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Abstract

:

A self-healable polyhydroxyurethane (S-PU) was synthesized from sorbitol, a biomass of polyhydric alcohol, by a simple process that is suitable for practical applications. In the synthesis, only two primary hydroxyl groups of sorbitol were considered for the chain extension of the polyurethane (PU) prepolymers to introduce free hydroxyl groups in PU. As a control, conventional PU was synthesized by hexane diol mediated chain extension. Relative to the control, S-PU showed excellent intrinsic self-healing property via exchange reaction, which was facilitated by the nucleophilic addition of the secondary hydroxyl groups without any catalytic assistance and improved tensile strength due to the enhanced hydrogen bonding. We also investigated the effect of the exchange reaction on the topological, mechanical, and rheological properties of S-PU. The suggested synthetic framework for S-PU is a promising alternative to the conventional poly hydroxyurethane, in which cyclic carbonates are frequently reacted with amines. As such, it is a facile and environmentally friendly material for use in coatings, adhesives, and elastomers.
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1. Introduction


Polyurethane (PU) is one of the most versatile polymers. It is widely used in foams, coatings, adhesives, and elastomers due to its excellent mechanical properties and chemical resistance. Moreover, its properties are readily adjusted by varying either the process or the compositions of the isocyanates and polyols constituting its backbone via polymerization [1,2,3,4]. Its versatility has sparked great interest in self-healable PUs with higher durability when compared to the standard PUs. Moreover, self-healable materials are eco-friendly and cost-effective [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32].



The development of self-healable PUs has significantly advanced in recent decades. The self-healability and reprocessability of PUs has been achieved by several strategies based on reversible dynamic covalent chemistry, such as the Diels–Alder (DA) and retro-DA reactions [11,12,13,14], disulfide metathesis [15,16,17,18,19,20,21,22,23], alkoxyamine chemistry [24], the amine–urea exchange reaction [25], and the reversible acetal chemistry [26]. However, dynamic chemistry brings into play the functional compounds into the PU system, thereby increasing the cost of the raw materials and the process complexity. Furthermore, the introduction of dynamic chemistry into the urethane system frequently not only aggravates the mechanical properties but the practical applicability of PUs synthesized by dynamic chemistry would also be restricted.



The transcarbamoylation reaction (TCR) is a dynamic chemistry based on exchange reactions among the carbamate groups. The TCR has recently attracted more attention because it achieves excellent self-healability and reprocessability of the PU network system based on the dynamic chemistry [27,28,29,30,31]. Unfortunately, the TCR of PUs generally requires high temperature (>200 °C) without catalysts, and decomposes or dissociates the carbamate linkages, resulting in adverse side reactions. Dichtel et al. synthesized a polyhydroxyurethane (PHU) vitrimer from a six-membered cyclic carbonate. They reported that the nucleophilic addition of a free hydroxyl group to the carbamate group enables the exchange reaction among the carbamate groups under relatively mild conditions, unlike the harsh conditions of previous reports [32]. However, the secondary reaction and low reactivity between the cyclic carbonate and amine derivatives were reported to lower the average molecular weight of cyclic carbonate-based PHUs [33,34,35,36], and the side reactions at high temperatures lowered the mechanical properties of PHUs [30,32]. Furthermore, manufacturing PHUs from cyclic carbonates is a slow, complex process than processing conventional PUs. Thus, it is difficult to upscale cyclic carbonate-based PHUs to industrial applications. Practical applicability of PHU preparation requires a simpler manufacturing process.



Sorbitol is a sugar alcohol obtained from the reduction of glucose [37,38,39]. This renewable resource is a common ingredient in food, cosmetics, medical applications, and polymer syntheses [40,41,42,43,44]. As the sorbitol molecule contains two primary hydroxyl groups and four secondary hydroxyl groups, it may be considered a chain extender of N=C=O-terminated PU prepolymers. Most primary –OH groups are expected to react with the N=C=O group of the prepolymer, thereby allowing the chain extension reaction, while most secondary –OH groups remain as free –OH units due to the large difference of reactivity toward the isocyanate groups [45,46,47]. Free –OH groups in PU may accelerate the activation of the TCR under mild conditions through nucleophilic addition to carbamate groups [32]. Inspired by these revelations, we simply prepared self-healable PHUs using sorbitol as the chain extender of conventional PU prepolymers. The prepared sorbitol-extended PU (S-PU) exhibited stronger mechanical properties and higher self-healing efficiency than the control PU chain extended with a short diol, 1,6-hexane diol. The short-term heating without any catalyst increased the excellent self-healing property of S-PU through the exchange reactions of the carbamate groups via nucleophilic addition of the hydroxyl groups. To the best of our knowledge, there was no report to use sorbitol as a chain extender of PU prepolymers, thereby generating PHU elastomeric systems with self-healing ability and enhanced mechanical properties.




2. Experiment


2.1. Materials


4,4′-Methylene-bis(phenyl isocyanate) (MDI) was purchased from Aldrich Chemical (Young-in) in Korea and used as received. Poly(tetramethylene ether glycol) (PTMEG) (Number average molecular weight (Mn): 2000 g/mol), sorbitol, and 1,6-hexane diol (HD), also purchased from Aldrich Chemical (Young-in) in Korea, were vacuum-dried at 60 °C for 1 day prior to use. Dimethylformamide (DMF) was used for solution casting of the prepared S-PU and H-PU.




2.2. Synthesis of PU Prepolymers


PU prepolymers were synthesized through the one-pot reaction between MDI and PTMEG without any solvent or catalyst. First, 2 mol of MDI and 1 mol of PTMEG were placed in a round-bottomed flask reactor with N2 gas purging at 50 °C and stirred to form a homogeneous mixture. After homogeneous mixing, the reaction temperature increased to 60 °C and the mixing was continued until the NCO% of the resultant reached its theoretical value. The NCO% change was determined following the ASTM D1638-74. Once the NCO% had reached its theoretical value, the reaction was completed and the prepared PU prepolymer was dissolved in DMF (at a weight ratio of prepolymer:DMF = 2:1).




