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Abstract

:

Self-healing nanocomposites can be generated by organic functionalization of inorganic nanoparticles and complementary functionalization of the polymer matrix, allowing reversible interactions between the two components. Here, we report on self-healing nanocomposites based on ionic interactions between anionic copolymers consisting of di(ethylene glycol) methyl ether methacrylate, sodium 4-(methacryloyloxy)butan-1-sulfonate, and cationically functionalized iron oxide nanoparticles. The materials exhibited hygroscopic behavior. At water contents < 6%, the shear modulus was reduced by up to 90%. The nanoparticle concentration was identified as a second factor strongly influencing the mechanical properties of the materials. Backscattered scanning electron microscopy and small-angle X-ray scattering measurements showed the formation of agglomerates in the size range of 100 nm to a few µm in diameter, independent of concentration, resulting in the disordering of the semi-crystalline ionic polymer blocks. These effects resulted in an increase in the shear modulus of the composite from 3.7 MPa to 5.6 MPa, 6.3 Mpa, and 7.5 MPa for 2, 10, and 20 wt% particles, respectively. Temperature-induced self-healing was possible for all composites investigated. However, only 36% of the maximum stress could be recovered in systems with a low nanoparticle content, whereas the original properties were largely restored (>85%) at higher particle contents.
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1. Introduction


Inorganic–organic nanocomposites have proven to be high-performance materials due to their outstanding properties, which result from the synergistic combination of properties of the individual components. A general route for their formation is the incorporation of inorganic fillers in a polymer matrix, which significantly improves the mechanical and thermal stability of the matrix material [1,2,3,4]. An interesting aspect regarding sustainability goals in materials development is to increase the lifespan of such materials. Organic functional groups allow the implementation of an even longer lifespan if self-healing properties are induced [5,6,7,8]. While in inorganic materials, healing mechanisms are often associated with high energy inputs [9,10], the concept of inorganic–organic nanocomposites allows the introduction of self-healing into a solid material via organic groups that permit reversible bond formation, e.g., Diels–Alder chemistry (DA), or supramolecular interactions [11,12].



DA chemistry previously proved to have high healing efficiency and cyclability in polymer science [13,14]. We showed in previous work that this type of chemistry can be transferred to the surface of silica or iron oxide nanoparticles [15,16,17]. The self-healing properties of nanocomposites through reversible bond formation in DA chemistry have been demonstrated for a variety of polymer matrices, including epoxy, polyester, polyurethane, methacrylate, and siloxane-based thermoplastics and elastomers [18,19,20,21,22,23,24]. A drawback of DA chemistry on the surface of nanoparticles is the steric demand of the reversible switching process of the DA reaction, which can partially be overcome by tailoring the attachment of the organic-groups to the surface [25]. Higher healing efficiencies and shorter healing times in nanocomposites can be achieved when two independent healing mechanisms are addressed in the same nanocomposite, e.g., hydrogen and coordination bonds, hydrogen bonds and reversible imine/boronate ester bonds, or DA chemistry and reversible hydrogen bonding [26,27,28,29,30].



Besides covalent bond formation and hydrogen bonding, other interaction mechanisms have been addressed in self-healing materials, such as ionic bonding. One of the most studied self-healing materials based on ionic interactions is poly(ethylene-co-methacrylic acid), which shows excellent autonomous healing in response to ballistic impact based on the formation of ionic clusters [31,32]. In 2014, Wang et al. first utilized the ionic interactions between poly(ethyleneimine) and poly(acrylic acid) to obtain a self-healing material [33]. Later, poly(allylamine hydrochloride) or poly(triethyl(4-vinylbenzyl)phosphonium chloride) blends with poly(acrylic acid) as well as zwitterionic cross-linked poly(methacrylic acid) and amphoteric polymers were also successfully applied in the field of self-healing [34,35,36,37,38]. All systems showed excellent healing, although the addition of water or salt water is usually required for efficient healing. Despite these promising results, the application of ionic self-healing in nanocomposites has hardly been tested so far. Initial work in this area primarily involved the cationic or anionic modification of silica particles and their subsequent embedding in poly(acrylic acid), imidazolium, or quaternary ammonium functionalized matrices [39,40,41].



For the modification of silica particles, usually alkoxysilane anchor groups are used to attach organic functions important for the healing mechanisms, but phosphonates are better suited for transition metals. They are characterized by a high level of stability and flexibility, have an efficient attachment to the particle surface, and also often have straightforward synthetic accessibility [42,43,44,45,46]. Different functional groups that are of interest for self-healing applications can be combined with these phosphonate anchor groups, such as ligands for complexation, aldehydes or amines for dynamic imine bonds, boronic acid groups for reversible borate ester bonds, cyclodextrins for host-guest interactions, urea groups for hydrogen bonding, DA groups for dynamic carbon-carbon bonds, or stable surface charges for ionic interactions [25,30,42,47,48,49,50,51].



While in many studies the properties of the inorganic nanoparticles were not specifically addressed because the enhancement of the thermal and mechanic properties of the nanocomposites was targeted, this has changed in recent years. Inorganic nanoparticles can induce additional extraordinary properties into the materials. For example, iron oxide (Fe2O3, Fe3O4) can induce magnetism in the final material in addition to increasing its thermal stability and improving its tensile strength [52]. Bulk ferromagnetic oxides change to the superparamagnetic state when they fall below a critical size threshold [53]. This loss of permanent magnetization makes these systems particularly attractive, as no agglomeration is expected due to magnetic interactions between the particles. Superparamagnetic iron oxide nanoparticles induce local heat by relaxation when exposed to an alternating magnetic field (AMF) [54]. Due to the induction heating of the iron oxide particles and their straightforward synthesis and low toxicity, they have already found wide applications in the biomedical field [55,56,57,58], whereas their use in self-healing materials is almost unexplored. The first work in this field was carried out by Corten and Urban, in which an alternating electromagnetic field was used for healing a methyl methacrylate matrix via chain interdiffusion [59]. In addition, it could be shown that supramolecular healing mechanisms can be accelerated by inductive heating. Hohlbein et al. described that heating iron oxide nanoparticles in an alternating magnetic field can improve healing based on the formation of zinc acrylate complexes [60]. A comparable improvement was also observed for a gelatin/agarose hydrogel that heals based on hydrogen bonds [61].



In a previous work, we produced self-healing nanocomposites based on ionic interactions, which can be healed in an alternating electromagnetic field [62]. For this purpose, superparamagnetic iron oxide nanoparticles were functionalized with N,N,N-trimethyl-6-phosphonhexan-1-ammonium bromide, introducing positive charges on the particle surface. These were combined with an anionic copolymer of di(ethylene glycol) methyl ether methacrylate (DEGMA) and sodium 4-(methacryloyloxy)butane-1-sulfonate (SMBS) as the organic matrix. By combining the two components, magnetic nanocomposites were obtained, which can be classically cured in an oven and an alternating magnetic field. Although the nanocomposites exhibited efficient self-healing capacity, the initial tests indicated particle agglomeration and an affinity of the polymer system for water.



The aim of this work was the systematic investigation of particle agglomeration and water adsorption within such nanocomposites. Instead of using a controlled radical polymerization, like in previous work, we applied a free-radical polymerization, which allowed us to generate larger amounts of the nanocomposites. A statistical distribution of the negative charges within the polymer should lead to a good dispersion of the particles in the nanocomposite. Small-angle X-ray scattering (SAXS) and backscattered scanning electron microscopy (BSE SEM) were used to determine the particle distribution within the polymer matrix. Due to the affinity of the observed system for water, a drying and storage procedure was developed to make the results comparable for each sample. The water adsorption and its influence on the materials’ properties were investigated with a combination of TGA and torsion/tensile tests. Self-healing experiments in an oven were performed to investigate the influence of the parameters on the healing efficiency.




2. Materials and Methods


2.1. Materials


All components used for polymerization were degassed before the start of the reaction. The commercially obtained DEGMA was purified and freed from the inhibitor by distillation and using an aluminum oxide column (active basic). The 2,2′-azobis(2-methylpropionitrile) (AIBN) was recrystallized prior to use.



