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Abstract

:

The design of self-healing agents is a topic of important scientific interest for the development of high-performance materials for coating applications. Herein, two series of copolymers of 2-hydroxyethyl methacrylate (HEMA) with either the hydrophilic N,N-dimethylacrylamide (DMAM) or the epoxy group-bearing hydrophobic glycidyl methacrylate were synthesized and studied as potential self-healing agents of waterborne polyurethanes (WPU). The molar percentage of DMAM or GMA units in the P(HEMA-co-DMAMy) and P(HEMA-co-GMAy) copolymers varies from 0% up to 80%. WPU/polymer composites with a 10% w/w or 20% w/w copolymer content were prepared with the facile method of solution mixing. Thanks to the presence of P(HEMA-co-DMAMy) copolymers, WPU/P(HEMA-co-DMAMy) composite films exhibited surface hydrophilicity (water contact angle studies), and tendency for water uptake (water sorption kinetics studies). In contrast, the surfaces of the WPU/P(HEMA-co-GMAy) composites were less hydrophilic compared with the WPU/P(HEMA-co-DMAMy) ones. The room-temperature, water-mediated self-healing ability of these composites was investigated through addition of water drops on the damaged area. Both copolymer series exhibited healing abilities, with the hydrophilic P(HEMA-co-DMAMy) copolymers being more promising. This green healing procedure, in combination with the simple film fabrication process and simple healing triggering, makes these materials attractive for practical applications.
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1. Introduction


Currently, the demand for sustainable and long-lasting materials that can self-repair after physical damage, and thus, extend their service life, leads to the development of an emerging class of smart materials, namely self-healing materials [1,2,3,4]. Self-healing mechanisms can be categorized in two types: the extrinsic self-healing which is based on pre-embedded healing agents [5,6], and the intrinsic self-healing mechanism in which the materials are capable of repairing mechanical damage through reversible covalent or non-covalent bonding between molecular chains. Some examples of reversible covalent bonds [7] are Diels-Alder reactions [8,9], imine bonds [10], disulfide bonds [11,12,13], and boron ester bonds [14,15], while examples of reversible non-covalent bonds comprise hydrogen bonds [16,17,18], host-guest interactions [19], metal-ligand coordination [20], and ionic interactions [21]. Concerning non-covalent mechanisms, hydrogen bonding interactions are considered among the most promising candidates for self-healing and find numerous applications in biomedical fields, or in the industry of coatings and adhesives [22,23]. Several articles in literature report the incorporation of hydrogen-bonding units in polymeric materials or coatings toward enhancing self-healing ability [24,25,26,27].



Poly(2-hydroxyethyl methacrylate) (PHEMA) is an inexpensive, biocompatible, water-insoluble, and non-degradable polymer bearing hydroxyl functional groups. The abovementioned characteristics combined with other advantages like stimuli-responsiveness, chemical stability, transparency, or elastomeric properties, make PHEMA homopolymers and PHEMA-based materials excellent candidates for use in biomedical and industrial applications [28] including fabrication of soft contact lenses and controlled release of drugs [29,30], wound healing [31], bone tissue regeneration [32], biosensors [33,34], immobilization of proteins and enzymes [35], separation of molecules [36], metal-ion adsorption [37], or as self-healing agents [38,39,40,41].



Poly(N,N-dimethylacrylamide) (PDMAM) is a nonionic, hydrophilic polymer with interesting properties. Due to its water solubility and biocompatibility, it can be used as a co-monomer for several applications such as superabsorbent materials [42], biomedical [43], or water remediation applications [44,45]. Poly(2-hydroxyethyl methacrylate-co-N,N-dimethylacrylamide) (P(HEMA-co-DMAM)) copolymers are smart materials that combine the characteristics of both their HEMA and DMAM counterparts, and can be used in numerous applications as heavy metals and dyes adsorbents [46,47], sensors and biosensors [48,49], ingredients in interpenetrating polymer network (IPN) hydrogels with improved mechanical properties [50].



Glycidyl methacrylate (GMA) is a low-cost and non-toxic monomer bearing highly reactive epoxy groups that can be coupled with groups like carboxylic acids, amines or thiols, via ring opening reactions [51]. Many studies report the incorporation of epoxy groups through the copolymerization of HEMA with the monomer GMA. Poly(2-hydroxyethyl methacrylate-co-glycidyl methacrylate) (P(HEMA-co-GMA)) copolymers have been used in biotechnology as protein, enzyme, or other molecules binders/immobilizers [52,53,54,55,56], in applications concerning heavy metal ions and dye adsorption [57,58,59]. To our knowledge, there are no articles reporting examples of P(HEMA-co-GMA) copolymers with self-healing properties.



In a previous work, we reported the use of GMA-based copolymers as potential healing agents of waterborne polyurethane (WPU) films [60]. The incorporation in these WPUs of copolymers of GMA with either n-butyl acrylate (BA) or poly(ethylene glycol) methyl ether methacrylate (PEGMA) led to homogenous composite films. For the healing study, heating at 80 °C or addition of water on the scratched films were applied as potential external healing triggers. It was shown that these copolymers are effective materials for the water-triggered healing of WPUs films. Herein, in an attempt to design copolymers with additional and potentially improved healing abilities, we present a series of HEMA-based copolymers with either the hydrophilic monomer DMAM or the epoxy group-bearing hydrophobic monomer GMA. Depending on the copolymer series, these copolymers are expected to combine characteristics like improved hydrophilicity, dynamic hydrogen bonding due to the hydroxyl (-OH) functionality of HEMA and amide groups of DMAM, and post modification reactions of the epoxy rings of GMA. WPU/polymer films, were prepared after mixing, casting, and thermally treating the copolymers with WPU resins. The properties of the films, including water contact angle measurements and water uptake, were evaluated and corelated with the water-mediated healing abilities observed.




2. Results and Discussion


2.1. Copolymers Characterization


All HEMA-based copolymers were synthesized through free radical polymerization using azobisisobutyronitrile (AIBN) as the initiator, according to the experimental procedures described in the ‘Materials and Methods’ section. The structure of all copolymers is presented in Figure 1. The copolymers are denoted as P(HEMA-co-DMAMy) and P(HEMA-co-GMAy), where y are the molar percentages of DMAM or GMA units, respectively. All polymers were characterized by Proton Nuclear Magnetic Resonance (1H NMR) and Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR).



1H NMR was employed for the characterization of the P(HEMA-co-DMAMy) copolymers (Figure 2a). The 1H NMR study of the P(HEMA-co-DMAMy) copolymers and the homopolymers PHEMA and PDMAM was performed in d4-MeOH. The peaks within the range 0.80–1.20 ppm are attributed to the methyl protons (a) of HEMA. The protons of the backbone (-CH2-, b, b′; -CH, a′) of HEMA and DMAM are identified in the range 1.20–2.20 ppm. The peaks observed at ~3.70 and ~4.20 ppm are attributed to the methylene protons d and c of HEMA, respectively. The presence of DMAM moieties in the final copolymers was confirmed by the existence of the signals in the range ~2.80–3.20 ppm, which correspond to the methyl protons (f, f’) connected with the nitrogen atom in the DMAM units. The integrals of the signals at 3.70 ppm (d protons of HEMA units) and at 2.80–3.20 ppm (f,f′ protons of DMAM units) were used to calculate the molar ratio of HEMA and DMAM in the P(HEMA-co-DMAMy) copolymers. The results are summarized in Table 1. The calculated compositions of the copolymers are in good agreement with the feed composition of the reaction mixtures.