2.3. Preparation of S-PU and H-PU


The prepared PU prepolymer/DMF solution was mixed with 1,6-HD or sorbitol, initiating the chain extension of the N=C=O-terminated PU prepolymer. The stoichiometric amounts of HD and sorbitol were calculated based on the NCO% determined by ASTM D1638-74, sorbitol being considered diol. The PU prepolymer/DMF solution and chain extenders were thoroughly mixed by mechanical stirring for 1 h at room temperature, and then poured into a Teflon mold. The mold containing the homogenous mixture was placed in a 110 °C convection oven for 1 day to remove the DMF and to facilitate the polymerization of the PU prepolymer by its chain extenders. The PU films prepared by chain extension of sorbitol and HD were named S-PU and H-PU, respectively. The preparation steps and typical chemical structures of S-PU and H-PU are shown in Scheme 1.




2.4. Characterization


The chemical structures of the prepared samples were characterized by FT-IR spectroscopy (FT/IR 300E, JASCO, Easton, MD, USA). In addition, the exchange reaction of S-PU was investigated using a thermally controllable IR pellet loader. The potassium bromide (KBr) tablet was placed on the FT-IR sample loader and its temperature was successfully controlled by N2 gas purging. The molecular weights and polydispersity indices (PDIs) were determined by gel permeation chromatography (GPC) (Alliance e2695, Waters, Milford, MA, USA). The calibration curves for GPC were prepared using polystyrene standards. The GPC apparatus was equipped with a refractive index detector, and the eluent used was DMF flowing at 0.4 mL/min. Differential scanning calorimetry (DSC), (Q20, TA Instrument, New Castle, DE, USA) was carried out at a heating rate of 10 °C/min with N2 gas purging. The dynamic mechanical properties and stress relaxation behaviors of the samples were investigated using a dynamic mechanical analyzer (DMA) (Q800, TA Instrument). The dimensions of the DMA samples were 13 mm × 5 mm × 1 mm (length × width × thickness), and the heating rate was 5 °C/min. The stress relaxation test was carried out at 130 °C under a strain of 5%. The dimensional changes of the samples were characterized using a thermomechanical analyzer (TMA) (Q400, TA Instruments) heated at 5 °C/min. Atomic force microscopy (AFM) (Multimode-8, Bruker, Billerica, MA, USA) was employed to observe the micro-phase separated structures of S-PU and H-PU. The changes in the morphological features of the self-healed PU films were observed by field emission scanning electron microscopy (FE-SEM) (AIS2100, SERON, Uiwang-si, Korea). The tensile properties and self-healing efficiencies of the prepared PU samples were investigated employing a universal testing machine (UTM) (LR5K Plus, LLOYD, West Sussex, UK). All measurements in the tensile tests were carried out at 25 °C with a cross-head speed of 500 mm/min. The oscillatory shear tests were conducted employing a rheometer (TA, AR2000, New Castle, DE, USA).



The samples were placed on the 25 mm parallel plate of the rheometer at room temperature and heated to 210 °C. The samples were retained at 210 °C with N2 gas purging until they had fully melted. The gap was set to 1.0 mm. The frequency sweep (from 620 to 0.01 rad/s) were then performed under 0.1% strain after trimming.





3. Results and Discussion


3.1. Synthesis of S-PU and H-PU


The chemical structures of S-PU and H-PU were characterized by their FT-IR spectra shown in Figure 1. The peak at 2270 cm−1 corresponding to the N=C=O groups of PU prepolymers did vanish after the chain extension reaction with sorbitol or HD. In the spectrum of chain-extended S-PU, the peak due to –NH stretching at 3310 cm−1 is attributed to urethane linkage formation [48]. The hydrogen-bonded (H-bond) –OH stretching at 3500–3400 cm−1 and the free –OH stretching at 3630–3625 cm−1 are attributed to the free –OH groups of sorbitol, which did not participate in the urethane linkage formation. Although the primary –OH of sorbitol is more reactive with N=C=O than the secondary –OH [45,46,47], the spectrum exhibits the characteristic –C–O peaks of both the secondary and the primary hydroxyl groups at 1111 and 1065 cm−1, respectively (Supplementary Material, Figure S1). This indicates that during the chain extension, some of the secondary –OH groups reacted with the N=C=O group of the PU prepolymer. On the other hand, the H-PU spectrum (with no free –OHs) exhibits only the –NH stretching of the urethane unit (3310 cm−1) and the –C–O–C– stretching of polyol (1107 cm−1) (Supplementary Material, Figure S1) [49,50,51,52]. The molecular weights (Mn and Mw) and PDIs measured with GPC for S-PU and H-PU are summarized in Table 1 (Raw data of GPC in Supplementary Material, Figure S2). The molecular weights and PDIs of S-PU and H-PU are similar because both polymers were prepared by the same isocyanate–hydroxyl group reaction between the PU prepolymer and the hydroxyl chain extender (sorbitol or HD).