Tris(2,4-dioxopentan-3-ido-κ2O,O′)iron (Fe(acac)3) (97%), benzyl ether (98%), 1,2-dodecandiol (90%), oleic acid (≥99%), oleyl amine (70%), di(ethylene glycol) methyl ether methacrylate (95%), 1,6-dibromhexane (96%), triethyl phosphite (98%), trimethylamine solution in ethanol (31–35%), and bromtrimethylsilane (97%) were purchased from Sigma-Aldrich (St. Louis, MI, USA). Methacrylic acid (≥99%) was purchased from Merck (Rahway, NJ, USA). Aluminum oxide 90 active neutral (70–230 mesh ASTM) was purchased from Merck Millipore (Burlington, MA, USA). 2,2′-Bipyridine (>99%) was purchased from TCI Chemicals Germany (Eschborn, Germany). Ethyl 2-bromoisobutyrate = EBiB (98%) and hydrazine monohydrate (98%) were purchased from Alfa Aesar (Ward Hill, MA, USA). Sodium bicarbonate (>99%) was purchased from Fluka (Buchs, Switzerland). Hydrochloric acid (37%) was purchased from Bernd Kraft GmbH. Dry dichloromethane (99.8%) and methanol (99.8%) were purchased from Acros Organics (Antwerp, Belgium). Pre-wetted cellulose regenerated tubing membranes with a 3500 D MWCO were purchased from Fisher Scientific (Waltham, MA, USA).




2.2. Characterization


Fourier transform infrared (FTIR) spectra were recorded from 4500–400 cm−1 with a Bruker Vertex 70 spectrometer (Bruker Optics, Ettlingen, Germany) under ambient air (16 scans at a resolution of 4 cm−1) in attenuated total reflectance (ATR) mode.



Differential scanning calorimetry (DSC) measurements were performed using a Netzsch DSC 204 F1 Phoenix (Netzsch–Gerätebau GmbH, Selb, Germany). Samples were prepared in aluminum crucibles with pierced lids and heated under nitrogen at a rate of 5 K/min, 10 K/min, or 20 K/min.



Solution NMR spectra were recorded with a Bruker Avance III HD 300/400 spectrometer (Bruker, Billerica, MA, USA) at 25 °C (1H at 300/400 MHz, 13C at 75/101 MHz, 31P at 121/162 MHz) using CDCl3 or D2O as solvents and the residual protons of the solvent and carbon as references.



Elemental analysis was performed with a Vario Micro Cube from Elementar (Elementar Analysensysteme GmbH, Langenselbold, Germany).



A Netzsch TG 209 F1 Iris (Netzsch–Gerätebau GmbH, Selb, Germany) was used for thermogravimetric analysis (TGA). Measurements were conducted in aluminum oxide crucibles, heating from room temperature to 880 °C under a nitrogen atmosphere, followed by heating to 1000 °C under a mixture of nitrogen and oxygen (4:1) at a rate of 10 K/min. For determination of the water content in the samples, aluminum crucibles were used, and the lids were pierced immediately before measurement to avoid further water adsorption from the ambient air.



Backscattering scanning electron micrographs were measured with a JEOL JSM-7000 F microscope (JEOL GmbH, Freising, Germany) operating at 20 kV as used for electron acceleration and a working distance of 10 mm. The SEM samples were prepared by placing thin films of the composites on a specimen stub covered with a carbon adhesive foil, followed by the deposition of a gold layer (JEOL JFC-1300 auto fine coater, 30 mA, 40 s) to avoid charging effects. Microscope images were recorded with an Axioskop 50 transmitted light/fluorescence microscope with an Axio-Cam MRc (Carl Zeiss Microscopy GmbH, Oberkochen, Germany).



Powder X-ray diffraction (PXRD) patterns were recorded with a Bruker D8 Advance diffractometer (Bruker AXS, Karlsruhe, Germany) in a Bragg-Brentano θ-θ-geometry (goniometer radius 280 mm). A 2θ range from 7 to 120° (step size 0.013°) was recorded in a 1 h scan time. Cu-Kα radiation (λ = 154.0596 pm, 40 kV, 40 mA) was used with a 12 μm Ni foil to reduce Kβ radiation. A variable divergence slit was mounted at the primary beam side (irradiated sample area: 10 × 7 mm). A LYNXEYE 1D detector was used on the secondary beam side. Background caused by white radiation and sample fluorescence was reduced by limiting the energy range of the detection. Interpretation of the XRD data was performed via Rietveld analysis using TOPAS 5. The crystallographic structure and micro-structure were refined, while instrumental line broadening was included in a fundamental parameters approach. The mean crystallite size <L> was calculated at the mean volume-weighted column height derived from the integral breadth. The background of standard measurements was fitted by a Chebyshev polynomial function of the 15th degree.



Dynamic light scattering (DLS) studies were performed on an ALV/CGS-3 (ALV GmbH, Langen, Germany) compact goniometer system with an ALV/LSE-5003 correlator at a 90° goniometer angle, using noninvasive backscattering (λ = 632.8 nm). Samples from the reaction solution were diluted, homogenized in an ultrasound bath, and equilibrated for about five minutes before measurement.



Shear, storage, and loss moduli of the samples were determined with a MCR 301 modular compact rheometer (Anton Paar Germany GmbH, Ostfildern–Scharnhausen, Germany). Oscillation measurements with an amplitude of 0.05% and a frequency of 1 Hz were carried out. The specimens were held under tension with a force of 1 N. The samples were heated to 52.5 °C and then cooled to room temperature. The parameters given above were determined at 50 °C.



Small-angle X-ray scattering experiments were performed on a Xenocs Xeuss 2.0 system (Xenocs SA, Grenoble, France). A collimated X-ray beam from a Copper Kα source (wavelength λ = 1.54 Å) was used to irradiate the sample, focused on a split size of 0.25 mm2. 2D scattering intensity patterns were recorded using a Pilatus 300 K detector from Dectris (Baden, Switzerland) with pixel sizes of 172 × 172 μm2 at a sample-to-detector distance of ~1050 mm, calibrated using a silver behenate standard. All samples scattered purely isotropic. Therefore, the 2D scattering patterns were azimuthally averaged to obtain the q-dependent scattered intensity, I(q), where q is the absolute value of the momentum transfer, given by q = 4π × sin(θ/2)/λ, and θ is the scattering angle. All samples were measured for 1800 s.



Quasi-static uniaxial tensile tests were performed under displacement control at a constant temperature of 20 °C with a strain rate of 5 × 10−3 s−1 using a custom-built uniaxial testing device equipped with a heat chamber. In order to obtain the desired uniform temperature, the samples were pre-heated in the unstressed state for 15 min before they were studied under tensile loading. Tests were performed until the fracture of the specimens. Dog bone samples were prepared in a hot press at 80 °C using Teflon molds. Samples with an initial length, width, and thickness of 27 mm, 3 mm, and 2 mm, respectively, were used. A waisted sample geometry (R60) was used whereby a smallest cross-section area in the center of the specimen with the highest stresses is obtained, which generates a replicable predetermined breaking point [63].




2.3. Syntheses


The synthesis of the cationic particles and the SMBS were performed as previously described [62]. A short summary of the synthesis protocol and characterization of the products is shown in the Supplementary Materials.



	
Optimization of polymerization conditions:






Polymerization with AIBN: Initially, kinetic studies were performed to evaluate the ideal reaction time. SMBS and DEGMA (nges = 32.7 mmol) were placed in a 100 mL two-necked flask in the desired ratio and dissolved in 43 mL water and 9 mL methanol. Pyridine (1 mL) was added as a tracer. The reaction mixture was flushed with argon for 10 min. Then, 1 mol% AIBN was added. The reaction mixture was flushed with argon for a further 10 min before heating to 70 °C. After 30 min, 1 h, 2 h, 3 h, 4 h, and 5 h of heating, a sample was taken each time and analyzed with 1H NMR spectroscopy. Studies on the initiator concentration were performed under the same conditions.