The ATR-FTIR spectra of the P(HEMA-co-DMAMy) copolymers, along with the spectra of the corresponding homopolymers, PHEMA and PDMAM, are presented in Figure 2b. A broad peak at ~3400 cm−1 corresponds to the stretching vibration band of the hydroxyl group (-OH) in HEMA. The band at 2922 cm−1 is attributed to the aliphatic C-H stretching vibrations of both HEMA and DMAM. The characteristic peak at 1724 cm−1, corresponding to the stretching vibrations of the carbonyl C=O group of HEMA is present in the spectrum of PHEMA homopolymer and in the spectra of all P(HEMA-co-DMAMy) copolymers, which affirms the presence of HEMA in the final copolymers. Moreover, the characteristic peak at 1622 cm−1 due to the vibration of the C=O groups of DMAM, is present in both PDMAM homopolymer and P(HEMA-co-DMAMy) copolymers, confirming the successful copolymerization of HEMA with DMAM. The relative variation of the intensities of these bands, 1724 and 1622 cm−1, respectively, is correlated with the concentration of each co-monomer.



The P(HEMA-co-GMAy) copolymers were characterized by 1H NMR and ATR-FTIR spectroscopy (Figure 3). In Figure 3a, the 1H NMR spectra of the P(HEMA-co-GMAy) copolymers are presented, accompanied by the spectra of the homopolymers PHEMA and PGMA. The successful copolymerization of HEMA with GMA was confirmed by the presence of characteristic peaks of GMA at 2.7 and 2.8 ppm, corresponding to the methylene protons (h, h′), and at 3.20 ppm, corresponding to the methine proton (g). The methyl protons (a, a′) of both HEMA and GMA are observed at 0.79 and 0.96 ppm. The protons of the backbone (-CH2-, b, b′) of HEMA and GMA can be identified at 1.70–2.00 ppm. The signal at a chemical shift of 4.75 ppm is attributed to the one proton of the hydroxyl group in the HEMA side chain (e). The peak at 3.60 ppm corresponds to the methylene protons (d) of HEMA, while the signals at a shift of 3.70–4.30 ppm are attributed to the methylene protons of HEMA (c) and GMA (f). The molar ratio of HEMA and GMA in the P(HEMA-co-GMAy) copolymers was calculated from the integrals of the signals at 0.96 and 0.79 ppm (a, a′ protons of HEMA and GMA), and at 3.20 ppm (g proton of GMA unit). As seen in Table 1, the composition of the copolymers is in a rather good agreement with the feed composition.



Figure 3b shows the ATR-FTIR spectra of the P(HEMA-co-GMAy) copolymers and the PHEMA and PGMA homopolymers. In all homopolymers and copolymers, the characteristic ester stretching vibration band of the carbonyl group (C=O) of HEMA and GMA units, is observed at 1724 cm−1. The characteristic absorption band of C-O-C, observed at ~1270 cm−1, and the aliphatic C-H stretching vibrations at the region 2830–3030 cm−1, are attributed to both HEMA and GMA. A broad peak at ~3400 cm−1, which corresponds to the stretching vibration band of the hydroxyl group (-OH) in HEMA, is present in all P(HEMA-co-GMAy) copolymers. Likewise, the peaks at 906, 845, and 755 cm−1, which are assigned to the vibrations of the epoxy ring of GMA, are also present in the copolymers, implying the successful copolymerization of HEMA with GMA. Additionally, it can be seen that the intensity of the peaks corresponding to GMA increase, while the peak of the hydroxyl group of HEMA (3400 cm−1) decreases, as the GMA content increases in the copolymers, confirming qualitatively the variation of the composition of the copolymers.




2.2. Preparation of WPU/Polymer Composites


Two laboratory-made WPUs (namely WPU1 and WPU2) were used in this study for the preparation of WPU/polymer composite films. The main differences of the produced waterborne polyurethane dispersions WPU1 and WPU2 lie mostly in the type of the polyol used (polycarbonate polyol for WPU1 and polyether/ester polyol for WPU2), and the polyurethane resin being of pure polyurethane and hybrid polyurethane/alkyd nature for WPU1 and WPU2, respectively. For the development of the hybrid alkyd polyurethane dispersion WPU2, a certain amount of the polyether/ester polyol was replaced by two hydroxy modified alkyd resins, based on soybean oil and sunflower fatty acid. Following this methodology, the polymer chain of the produced resin contains randomly dispersed chains of alkyd resins, thus combining the properties of both structural components to enhance the final properties of the polyurethane dispersion. The overview of the reaction scheme for the WPUs synthesis is presented in Scheme 1, while the specifications of the formulated WPUs and selected physical properties are summarized in Table 2.



WPU dispersions were mixed with P(HEMA-co-DMAMy) or P(HEMA-co-GMAy) copolymers solutions, transferred on Teflon sheet, and left to dry at room temperature until full evaporation of solvents and film formation. The nomenclature used for the final products is WPUi/x polymer, where i = 1 or 2, and x is the mass percent of the copolymers in the WPU film (x = mass of polymer/mass of the solid content in PU of the WPU dispersions). Films with x = 10% w/w and 20% w/w were prepared. Both pure WPUs and WPU/polymer composites displayed homogeneous and smooth surfaces, as shown through Scanning Electron Microscopy (Figure S1). Moreover, preliminary Dynamic Mechanical Analysis studies showed that influence of the incorporation of the copolymers (at least at low contents) on the mechanical properties of the films is rather marginal (Figure S2).



The WPUs and WPU/polymer blend films were characterized by ATR-FTIR (Figure 4). In the spectra of both pure WPUs (Figure 4a,b), characteristic absorption peaks of polyurethanes can be detected (2940 cm−1: asymmetric stretching CH2 vibrations of alkanes; 2860 cm−1: symmetric stretching CH2 vibrations of alkanes; 1700 cm−1: C=O stretching; 1530 cm−1: bending vibration of N-H of urethane (Amide II); 1240 cm−1: C-O stretching; the peaks in the area 1100–1350 cm−1: stretching of O-C=O and C-N groups of urethanes). Moreover, it can be observed that in pure WPU1 film (Figure 4a), there is a peak at 1740 cm−1 that corresponds to non-hydrogen bonded C=O of urethane group. This peak is stronger compared to the peak at 1700 cm−1. In all WPU1/polymer composite films (Figure 4a), a new peak at 1150 cm−1 is detected, that is not present in the spectrum of pure WPU1. This peak is attributed to the stretching vibrations of C-O-C of HEMA moieties. As shown in Figure 4b, the same peak is present in the spectra of all films (including pure WPU2) and its signal tends to increase in the case composites, compared to pure WPU2. In both WPU1/P(HEMA-co-DMAM50) and WPU2/P(HEMA-co-DMAM50) blends (Figure 4a,b), the characteristic peak at 1622 cm−1 due to the vibration of the C=O groups of DMAM, is present, proving the successful incorporation of P(HEMA-co-DMAM50) in WPUs. Additionally, it seems that in the WPU1/PHEMA and WPU1/P(HEMA-co-GMA50) composite films (Figure 4a), the signal of the peak at 1700 cm−1 is enhanced, compared to the signal of the peak at 1740 cm−1, and this is attributed to the characteristic ester stretching vibration band of the carbonyl groups (C=O) of HEMA and GMA units in PHEMA and P(HEMA-co-GMA50) copolymer, at 1724 cm−1, which overlaps the polyurethane peaks in the specific area.