Figure 2a shows the possible H-bonds in S-PU. In conventional polyether–polyol-based PU systems, the –NH and C=O units of urethane inter- or intra-molecularly interact with the –C–O–C units of polyol, confirming that H-bonding of the urethane moiety is possible [53]. However, the free –OH groups of S-PU can form further H-bonds in the hard and soft domains, as illustrated in Figure 2a. The formation of H-bonding with unreacted –OH of S-PU was investigated in the FT-IR spectra (see Figure S1). The strength of H-bonds largely affected the thermal and mechanical properties of S-PU. In conventional PUs prepared from the PU prepolymer and diols, a micro-phase-separated structure resulting from the partial solubility of the hard and soft domains is usually seen [54,55]. The DSC thermogram of H-PU given in Figure S3 revealed clear glass transition temperatures (Tg) of the hard and soft segments. Meanwhile, as the temperature increased in the DMA measurements in Figure S4, a typical glass-rubbery transition with rubbery plateau region appeared, reflecting the well-organized micro-phase separated structures. On the other hand, the glass transition temperature of the soft segment was not seen in the DSC thermogram of S-PU (Figure S3), and the low association in the hard domains caused a rapid decrease in the storage modulus in the rubbery plateau region of the DMA data, with an increased loss factor (tan δ) (Figure S4) [54,55]. Figure 2b shows the stress–strain curves of S-PU and H-PU determined in tensile tests. The mechanical properties (elongation at break (ε) and stress value (σ)) were higher in S-PU than in H-PU. Specifically, the values of ε and σ were 658% and 22.9 MPa, respectively, in S-PU, versus 434% and 20.5 MPa, respectively, in H-PU. The higher mechanical properties of S-PU are attributed to the formation of H-bonds as displayed in Figure 2a. Although the H-bonding improved the σ and ε of S-PU, the strain hardening effects were slightly delayed, occurring around 430% strain in S-PU, versus 300% strain in H-PU. The strain hardening of H-PU at lower strain is attributable to the micro-phase separated structure of the hard and soft domains [56]. On the other hand, the relatively less micro-phase-separated structure of S-PU, caused by the H-bond formation, weakened the strain hardening in tensile test. The difference in micro-phase separation of S-PU and H-PU could be confirmed in AFM images given in Figure S5. H-PU showed domains of hard segments in submicron size while S-PU did not due to the relatively less micro-phase separated structures. It is speculated that the hydroxy urethane unit introduced for the exchange reaction with the urethane chains lowered the micro-phase separation of S-PU over the control PU (H-PU), but the hydrogen bonds formed by the hydroxyl groups conferred excellent mechanical properties, comparable to those of H-PU.




3.2. Exchange Reaction and Thermomechanical Properties of S-PU


Exchange reactions of carbamates initiated by free –OH groups are the probable exchange reaction among the hydroxy urethane units at elevated temperatures. Exchange reactions occur via nucleophilic addition of –OHs to carbamate under thermal activation and are temperature-dependent [29,32]. To investigate the exchange reaction mechanism among the hydroxy urethane units of S-PU, the FT-IR peaks corresponding to the free hydroxyl groups of S-PU were monitored during the heating process (from 80 to 140 °C) and shown in Figure 3 after the normalization using peaks of methylene units. The peak intensities of –C–O at 1065 cm−1 corresponding to the primary hydroxyl groups were gradually increased with increase of temperature by the exchange reaction given in Figure 4. In contrast, the –C–O peaks at 1111 cm−1 corresponding to the secondary –OH of sorbitol were reduced a little and shifted to lower wavenumbers with increasing temperature. Peaks due to free –OH groups at 3625 and 3630 cm−1 are attributable to secondary –OH and primary –OH groups, respectively. It was observed that the peak intensities at 3630 cm−1 increased while peak at 3625 cm−1 decreased with increase of the temperature. These spectroscopic features are attributed to the thermally activated exchange reaction among the –OH and carbamate groups of S-PU molecules as described in Figure 4 [29,32]. However, in the H-PU spectrum, increasing the temperature altered the peak intensities and shifted the –NH (H-bonded urethane) and –C–O–C (ether in polyol) peaks toward lower wavenumbers (Supplementary Material, Figure S6). These trends correspond to the dissociation of H-bonds in H-PU. The exchange reaction occurring in S-PU is absent in H-PU because the hydroxyl group enabling the uncatalyzed exchange reaction of carbamate groups is lacking. According to these results, the hydroxyl unit is essential for the efficient exchange reaction among the hydroxyl-urethane units under mild conditions (relatively low temperature at ambient pressure without catalyst).



The thermally activated exchange reaction of S-PU was probed by TMA. Figure 5a shows the dimensional changes in S-PU and H-PU measured by TMA. The coefficients of thermal expansion (CTEs) are summarized in Table 2. During the first and the second cycle, H-PU shows the typical linear expansion of PU [57,58], with no significant change in the CTE. However, the TMA of S-PU yielded two maximum points, at 79 °C and 149 °C. In the initial state, S-PU exhibited similar thermal expansion to H-PU. However, the dimensions of S-PU decreased after 79 °C, possibly because the thermally activated exchange reaction at 79 °C altered the configuration of this polymer (see Figure 4). The dimensional reduction was followed by a gradual increase in thermal expansion, although the CTE was significantly lower in the high temperature range than in the low temperature range (40~79 °C), as shown in Table 2. Above 149 °C, the CTE was reduced by the exchange reaction accompanying the stress relaxation [59]. On the other hand, the CTE of H-PU was much higher than that of S-PU above 79 °C and did not decrease with further heating. These results reveal that the exchange reaction of S-PU molecules restricts the thermal expansion of the polymer matrix. Unlike the first cycle, the second measurement yielded no dimensional reduction at 79 °C and the thermal expansion was still suppressed by the exchange reaction (as evidenced by the reduced CTE). Furthermore, the maximum temperature of TMA thermogram in S-PU increased from 149 to 152 °C, implying that S-PU was configurationally rearranged by the exchange reaction. The effect of configuration change in S-PU was also confirmed by the repeated heating and cooling tests in DMA. Although the DMA thermograms of H-PU remained constant, the lowered micro-phase separation caused by three repeated tests of heating and quenching reduced the storage modulus, G′, of S-PU (Supplementary Material, Figure S7). Lowered micro-phase separation also slightly reduced the G′ in the rubbery plateau region of S-PU (Figure 5b). However, at higher temperatures (above 125 °C), the G′ of S-PU clearly improved in cycles 2 and 3 (Figure 5b, inset), implying that the exchange reaction affected the configuration change in S-PU, conferring a partial gel-like property.