Polymerization with DBPO: SMBS and DEGMA were placed in a 100 mL two-necked flask in the desired ratio (nges = 32.7 mmol) and dissolved in 43 mL water and 9 mL methanol. Pyridine (1 mL) was added as a tracer. The reaction mixture was flushed with argon for 10 min. Then, 1 mol% DBPO was added. The reaction mixture was flushed with argon for a further 10 min before heating to 85 °C. After 30 min, 1 h, 2 h, 3 h, 4 h, and 5 h of heating, a sample was taken each time and analyzed with 1H NMR spectroscopy. Temperature studies were performed under the same conditions.



Optimized Polymerization Procedure: SMBS and DEGMA (nges = 65.4 mmol) were placed in a 250 mL two-necked flask in the desired ratio and dissolved in 86 mL water and 18 mL methanol. The reaction mixture was flushed with argon for 20 min. Then, 1 mol% DBPO was added. The reaction mixture was flushed with argon for a further 20 min before heating to 60 °C for 5 h. All polymer samples were dried under vacuum at 40 °C for two days, then 5 h at 80 °C, and then stored in a desiccator over phosphorus pentoxide for at least two weeks.



Studies on water uptake: The storage under increased humidity took place in a desiccator over water. To further increase the humidity, the desiccator was initially vacuumed to 600 mbar. The water content of the samples was determined after 1 h, 2 h, 4 h, 8 h, 16 h, 32 h, and 64 h with TGA.



Studies on water removal: The samples were placed in an oven at 80 °C for 2 h, 5 h, 8 h, and 24 h. After that, the samples were immediately placed in closed, cold-welded crucibles, which were pierced right before TGA to avoid reuptake of water.



Composite synthesis: First, 0.5 g of the polymer was dissolved in 14 mL of a mixture of THF and H2O (v:v, 1:1) under ultrasonication. The appropriate amount of functionalized nanoparticles (2 wt.%, 5 wt.%, 10 wt.%, and 20 wt.%) was added. The solvent was slowly removed under stirring. The composite samples were dried under vacuum at 40 °C for two days, then 2 h at 80 °C, and then stored in a desiccator over phosphorus pentoxide for at least two weeks. In a second batch, the 80 °C drying step was skipped.



Sample preparation: Polymer and composite films were prepared by compression molding at 80 °C for 24 h in a Teflon form, which was held using a vice, if not noted otherwise.



Self-healing tests: Self-healing experiments were performed by cutting the samples through a half thickness. Afterwards, the edges were gently pressed together at room temperature. Then, the samples were heated to 80 °C for 24 h. Afterwards, the samples were put back into the Teflon molds and heated to 80 °C for another 24 h.





3. Results and Discussion


3.1. General Synthesis of the Self-Healing Nanocomposites


The structure of the synthesized composites is shown in Scheme 1.



The cationic groups on the particle surface and the anionic groups in the polymer should have as stable a charge as possible, preferably independently of environmental conditions such as pH. In addition, the polymers should exhibit low glass transition temperatures (Tg), which is advantageous for self-healing. Cationic iron oxide nanoparticles with a size of 6.0 ± 0.9 nm were synthesized and functionalized with the organophosphorus molecule N,N,N-trimethyl-6-phosphonhexan-1-ammonium bromide as described in earlier works [51,62]. Their successful synthesis and functionalization with the cationic phosphonic acid are shown in the Supplementary Materials using FTIR spectroscopy, XRD, TEM, DLS, and TGA (Figures S1–S17). Methacrylate-based monomers were chosen because of their high reactivity and flexibility due to their easy synthetic accessibility. SMBS was used to introduce the charges to the polymer. DEGMA was chosen as a polar low Tg comonomer. The anionic polyelectrolytes were synthesized via free radical polymerization. The functionalized nanoparticles and the polymers were mixed and stirred in a water–THF mixture. After evaporation of the solvent, the nanocomposites were obtained.




3.2. Polymer Synthesis


Three main parameters were considered for polymer synthesis: first, the polymers obtained must be soluble in order to characterize the samples and ensure processability. Second, the polymer composition must be adjustable since this largely determines the material properties and thus its range of applications; and third, the synthesis must be scalable to meet the material requirements of the mechanical measurements. Therefore, in contrast to earlier studies, we have chosen free radical polymerization (FRP) instead of atom transfer radical polymerization (ATRP) for the production of the polymer matrix. Still, FRP also required some optimization to obtain polymers that could be at least partially solubilized to allow characterization and synthesis of the nanocomposites. The summary of the experimental data of the optimization of the polymerization process is shown in the Supplementary Materials (Figures S21–S29). SMBS:DEGMA monomer ratios of 1:3, 1:5, 1:8, and 1:10 were studied to investigate the influence of the polymer composition on its mechanical and thermal properties as well as its solubility and water absorption behavior. Unreacted monomers were removed via dialysis. The IR spectra of the obtained polymers are shown in Figure 1a.



The IR spectra were normalized to the asymmetric C–O stretching vibration (1107 cm−1). All spectra reveal the C–H (2820–2927 cm−1) and C=O (1724 cm−1) stretching vibrations of the methacrylate backbone as well as the broad signal of the O–H stretching vibration (3417 cm−1), indicating the presence of water. The 1H NMR spectrum is shown exemplarily in Figure 1b for the polymer system with an initial monomer ratio of 1:3 (SMBS:DEGMA). The spectra of the other polymers can be found in the Supplementary Materials (Figures S27–S29). The NMR spectra show the expected signals for the copolymer. The SMBS:DEGMA ratio in the polymer was calculated from the integration ratios of the CH2 groups adjacent to the methacrylate (4.20 ppm) and the sulfonate group (2.91 ppm). In contrast to the polymers previously produced by ATRP [62], the composition determined by NMR does not match the monomer ratio used (Table 1). Therefore, additional elemental analysis was carried out on the polymers. The elemental compositions are shown in the Supplementary Materials (see Table S2). From the determined mass fraction of sulfur, the mass fraction of SMBS was calculated. The remaining mass was assumed to be DEGMA, allowing for the determination of the SMBS:DEGMA ratio in the polymer (Table 1). The ratios calculated from the CHN data show that the proportion of ionic species is significantly lower than the initial monomer ratio and the ionic content determined by NMR. This is presumably due to the better solubility of the polymers with an increasing content of ionic species in the NMR solvent used (D2O). Since the CHN data better reflect the overall polymer composition, the polymers are referred to below as 22.4Pol, 19.5Pol, 13.7Pol, and 9.4Pol, in reference to the DEGMA:SMBS ratios determined from the elemental analysis. Further, the CHN data were used to calculate the molar proportion of SMBS in the polymer in percents.



In summary, the requirements for the solubility of the polymers and the scalability of the polymerization could be met to a large extent. In contrast, although the polymer composition could be varied, the SMBS content was below the originally expected range. Nevertheless, the influence of the polymer composition on the polymer properties was subsequently investigated.




3.3. Characterization of the Mechanical and Thermal Properties of the Polymers


DEGMA and polyelectrolyte-based polymer systems can adsorb water from ambient air [64,65,66]. The water content can influence properties such as ion and electric conductivity and, for our study most importantly, the mechanical strength of the polymer-based materials [66,67,68,69]. In order to investigate the influence of the water content on the mechanical properties, we applied a combination of TGA and rheology studies. The polymer samples were stored over water in a desiccator at reduced pressure (600 mbar) for different periods of time. TGA measurements were performed after 2 h, 5 h, 8 h, and 24 h. Figure 2a shows the TGA curves obtained as an example for the 9.4Pol system. The complete data can be found in the Supplementary Materials (Figure S30). Regardless of the polymer composition, all TGA curves showed a strong decrease in mass between 100 °C and 150 °C with increasing storage time under humidity. At this temperature, the physically adsorbed water is desorbed. To quantify the water content, the mass loss was determined in the range between 25 °C and 200 °C (Figure 2b).