2.3. Study of Hydrophilicity


As a consequence of the polar hydroxyl functionalities of HEMA units and amide functionalities of DMAM units, enabling hydrogen bonding with water molecules, the homopolymers and copolymers of these monomers are expected to be hygroscopic materials. This feature could offer water-responsiveness to the HEMA-based synthesized copolymers, and, consequently, affect the wettability of the as-prepared films and the envisaged water-mediated healing properties. Figure 5 shows the water contact angles of pure WPUS, WPU/xP(HEMA-co-DMAMy) as well as WPU/xP(HEMA-co-GMAy) films. Initially, it can be seen that among the pure WPU films, WPU1 displayed higher hydrophobicity compared to WPU2, with the water contact angle of WPU1 being 93.0° whereas the angle of WPU2 which was determined to be 80.0°, similar contact angle values reported for polyurethanes in the literature [25,61]. As shown in Figure 5a,b, the water contact angle decreases substantially with the addition of P(HEMA-co-DMAMy) copolymers, indicating the higher surface hydrophilicity of the WPU/xP(HEMA-co-DMAMy) composites as compared to pure WPUs films. This finding indicates that the wettability of the films is affected by the incorporation of the copolymers in the WPUs. Obviously, the hydrophilic P(HEMA-co-DMAMy) copolymers can attract the water molecules resulting in adsorption and penetration of water in the composite films. When the films with the more hydrophobic P(HEMA-co-GMAy) copolymers is studied, marginal changes are observed. In fact, in the case of the WPU1/xP(HEMA-co-GMAy) films (Figure 5c), the addition of the P(HEMA-co-GMAy) copolymers in WPU1 led to films with enhanced hydrophilicity, not so profound though, comparing with the results found in Figure 5a where the more hydrophilic P(HEMA-co-DMAMy) copolymers were used. On the contrary, Figure 5d demonstrates that the presence of the P(HEMA-co-GMAy) copolymers in WPU2 slightly enhances the hydrophobicity of the films. Indeed, it is seen that the water contact angle of WPU2 increases from 80.0° to 88.7°, when the P(HEMA-co-GMA70) copolymer with the highest hydrophobic content (70% mol in GMA moieties) is added in WPU2.



The water sorption kinetics by the samples of WPU and WPU/HEMA-based copolymers are shown in Figure 6. Sorption of water by pure WPUs is the lowest among all studied films. The water uptake is about 25% and 40% for pure WPU1 and pure WPU2, respectively. This finding is probably correlated with the less hydrophobic character of the pure WPU2 film, as shown in the water contact angle results in Figure 5. When WPU1 is mixed with PHEMA homopolymer or P(HEMA-co-DMAMy) copolymers, the final composite films exhibit initially a high-water uptake, obtaining values up to 50%, 60%, and 85%, for the WPU1/10PHEMA, WPU1/20PHEMA, and WPU1/10P(HEMA-co-DMAM50) composites (Figure 6a), indicating the enhanced hydrophilicity of the films that makes them prone to water permeation, in qualitative agreement with the contact angle measurements observed for the WPU/xP(HEMA-co-DMAMy) films. However, after this initial swelling step, a tendency of all WPU1/xPHEMA and WPU1/xP(HEMA-co-DMAM50) films to gradually decrease water uptake values is observed, tending in some cases to meet finally the respective values of pure WPU1 films (see WPU1/10PHEMA and WPU1/20PHEMA films at 18 days). This decreasing tendency may be due to the dissolution of the water-soluble copolymers after long immersion time in water, affecting thus the weight and the hydrophilic behavior of the films. This hypothesis can be explained by the findings in Figure 6e, where the soluble fraction of the WPU1/xPHEMA and WPU1/xP(HEMA-co-DMAM50) films is quite high, taking values between 10% and 17%, while the soluble fraction of pure WPU1 film is zero as the film did not lose any of its initial weight after the completement of the water uptake study. In the case of the WPU2/xPHEMA and WPU2/xP(HEMA-co-DMAM50) films (Figure 6b), the behavior is different as the composite films display a continuous increase of the water uptake values, with the WPU2/xP(HEMA-co-DMAM50) films exhibiting the higher one. This indicates that the WPU2/xP(HEMA-co-DMAM50) films have higher wettability than the WPU2/xPHEMA composite films. Additionally, these films have a much lower soluble fraction (Figure 6f), compared to the findings of Figure 6e. Indeed, herein, the soluble fraction does not exceed the value of 6% for all studied samples, whereas the soluble fraction of pure WPU2 film is zero.



A totally different behavior is observed by the WPU/xP(HEMA-co-GMAy) composites. In both WPU1/xP(HEMA-co-GMAy) (Figure 6c) and WPU2/xP(HEMA-co-GMAy) (Figure 6d) cases, all composite WPU/polymer films display a water uptake lower than 15%, indicating the lower hydrophilicity of the films, in accordance with the higher water contact angle results observed, as compared to the corresponding WPU/xP(HEMA-co-DMAM50) films.




2.4. Self-Healing Property


Figure 7 shows the self-healing process of WPU1/20PHEMA and WPU2/20PHEMA films, after the addition of droplets of water on the cut scratches. The optical microscope images of the healed samples were taken after full evaporation of the added water. As shown in Figure 7a,b, the scratch on the WPU1/20PHEMA film was healed at a large extend, whereas the scratch on the WPU2/20PHEMA film (Figure 7c,d) did not heal completely after addition of water on it.



It is expected that the hydrophilic character of the P(HEMA-co-DMAMy) copolymers will improve the water-mediated healing of the final WPU/xP(HEMA-co-DMAMy) composite films. Indeed, all WPU/xP(HEMA-co-DMAMy) films display improved healing efficiency after only once addition of water droplets on the cut (Figure 8). Moreover, in some cases (WPU1/20P(HEMA-co-DMAM80, Figure 8e,f, and WPU2/10P(HEMA-co-DMAM80), Figure 8k,l), the cross scratch was healed at a large extend or became almost invisible. As proved in Figure 6, the WPU/P(HEMA-co-DMAMy) films showed long term water absorption. Thus, it can be concluded that the systems under study are governed by a diffusion process which initiates from the surface of the films. Upon exposure to water, the damaged films can adsorb a quantity of water molecules. The water adsorption on the surface of the films leads to polymer chains’ plasticization that affects the chain dynamics [62]. The cut surfaces of the films heal due to the water-mediated polymer chain mobility, and now the diffusion of the polymer chains across the damaged region becomes probable and achievable. Furthermore, after the migration of the mobile polymer chains in the damaged interface, hydrogen-bonding interactions owed to both hydrogen-bond donors HEMA and DMAM components are enabled, leading to enhanced healing-efficiency. Therefore, the healability of these films is a combination of both diffusion and formation of hydrogen bonding.



At a next step, the water-mediated self-healing performance of the WPU/PHEMA-co-GMAy) films was explored. As seen in Figure 9a–d, where the optical microscopy images of the WPU1/P(PHEMA-co-GMAy) films are shown, the cross scratch in the surface of the films was almost completely healed after the addition of small quantity of water on the cut area. It seems that self-healing is efficient for both copolymers used as additives in WPU1 (P(HEMA-co-GMA30) in Figure 9a,b; P(HEMA-co-GMA50) in Figure 9c,d). The improved hydrophilicity these films, supported by the contact angles measured in Figure 4c, seems to be the answer to the healing-behavior of this system. This hydrophilicity of the final composite films possibly allows the water molecules to provide a polymer chain mobility at a satisfying degree, enabling the polymer chains diffusion to the damaged area. After the cracked surfaces have come closer, possible mechanisms that can take place are hydrogen bonding due to HEMA moieties, hydrolysis of the epoxide groups of GMA by water, and/or reaction of the epoxide groups of GMA with groups like -NH2, -OH, or -COOH, that could be present in the polyurethane matrix.



The self-healing performance of WPU2/P(HEMA-co-GMAy) films is not as efficient as in the cases of the respective films based on WPU1. In Figure 9e–h, it is shown that the addition of droplets of water on the cut area did not provide water-assisted self-healing in a satisfying level. On the contrary, one can see that the cross cuts are just marginally healed. This observation can be corroborated by the hydrophobic character of the WPU2/P(HEMA-co-GMAy) films, which in Figure 5d exhibited higher water contact angles (>86.5°), compared to other composite films (WPU/P(HEMA-co-DMAMy), or WPU1/P(HEMA-co-GMAy) films), in combination with their very low water uptake ratios shown in Figure 5d. Thus, the hydrophobicity of the present films is a restraining factor of water-assisted self-healing.