To clarify how the exchange reaction affects the rheological properties of the polymer systems, we investigated the dynamic rheological properties of S-PU and H-PU under oscillation mode at 180, 190, 200, and 210 °C. At elevated temperatures, S-PU showed good thermal stability with no dissociation of the urethane unit or by-product formation through side reactions (Supplementary Material, Figure S8). Owing to its linear structure, H-PU exhibited liquid-like behavior (i.e., G′ < G″) over the whole range of available angular frequencies at 180 °C as shown in Figure 6a. S-PU exhibited similar liquid-like behavior at high frequencies (G′ < G″), but its flow resistance dramatically increased with decreasing angular frequency. After the crossover point (where G′ = G″) at 1.62 rad/s, S-PU exhibited a solid-like property (G′ > G″), which implies the formation of a cross-linked gel-like structure [60,61,62,63]. This transition of S-PU from G′ < G″ to G′ > G″ at low frequencies was attributed to the exchange reaction accompanying the formation of gels. Low frequencies provide a sufficient time scale for active exchange with abundant –OH groups. The resultant gel formation by the exchange reaction was also evidenced by the increased complex viscosity (η*) after the crossover point (Supplementary Material, Figure S9) [63,64].



Figure 6b gives the frequency dependencies of G′ and G″ in S-PU at different temperatures, and Table 3 lists the crossover points at each temperature. As the temperature increased, the rate of the exchange reaction increased, so the crossover points were found at higher frequencies (shorter time scales). G′ also increased with temperature, implying that the rate of gel formation was controlled by the rate of the exchange reaction. On the other hand, in H-PU (which lacks the hydroxy unit), the exchange reaction was not activated and the G′-to-G″ crossover was not observed until 210 °C. This implies a sluggish gel formation by the exchange reaction among the carbamate groups, which was activated at high temperatures by –OH groups (Supplementary Material, Figure S10) [27,28,29,30]. That is, the hydroxy urethane unit of S-PU enables the exchange reaction between –OH and carbamate groups at lower temperatures than the exchange reaction among carbonate groups in H-PU. The hydroxy urethane unit is promising for realizing a self-healing polymer, as it initiates the exchange reaction at relatively low temperature, thereby minimizing damage by oxidation or side reactions.




3.3. Self-Healing


The self-healing properties of H-PU and S-PU were investigated in a tensile test of pristine (uncut) and healed samples after cut. For the self-healing tests, the dog-bone shaped H-PU and S-PU samples were cut into two pieces by a razor blade. The pieces were then contacted closely and incubated for 120 min in a convection oven at 130 °C (Supplementary Material, Figure S11). Figure 7a,b shows the tensile test results of the uncut and self-healed samples of H-PU and S-PU, respectively. To evaluate the ability of self-healing of S-PU and H-PU, repeated cutting-healing tests with specimens for tensile tests were performed up to three times on same samples and the results of the tensile tests are summarized in Table 4. After self-healing, the values of σ, ε and E of H-PU were largely reduced when cutting-healing test was repeated up to three times because H-PU self-heals by a physical mechanism based on the diffusion of molecules above Tg [65,66]. As already confirmed by the rheological properties, the carbamate groups spontaneously exchange at high temperatures (about 210 °C) without catalysts. On the other hand, the tensile properties of S-PU maintained its integrity after repeated cutting-healing tests, because physical self-healing was combined with the exchange reaction activated by the nucleophilic addition of free –OH groups to carbamates, which occurred at a lower temperature than the carbamate exchanges in H-PU.



In the tensile test, the tensile strength (σ) and Young’s modulus (E) of S-PU were found to be slightly increased after self-healing and post curing process (Figure S12 and Table S1). This improvement may be attributed to the cross-linked gel-structure formed by the thermally activated exchange reaction, as illustrated in Figure 7c. The increased gel fraction in healed S-PU was also confirmed by gel fraction measurements in DMF. The gel fraction of S-PU almost doubled after the thermal treatment of the S-PU sample for self-healing or post cure (Table 4 and Table S1). In other words, the exchange reaction in S-PU not only induces recombination among the chains of the damaged S-PU, but also improves the mechanical properties through the configuration change from linear to gel-like. The self-healing efficiencies of S-PU and H-PU given in Table 4 were obtained by the following equation,


  Self – healing   efficiency = (  σ  healed   /  σ  post − cured   ) × 100   %  



(1)




where σhealed and σpost-cured are tensile strengths of self-healed and undamaged post cured samples, respectively. In Table 4, the self-healing efficiencies of S-PU were excellent while those of H-PU were relatively low and decreased very much in repeated tests. The difference in self-healing ability between S-PU and H-PU was also investigated in an SEM analysis of the cut damage and self-healed samples. The damage on the S-PU surface was almost fully repaired after heating at 130 °C for 120 min, whereas the damage on H-PU surface was hardly recovered (Supplementary Material, Figures S13 and S14).





4. Conclusions


A self-healable sorbitol-based PHU (S-PU) was prepared by simply introducing sorbitol as a bifunctional chain extender of the PU prepolymers. The hydroxy urethane units in S-PU not only improved the tensile properties over conventional PU, but also conferred excellent self-healing properties. The former improvement is attributable to the formation of hydrogen bonds of hydroxyl groups; the latter is conferred by nucleophilic addition of hydroxyl groups to the carbamate units without a catalyst. Moreover, the exchange reaction caused a configuration change from a linear to a cross-linked structure, leading to reversible gel formation with enhanced mechanical properties and suppressed thermal expansion during the heating process. A facile and environmentally friendly material for use in coatings, adhesives, and elastomers could be prepared by the suggested synthetic framework for PHU.








Supplementary Materials


The supplementary materials are available online.





Author Contributions


S.H.L. and D.-S.L. contributed to the manuscript via literature search, study design, data analysis and writing; S.H.L. and S.-R.S. performed the experiments and analyzed the data.




