, Thermal Performance, and Dynamic Properties Analysis


To investigate the mechanical properties of the VPUOH series, static tensile measurements at a strain rate of 5 s−1 were performed. Representative stress–strain curves are displayed in Figure 3a, and the mechanical properties are summarized in Figure 3b and Table 1. It is generally considered that the tensile modulus is closely related to the chain segment’s rigidity and cross-link density of networks [40]. Therefore, the increased cross-linker HDI content could improve the cross-link density, contributing to the enhancement of the tensile strength. As the HDI content increased from 30 to 80%, the tensile strength increased from 8.1 to 16.8 MPa, the toughness increased from 581 to 972 MJ/m3, whereas the elongation at break decreased from 119 to 61%, as shown in Table 1. The improved mechanical properties can be attributed to the increased cross-link density and “hard” segments. Compared with the reported PU vitrimer [11,17,20,41], the better mechanical properties of the VPUOH series resulted from the rosin framework with a rigid hydrophenanthrene ring and from the synergistic effect of covalent cross-links and physical cross-links formed by substantial hydrogen bonds. Thus, when stretched, hydrogen bonds fracture firstly dissipated energy, while the covalent bonds maintained a good strength in the VPUOH series, as illustrated in Figure 3c [42]. The covalent bonds control the network flexibility and maintain sample integrity during deformation. On the other hand, the recurrent dissociation/reassociation of the hydrogen bonds in the network controls rigidity and toughness.



TGA at a heating rate of 10 °C/min under a nitrogen atmosphere was performed to study the thermostability of the PEMPA and the VPUOH series with different HDI content. The TGA and DTG curves are shown in Figure 4. PEMPA without HDI showed two obvious weight loss stages around 150 and 430 °C. For the VPUOH series with different content of the HDI crosslinker, the thermal gravimetric profiles were similar, with three obvious weight loss stages around 210, 330, and 400 °C. New weight loss stages around 330 °C probably originated from the –NHCOO bond cleavage in the VPUOH series. Thermal stability factors, including initial decomposition temperature (the temperature of 5 wt% weight loss, T5d) and the temperature of 10 wt% weight loss (T10d), were determined by TGA. It was observed that the T5d and T10d values of the VPUOH series increased as the HDI content increased, and the initial decomposition temperatures T5d and T10d of the VPUOH series (HDI content 30–80%) increased from 176 to 199 °C and 222 to 249 °C, respectively, because the formation of a network could protect the ester bond adjacent to the rosin framework, contributing to the increased T5d and T10d values. Thermal stability of the VPUOH series prominently improved, and the superior thermal stability of the VPUOH was attributed to the enhanced covalent crosslinker at high HDI content and rigid rosin framework [43]. In all conditions, the VPUOH series exhibited excellent thermal stability, with an onset decomposition temperature of around 200 °C, which is higher than the temperature of thermal processing (~160 °C), demonstrating thermal stability during processing.



Thermal stress relaxation tests were employed to study the dynamic structural characteristics of VPUOH. The normalized relaxation modulus G/G0 of 40%VPUOH and 70%VPUOH is shown as a function of time at different temperatures in Figure 5a,c. When the temperature was elevated to more than 180 and 170 °C, 40%VPUOH and 70%VPUOH quickly relaxed. The curves of stress relaxation of 70%VPUOH at 175 and 180 °C were observed to cross; this might be attributed to a slight fluctuation of the DMA measurement, and similar phenomena were reported previously [44,45,46]. Moreover, the curves of stress relaxation of 70%VPUOH were comparable in the initial stage at 175 and 180 °C. According to Maxwell’s viscoelastic fluid model, the relaxation time (τ) is defined as the time when the sample is relaxed to 1/e of the initial modulus [47]. As shown in Figure 5a,c, the stress relaxation of both 40%VPUOH and 70%VPUOH at 165 °C was slow, and their τ value at 165 °C was estimated to be more than 1200 and around 900 s, respectively, by extrapolating the curve of the relaxation modulus versus time. Normally, the τ values decrease with the elevation of the temperature, due to the increased exchange rate of transcarbamoylation reactions. The activation energy (Ea) of transcarbamoylation exchange reactions can be calculated by the Arrhenius’ law [44,48], following Equation (1), where τ is the relaxation time, τ0 is the characteristic relaxation time at infinite temperature, T is the testing temperature, and R is the universal gas constant. The Arrhenius relationship of ln (τ) versus 1000/T is shown in Figure 5b,d. The calculated Ea was 178 and 112 kJ mol−1 for the 40%VPUOH and 70%VPUOH, respectively, which is comparable to that (110, 111, or 184 kJ mol−1) of the PU vitrimer with an associative mechanism [14,18,19]. This high activation energy indicated a large difference in the relaxation time at the given temperatures, which is beneficial, for it allowed us to activate and suppress the dynamic exchange in a narrow temperature range. Besides, Ea of 70%VPUOH was obviously lower than that of 40%VPUOH due to the presence of more urethane linkages.