3. Materials and Methods


3.1. Materials


The monomers HEMA (97%, Acros Organics, Illkirch, France), DMAM (>99%, TCI Chemicals, Zwijndrecht, Belgium), GMA (≥97%, Aldrich, Steinheim, Germany), and the initiator azobisisobutyronitrile (AIBN, Aldrich, Steinheim, Germany) were used as received. The solvents tetrahydrofuran (THF, anhydrous, p.a, ≥99.9%, Carlo Erba, Milano, Italy), N,N-dimethyl formamide (DMF, p.a, ≥99.8%, Macron fine chemicals, Center valley, PA, USA), hexane (p.a, ≥99.5%, Carlo Erba, Milano, Italy), ethanol (p.a, ≥99.5%, Carlo Erba, Milano, Italy), ethyl acetate (p.a, Macron fine chemicals, Center valley, PA, USA), and N-methyl pyrrolidone (NMP, Aldrich, Steinheim, Germany) were used as received without further purification. The deuterated solvents chloroform (CDCl3, 99.8% D), methanol (d4-MeOH, 99.9%) and dimethyl sulfoxide (DMSO-d6, 99.8%), were obtained from Eurisotop (Saint-Aubin, France). The solvents 1-butylpyrrolidin-2-one (Tamisolve, ≥99.5%) and di(propylene glycol) dimethyl ether (Proglyde DMM, ≥99.1%) were purchased from Aldrich (Steinheim, Germany). Ultrapure water was prepared by an Arium mini water purification system (Sartorius, Goettingen, Germany). The internal emulsifier 2,2-Bis(hydroxymethyl)propionic acid (Bis-MPA, 98%) was purchased from Perstorp Chemicals (Arnsberg, Germany). The neutralizing agent triethylamine (TEA, ≥99.5%), the chain extender ethylenediamine (EDA, ≥99.5%), isophorone diisocyanate (IPDI, 98%) and dibutyltin dilaurate (DBTL, 95%) were purchased from Aldrich (Steinheim, Germany).




3.2. Synthesis of Copolymers and WPUs


3.2.1. Synthesis of P(HEMA-co-DMAMy) Copolymers


The synthesis of the copolymers was performed by free radical polymerization (FRP) of HEMA and DMAM monomers according to methodology reported in the literature [63]. For the synthesis of the copolymer P(HEMA-co-DMAM20), HEMA (5.00 mL, 41.10 mmol), DMAM (1.06 mL, 10.29 mmol), AIBN (1 mol% over the total monomer concentration, 84.0 mg, 5.1 × 10−4 mmol), and DMF (32.00 mL) were added into a round-bottom flask. The mixture was immersed in an oil bath at 65 °C and sealed under argon atmosphere. After 24 h, the reaction was stopped by exposing the mixture to air and lowering the temperature. The copolymer P(HEMA-co-DMAM20) was then purified by precipitation into an excess of ethyl acetate, filtered and dried in a vacuum oven at 40 °C overnight. Two more P(HEMA-co-DMAMy) copolymers were synthesized with different monomer proportions (y = 50, 80% moles DMAM).




3.2.2. Synthesis of P(HEMA-co-GMAy) Copolymers


The P(HEMA-co-GMAy) copolymers were synthesized via FRP of HEMA and GMA monomers using AIBN as the initiator in THF at 70 °C [64]. A typical polymerization reaction, for example for the P(HEMA-co-GMA30), is the following: HEMA (10.00 mL, 82.20 mmol), GMA (4.67 mL, 35.15 mmol), AIBN (0.8 mol% over the total monomer concentration, 0.1543 g, 0.94 mmol), and THF (80.00 mL) were added in a round-bottom flask equipped with a magnetic stirrer and a reflux condenser. The mixture was degassed and left under argon atmosphere in an oil bath at 70 °C for 24 h. The final product was received by precipitation in hexane, filtered, washed with hexane, and dried in a vacuum oven at 40 °C for 24 h. Three P(HEMA-co-GMAy) copolymers were totally synthesized, with GMA feed composition y = 30%, 50%, and 70% moles, respectively.




3.2.3. Synthesis of the Waterborne Polyurethane Dispersions WPU1 and WPU2


The waterborne polyurethane dispersions were developed through the prepolymer process, consisting of the following four steps: (a) formation of a water-dispersible, NCO-terminated PolyUrethane Prepolymer (PUp) from a polyol (MW: 1000 g/mol) and IPDI, in the presence of DBTL catalyst, with the aid of the solubilizing agent/internal emulsifier Bis-MPA, and a diluent for viscosity control, namely Proglyde DMM and NMP for WPU1 and WPU2, respectively; (b) neutralization of the PUp with TEA; (c) dispersion of the PUp in water at high shear rate (500–2000 rpm), depending on the PUp viscosity; and (d) chain extension of the neutralized, water-dispersible PUp with EDA.





3.3. Preparation of WPU/Polymer Composites


The P(HEMA-co-DMAMy) copolymers were dissolved in ultrapure water (for y = 50, 80% mol) or ethanol (for y = 20% mol). The PHEMA homopolymer was dissolved in ethanol. The P(HEMA-co-GMAy) copolymers were dissolved in a mixture 1:1 w/w of Tamisolve and Proglyde solvents. In all cases, the concentration of polymers was 10% w/v. The polymer solutions were homogeneously mixed with the waterborne polyurethane dispersions. The mixtures were poured on Teflon sheet and dried for 10 days at room temperature. The nomenclature used for the final products is WPUi/x polymer, where i = 1 or 2, and x is the mass percent of the copolymers in the WPU film (x = mass of polymer/mass of the solid content in PU of the WPU dispersions). Films with x = 10% w/w and 20% w/w were prepared. The dried composite films had a thickness of ~0.3 mm. Films of pure WPU dispersions were also prepared in a similar fashion for reasons of comparison.




3.4. Characterization Techniques


3.4.1. Proton Nuclear Magnetic Resonance (1H NMR)


1H NMR study (at 400 MHz and at 25 °C) of all homopolymers and copolymers was accomplished using a Bruker AVANCE DPX 400 spectrometer (Billerica, MA, USA).




3.4.2. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR)


The ATR-FTIR spectra of the homopolymers and the HEMA-based copolymers were recorded on a Bruker Platinum spectrometer (Billerica, MA, USA).




3.4.3. Water Contact Angle


The hydrophilic character of WPU/polymer composite films was investigated at room temperature by water contact angle measurements. Specifically, a 20 μL droplet of ultrapure water was pipetted onto the surfaces of the pure WPU or the WPU/polymer films and the contact angles were measured using ImageJ software.




3.4.4. Water Uptake and Soluble fraction


Water uptake of the WPU/polymer composite films was determined by immersing the films in ultrapure water at room temperature. At regular time intervals, water was gently wiped off the surface of the films using filter paper, and the films were weighted. The water uptake ratio was calculated by the following Equation (1):


Water uptake (%) = [(W − Wd)/Wd] × 100



(1)




where Ws is the weight of the swollen films at different immersing times, and Wd is the initial weight of the dried films.



After the water uptake study was over, the films were dried under vacuum at 50 °C, then the soluble fraction of the films was calculated using Equation (2):


Soluble fraction (%) = [(Wf − Wd)/Wd] × 100



(2)




where Wf is the weight of the dried films after the water uptake study, and Wd is the weight of the dried initial films before the water uptake study.