Funding


This work was supported by the project for technology development of sports industries of KISS funded by Ministry of Culture, Sports, and Tourism (Project No: S072015192015) in Korea.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Eceiza, A.; Martin, M.D.; de la Caba, K.; Kortaberria, G.; Gabilondo, N.; Corcuera, M.A.; Mondragon, I. Thermoplastic Polyurethane Elastomers Based on Polycarbonate Diols with Different Soft Segment Molecular Weight and Chemical Structure: Mechanical and Thermal Properties. Polym. Eng. Sci. 2008, 48, 297–306. [Google Scholar] [CrossRef]

	



Akindoyo, J.O.; Beg, M.D.H.; Ghazali, S.; Islam, M.R.; Jeyaratnam, N.; Yuvaraj, A.R. Polyurethane types, synthesis and applications—A review. RSC Adv. 2016, 6, 114453–114482. [Google Scholar] [CrossRef]

	



Han-Do, K.; Tae-Jung, L.; Jae-Ho, H.; Dong-Jin, L. Preparation and properties of thermoplastic polyurethane elastomers with two different soft segments. J. Appl. Polym. Sci. 1999, 37, 345–352. [Google Scholar]

	



James Korley, L.S.T.; Pate, B.D.; Thomas, E.L.; Hammond, P.T. Effect of the degree of soft and hard segment ordering on the morphology and mechanical behavior of semicrystalline segmented polyurethanes. Polymer 2006, 47, 3073–3082. [Google Scholar] [CrossRef]

	



Liu, C.C.; Zhang, A.Y.; Ye, L.; Feng, Z.G. Self-healing biodegradable poly(urea-urethane) elastomers based on hydrogen bonding interactions. Chin. J. Polym. Sci. 2013, 31, 251–262. [Google Scholar] [CrossRef]

	



Fang, Y.; Du, X.; Du, Z.; Wang, H.; Cheng, X. Light- and heat-triggered polyurethane based on dihydroxyl anthracene derivatives for self-healing applications. J. Mater. Chem. A 2017, 5, 8010–8017. [Google Scholar] [CrossRef]

	



Aguirresarobe, R.H.; Martin, L.; Aramburu, N.; Irusta, L.; Fernandez-Berridi, M.J. Coumarin based light responsive healable waterborne polyurethanes. Prog. Org. Coat. 2016, 99, 314–321. [Google Scholar] [CrossRef]

	



Ji, S.; Cao, W.; Yu, Y.; Xu, H. Visible-Light-Induced Self-Healing Diselenide-Containing Polyurethane Elastomer. Adv. Mater. 2015, 27, 7740–7745. [Google Scholar] [CrossRef] [PubMed]

	



Seyed Shahabadi, S.I.; Kong, J.; Lu, X. Aqueous-Only, Green Route to Self-Healable, UV-Resistant, and Electrically Conductive Polyurethane/Graphene/Lignin Nanocomposite Coatings. ACS Sustain. Chem. Eng. 2017, 5, 3148–3157. [Google Scholar] [CrossRef]

	



Fang, L.; Chen, J.; Zou, Y.; Xu, Z.; Lu, C. Thermally-induced self-healing behaviors and properties of four epoxy coatings with different network architectures. Polymers 2017, 9, 333. [Google Scholar] [CrossRef]

	



Yang, L.; Lu, X.; Wang, Z.; Xia, H. Diels-Alder dynamic crosslinked polyurethane/polydopamine composites with NIR triggered self-healing function. Polym. Chem. 2018, 9, 2166–2172. [Google Scholar] [CrossRef]

	



Lin, C.; Sheng, D.; Liu, X.; Xu, S.; Ji, F.; Dong, L.; Zhou, Y.; Yang, Y. NIR induced self-healing electrical conductivity polyurethane/graphene nanocomposites based on Diels−Alder reaction. Polymer 2018, 140, 150–157. [Google Scholar] [CrossRef]

	



Zheng, K.; Tian, Y.; Fan, M.; Zhang, J.; Cheng, J. Recyclable, shape-memory, and self-healing soy oil-based polyurethane crosslinked by a thermoreversible Diels–Alder reaction. J. Appl. Polym. Sci. 2018, 135, 1–10. [Google Scholar] [CrossRef]

	



Ke, X.; Liang, H.; Xiong, L.; Huang, S.; Zhu, M. Synthesis, curing process and thermal reversible mechanism of UV curable polyurethane based on Diels-Alder structure. Prog. Org. Coat. 2016, 100, 63–69. [Google Scholar] [CrossRef]

	



Yang, Y.; Lu, X.; Wang, W. A tough polyurethane elastomer with self-healing ability. Mater. Des. 2017, 127, 30–36. [Google Scholar] [CrossRef]

	



Rekondo, A.; Martin, R.; Ruiz De Luzuriaga, A.; Cabañero, G.; Grande, H.J.; Odriozola, I. Catalyst-free room-temperature self-healing elastomers based on aromatic disulfide metathesis. Mater. Horiz. 2014, 1, 237–240. [Google Scholar] [CrossRef]

	



Xu, Y.; Chen, D. A Novel Self-healing polyurethane based on disulfide bonds. Macromol. Chem. Phys. 2016, 217, 1191–1196. [Google Scholar] [CrossRef]

	



Chen, J.H.; Hu, D.D.; Li, Y.D.; Meng, F.; Zhu, J.; Zeng, J.B. Castor oil derived poly(urethane urea) networks with reprocessibility and enhanced mechanical properties. Polymer 2018, 143, 79–86. [Google Scholar] [CrossRef]

	



Jian, X.; Hu, Y.; Zhou, W.; Xiao, L. Self-healing polyurethane based on disulfide bond and hydrogen bond. Polym. Adv. Technol. 2018, 29, 463–469. [Google Scholar] [CrossRef]

	



Kim, S.M.; Jeon, H.; Shin, S.H.; Park, S.A.; Jegal, J.; Hwang, S.Y.; Oh, D.X.; Park, J. Superior Toughness and Fast Self-Healing at Room Temperature Engineered by Transparent Elastomers. Adv. Mater. 2018, 30, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Wan, T.; Chen, D. Mechanical enhancement of self-healing waterborne polyurethane by graphene oxide. Prog. Org. Coat. 2018, 121, 73–79. [Google Scholar] [CrossRef]

	