  ln τ = ln  τ 0  +    E a    R T    



(1)







The topology freezing transition temperature (Tv) is an important characteristic parameter for VPUOH. Tv is a hypothetical temperature at which vitrimers convert from solid to liquid and acquire a viscosity of 1012 Pa·s [49]. It is generally accepted that the crosslinking networks of vitrimers would freeze when the temperature is below Tv, owing to the low exchange reaction rate. It was determined to be 115 and 91 °C for 40%VPUOH and 70%VPUOH, by extrapolation from the Arrhenius’ fitted line, as shown in Figure 5b,d, to a relaxation time of 1 × 106 and 4.1 × 105 s, respectively. When the temperature was above their Tv due to the rapid occurrence of the exchange reactions, both 40%VPUOH and 70%VPUOH networks showed “fluidity”, and the strain sharply increased. In contrast, below their Tv, both 40%VPUOH and 70%VPUOH exhibited a similar performance as ordinary thermosets. Therefore, Tv is also the solidification transition temperature of a topological network. Besides, the VPUOH series displayed only slight stress relaxation around Tv, since its network was frozen by the lack of segmental motions associated with a higher Tg. Therefore, when the temperature was higher than Tv and Tg, networks rearrangement of VPUOH series occurred. Additionally, we observed that with the increase of the HDI content, Ea and Tv decreased due to the presence of more dynamic urethane linkages.



The effects of the HDI content on the storage modulus and α-relaxation of the VPUOH series were studied. The plots of storage modulus and tan δ for the VPUOH series with different HDI contents are shown in Figure 5e,f, and the data are summarized in Table 1. Obviously, VPUOH with a higher HDI content displayed a higher storage modulus at the same temperature, and 80%VPUOH showed the highest rubber platform (E′ = 15.3 MPa), as shown in Table 1. This phenomenon should be related to the crosslink density of the VPUOH series; the VPUOH with higher HDI content provided a better-developed network structure which restricted chain mobility and thus enhanced the elastic response of the network. The rubber elasticity equation was used to calculate the crosslink density (Ve) of the VPUOH series (Equation (2)):


E′ = 3RTVe



(2)




where the rubbery platform modulus (E′) is the storage modulus at the temperature of T (30 °C above Tg), R is the universal gas constant, and Ve is the crosslink density [50]. The cross-link density of cross-linked networks closely relate to their rubbery platform modulus. As shown in Table 1, with the HDI content (30–80%) increasing, the rubbery platform modulus increased from 1.6 to 15.3 MPa, and the Ve increased from 1.7 × 10−4 to 16.1 × 10−4 mol·m−3. Therefore, the enhanced storage modulus originated from the increasing HDI content [51]. Additionally, the typical tan δ plot of VPUOH showed the loss of two peaks at round 43 °C and 78 °C, as shown in Figure 5f, which was possibly due to the α-relaxation of soft and hard segments in the VPUOH network, respectively, because of a phase separation [52,53]. The glass transition temperature (Tg) is another significant parameter for network movements, below which the chain of a network is frozen. Herein it was determined by the α-relaxation of hard segments in VPUOH. It is interesting that Tg moved to a lower temperature range when the HDI content of the VPUOH series increased. We observed that the Tg of the VPUOH series increased from 69.3 to 72.7 °C with the HDI contents increasing, because the introduction of the flexible HDI contributed to decreasing the rigidity of the VPUOH networks, as shown in Table 1.




3.3. Self-Healing, Welding, and Shape Memory


Network rearrangement and bond reshuffling can take place, thus covalent bonding can be re-established across the interfaces of fractured surfaces, because of the transcarbamoylation exchange reaction of urethane linkages. As a result, 70%VPUOH as a typical example, should acquire self-healing ability by transcarbamoylation exchange-induced network rearrangement. The 70%VPUOH strip sample with a thickness of 0.7 mm was cut using a razor to examine its self-healing capability, as shown in Figure 6a. The cut sample was subjected to a healing treatment at 160 °C for different times (2, 3, or 4 h) in an oven. As shown in Figure 6b, 70%VPUOH exhibited good self-healing capabilities after the healing treatment for 4 h due to the dynamic urethane linkages in the network.