3.4.5. Self-Healing Tests


To study the self-healing behavior, the polyurethane/polymer films were scratched with a razor blade. Afterwards, droplets of water were added on the scratch using a micropipette and left to dry at room temperature. The healing process of the films was monitored by a Nikon Eclipse L150 optical microscope (and Nikon’s NIS-Elements DS-U3 software) (Nikon metrology, Paris, France).




3.4.6. Viscosity Measurements


The viscosity measurements of the WPUs were performed using a Brookfield RVDV-II+Pro viscometer, at room temperature and a shear rate of 100 rpm.




3.4.7. Minimum Film Forming Temperature (MFFT)


The minimum film-forming temperature is the minimum temperature at which a waterborne synthetic latex or emulsion will coalesce when laid on a substrate as a thin film. When this process occurs, a clear transparent film is formed. At temperatures below the MFFT, drying will result in a white, powdery, cracked film. The MFFT measurements were performed with a Rhopoint instruments’ MFFT.






4. Conclusions


In summary, two series of HEMA-based copolymers were synthesized by free radical copolymerization and investigated as potential self-healing agents of waterborne polyurethane resins (WPU). The copolymers of HEMA with the hydrophilic DMAM, P(HEMA-co-DMAMy), combine characteristics like hydrogen-bonding ability of both structural units and enhanced hydrophilicity, while the copolymers of HEMA with the hydrophobic, epoxy-bearing GMA, P(HEMA-co-GMAy), are hydrophobic copolymers with dual functionality: hydrogen-bonding owing to HEMA units and reactivity through the nucleophilic ring opening reactions of the pendent epoxide group of GMA units. WPU/polymer composite films were readily prepared by mixing two different WPU dispersions (WPU1 and WPU2) with polymer solutions, followed by solution casting. The addition of P(HEMA-co-DMAMy) copolymers in both WPUs, led to films with enhanced surface hydrophilicity and water-uptake efficiency, as seen by water contact angle and water sorption kinetics measurements. On the other hand, the use of P(HEMA-co-GMAy) as additives resulted in less hydrophilic films with a lower water uptake. The self-healing efficacy of the WPU/polymer composites was explored upon addition of a small quantity of water as external healing trigger of the damaged area. Self-healing was mainly governed by mechanisms like polymer chain diffusion process and hydrogen-bonding, and epoxy-ring opening reactions originating from GMA. Depending on the WPU used, both copolymer series exhibited self-healing capabilities, which were more pronounced in the case of the hydrophilic P(HEMA-co-DMAMy) copolymers. The room-temperature, water-assisted self-healing ability of the developed composites is a green procedure and makes these materials attractive candidates for various indoor every-day practical applications, having the advantage of performance at room temperature and atmosphere, without using severe conditions for repair. For example, self-healing of WPU/polymer composites coatings could be accomplished by simply spraying water on the coating surface.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24032575/s1, Figure S1: SEM images of (a) pure WPU1, (b) pure WPU2, (c) composite WPU1/20P(HEMA-co-DMAM50), and (d) composite WPU2/20P(HEMA-co-DMAM50) polyurethane film surfaces.; Figure S2: Storage modulus (E’, closed symbols) and loss modulus (E’’, open symbols) for pure WPU1 film, WPU1/10PHEMA composite film and WPU1/10PHEMA composite film.





Author Contributions


Conceptualization, I.T., Z.I., G.B. and J.K.K.; methodology, I.T., Z.I., A.M.F. and P.K.; investigation, I.T. and A.M.F.; data curation, I.T. and Z.I.; writing—original draft preparation, Z.I. and A.M.F.; writing—review and editing, Z.I., G.B. and J.K.K.; supervision, J.K.K. and G.B.; project administration, J.K.K. and P.K. All authors have read and agreed to the published version of the manuscript.




Funding


European Union and Greek national funds through the Operational Program Competitiveness, Entrepreneurship and Innovation: T1EDK-T2EΔK-00307.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


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




Acknowledgments


This research has been co-financed by the European Union and Greek national funds through the Operational Program Competitiveness, Entrepreneurship and Innovation, under the call RESEARCH–CREATE–INNOVATE (project code: T1EDK–T2ΕΔΚ-00307 “Synthesis of waterborne polyurethane dispersions with encapsulation of micro/nano structures for ecological self-healing coatings”).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yang, Y.; Urban, M.W. Self-healing polymeric materials. Chem. Soc. Rev. 2013, 42, 7446–7467. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Urban, M.W. Self–healing polymers. Nat. Rev. Mater. 2020, 5, 562–583. [Google Scholar] [CrossRef]

	



Islam, S.; Bhat, G.S. Progress and challenges in self-healing composite materials. Mater. Adv. 2021, 2, 1896–1926. [Google Scholar] [CrossRef]

	



Kahar, N.N.M.N.; Osman, A.; Alosime, E.; Arsat, N.; Azman, N.M.; Syamsir, A.; Itam, Z.; Hamid, Z.A. The Versatility of Polymeric Materials as Self-Healing Agents for Various Types of Applications: A Review. Polymers 2021, 13, 1194. [Google Scholar] [CrossRef] [PubMed]

	



White, S.R.; Sottos, N.R.; Geubelle, P.H.; Moore, J.S.; Kessler, M.R.; Sriram, S.R.; Brown, E.N.; Viswanathan, S. Autonomic healing of polymer composites. Nature 2001, 409, 794–797. [Google Scholar] [CrossRef] [PubMed]

	



Avdeliodi, E.; Beobide, A.S.; Voyiatzis, G.A.; Bokias, G.; Kallitsis, J.K. Novolac-based microcapsules containing isocyanate reagents for self-healing applications. Prog. Org. Coat. 2022, 173, 107204. [Google Scholar] [CrossRef]

	



Dahlke, J.; Zechel, S.; Hager, M.D.; Schubert, U.S. How to Design a Self-Healing Polymer: General Concepts of Dynamic Covalent Bonds and Their Application for Intrinsic Healable Materials. Adv. Mater. Interfaces 2018, 5, 1800051. [Google Scholar] [CrossRef]

	



Liu, Y.-L.; Chuo, T.-W. Self-healing polymers based on thermally reversible Diels–Alder chemistry. Polym. Chem. 2013, 4, 2194–2205. [Google Scholar] [CrossRef]

	



Du, G.; Mao, A.; Yu, J.; Hou, J.; Zhao, N.; Han, J.; Zhao, Q.; Gao, W.; Xie, T.; Bai, H. Nacre-mimetic composite with intrinsic self-healing and shape-programming capability. Nat. Commun. 2019, 10, 800. [Google Scholar] [CrossRef]

	



Xu, Y.; Li, Y.; Chen, Q.; Fu, L.; Tao, L.; Wei, Y. Injectable and Self-Healing Chitosan Hydrogel Based on Imine Bonds: Design and Therapeutic Applications. Int. J. Mol. Sci. 2018, 19, 2198. [Google Scholar] [CrossRef][Green Version]

	



Xu, Y.; Chen, D. A Novel Self-Healing Polyurethane Based on Disulfide Bonds. Macromol. Chem. Phys. 2016, 217, 1191–1196. [Google Scholar] [CrossRef]

	



Jian, X.; Hu, Y.; Zhou, W.; Xiao, L. Self-healing polyurethane based on disulfide bond and hydrogen bond. Polym. Adv. Technol. 2017, 29, 463–469. [Google Scholar] [CrossRef]

	



Chang, K.; Jia, H.; Gu, S.-Y. A transparent, highly stretchable, self-healing polyurethane based on disulfide bonds. Eur. Polym. J. 2018, 112, 822–831. [Google Scholar] [CrossRef]

	



Cash, J.J.; Kubo, T.; Bapat, A.P.; Sumerlin, B.S. Room-Temperature Self-Healing Polymers Based on Dynamic-Covalent Boronic Esters. Macromolecules 2015, 48, 2098–2106. [Google Scholar] [CrossRef]