Begines, B.; Zamora, F.; De Paz, M.V.; Hakkou, K.; Galbis, J.A. Polyurethanes derived from carbohydrates and cystine-based monomers. J. Appl. Polym. Sci. 2015, 132, 1–8. [Google Scholar] [CrossRef]

	



Ling, L.; Li, J.; Zhang, G.; Sun, R.; Wong, C.P. Self-Healing and Shape Memory Linear Polyurethane Based on Disulfide Linkages with Excellent Mechanical Property. Macromol. Res. 2018, 26, 365–373. [Google Scholar] [CrossRef]

	



Yuan, C.; Rong, M.Z.; Zhang, M.Q. Self-healing polyurethane elastomer with thermally reversible alkoxyamines as crosslinkages. Polymer 2014, 55, 1782–1791. [Google Scholar] [CrossRef]

	



Erice, A.; Ruiz de Luzuriaga, A.; Matxain, J.M.; Ruipérez, F.; Asua, J.M.; Grande, H.J.; Rekondo, A. Reprocessable and recyclable crosslinked poly(urea-urethane)s based on dynamic amine/urea exchange. Polymer 2018, 145, 127–136. [Google Scholar] [CrossRef]

	



Matsukizono, H.; Endo, T. Reworkable Polyhydroxyurethane Films with Reversible Acetal Networks Obtained from Multifunctional Six-Membered Cyclic Carbonates. J. Am. Chem. Soc. 2018, 140, 884–887. [Google Scholar] [CrossRef] [PubMed]

	



Yan, P.; Zhao, W.; Fu, X.; Liu, Z.; Kong, W.; Zhou, C.; Lei, J. Multifunctional polyurethane-vitrimers completely based on transcarbamoylation of carbamates: Thermally-induced dual-shape memory effect and self-welding. RSC Adv. 2017, 7, 26858–26866. [Google Scholar] [CrossRef]

	



Chen, X.; Li, L.; Jin, K.; Torkelson, J.M. Reprocessable Polyhydroxyurethane Network Exhibiting Full Property Recovery and Concurrent Associative and Dissociative Dynamic Chemistry via Transcarbamoylation and Reversible Cyclic Carbonate Aminolysis. Polym. Chem. 2017, 8, 6349–6355. [Google Scholar] [CrossRef]

	



Fortman, D.J.; Brutman, J.P.; Hillmyer, M.A.; Dichtel, W.R. Structural effects on the reprocessability and stress relaxation of crosslinked polyhydroxyurethanes. J. Appl. Polym. Sci. 2017, 134, 1–11. [Google Scholar] [CrossRef]

	



Zheng, N.; Fang, Z.; Zou, W.; Zhao, Q.; Xie, T. Thermoset Shape-Memory Polyurethane with Intrinsic Plasticity Enabled by Transcarbamoylation. Angew. Chem. Int. Ed. 2016, 55, 11421–11425. [Google Scholar] [CrossRef] [PubMed]

	



Kuhl, N.; Abend, M.; Geitner, R.; Vitz, J.; Zechel, S.; Schmitt, M.; Popp, J.; Schubert, U.S.; Hager, M.D. Urethanes as reversible covalent moieties in self-healing polymers. Eur. Polym. J. 2018, 104, 45–50. [Google Scholar] [CrossRef]

	



Fortman, D.J.; Brutman, J.P.; Cramer, C.J.; Hillmyer, M.A.; Dichtel, W.R. Mechanically Activated, Catalyst-Free Polyhydroxyurethane Vitrimers. J. Am. Chem. Soc. 2015, 137, 14019–14022. [Google Scholar] [CrossRef] [PubMed]

	



Carré, C.; Bonnet, L.; Avérous, L. Original biobased nonisocyanate polyurethanes: Solvent- and catalyst-free synthesis, thermal properties and rheological behaviour. RSC Adv. 2014, 4, 54018–54025. [Google Scholar] [CrossRef]

	



Carré, C.; Zoccheddu, H.; Delalande, S.; Pichon, P.; Avérous, L. Synthesis and characterization of advanced biobased thermoplastic nonisocyanate polyurethanes, with controlled aromatic-aliphatic architectures. Eur. Polym. J. 2016, 84, 759–769. [Google Scholar] [CrossRef]

	



Beniah, G.; Uno, B.E.; Lan, T.; Jeon, J.; Heath, W.H.; Scheidt, K.A.; Torkelson, J.M. Tuning nanophase separation behavior in segmented polyhydroxyurethane via judicious choice of soft segment. Polymer 2017, 110, 218–227. [Google Scholar] [CrossRef]

	



Van Velthoven, J.L.J.; Gootjes, L.; Van Es, D.S.; Noordover, B.A.J.; Meuldijk, J. Poly(hydroxy urethane)s based on renewable diglycerol dicarbonate. Eur. Polym. J. 2015, 70, 125–135. [Google Scholar] [CrossRef]

	



Romero, A.; Alonso, E.; Sastre, Á.; Nieto-Márquez, A. Conversion of biomass into sorbitol: Cellulose hydrolysis on MCM-48 and d-Glucose hydrogenation on Ru/MCM-48. Microporous Mesoporous Mater. 2016, 224, 1–8. [Google Scholar] [CrossRef]

	



Mishra, D.K.; Lee, J.M.; Chang, J.S.; Hwang, J.S. Liquid phase hydrogenation of d-glucose to d-sorbitol over the catalyst (Ru/NiO-TiO2) of ruthenium on a NiO-modified TiO2 support. Catal. Today 2012, 185, 104–108. [Google Scholar] [CrossRef]

	



Bin Kassim, A.; Rice, C.L.; Kuhn, A.T. Formation of sorbitol by cathodic reduction of glucose. J. Appl. Electrochem. 1981, 11, 261–267. [Google Scholar] [CrossRef]

	