The water content of the samples increased with increasing storage time. After an initial rapid water absorption, the absorption slowed down, reaching almost a saturation, which is commonly described in the literature [64,70,71]. However, in contrast to earlier reports, the saturation concentration did not seem to correlate directly with the number of sulfonate groups [72]. After just two hours, the samples were noticeably softer and swollen.



To quantify this influence, rheology studies were carried out. The dynamic modulus as well as the shear modulus of the samples was determined in oscillation experiments before and after water absorption. The samples were heated to 52.5 °C and then cooled to room temperature (Figure S35). Figure 2c shows the shear modulus at 50 °C as a function of the water content. For all samples, an almost linear decrease of the shear modulus was observed with an increasing water content. The steepness of the decrease in shear modulus increased with the ionic content in the polymer. While a decrease of 42% was observed for the 9.4Pol system with a water absorption of 5.9%, the modulus of the 22.4Pol system decreased by only 9.5% with a comparable water absorption (5.5%). Overall, a maximum decrease between 61.9% and 90.6% was observed with a maximum storage time of 24 h for the different polymer samples.



The description of the storage and loss moduli as a function of the storage time at elevated humidity is shown in the Supplementary Materials (Figures S36 and S37). In general, the storage modulus was larger than the loss modulus, independent of the polymer composition and water content. The stored deformation energy was, therefore, larger than the deformation energy dissipated by internal friction, indicating physicochemical interactions between the polymer strands. These results are typical for viscoelastic solids [73,74]. For both storage and loss modulus, a steep, almost linear decrease was observed with an increasing water content. The storage modulus decreased due to the decreased stiffness. Furthermore, the reduced friction between the polymer chains due to the water led to a decrease in the dissipated heat and, thus, the loss modulus. The results showed that with an increasing ionic content in the polymer, the dynamic modulus decreased faster. For the 9.4Pol system, a 56% decrease in the storage modulus and a 65% decrease in the loss modulus were observed for a water uptake of about 5.9%. The 22.4Pol system showed a decrease in the storage and loss modulus of 7% and 20%, respectively, at a comparable water uptake (5.5%). The dissipation factor, which is calculated from the ratio of the loss modulus and storage modulus, was used to classify the change in material properties. A plot of the dissipation factor against the amount of water contained is shown in Figure 2d. In general, the polymers with a higher ionic content showed an initial higher dissipation factor. All samples showed a significant decrease in the dissipation factor with increasing water content. A decrease in dissipation factor corresponded to a shift toward an ideal elastic body. The adsorbed water acts as a plasticizer, as it increases the chain mobility due to its ability to reduce internal interactions, such as hydrogen bonding or electrostatic interactions between polymer chains while increasing molecular spaces [75].



Combining the TGA data and rheology measurements showed that the mechanical properties of the polymer systems were highly dependent on the amount of water absorbed from the ambient air. Even minor differences in the water content significantly changed the mechanical properties and flow behavior of the polymers drastically. The greatest drop in dynamic modulus was always observed in the first few hours of storage at high humidity. After 4.5 h, the dynamic modulus decreased only slightly, which is due to the then-decreasing water uptake, rather than a reduced influence of the absorbed water, as an almost linear relationship between the water content and dynamic modulus can still be observed thereafter. Therefore, an optimized drying and storage procedure for the polymers is required for reproducible characterization of the mechanical properties of these materials.



For this purpose, an analogous series of measurements was carried out, investigating the influence of the storage time at 80 °C on the water content of the polymer samples to evaluate the time when the comprised water is completely removed. At storage times longer than 8 h, the polymers turned from colorless to pale yellow, indicating a partial decomposition. After drying, the samples were analyzed using TGA (Figure S39). The measurements showed only small overall differences in water content, visible in the low-temperature range (<200 °C), in which the adsorbed water is removed. To avoid decomposition and since only small amounts of residual water were observed after two hours at 80 °C, the samples for the following studies were dried for two hours at 80 °C. Thereafter, they were stored in a desiccator at reduced pressure (15 mbar) over phosphorus pentoxide for at least one week prior to use.



Figure 3 shows the shear moduli determined at 50 °C as a function of the polymer composition after the optimized drying procedure. The molar proportion of SMBS in the polymer was calculated from the CHN data. The shear modulus increased linearly with the proportion of ionic groups in the polymer, which is expected as an ionic homopolymer shows a much higher rigidity than a DEGMA-based homopolymer. The results show that the shear modulus can be tailored by the composition of the polymer for a variety of applications.



In the next step, the thermal properties of the dry polymers were investigated, as they are known to be vastly influenced by the polymer composition as well [62]. This was investigated by TGA and DSC measurements of the dry polymers. The experimental data are shown in the Supplementary Materials (Figure S31). The TGA curves indicated no water loss in the range below 200 °C, which confirmed the successful drying. Irrespective of the composition of the polymers, decomposition started above 250 °C. The degradation was primarily defined by the degradation of the DEGMA, while the degradation of the SMBS can only be seen as a shoulder at about 375 °C. The copolymers decomposed almost completely at 900 °C under a nitrogen atmosphere (char yield < 6.5%). After switching to synthetic air, the residual mass dropped to less than 3%. The T95 values (temperature at 5% mass loss in TGA) were determined to evaluate the thermal stability (Figure 4). Upon increasing the SMBS content from 4.3% to 4.9%, 6.8%, and 9.6%, the T95 values decreased from 249 °C to 235 °C, 207 °C and 211 °C, respectively. This is surprising, as it was expected that an increase in the more thermally stable SMBS would improve the overall thermal stability. Since this effect was not observed for SMBS-DEGMA copolymers synthesized via ARGET ATRP in a previous report [62], the cause seems to be related to the different polymer structures obtained by the two polymerization techniques. This structure will be discussed in more detail below. However, the exact cause of the effect has not yet been elucidated. As a result, the tailoring of the thermal stability by the polymer composition is rather restricted.



From the DSC studies, the glass transition temperatures of the polymers were determined. This parameter is critical because high chain mobility, which correlates with low Tgs, is essential for high healing efficiencies [24]. DSC measurements showed that the Tgs did not vary much when varying the polymer composition (Figure 4). Values between −35 °C and −29 °C were obtained. This is in line with the observations from previous studies that a certain threshold value of SMBS has to be exceeded in order to bring about significant changes in the glass transition temperature [62]. Nevertheless, a slight increase in Tg with increasing ionic species was observed. However, the Tgs were about 10 °C lower than for comparable systems synthesized via ATRP, described in earlier studies. The influence of the polymer composition on the Tg was much lower, so no adjustment over a wide temperature range is possible. No second glass transition was observed in the region of the Tg of poly(SMBS) (125 °C). Due to the low concentration of SMBS in the polymer and the already low intensity of the glass transitions in the DSC, it cannot be excluded that block-like structures or even separately present ionic and non-ionic polymer strands are present. A more detailed examination of the nature of the polymer was carried out as part of the SAXS analysis.



Like the thermal properties, the tensile properties depend strongly on the polymer composition [76,77]. Uniaxial tensile tests were performed to investigate this influence. The E-modulus, maximum tensile stress (σmax), and maximum strain (εmax) to failure were determined as mechanical material parameters. The 0.2% yield point (Rp0.2) was also determined here. First, the reproducibility of the specimens was examined. For this purpose, three specimens were prepared from the 9.4Pol system and analyzed. The stress-strain diagrams obtained are shown in Figure S40. In contrast to the rheology study, tensile testing required larger specimens, which are more prone to inhomogeneities. These inhomogeneities in the material vastly influence the results, potentially leading to crack formation and hampering the reproducibility of the measurements. Therefore, the data should be regarded with caution. The stress-strain curves of the synthesized polymers are shown in the Supplementary Materials (Figure S41). The parameters E-modulus, σmax, εmax, and Rp0.2 were determined and are shown in Figure 5 in regard to their dependency on the polymer composition.



E-modulus, σmax and Rp0.2 showed an almost linear increase with increasing content of the ionic species as expected when increasing the mechanically durable component in the polymer. For the maximum strain, on the other hand, no trend is visible, which is an effect of some pores in the specimens. These results are in good agreement with the observed increase in shear modulus from the rheology tests, confirming that the mechanical properties, unlike the thermal properties, can be well-adjusted via the polymer composition. As the polymers with a lower ionic content are quite soft and the areas of application are therefore rather limited, the stiffest one, the 9.4Pol system, was used for further composite synthesis.