	



Chen, Y.; Tang, Z.; Liu, Y.; Wu, S.; Guo, B. Mechanically Robust, Self-Healable, and Reprocessable Elastomers Enabled by Dynamic Dual Cross-Links. Macromolecules 2019, 52, 3805–3812. [Google Scholar] [CrossRef]

	



Zhu, D.; Ye, Q.; Lu, X.; Lu, Q. Self-healing polymers with PEG oligomer side chains based on multiple H-bonding and adhesion properties. Polym. Chem. 2015, 6, 5086–5092. [Google Scholar] [CrossRef]

	



Wittmer, A.; Brinkmann, A.; Stenzel, V.; Hartwig, A.; Koschek, K. Moisture-mediated intrinsic self-healing of modified polyurethane urea polymers. J. Polym. Sci. Part A Polym. Chem. 2017, 56, 537–548. [Google Scholar] [CrossRef]

	



Li, Y.; Li, W.; Sun, A.; Jing, M.; Liu, X.; Wei, L.; Wu, K.; Fu, Q. A self-reinforcing and self-healing elastomer with high strength, unprecedented toughness and room-temperature reparability. Mater. Horizons 2020, 8, 267–275. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Z.; Zhang, D.; Lu, F.; Yuan, W.; Xu, X.; Zhang, Q.; Liu, H.; Shao, Q.; Guo, Z.; Huang, Y. Multistimuli-Responsive Intrinsic Self-Healing Epoxy Resin Constructed by Host–Guest Interactions. Macromolecules 2018, 51, 5294–5303. [Google Scholar] [CrossRef]

	



Wang, Z.; Xie, C.; Yu, C.; Fei, G.; Xia, H. A Facile Strategy for Self-Healing Polyurethanes Containing Multiple Metal-Ligand Bonds. Macromol. Rapid Commun. 2018, 39, e1700678. [Google Scholar] [CrossRef]

	



Xiao, Y.; Huang, H.; Peng, X. Synthesis of self-healing waterborne polyurethanes containing sulphonate groups. RSC Adv. 2017, 7, 20093–20100. [Google Scholar] [CrossRef]

	



Gadwal, I. A Brief Overview on Preparation of Self-Healing Polymers and Coatings via Hydrogen Bonding Interactions. Macromol 2020, 1, 18–36. [Google Scholar] [CrossRef]

	



Liang, Z.; Huang, D.; Zhao, L.; Nie, Y.; Zhou, Z.; Hao, T.; Li, S. Self-healing Polyurethane Elastomer Based on Molecular Design: Combination of Reversible Hydrogen Bonds and High Segment Mobility. J. Inorg. Organomet. Polym. Mater. 2021, 31, 683–694. [Google Scholar] [CrossRef]

	



Guadagno, L.; Vertuccio, L.; Naddeo, C.; Calabrese, E.; Barra, G.; Raimondo, M.; Sorrentino, A.; Binder, W.H.; Michael, P.; Rana, S. Self-healing epoxy nanocomposites via reversible hydrogen bonding. Compos. Part B Eng. 2019, 157, 1–13. [Google Scholar] [CrossRef]

	



Han, Y.; Jiang, Y.; Hu, J. Collagen incorporation into waterborne polyurethane improves breathability, mechanical property, and self-healing ability. Compos. Part A Appl. Sci. Manuf. 2020, 133, 105854. [Google Scholar] [CrossRef]

	



Peng, H.; Du, X.; Cheng, X.; Wang, H.; Du, Z. Room-temperature self-healable and stretchable waterborne polyurethane film fabricated via multiple hydrogen bonds. Prog. Org. Coat. 2020, 151, 106081. [Google Scholar] [CrossRef]

	



Yu, X.; Li, C.; Gao, C.; Zhang, X.; Zhang, G.; Zhang, D. Incorporation of hydrogen-bonding units into polymeric semiconductors toward boosting charge mobility, intrinsic stretchability, and self-healing ability. Smartmat 2021, 2, 347–366. [Google Scholar] [CrossRef]

	



Zare, M.; Bigham, A.; Zare, M.; Luo, H.; Ghomi, E.R.; Ramakrishna, S. pHEMA: An Overview for Biomedical Applications. Int. J. Mol. Sci. 2021, 22, 6376. [Google Scholar] [CrossRef]

	



Vieira, A.P.; Pimenta, A.F.; Silva, D.; Gil, M.H.; Alves, P.; Coimbra, P.; Mata, J.L.; Bozukova, D.; Correia, T.R.; Correia, I.J.; et al. Surface modification of an intraocular lens material by plasma-assisted grafting with 2-hydroxyethyl methacrylate (HEMA), for controlled release of moxifloxacin. Eur. J. Pharm. Biopharm. 2017, 120, 52–62. [Google Scholar] [CrossRef]

	



Noein, L.; Haddadi-Asl, V.; Salami-Kalajahi, M. Grafting of pH-sensitive poly (N,N-dimethylaminoethyl methacrylate-co-2-hydroxyethyl methacrylate) onto HNTS via surface-initiated atom transfer radical polymerization for controllable drug release. Int. J. Polym. Mater. Polym. Biomater. 2017, 66, 123–131. [Google Scholar] [CrossRef]

	



Di, Z.; Shi, Z.; Ullah, M.W.; Li, S.; Yang, G. A transparent wound dressing based on bacterial cellulose whisker and poly(2-hydroxyethyl methacrylate). Int. J. Biol. Macromol. 2017, 105, 638–644. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Tang, Y.; Zhao, K.; Liu, J.; Jiao, M.; Bai, H.; Wu, Z. HEMA-Modified Expandable P(MMA-AA) Bone Cement with Dual Water Absorption Networks. Macromol. Mater. Eng. 2020, 305, 1900752. [Google Scholar] [CrossRef]

	



Elkak, A.; Hamade, A.; Bereli, N.; Armutcu, C.; Denizli, A. Synthesis of hydroxyethyl-methacrylate-(L)-histidine methyl ester cryogels. Application on the separation of bovine immunoglobulin G. Anal. Biochem. 2017, 525, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Bayramoglu, G.; Ozalp, C.; Oztekin, M.; Güler, U.; Salih, B.; Arica, M.Y. Design of an aptamer-based magnetic adsorbent and biosensor systems for selective and sensitive separation and detection of thrombin. Talanta 2018, 191, 59–66. [Google Scholar] [CrossRef]

	



Çiçek, C.; Yılmaz, F.; Özgür, E.; Yavuz, H.; Denizli, A. Molecularly Imprinted Quartz Crystal Microbalance Sensor (QCM) for Bilirubin Detection. Chemosensors 2016, 4, 21. [Google Scholar] [CrossRef]

	



Demir, E.F.; Kuru, C.I.; Uygun, M.; Uygun, D.A.; Akgöl, S. Antibody separation using lectin modified poly(HEMA-EDMA) hydrogel membranes. J. Biomater. Sci. Polym. Ed. 2018, 29, 344–359. [Google Scholar] [CrossRef]

	



Bayramoglu, G.; Arica, M.Y.; Bektas, S. Removal of Cd(II), Hg(II), and Pb(II) ions from aqueous solution using p(HEMA/chitosan) membranes. J. Appl. Polym. Sci. 2007, 106, 169–177. [Google Scholar] [CrossRef]

	



Lin, Y.; He, D.; Chen, Z.; Wang, L.; Li, G. Double-crosslinked network design for self-healing, highly stretchable and resilient polymer hydrogels. RSC Adv. 2016, 6, 12479–12485. [Google Scholar] [CrossRef]

	



Liang, B.; Zhong, Z.; Jia, E.; Zhang, G.; Su, Z. Transparent and Scratch-Resistant Antifogging Coatings with Rapid Self-Healing Capability. ACS Appl. Mater. Interfaces 2019, 11, 30300–30307. [Google Scholar] [CrossRef]