Wells, J.G.; Davis, B.R.; Wachsmuth, I.K.; Riley, L.W.; Remis, R.S.; Sokolow, R.; Morris, G.K. Laboratory investigation of hemorrhagic colitis outbreaks associated with a rare Escherichia coli serotype. J. Clin. Microbiol. 1983, 18, 512–520. [Google Scholar] [PubMed]

	



Van Gorp, K.; Boerman, E.; Cavenaghi, C.V.; Berben, P.H. Catalytic hydrogenation of fine chemicals: Sorbitol production. Catal. Today 1999, 52, 349–361. [Google Scholar] [CrossRef]

	



Gallezot, P.; Nicolaus, N.; Flèche, G.; Fuertes, P.; Perrard, A. Glucose hydrogenation on ruthenium catalysts in a trickle-bed reactor. J. Catal. 1998, 180, 51–55. [Google Scholar] [CrossRef]

	



Anand, A.; Kulkarni, R.D.; Gite, V.V. Preparation and properties of eco-friendly two pack PU coatings based on renewable source (sorbitol) and its property improvement by nano ZnO. Prog. Org. Coat. 2012, 74, 764–767. [Google Scholar] [CrossRef]

	



Ugarte, L.; Gómez-Fernández, S.; Peña-Rodríuez, C.; Prociak, A.; Corcuera, M.A.; Eceiza, A. Tailoring Mechanical Properties of Rigid Polyurethane Foams by Sorbitol and Corn Derived Biopolyol Mixtures. ACS Sustain. Chem. Eng. 2015, 3, 3382–3387. [Google Scholar] [CrossRef]

	



Rand, L.; Thir, B.; Reegen, S.L.; Frisch, K.C. Kinetics of alcohol–isocyanate reactions with metal catalysts. J. Appl. Polym. Sci. 1965, 9, 1787–1795. [Google Scholar] [CrossRef]

	



Ajithkumar, S.; Kansara, S.S.; Patel, N.K. Kinetics of castor oil based polyol-toluene diisocyanate reactions. Eur. Polym. J. 1998, 34, 1273–1276. [Google Scholar] [CrossRef]

	



Dyer, E.; Taylor, H.A.; Mason, S.J.; Samson, J. The rates of reaction of isocyanates with alcohols. I. Phenyl isocyanate with 1-and 2-butanol. J. Am. Chem. Soc. 1949, 71, 4106–4109. [Google Scholar] [CrossRef]

	



Tang, J.; Zhang, S.; Lin, Y.; Zhou, J.; Pang, L.; Nie, X.; Zhou, B.; Tang, W. Engineering Cyclodextrin Clicked Chiral Stationary Phase for High-Efficiency Enantiomer Separation. Sci. Rep. 2015, 5, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Li, S.; Sang, Z.; Zhao, J.; Zhang, Z.; Zhang, J.; Yang, W. Crystallizable and Tough Aliphatic Thermoplastic Polyureas Synthesized through a Nonisocyanate Route. Ind. Eng. Chem. Res. 2016, 55, 1902–1911. [Google Scholar] [CrossRef]

	



Pavia, D.L.; Lampman, G.M.; Kriz, G.S.; Vyvyan, J.A. Introduction to Spectroscopy, 4th ed.; Cengage Learning: Boston, MA, USA, 2009; pp. 13–70. ISBN 9780495114789. [Google Scholar]

	



Das, D.; Varghese, L.R.; Das, N. Enhanced TDS removal using cyclodextrinated, sulfonated and aminated forms of bead-membrane duo nanobiocomposite via sophorolipid mediated complexation. Desalination 2015, 360, 35–44. [Google Scholar] [CrossRef]

	



Kenkyu, T.N. The assignment of IR absorption bands due to free hydroxyl groups in cellulose. Cellulose 1997, 4, 281. [Google Scholar] [CrossRef]

	



Coleman, M.M.; Skrovanek, D.J.; Hu, J.; Painter, P.C. Hydrogen Bonding in Polymer Blends. 1. FTIR Studies of Urethane-Ether Blends. Macromolecules 1988, 21, 59–65. [Google Scholar] [CrossRef]

	



Pukánszky, B.; Bagdi, K.; Molnár, K.; Pukannszky, B. Thermal analysis of the structure of segmented polyurethane elastomers: Relation to mechanical properties. J. Therm. Anal. Calorim. 2009, 98, 825–832. [Google Scholar]

	



Chattopadhyay, D.K.; Sreedhar, B.; Raju, K.V.S.N. The phase mixing studies on moisture cured polyurethane-ureas during cure. Polymer 2006, 47, 3814–3825. [Google Scholar] [CrossRef]

	



Christenson, E.M.; Anderson, J.M.; Hiltner, A.; Baer, E. Relationship between nanoscale deformation processes and elastic behavior of polyurethane elastomers. Polymer 2005, 46, 11744–11754. [Google Scholar] [CrossRef]

	



Narine, S.S.; Kong, X.; Bouzidi, L.; Sporns, P. Physical properties of polyurethanes produced from polyols from seed oils: I. Elastomers. J. Am. Oil Chem. Soc. 2007, 84, 55–63. [Google Scholar] [CrossRef]

	



Cho, D.; Lee, S.; Yang, G.; Fukushima, H.; Drzal, L.T. Dynamic mechanical and thermal properties of phenylethynyl-terminated polyimide composites reinforced with expanded graphite nanoplatelets. Macromol. Mater. Eng. 2005, 290, 179–187. [Google Scholar] [CrossRef]

	



Liu, T.; Hao, C.; Wang, L.; Li, Y.; Liu, W.; Xin, J.; Zhang, J. Eugenol-Derived Biobased Epoxy: Shape Memory, Repairing, and Recyclability. Macromolecules 2017, 50, 8588–8597. [Google Scholar] [CrossRef]

	



Roberts, M.C.; Hanson, M.C.; Massey, A.P.; Karren, E.A.; Kiser, P.F. Dynamically restructuring hydrogel networks formed with reversible covalent crosslinks. Adv. Mater. 2007, 19, 2503–2507. [Google Scholar] [CrossRef]