3.4. Composite Synthesis and Characterization


To produce the composite systems, the 9.4Pol was dissolved in a mixture of water and THF. Then, the nanoparticles were added. A total of three different nanoparticle weight fractions were prepared: 2 wt% (NC2), 10 wt% (NC10), and 20 wt% (NC20). The samples were dried under vacuum at 40 °C for two days, then for two hours at 80 °C and stored in a desiccator over phosphorus pentoxide for at least two weeks. In a second batch of samples, the 80 °C drying step was skipped to examine the influence of drying on the agglomeration process of the nanoparticles in the polymer. The composite samples were first examined using IR spectroscopy (Figure 6).



The IR spectra show the expected signals of the polymer. In particular, the signals of the asymmetric C=O and C–O stretching vibrations at 1723 cm−1 and 1105 cm−1, respectively, as well as the C–H stretching vibrations at 2819–2932 cm−1, are clearly visible. In addition, the signal of the Fe–O–Fe vibration of the iron oxide particles appears at 558 cm−1.



The composites were also investigated for their thermal properties, as it is known that the integration of an inorganic component often significantly improves the thermal stability and influences the glass transition temperatures [62,78]. The TGA curves of the nanocomposites are shown in the Supplementary Materials (Figure S33). Similar to the pristine polymers, the decomposition of the composites was determined by the DEGMA decomposition and the associated mass loss starting above 250 °C. As no decomposition or sublimation of the particles is expected, the char yields after the nitrogen segment are larger the more particles are included. A residual mass of 17.6% was observed for the NC20 system, while the polymer sample showed only a residual mass of 3.9% at 900 °C. In the subsequent air segment, a further decrease in mass was observed in the composites analogous to the polymers. However, this loss was less pronounced with an increasing particle content. This can be attributed to two aspects. Firstly, a smaller decrease in mass is expected, as a smaller proportion of the sample is polymer, which is further decomposed in this step and accounts for the decrease in mass. Secondly, the particles are oxidized to Fe2O3, which further counteracts the decrease in mass. As a result, for NC20, even a slight increase in mass was observed upon contact with oxygen. Regarding the thermal stability, again the T95 values were considered (Figure 7).



Upon integrating 2 wt% particles in the polymer matrix, the T95 values steeply increased from 212 °C to 225 °C. After that, the thermal stability seemed to reach a plateau at roughly 240 °C. DSC measurements revealed an increase in the Tgs from -33.7 °C to −28.0 °C upon integrating 2 wt% particles (Figure 7). This is consistent with literature reports and is due to the reduced chain mobility resulting from the relatively strong ionic interactions between the particles and the polymer matrix [79,80,81]. A maximum Tg of −25.4 °C was reached with 20 wt% particle content. No further signals were observed in DSC. The particle content thus represents a set screw for adjusting the thermal properties of nanocomposites. A more detailed discussion of the temperature stability of the polymer matrix can be found in the Supplementary Materials (Figures S45 and S46).



In inorganic–organic nanocomposites, the particles ideally should be homogeneously distributed, as agglomerates often act as stress concentration points [82,83,84]. Also, with regard to the inductive healing in an alternating magnetic field, a homogeneous distribution is advantageous in order to produce an even heating in the material. However, agglomeration can occur due to incompatibilities of the particles with the matrix or other agglomeration phenomena. We applied SAXS and BSE SEM measurements to obtain insights into the particle distribution. The samples dried at 40 °C and 80 °C were examined comparatively (Figure 8).



The scattering curve obtained for the sample without nanoparticles showed weak forward scattering and a sharp peak at q0 = 0.31 Å−1. Furthermore, a peak at 2·q0 was visible (Figure S47). This indicates the presence of a lamellar structure with a repeat distance of 2.1 nm (2π/q0) [85]. Due to the small increase in the Tgs of the polymers with an increasing number of ionic groups and the absence of a glass transition in the range of poly(SMBS), it seems likely that ionic blocks are responsible for the signal, as a similar effect has been observed for poly(ethylene-co-methacrylic acid) [32,86]. The ionic groups of this ionomer tend to aggregate. These so-called multiplets have a spherical shape and consist of fewer than 10 ion pairs, which, in turn, overlap to form paracrystalline structures.



The scattering curves obtained for the samples, which include nanoparticles, showed a broad peak at 0.05–0.1 Å−1, revealing that the nanoparticles have well-defined and short inter-distances, which implies that they are agglomerated. At small q-values, a strong increase in intensity was observed, which shows that the nanoparticles form agglomerates with sizes of at least 100 nm. Additionally, with an increasing nanoparticle content, the sharp peak at ~0.31 Å−1 decreased more strongly in intensity than would be expected from the changing sample composition. Therefore, the initially crystalline areas are broken up due to the preferential coordination of the ionic groups of the polymers to the cationic functionalized particles.



To quantify the structural properties of the nanoparticles in the polymer matrix that are dependent on the particle content and drying temperature, the data were modeled using the function:
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Here, PpS(q) is the form factor of polydisperse spheres following a Gaussian size distribution, which gives the radius R of the nanoparticles [87]. PpS(q) is multiplied by a disordered hard-sphere structure factor, SHS(q), accounting for the nanoparticle arrangement [88]. It yields the hard-sphere radius, RHS, i.e., half of the center-to-center distance of the nanoparticles, and the volume fraction that the hard spheres occupy within the agglomerates, η. Furthermore, a generalized Porod law, IP(q), accounts for large-scale structures with fractal dimension m. IG(q) is a Gaussian distribution, accounting for the Bragg peak at ~0.31 Å−1, resulting from the paracrystalline structure of the polymers, and Ibkg is a constant background.



RHS (Figure 8c) decreased from 4.3 nm at 2 wt% nanoparticle content to 3.4 nm with an increasing particle content up to 20 wt%, while η (Figure 8d) increased from ~25% to ~33% for the same particle contents. From these observations, we can conclude that the agglomerates densify with increasing particle content for both drying temperatures.



Figure 9a–f shows the BSE SEM micrographs of the composite samples synthesized at 40 °C and 80 °C, respectively. The particles can be recognized as lighter areas in the micrographs. In agreement with the results of the SAXS measurements, agglomerates were observed in all cases, regardless of the particle content and drying temperature. Thus, especially in the composites with 2 wt% nanoparticles, larger areas of the sample were observed where no particles were present at all. While smaller spherical agglomerates with a diameter of about 100 nm were present at low particle concentrations, the size of the agglomerates increased further with an increasing particle concentration up to 10 wt% to a diameter of about 1 µm. The samples prepared at 40 °C appeared less compact. In contrast, the particles seemed to have sintered together after treatment at 80 °C. When the particle content was increased further to 20 wt%, the differences became even more pronounced. In the samples prepared at 40 °C, the size of the agglomerates decreased again, while in the 80 °C sample, the agglomerate size increased even further.



The composites were dried and stored following the same procedure as the polymers. In Figure 10a, the influence of the particle content of the composites on their shear modulus is shown. The shear modulus showed an initial steep increase from 3.72 MPa to 5.61 MPa upon integration of 2 wt% of nanoparticles. Thereafter, a linear increase up to 7.48 MPa was observed for the NC20 system, which is in good agreement with the increase in Tgs as determined by DSC. The samples were then stored under elevated humidity to investigate the water affinity of the materials and the influence of the absorbed water on their mechanical properties. TGA curves at various storage periods at increased humidity, shown exemplarily for the NC2 system in Figure 10b, revealed that the composites also show a high affinity toward water. The water content increased to almost 40% for storage times of 24 h. Figure 10c shows a summary of the results of the moisture absorption study. The speed and amount of water absorption does not correlate with the number of particles in the system. The complete TGA data for the composites stored at high humidity are given in the Supplementary Materials (Figure S32).