To investigate the weldability of 70%VPUOH, two rectangular samples (25.0 mm × 5.0 mm × 1.0 mm) were superimposed for a length of 8 mm, as shown in Figure 7a, and held together for the welding time of 3 h at 160 °C. An extensive contact was ensured by applying a compression during the treatment. After the welding test, an integral material could bear more than 3 kg weight without breaking at the healed part, as shown in Figure 7b, indicating a good weldability. The present results demonstrate that the VPUOH network with the dynamic urethane linkages possesses an attractive thermal healing and welding capability.



The VPUOH vitrimers can be welded and healed at elevated temperature due to transcarbamoylation exchange reactions. Similarly, when the temperature is elevated, VPUOH should show shape memory, because VPUOH can undergo transcarbamoylation exchange reactions to achieve topological rearrangement [48,54]. Figure 8 provides optical images of the shape memory process. At the beginning, 70%VPUOH samples with a permanent “S–U” or oblique shape were deformed above Tg (120 °C). Upon cooling to room temperature, the temporary shapes of the samples were fixed. Subsequently, the temperature was increased to 120 °C again, and the “S–U” or oblique shape reverted to the original flat state within 1 min. It was reported that thermal responsive shape memory property of polymer requires a structure of chemical/physical cross-linking networks and a suitable ratio of stiff and flexible segments [55]. Similarly, the VPUOH network should contain chemical/physical cross-linking and “hard” and “soft” segments, which is in high agreement with the FTIR measurements.




3.4. Reprocessing


To further evaluate the reprocessability of the rosin-based PU vitrimer, 70%VPUOH was pulverized and then was reprocessed by hot pressing to recover the original shape at 160 °C under 5 MPa for 30, 60, or 90 min. Homogeneous samples were obtained after recycling for three times, as shown in Figure 9a. To quantify and qualify the reprocessability, the mechanical properties and FTIR measurement of the original and multiple recycled samples were examined. The characteristic peaks at 3405, 1727, and 1571 cm−1 in the FTIR spectra before and after reprocessing several times (Figure 9b) which were assigned to vibrations of −OH, C=O, and −NH, respectively, did not move, indicating chemical structures of the reprocessed and original samples. The cycled samples still maintained an integral and stable crosslinking network. The 70%VPUOH sample showed high thermal stability and remained unchanged, which was due to the nature of the networks with dynamic urethane linkages, consistent with the TGA results. Besides, uniaxial tensile testing was utilized to assess the mechanical properties of multiple reprocessed samples; the stress–strain curves are shown in Figure 9c. The results showed that the pristine sample of 70%VPUOH had an elongation at break of 68.9%, a tensile strength of 15.3 MPa, and a toughness of 828 MJ/m3. Typically, the mechanical properties change after the first reprocessing compared with the original properties; tensile strength (32.1 MPa) was distinctly improved, while elongation at break (17.3%) and toughness (216 MJ/m3) decreased. Noteworthily, even after the third reprocessing, 70%VPUOH showed a reduction in elongation at break (15.9%) and toughness (144 MJ/m3) and an increase in tensile strength (24.2 MPa). The recovery ratios of the mechanical properties for the recycled samples are displayed in Figure 9d. The recovery of tensile strength and elongation at break were more than 196% and 25%, respectively, showing excellent reprocessability, due to the transcarbamoylation exchange reactions [20]. It is noted that tensile strength of all recycled samples was higher than that of the pristine one, maybe because significant phase separation occurred into the soft and hard regions in the pristine sample, after high temperature reprocessing, whereas phase separation was lower in the cycled samples. Atomic force microscopy mapping was employed to examine the phase structure, as shown in Figure 9e,f. The pristine sample showed an island-like phase structure with obvious microphase separation (Figure 9e), and the hard segments appeared dispersed among the soft segments with continuous distribution, which is consistent with the DMA observation that two peaks appeared in the tan δ plot. In contrast, in the three recycled samples, the highlight regions of hard segments increased, indicating improved microphase separation in the recycled samples [56,57,58]. Besides, the effect of the hot press thermal treatment time on the mechanical properties of 70%VPUOH was investigated. The strain–stress curves shown in Figure 9e,f. It was observed that when prolonging the thermal treating time, the mechanical properties were enhanced; however, when the treating time was longer than 60 min, the enhancement of the mechanical properties is not obvious, indicating that the a longer heat treatment time provides improvements only within certain limits, as reported previously [59,60]. In brief, the obtained VPUOH network can serve as a high-performance elastomer or a smart material in the technology field.