	



Chen, R.; Xu, X.; Yu, D.; Liu, M.; Xiao, C.; Wyman, I.; Wang, Z.; Yang, H.; Wu, X. Temperature-regulated flexibility of polymer chains in rapidly self-healing hydrogels. NPG Asia Mater. 2019, 11, 22. [Google Scholar] [CrossRef][Green Version]

	



Khiavi, A.K.; Ghanbari, A.; Rasouli, R. Self-healing and fatigue performance of poly 2-hydroxyethyl methacrylate modified bitumen. Constr. Build. Mater. 2020, 273, 121688. [Google Scholar] [CrossRef]

	



Ibrahim, A.G.; Hai, F.A.; Wahab, H.A.; Mahmoud, H. Synthesis, Characterization, Swelling Studies and Dye Removal of Chemically Crosslinked Acrylic Acid/Acrylamide/N,N-Dimethyl Acrylamide Hydrogels. Am. J. Appl. Chem. 2016, 4, 221. [Google Scholar] [CrossRef]

	



Luo, Y.-L.; Wang, Y.; Wang, X.; Xu, F.; Chen, Y.-S. Thermosensitive tribrachia star-shaped s-P(NIPAM-co-DMAM) random copolymer micelle aggregates: Preparation, characterization, and drug release applications. J. Biomater. Appl. 2016, 30, 662–676. [Google Scholar] [CrossRef]

	



Bekiari, V.; Sotiropoulou, M.; Bokias, G.; Lianos, P. Use of poly(N,N-dimethylacrylamide-co-sodium acrylate) hydrogel to extract cationic dyes and metals from water. Colloids Surf. A Physicochem. Eng. Asp. 2008, 312, 214–218. [Google Scholar] [CrossRef]

	



Sadik, W.A.A.; El–Demerdash, A.G.M.; Abbas, R.; Gabre, H.A. Fast synthesis of an eco–friendly starch–grafted poly(N,N–dimethyl acrylamide) hydrogel for the removal of Acid Red 8 dye from aqueous solutions. Polym. Bull. 2020, 77, 4445–4468. [Google Scholar] [CrossRef]

	



Ramos-Jacques, A.; Lujan-Montelongo, J.; Silva-Cuevas, C.; Cortez-Valadez, M.; Estevez, M.; Hernandez-Martínez, A. Lead (II) removal by poly(N,N-dimethylacrylamide-co-2-hydroxyethyl methacrylate). Eur. Polym. J. 2018, 101, 262–272. [Google Scholar] [CrossRef]

	



Hernandez-Martínez, A.; Lujan-Montelongo, J.; Silva-Cuevas, C.; Mota-Morales, J.D.; Cortez-Valadez, M.; Ruíz-Baltazar, Á.D.J.; Cruz, M.; Herrera-Ordonez, J. Swelling and methylene blue adsorption of poly(N,N-dimethylacrylamide-co-2-hydroxyethyl methacrylate) hydrogel. React. Funct. Polym. 2018, 122, 75–84. [Google Scholar] [CrossRef]

	



Hernandez-Martinez, A.R. Poly(2-Hydroxyethyl methacrylate-co-N,N-dimethylacrylamide)-Coated Quartz Crystal Microbalance Sensor: Membrane Characterization and Proof of Concept. Gels 2021, 7, 151. [Google Scholar] [CrossRef]

	



Hernández-Martínez, A.; Silva-Cuevas, C.; Rangel-Miranda, D.; Lujan-Montelongo, J. Adsorption and swelling studies of 2-hydroxyethyl methacrylate- and N,N-dimethylacrylamide-based porous copolymers and their possible applications for QCM-sensors. Appl. Surf. Sci. 2021, 572, 151508. [Google Scholar] [CrossRef]

	



Hu, X.; Feng, L.; Wei, W.; Xie, A.; Wang, S.; Zhang, J.; Dong, W. Synthesis and characterization of a novel semi-IPN hydrogel based on Salecan and poly(N,N-dimethylacrylamide-co-2-hydroxyethyl methacrylate). Carbohydr. Polym. 2014, 105, 135–144. [Google Scholar] [CrossRef]

	



Muzammil, E.M.; Khan, A.; Stuparu, M.C. Post-polymerization modification reactions of poly(glycidyl methacrylate)s. RSC Adv. 2017, 7, 55874–55884. [Google Scholar] [CrossRef]

	



Arıca, M.Y.; Bayramoglu, G. Reversible immobilization of tyrosinase onto polyethyleneimine–grafted and Cu(II) chelated poly(HEMA–co–GMA) reactive membranes. J. Mol. Catal. 2004, 27, 255–265. [Google Scholar] [CrossRef]

	



Bayramoğlu, G.; Yalçın, E.; Arıca, M.Y. Characterization of polyethylenimine grafted and Cibacron Blue F3GA immobilized poly(hydroxyethylmethacrylate-co-glycydylmethacrylate) membranes and application to bilirubin removal from human serum. Colloids Surf. A Physicochem. Eng. Asp. 2005, 264, 195–202. [Google Scholar] [CrossRef]

	



Zhao, W.; Yang, R.-J.; Qian, T.-T.; Hua, X.; Zhang, W.-B.; Katiyo, W. Preparation of Novel Poly(hydroxyethyl methacrylate-co-glycidyl methacrylate)-Grafted Core-Shell Magnetic Chitosan Microspheres and Immobilization of Lactase. Int. J. Mol. Sci. 2013, 14, 12073–12089. [Google Scholar] [CrossRef] [PubMed]

	



Lei, Z.; Gao, J.; Liu, X.; Liu, D.; Wang, Z. Poly(glycidyl methacrylate-co-2-hydroxyethyl methacrylate) Brushes as Peptide/Protein Microarray Substrate for Improving Protein Binding and Functionality. ACS Appl. Mater. Interfaces 2016, 8, 10174–10182. [Google Scholar] [CrossRef]

	



Erol, K.; Cebeci, B.K.; Köse, K.; Köse, D.A. Effect of immobilization on the activity of catalase carried by poly(HEMA-GMA) cryogels. Int. J. Biol. Macromol. 2018, 123, 738–743. [Google Scholar] [CrossRef]

	



Trakulsujaritchok, T.; Noiphom, N.; Tangtreamjitmun, N.; Saeeng, R. Adsorptive features of poly(glycidyl methacrylate-co-hydroxyethyl methacrylate): Effect of porogen formulation on heavy metal ion adsorption. J. Mater. Sci. 2011, 46, 5350–5362. [Google Scholar] [CrossRef]

	



Wan, B.; Li, J.-Y.; Ma, F.; Yu, N.; Zhang, W.; Jiang, L.; Wei, H. Preparation and Properties of Cryogel Based on Poly(2-hydroxyethyl methacrylate-co-glycidyl methacrylate). Langmuir 2019, 35, 3284–3294. [Google Scholar] [CrossRef]

	



Sharma, R.K.; Kumar, R. Functionalized cellulose with hydroxyethyl methacrylate and glycidyl methacrylate for metal ions and dye adsorption applications. Int. J. Biol. Macromol. 2019, 134, 704–721. [Google Scholar] [CrossRef]

	



Tzoumani, I.; Beobide, A.S.; Iatridi, Z.; Voyiatzis, G.A.; Bokias, G.; Kallitsis, J.K. Glycidyl Methacrylate-Based Copolymers as Healing Agents of Waterborne Polyurethanes. Int. J. Mol. Sci. 2022, 23, 8118. [Google Scholar] [CrossRef]

	



Chen, K.; Zhou, S.; Wu, L. Self-repairing nonfouling polyurethane coatings via 3D-grafting of PEG-b-PHEMA-b-PMPC copolymer. RSC Adv. 2015, 5, 104907–104914. [Google Scholar] [CrossRef]