The water absorption of the composite was higher than that of the polymer. This is initially surprising since it was expected that the ionic groups would be largely responsible for water absorption and the negative groups in the polymer would be neutralized by the positive charges on the particle surface. However, the fact that this is not the case is consistent with the observations made in the case of the polymer systems, where the content of SMBS in the polymer could not be correlated with the amount of adsorbed water. Therefore, the cause of this effect also seems to originate from the structure of the polymers. Although the temperature-dependent SAXS measurements suggest that water is trapped in the crystalline regions, it is possible that this is less than what could coordinate with the ionic group in an open chain. When these crystalline regions become disordered by adding particles, some ionic groups are neutralized by the particles, but some ionic groups remain uncoordinated in the polymer and are now freely available to adsorb water. This counteracting effect causes the initial amount of water adsorbed to increase when only a few particles are added. With the addition of more particles, the free ionic groups are gradually neutralized by the particles, and the water uptake decreases again.



Subsequently, the influence of water absorption on the mechanical properties was investigated. For this, the shear modulus was examined again (Figure S38). Figure 10d shows the correlation of the shear modulus at 50 °C with storage time at increased humidity. The shear modulus of the composites was also significantly affected by the water content. For all systems, the shear modulus decreased with increasing water absorption. The absorbed solvent also serves as a plasticizer in the composites. As with the polymer, small differences in the water content have a very strong influence on the shear modulus and the mobility of the polymer chains. Therefore, it was investigated whether the increased mobility is also observed for the particles and whether the agglomerate structure changes as a result. For this purpose, SAXS measurements were performed (Figures S48 and S49). The overall appearance of the scattering curves is similar to that of the dry systems, meaning that the nanoparticles are strongly agglomerated. As shown in Table S4, the hard-sphere radius decreased with increasing nanoparticle content, whereas the hard-sphere volume fraction increased, both in the same ranges as for the dry systems. Hence, the agglomerates densify with increasing nanoparticle content. But this process seems neither significantly accelerated nor slowed down by the swelling of the composites due to the absorption of water. Nonetheless, the absorption tests showed that careful drying is the key to reasonable comparative studies for the mechanical properties of composite systems.




3.5. Mechanical Characterization of the Composites


Tensile tests were also carried out on the dried composites to study their mechanical properties as a function of particle content. The stress-strain curves are shown in Figure S41. The results are summarized in Figure 11.



The E-modulus increases with the particle content. This is in good agreement with literature reports. Further, it is described that there is also an increase in the E-modulus as the size of the nanoparticles decreases [89]. As a result, the increasing agglomeration of the particles, as observed with NC20, should analogously counteract the increase in the E-modulus, which explains its slight decrease. Both the ultimate tensile stress as well as the ultimate strain showed an almost linear decrease with increasing particle content. The material became harder, but tore faster, as expected from the rheology studies. Jordan et al. described in their review that ultimate tensile stress and strain increase upon strong interactions between filler and matrix and decrease upon weak interactions [89]. This indicates a poor interaction between the polymers and particles used in this study, which is rather surprising. Nonetheless, there are also systems described for which a strong interaction is expected but still, a decrease in yield stress and tensile strength is observed [90,91]. Here, no trends are observable for the Rp0.2.




3.6. Self-Healing Experiments


The composites were evaluated for their self-healing properties. For this, the composites were cut to half their thickness and stored in an oven at 80 °C for 24 h to heal. The healing was examined phenomenologically with a microscope. To determine the efficiency of healing, the specimens were tested in tensile tests after healing. The material constants were then compared before and after the healing process. The microscope images of the healing process for NC2 are shown in Figure 12 and for NC10 and NC20 in the Supplementary Materials (Figures S51 and S52).



The microscopy images showed almost complete healing for all composite systems. Only with the NC20 composite could a slight mark still be observed after 48 h. Since chain mobility is key for the healing process, the healing efficiency for the NC20 system might be hampered due to the increased rigidity, as indicated by the increased Tg and shear modulus. In all cases, a slight discoloration remained at the point of incision. Tensile testing was then used to determine whether the healing process would lead to a decrease in the mechanical stability of the composite. The obtained stress-strain curves of the healed samples in comparison with the initial composites are shown in the Supplementary Materials (Figure S44). The stress-strain curves show a similar pattern for the initial and healed samples. The material parameters determined from this are summarized in Figure 13.



For the maximum elongation, the materials properties are completely recovered upon healing for all composite samples. This is not the case for the maximum tensile stress, E-modulus, and Rp0.2 at low particle concentration (2 wt%). While for E-modulus and Rp0.2 a recovery of 69% and 60% was observed, respectively, σmax decreased far more to only 36%. At 10 wt% particle content, all properties were mostly retrieved. For σmax, 85%, for Rp0.2, 90%, and for εmax, 100% of the initial properties were recovered. The E-modulus was found to be even slightly higher for the healed sample. Surprisingly, this was also the case for all properties for the NC20 system. While stress and strain at break for the healed samples was very close to the initial values and therefore in the range of the reproducibility errors of the samples, values for the E-modulus and Rp0.2 were found as high as 180% of the initial value for the healed samples. As the not-healed samples were subjected to the same temperature profile, different water contents can be ruled out as the reason for the increase of these two parameters. The cause of the observed increase could not be determined yet.



Finally, the particle distribution in the polymer after tensile testing was determined to investigate the influence of the size and shape of the agglomerates. For this, BSE SEM measurements were carried out. The micrographs are shown in Figure 14a–c.



It is noticeable that, especially in the NC10 and NC20 systems, an alignment of the agglomerates takes place. It cannot be determined whether this occurs along the axis of the tensile tests, but it seems likely. In addition, SAXS measurements were carried out on the composites after tensile testing. No signs of anisotropic scattering were observed in the 2D scattering images. Therefore, also in this case, they were azimuthally averaged, and are shown in Figure 14d. The fitting parameters do not differ significantly from those of the dry samples, as is shown in Table S4. This indicates that, even though the macroscopic orientation of the agglomerates has changed after tensile testing, they remain largely unchanged on length scales probed by SAXS.



In general, all systems could be healed on a µm scale. Healing efficiency was higher at higher particle contents. However, there seemed to be an optimum, since at a certain point the stiffness introduced by the particles impeded healing. This is in the range of 10 wt% to 20 wt%. It was also shown that the mechanical stress led to a change in the agglomerate structure. The extent to which this affects the material properties or multiple healing cycles requires further investigation.





4. Conclusions


In this paper, we presented the synthesis of an SMBS-DEGMA copolymer via free radical polymerization. The SMBS:DEGMA ratios in the polymer composition were varied from 1:9.4 to 1:22.4. The polymers were characterized by 1H NMR, CHN analysis, FTIR, and DSC, revealing that the incorporation of ionic species in the polymer was lower than expected from the initial monomer ratios of 1:3 to 1:10. Due to the obtained small SMBS contents, Tgs varied only in a 5 °C range. SAXS measurements suggested that block-like structures were obtained where the ionic regions formed crystalline regions that were stable even at high temperatures. All systems showed high affinity toward moisture, showing between 20 wt% and 30 wt% water absorption, reducing the polymers’ shear moduli from 4.58 MPa and 0.49 MPa to 0.43 MPa and 0.19 Mpa, respectively, depending on the polymer composition. Rheology investigations and tensile testing in combination with TGA revealed that the already small amounts of comprised water vastly decreased the polymers’ mechanical properties, with the water functioning as a plasticizer. As a result, a drying and storage procedure was developed to allow comparative studies. The mechanical properties and thermal stability could be improved by incorporating N,N,N-trimethyl-6-phosphonhexan-1-ammonium bromide functionalized iron oxide particles of 6.0 ± 0.9 nm diameter into the polymer matrix. Particle contents of 2 wt%, 10 wt%, and 20 wt% were investigated. Despite the ionic interactions between the polymer matrix and the particles, the synthesized composites showed particle agglomeration by SAXS and BSE SEM, independent of the polymer composition and particle content. Upon integration of the particles in the polymer matrix, the initial crystalline polymer areas became disordered. The materials showed the ability to heal scratches at a µm scale in a conventional oven at 80 °C within 48 h. Tensile testing revealed an almost complete recovery (within measurement accuracy) of the mechanical properties after healing, especially for higher particle contents. The incorporation of superparamagnetic iron oxide nanoparticles allowed for heating in an alternating magnetic field, potentially facilitating spatially resolved healing.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nano13232983/s1, Refs. [62,92,93,94,95,96,97] are cited in the Supplementary Materials.