	



Callies, X.; Fonteneau, C.; Pensec, S.; Chazeau, L.; Bouteiller, L.; Ducouret, G.; Creton, C. Linear Rheology of Supramolecular Polymers Center-Functionalized with Strong Stickers. Macromolecules 2015, 48, 7320–7326. [Google Scholar] [CrossRef]

	



Zhao, X.; Guo, S.; Li, H.; Liu, J.; Su, C.; Song, H. One-pot synthesis of self-healable and recyclable ionogels based on polyamidoamine (PAMAM) dendrimers via Schiff base reaction. RSC Adv. 2017, 7, 38765–38772. [Google Scholar] [CrossRef][Green Version]

	



Fan, H.; Meng, L.; Wang, Y.; Wu, X.; Liu, S.; Li, Y.; Kang, W. Superior thermal stability gel emulsion produced by low concentration Gemini surfactant. Colloids Surf. A Physicochem. Eng. Asp. 2011, 384, 194–199. [Google Scholar] [CrossRef]

	



Zhou, Y.; Goossens, J.G.P.; Sijbesma, R.P.; Heuts, J.P.A. Poly(butylene terephthalate)/Glycerol-based Vitrimers via Solid-State Polymerization. Macromolecules 2017, 50, 6742–6751. [Google Scholar] [CrossRef]

	



Lewis, C.L.; Dell, E.M. A review of shape memory polymers bearing reversible binding groups. J. Polym. Sci. Part B Polym. Phys. 2016, 54, 1340–1364. [Google Scholar] [CrossRef][Green Version]

	



Döhler, D.; Michael, P.; Binder, W. Self-Healing Polymers: From Principles to Applications; Binder, W.H., Ed.; Wiley-VCH Verlag GmbH & Co., KGaA: Weinheim, Germany, 2013; pp. 7–60. ISBN 9783527334391. [Google Scholar]












	
	
Sample Availability: Not Available.












[image: Molecules 23 02515 sch001 550] 





Scheme 1. Preparation of S-PU and H-PU from isocyanate-terminated PU prepolymers. 
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Figure 1. FT-IR spectra of the chain extenders (sorbitol and HD), PU prepolymer, S-PU, and H-PU. 
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Figure 2. Characteristics of S-PU investigated: (a) possible hydrogen bonds in S-PU; (b) tensile properties of S-PU and H-PU at 25 °C. 
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Figure 3. Temperature-dependent FT-IR spectra of S-PU: (a) at low wavenumbers (1140–1040 cm−1); (b) at high wavenumbers (3800–2800 cm−1). 
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Figure 4. Schematic of the exchange reaction among the hydroxy urethane units of S-PU. 
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Figure 5. Thermal properties of S-PU and H-PU during the repeated heating cycle: (a) thermal expansion measured by TMA; (b) storage modulus versus temperature of S-PU in repeated DMA measurements. 
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Figure 6. Rheological properties of S-PU and H-PU: (a) Storage moduli (G′, filled symbols) and loss moduli (G″, open symbols) versus angular frequency of S-PU (red) and H-PU (black) at 180 °C; (b) G′ and G″ versus angular frequency of S-PU at 180 °C, 190 °C, 200 °C and 210 °C. 
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Figure 7. Results of self-healing at 130 °C for 120 min: (a) tensile properties of H-PU after self-healing; (b) tensile properties of S-PU after self-healing; (c) schematic of the self-healing mechanism and configurational change of typical S-PU after the exchange reaction. 
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Table 1. Composition and molecular weights of the prepared PUs.
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Sample

	
Composition (Molar Ratio)

	
Mn (g/mol)

	
Mw (g/mol)

	
PDI




	
MDI

	
PTMEG

	
Sorbitol

	
HD






	
S-PU

	
2

	
1

	
1

	
–

	
56,600

	
126,900

	
2.24




	
H-PU

	
2

	
1

	
–

	
1

	
64,600

	
131,900

	
2.04
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Table 2. The coefficients of thermal expansion (CTEs) of S-PU and H-PU.
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CTE (1/°C)




	

	
1st Cycle

	
2nd Cycle






	
S-PU

	
0.484 a

	
0.132 b

	
0.398 a

	
0.306 b




	
H-PU

	
0.436

	
0.459








a CTE at 40~79 °C. b CTE at 100~140 °C.
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Table 3. Angular frequencies of G′-to-G″ crossover in S-PU and H-PU at different temperatures.
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S-PU

	
H-PU




	
180 °C

	
190 °C

	
200 °C

	
210 °C

	
180 °C

	
190 °C

	
200 °C

	
210 °C






	
ω (rad/s)

	
1.62

	
9.55

	
131.57

	
159.47

	
–

	
–

	
–

	
0.08
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Table 4. Tensile properties and gel fraction of S-PU and H-PU after repeated cutting/self-healing cycles.
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Properties

	
S-PU

	
H-PU




	
Uncut S-PU

	
Self-Healed S-PU

	
Uncut H-PU

	
Self-Healed H-PU




	
1st

	
2nd

	
3rd

	
1st

	
2nd

	
3rd






	
σ (MPa)

	
22.92

	
25.24

	
23.76

	
22.67

	
22.53

	
5.182

	
4.541

	
2.554




	
ε (%)

	
660

	
620

	
580

	
590

	
430

	
290

	
260

	
130




	
E (MPa)

	
4.447

	
4.893

	
5.012

	
5.221

	
4.655

	
4.353

	
4.117

	
3.832




	
Self-healing efficiency (%)

	
–

	
93.79

	
88.29

	
84.24

	
–

	
22.68

	
19.87

	
11.17




	
Gel-fraction a (%)

	
25.4

	
52.7

	
53.2

	
53.1

	
35.8

	
36.2

	
36.3

	
35.2








a The gel fractions were calculated as (W1 − W2)/W1 × 100 (where W1 is the initial sample weight and W2 is the weight of the residual solid contents after immersing the sample in DMF for 5 h at 25 °C).
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