4. Conclusions


In this work, a rosin-based PU vitrimer with abundant hydroxy groups and dynamic urethane linkages was synthesized. The VPUOH networks showed excellent mechanical (tensile strength of 16.8 MPa and elongation at break of 61%, high toughness 972 MJ/m3) and thermal properties (T5d ~200 °C), which were obviously improved in comparison with the monomer PEMPA. The dynamic VPUOH networks possessed Ea around 112–178 kJ·mol−1 and Tv around 91–115 °C, and the dynamic performance of the VPUOH network could be regulated by changing the HDI content. Moreover, VPUOH exhibited superior malleability and reprocessability. It was shown that it can be recycled by hot pressing (at 160 °C) due to the transcarbamoylation exchange reactions; and the reprocessed VPUOH maintains network structure and mechanical properties. Even the tensile strength of the recycled samples was higher than the one of the original sample, due to the enhancement of the phase structure in the recycled samples. Because of transcarbamoylation exchange reactions in the VPUOH networks, shape memory and welding and self-heading capabilities were demonstrated also at elevated temperature (120–160 °C).
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Scheme 1. Schematic diagram of the synthesis steps of MPA. 
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Scheme 2. Schematic diagram of the synthesis steps of PEMPA. 
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Figure 1. Synthesis of the VPUOH cross-linking network. 
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Figure 2. FTIR spectra: (a) HDI, PEMPA, and 40%VPUOH, (b) VPUOH with different HDI content. 
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Figure 3. Mechanical properties of PEMPA and the VPUOH series with different HDI content. (a) Curve of stress–strain, (b) Mechanical properties of the x%VPUOH series with different crosslinker content, (c) Schematic representation of the hydrogen bonds. 
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Figure 4. (a) TGA and (b) DTG curves of PEMPA and the VPUOH series with different HDI content. 
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Figure 5. (a) Stress relaxation study of 40%VPUOH, (b) Arrhenius plot with linear fit for 40%VPUOH, (c) Stress relaxation study of 70%VPUOH, (d) Arrhenius plot with linear fit for 70%VPUOH, (e) Storage module curves, and (f) Tan δ curves of the VPUOH series with different HDI content. 
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Figure 6. (a) Optical microscope images of the self-healing performance of 70%VPUOH, (b) Schematic representation of the transcarbamoylation exchange reaction. 
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Figure 7. (a) Optical images, before and after welding, of 70%VPUOH, (b) Optical images of the welding performance of 70%VPUOH. 
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Figure 8. Optical images of the shape-memory performance of 70%VPUOH. 
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Figure 9. (a) Optical images of thermal recycling performance of 70%VPUOH by hot press, (b) FTIR spectra of the samples with different cycles of reprocessing, (c) Tensile curves and (d) Mechanical properties of the samples after different treating time at 160 °C, (e) Tensile curves and (f) Mechanical properties of the samples for different cycles of reprocessing. AFM phase maps of (g) original, (h) first-time recycled, (i) second-time recycled, and (j) third-time recycled 70%VPUOH samples. 
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Table 1. Mechanical and thermal properties of the VPUOH series with different HDI content.
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	Sample
	Tg

(°C)
	E′

(Tg + 30 °C)

(MPa)
	Ve

(mol/cm3)
	Elongation at Break

(%)
	Tensile Strength

(MPa)
	Toughness

(MJ/m3)
	Young’s Modulus

(MPa)
	T5d

(°C)
	T10d

(°C)





	30%VPUOH
	72.7
	1.6
	1.7 × 10−4
	119 ± 4.1
	8.1 ± 0.8
	581 ± 65.1
	0.49 ± 0.02
	176
	222



	40%VPUOH
	75.2
	3.0
	3.1 × 10−4
	92 ± 1.0
	9.5 ± 0.1
	592 ± 62.1
	0.64 ± 0.04
	187
	224



	50%VPUOH
	71.0
	6.5
	6.8 × 10−4
	89 ± 4.7
	10.5 ± 0.9
	609 ± 60.2
	0.78 ± 0.04
	188
	230



	60%VPUOH
	71.2
	7.2
	7.5 × 10−4
	84 ± 6.8
	13.1 ± 1.2
	743 ± 59.5
	0.98 ± 0.05
	191
	237



	70%VPUOH
	72.1
	7.3
	7.6 × 10−4
	69 ± 7.9
	15.4 ± 0.7
	828 ± 82.7
	1.19 ± 0.05
	198
	251



	80%VPUOH
	69.3
	15.3
	16.1 × 10−4
	61 ± 4.2
	16.8 ± 1.6
	972 ± 68.2
	2.43 ± 0.06
	199
	249
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