Author Contributions


Conceptualization, G.K. and B.O.; Synthesis, B.O. and A.P.; Characterization, B.O., A.P., B.-J.N. and A.J.; Validation, B.O., A.P., G.K., B.-J.N., A.J., T.K. and S.D.; Formal Analysis, B.O., B.-J.N. and A.P.; Investigation, B.O., A.P., B.-J.N. and A.J.; Resources, G.K., T.K. and S.D.; Writing—Original Draft Preparation, B.O.; Writing—Review and Editing, B.O., G.K., B.-J.N. and A.J.; Visualization, B.O.; Supervision, G.K.; Project Administration, G.K.; Funding Acquisition, G.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


The data presented in this study are available in supplementary material.




Acknowledgments


Instrumentation and technical assistance for this work were provided by the Service Center X-ray Diffraction, with financial support from Saarland University and the German Science Foundation (project number INST 256/349-1). We thank Mana Abdirahman Mohamed for the SEM measurements and Susanne Harling for the CHN analysis.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Thostenson, E.T.; Li, C.; Chou, T.W. Nanocomposites in Context. Compos. Sci. Technol. 2005, 65, 491–516. [Google Scholar] [CrossRef]

	



Schaefer, D.W.; Justice, R.S. How Nano Are Nanocomposites? Macromolecules 2007, 40, 8501–8517. [Google Scholar] [CrossRef]

	



Harito, C.; Bavykin, D.V.; Yuliarto, B.; Dipojono, H.K.; Walsh, F.C. Polymer Nanocomposites Having a High Filler Content: Synthesis, Structures, Properties, and Applications. Nanoscale 2019, 11, 4653–4682. [Google Scholar] [CrossRef] [PubMed]

	



Ates, B.; Koytepe, S.; Ulu, A.; Gurses, C.; Thakur, V.K. Chemistry, Structures, and Advanced Applications of Nanocomposites from Biorenewable Resources. Chem. Rev. 2020, 120, 9304–9362. [Google Scholar] [CrossRef] [PubMed]

	



Wang, G.T.; Liu, H.Y.; Saintier, N.; Mai, Y.W. Cyclic Fatigue of Polymer Nanocomposites. Eng. Fail. Anal. 2009, 16, 2635–2645. [Google Scholar] [CrossRef]

	



Paladugu, S.R.M.; Sreekanth, P.S.R.; Sahu, S.K.; Naresh, K.; Karthick, S.A.; Venkateshwaran, N.; Ramoni, M.; Mensah, R.A.; Das, O.; Shanmugam, R. A Comprehensive Review of Self-Healing Polymer, Metal, and Ceramic Matrix Composites and Their Modeling Aspects for Aerospace Applications. Materials 2022, 15, 8521. [Google Scholar] [CrossRef]

	



Akhan, S.; Oktay, B.; Özdemir, O.K.; Madakbaş, S.; Kayaman Apohan, N. Polyurethane Graphene Nanocomposites with Self-Healing Properties by Azide-Alkyne Click Reaction. Mater. Chem. Phys. 2020, 254, 123315. [Google Scholar] [CrossRef]

	



Tao, H.Q.; Yue, D.W.; Li, C.H. A Fast Self-Healing Magnetic Nanocomposite for Magnetic Actuators. Macromol. Mater. Eng. 2022, 307, 2100649. [Google Scholar] [CrossRef]

	



Osada, T.; Kamoda, K.; Mitome, M.; Hara, T.; Abe, T.; Tamagawa, Y.; Nakao, W.; Ohmura, T. A Novel Design Approach for Self-Crack-Healing Structural Ceramics with 3D Networks of Healing Activator. Sci. Rep. 2017, 7, 17853. [Google Scholar] [CrossRef]

	



Grabowski, B.; Tasan, C.C. Self-Healing Metals. Adv. Polym. Sci. 2016, 273, 387–407. [Google Scholar]

	



Thakur, V.K.; Kessler, M.R. Self-Healing Polymer Nanocomposite Materials: A Review. Polymer 2015, 69, 369–383. [Google Scholar] [CrossRef]

	



Idumah, C.I. Recent Advancements in Self-Healing Polymers, Polymer Blends, and Nanocomposites. Polym. Polym. Compos. 2021, 29, 246–258. [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]

	



Kuhl, N.; Bode, S.; Hager, M.D.; Schubert, U.S. Self-Healing Polymers Based on Reversible Covalent Bonds. Adv. Polym. Sci. 2015, 273, 1–58. [Google Scholar]

	



Engel, T.; Kickelbick, G. Thermoreversible Reactions on Inorganic Nanoparticle Surfaces: Diels–Alder Reactions on Sterically Crowded Surfaces. Chem. Mater. 2013, 25, 149–157. [Google Scholar] [CrossRef]

	



Engel, T.; Kickelbick, G. Self-Healing Nanocomposites from Silica-Polymer Core-Shell Nanoparticles. Polym. Int. 2014, 63, 915–923. [Google Scholar] [CrossRef]

	



He, S.; Kickelbick, G. Reversible Diels–Alder Reactions with a Fluorescent Dye on the Surface of Magnetite Nanoparticles. Molecules 2021, 26, 877. [Google Scholar] [CrossRef] [PubMed]

	



Pratama, P.A.; Sharifi, M.; Peterson, A.M.; Palmese, G.R. Room Temperature Self-Healing Thermoset Based on the Diels-Alder Reaction. ACS Appl. Mater. Interfaces 2013, 5, 12425–12431. [Google Scholar] [CrossRef]

	



Turkenburg, D.H.; Fischer, H.R. Diels-Alder Based, Thermo-Reversible Cross-Linked Epoxies for Use in Self-Healing Composites. Polymer 2015, 79, 187–194. [Google Scholar] [CrossRef]

	



Park, J.S.; Darlington, T.; Starr, A.F.; Takahashi, K.; Riendeau, J.; Thomas Hahn, H.T. Multiple Healing Effect of Thermally Activated Self-Healing Composites Based on Diels-Alder Reaction. Compos. Sci. Technol. 2010, 70, 2154–2159. [Google Scholar] [CrossRef]

	



Lee, Y.H.; Zhuang, Y.N.; Wang, H.T.; Wei, M.F.; Ko, W.C.; Chang, W.J.; Way, T.F.; Rwei, S.P. Fabrication of Self-Healable Magnetic Nanocomposites via Diels-Alder Click Chemistry. Appl. Sci. 2019, 9, 506. [Google Scholar] [CrossRef]

	



Behera, P.K.; Mondal, P.; Singha, N.K. Self-Healable and Ultrahydrophobic Polyurethane-POSS Hybrids by Diels-Alder “Click” Reaction: A New Class of Coating Material. Macromolecules 2018, 51, 4770–4781. [Google Scholar] [CrossRef]

	



Wu, S.; Li, J.; Zhang, G.; Yao, Y.; Li, G.; Sun, R.; Wong, C. Ultrafast Self-Healing Nanocomposites via Infrared Laser and Their Application in Flexible Electronics. ACS Appl. Mater. Interfaces 2017, 9, 3040–3049. [Google Scholar] [CrossRef] [PubMed]

	



Schäfer, S.; Kickelbick, G. Self-Healing Polymer Nanocomposites Based on Diels-Alder-Reactions with Silica Nanoparticles: The Role of the Polymer Matrix. Polymer 2015, 69, 357–368. [Google Scholar] [CrossRef]

	



Schäfer, S.; Kickelbick, G. Diels–Alder Reactions on Surface-Modified Magnetite/Maghemite Nanoparticles: Application in Self-Healing Nanocomposites. ACS Appl. Nano Mater. 2018, 1, 2640–2652. [Google Scholar] [CrossRef]