	



Yan, X.; Zhang, R.; Zhao, C.; Han, L.; Han, S. Water plasticization accelerates the underwater self-healing of hydrophobic polyurethanes. Polymer 2022, 250, 124863. [Google Scholar] [CrossRef]

	



Jia, X.; Burdick, J.A.; Kobler, J.; Clifton, R.J.; Rosowski, J.J.; Zeitels, S.M.; Langer, R. Synthesis and Characterization of in Situ Cross-Linkable Hyaluronic Acid-Based Hydrogels with Potential Application for Vocal Fold Regeneration. Macromolecules 2004, 37, 3239–3248. [Google Scholar] [CrossRef]

	



Deng, Y.; Song, G.-L.; Zheng, D.; Zhang, Y. Fabrication and synergistic antibacterial and antifouling effect of an organic/inorganic hybrid coating embedded with nanocomposite Ag@TA-SiO particles. Colloids Surf. A Physicochem. Eng. Asp. 2021, 613, 126085. [Google Scholar] [CrossRef]








[image: Ijms 24 02575 g001 550] 





Figure 1. Chemical structures of P(HEMA-co-DMAMy) and P(HEMA-co-GMAy). 
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Figure 2. (a) 1H NMR spectra of the P(HEMA-co-DMAMy) copolymers in d4-MeOH. The spectra of the homopolymers PHEMA and PDMAM, are also presented.; (b) ATR-FTIR spectra of the P(HEMA-co-DMAMy) copolymers. The spectra of the homopolymers PHEMA and PDMAM, are also presented. 
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Figure 3. (a) 1H NMR spectra of the P(HEMA-co-GMAy) copolymers in d6-DMSO. The spectra of the homopolymers PHEMA (in d6-DMSO) and PGMA (in CDCl3), are also presented.; (b) ATR-FTIR spectra of the P(HEMA-co-GMAy) copolymers. The spectra of the homopolymers PHEMA and PGMA, are also presented. 
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[image: Ijms 24 02575 g003]







[image: Ijms 24 02575 sch001 550] 





Scheme 1. (a) Reagents, (b) Overview of the reaction scheme for the WPUs synthesis. 






Scheme 1. (a) Reagents, (b) Overview of the reaction scheme for the WPUs synthesis.



[image: Ijms 24 02575 sch001]







[image: Ijms 24 02575 g004 550] 





Figure 4. ATR-FTIR spectra of (a) WPU1 and (b) WPU2 films containing PHEMA, P(HEMA-co-DMAM50) and P(HEMA-co-GMA50) as additives. 
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Figure 5. Water contact angles of WPU and WPU/polymer films: (a) WPU1/xP(HEMA-co-DMAMy); (b) WPU2/xP(HEMA-co-DMAMy); (c) WPU1/xP(HEMA-co-GMAy); (d) WPU2/xP(HEMA-co-GMAy). 
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Figure 6. Water uptake of WPU and WPU/polymer films: (a) WPU1, WPU1/xPHEMA and WPU1/xP(HEMA-co-DMAMy); (b) WPU2, WPU2/xPHEMA and WPU2/xP(HEMA-co-DMAMy); (c) WPU1 and WPU1/xP(HEMA-co-GMAy); (d) WPU2 and WPU1/xP(HEMA-co-GMAy). Soluble fraction of (e) WPU1/xPHEMA and WPU1/xP(HEMA-co-DMAMy) films and, (f) WPU2/xPHEMA and WPU2/xP(HEMA-co-DMAMy) films. 






Figure 6. Water uptake of WPU and WPU/polymer films: (a) WPU1, WPU1/xPHEMA and WPU1/xP(HEMA-co-DMAMy); (b) WPU2, WPU2/xPHEMA and WPU2/xP(HEMA-co-DMAMy); (c) WPU1 and WPU1/xP(HEMA-co-GMAy); (d) WPU2 and WPU1/xP(HEMA-co-GMAy). Soluble fraction of (e) WPU1/xPHEMA and WPU1/xP(HEMA-co-DMAMy) films and, (f) WPU2/xPHEMA and WPU2/xP(HEMA-co-DMAMy) films.
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Figure 7. Optical microscopy photographs of (a,b) WPU1/20PHEMA (c,d) WPU2/10PHEMA films: images under damage (a,c) and healed (b,d) samples. Scale bars indicate 100 μm. 






Figure 7. Optical microscopy photographs of (a,b) WPU1/20PHEMA (c,d) WPU2/10PHEMA films: images under damage (a,c) and healed (b,d) samples. Scale bars indicate 100 μm.
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Figure 8. Optical microscopy photographs of (a,b) WPU1/20P(HEMA-co-DMAM20); (c,d) WPU1/20P(HEMA-co-DMAM50); (e,f) WPU1/20P(HEMA-co-DMAM80) and (g,h) WPU2/10P(HEMA-co-DMAM20); (i,j) WPU2/10P(HEMA-co-DMAM50); (k,l) WPU2/10P(HEMA-co-DMAM80) specimens: images under damage (a,c,e,g,i,k) and healed (b,d,f,h,j,l) samples. Scale bars indicate 100 μm. 






Figure 8. Optical microscopy photographs of (a,b) WPU1/20P(HEMA-co-DMAM20); (c,d) WPU1/20P(HEMA-co-DMAM50); (e,f) WPU1/20P(HEMA-co-DMAM80) and (g,h) WPU2/10P(HEMA-co-DMAM20); (i,j) WPU2/10P(HEMA-co-DMAM50); (k,l) WPU2/10P(HEMA-co-DMAM80) specimens: images under damage (a,c,e,g,i,k) and healed (b,d,f,h,j,l) samples. Scale bars indicate 100 μm.
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Figure 9. Optical microscopy photographs of (a,b) WPU1/10P(HEMA-co-GMA30); (c,d) WPU1/10P(HEMA-co-GMA50); (e,f) WPU2/10P(HEMA-co-GMA30); (g,h) WPU2/10P(HEMA-co-GMA50) specimens: images under damage (a,c,e,g) and healed (b,d,f,h) samples. Scale bars indicate 100 μm. 
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Table 1. Characterization results for the copolymers.






Table 1. Characterization results for the copolymers.





	
P(HEMA-co-DMAMy)




	
Polymers

	
Feed Composition

(% mol DMAM)

	
1H NMR Composition

(% mol GMA)






	
P(HEMA-co-DMAM20)

	
20.0

	
24.0




	
P(HEMA-co- DMAM 50)

	
50.0

	
51.2




	
P(HEMA-co- DMAM 80)

	
80.0

	
73.6




	
P(HEMA-co-GMAy)




	
Polymers

	
Feed Composition

(% mol GMA)

	
1H NMR Composition

(% mol GMA)




	
P(HEMA-co-GMA30)

	
30.0

	
33.0




	
P(HEMA-co-GMA50)

	
50.0

	
45.5




	
P(HEMA-co-GMA70)

	
70.0

	
76.5
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Table 2. Specifications/Physical Properties of the formulated/developed WPUs.






Table 2. Specifications/Physical Properties of the formulated/developed WPUs.





	WPU Code
	WPU

Type
	Polyol

Type
	NCO/OH
	Solvent
	NV a %
	pH
	AN b

(mgKOH/g)
	MFFT (°C)
	Viscosity (cP)
	Storage

Stability

(Months)





	WPU1
	Pure
	polycarbonate
	1.4
	Proglyde DMM
	37.30
	7.20
	27.30
	−3.6
	250.8
	>12



	WPU2
	Hybrid Alkyd
	polyether-ester
	1.33
	NMP
	35.70
	7.35
	25.10
	−6.0
	42.4
	>12







a Non-volatile content; b Acid number.
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