	



Shao, C.; Chang, H.; Wang, M.; Xu, F.; Yang, J. High-Strength, Tough, and Self-Healing Nanocomposite Physical Hydrogels Based on the Synergistic Effects of Dynamic Hydrogen Bond and Dual Coordination Bonds. ACS Appl. Mater. Interfaces 2017, 9, 28305–28318. [Google Scholar] [CrossRef]

	



Lu, C.H.; Yeh, Y.C. Fabrication of Multiresponsive Magnetic Nanocomposite Double-Network Hydrogels for Controlled Release Applications. Small 2021, 17, 2105997. [Google Scholar] [CrossRef]

	



Heidarian, P.; Kouzani, A.Z. A Self-Healing Nanocomposite Double Network Bacterial Nanocellulose/Gelatin Hydrogel for Three Dimensional Printing. Carbohydr. Polym. 2023, 313, 120879. [Google Scholar] [CrossRef]

	



Tsai, T.-Y.; Shen, K.-H.; Chang, C.-W.; Jovanska, L.; Wang, R.; Yeh, Y.-C. In Situ Formation of Nanocomposite Double-Network Hydrogels with Shear-Thinning and Self-Healing Properties. Biomater. Sci. 2021, 9, 985–999. [Google Scholar] [CrossRef]

	



Schäfer, S.; Kickelbick, G. Double Reversible Networks: Improvement of Self-Healing in Hybrid Materials via Combination of Diels–Alder Cross-Linking and Hydrogen Bonds. Macromolecules 2018, 51, 6099–6110. [Google Scholar] [CrossRef]

	



Kalista, S.J.; Ward, T.C.; Oyetunji, Z. Self-Healing of Poly(Ethylene-Co-Methacrylic Acid) Copolymers Following Projectile Puncture. Mech. Adv. Mater. Struct. 2007, 14, 391–397. [Google Scholar] [CrossRef]

	



Varley, R.J.; van der Zwaag, S. Towards an Understanding of Thermally Activated Self-Healing of an Ionomer System During Ballistic Penetration. Acta Mater. 2008, 56, 5737–5750. [Google Scholar] [CrossRef]

	



Wang, X.; Wang, Y.; Bi, S.; Wang, Y.; Chen, X.; Qiu, L.; Sun, J. Optically Transparent Antibacterial Films Capable of Healing Multiple Scratches. Adv. Funct. Mater. 2014, 24, 403–411. [Google Scholar] [CrossRef]

	



Reisch, A.; Roger, E.; Phoeung, T.; Antheaume, C.; Orthlieb, C.; Boulmedais, F.; Lavalle, P.; Schlenoff, J.B.; Frisch, B.; Schaaf, P. On the Benefits of Rubbing Salt in the Cut: Self-Healing of Saloplastic PAA/PAH Compact Polyelectrolyte Complexes. Adv. Mater. 2014, 26, 2547–2551. [Google Scholar] [CrossRef]

	



Cuthbert, T.J.; Jadischke, J.J.; de Bruyn, J.R.; Ragogna, P.J.; Gillies, E.R. Self-Healing Polyphosphonium Ionic Networks. Macromolecules 2017, 50, 5253–5260. [Google Scholar] [CrossRef]

	



Zhang, H.; Wang, C.; Zhu, G.; Zacharia, N.S. Self-Healing of Bulk Polyelectrolyte Complex Material as a Function of PH and Salt. ACS Appl. Mater. Interfaces 2016, 8, 26258–26265. [Google Scholar] [CrossRef]

	



Zhang, W.; Wu, B.; Sun, S.; Wu, P. Skin-like Mechanoresponsive Self-Healing Ionic Elastomer from Supramolecular Zwitterionic Network. Nat. Commun. 2021, 12, 4082. [Google Scholar] [CrossRef]

	



Ihsan, A.B.; Sun, T.L.; Kurokawa, T.; Karobi, S.N.; Nakajima, T.; Nonoyama, T.; Roy, C.K.; Luo, F.; Gong, J.P. Self-Healing Behaviors of Tough Polyampholyte Hydrogels. Macromolecules 2016, 49, 4245–4252. [Google Scholar] [CrossRef]

	



Zheng, J.; Xiao, P.; Liu, W.; Zhang, J.; Huang, Y.; Chen, T. Mechanical Robust and Self-Healable Supramolecular Hydrogel. Macromol. Rapid Commun. 2016, 37, 265–270. [Google Scholar] [CrossRef]

	



Odent, J.; Raquez, J.-M.; Dubois, P.; Giannelis, E.P. Ultra-Stretchable Ionic Nanocomposites: From Dynamic Bonding to Multi-Responsive Behavior. J. Mater. Chem. A 2017, 5, 13357–13363. [Google Scholar] [CrossRef]

	



Mugemana, C.; Moghimikheirabadi, A.; Arl, D.; Addiego, F.; Schmidt, D.F.; Kröger, M.; Karatrantos, A.V. Ionic Poly(Dimethylsiloxane)–Silica Nanocomposites: Dispersion and Self-Healing. MRS Bull. 2022, 47, 1185–1197. [Google Scholar] [CrossRef] [PubMed]

	



Mohapatra, S.; Pramanik, P. Synthesis and Stability of Functionalized Iron Oxide Nanoparticles Using Organophosphorus Coupling Agents. Colloids Surfaces A Physicochem. Eng. Asp. 2009, 339, 35–42. [Google Scholar] [CrossRef]

	



Boyer, C.; Whittaker, M.R.; Bulmus, V.; Liu, J.; Davis, T.P. The Design and Utility of Polymer-Stabilized Iron-Oxide Nanoparticles for Nanomedicine Applications. NPG Asia Mater. 2010, 2, 23–30. [Google Scholar] [CrossRef]

	



Queffélec, C.; Petit, M.; Janvier, P.; Knight, D.A.; Bujoli, B. Surface Modification Using Phosphonic Acids and Esters. Chem. Rev. 2012, 112, 3777–3807. [Google Scholar] [CrossRef]

	



Raza, M.; Bachinger, A.; Zahn, N.; Kickelbick, G. Interaction and UV-Stability of Various Organic Capping Agents on the Surface of Anatase Nanoparticles. Materials 2014, 7, 2890–2912. [Google Scholar] [CrossRef]

	



Brodard-Severac, F.; Guerrero, G.; Maquet, J.; Florian, P.; Gervais, C.; Mutin, P.H. High-Field 17O MAS NMR Investigation of Phosphonic Acid Monolayers on Titania. Chem. Mater. 2008, 20, 5191–5196. [Google Scholar] [CrossRef]

	



Dydio, P.; Detz, R.J.; Reek, J.N.H. Precise Supramolecular Control of Selectivity in the Rh-Catalyzed Hydroformylation of Terminal and Internal Alkenes. J. Am. Chem. Soc. 2013, 135, 10817–10828. [Google Scholar] [CrossRef]

	



Mancini, G.; Bouda, M.; Gamrat, J.M.; Tomsho, J.W. Synthesis and Antimicrobial Evaluation of Î-Borono Phosphonate Compounds in Escherichia Coli and Mycobacterium Smegmatis. ACS Omega 2019, 4, 14551–14559. [Google Scholar] [CrossRef]

	



Wang, Y.M.; Pan, M.; Liang, X.Y.; Li, B.J.; Zhang, S. Electromagnetic Wave Absorption Coating Material with Self-Healing Properties. Macromol. Rapid Commun. 2017, 38, 1700447. [Google Scholar] [CrossRef]

	



Soroka, M.; Goldeman, W. Process for Preparation of Ureidoalkylphosphonic. Polish Patent PL201311B1, 31 March 2009. [Google Scholar]

	



Heinrich, C.; Niedner, L.; Oberhausen, B.; Kickelbick, G. Surface-Charged Zirconia Nanoparticles Prepared by Organophosphorus Surface Functionalization with Ammonium or Sulfonate Groups. Langmuir 2019, 35, 11369–11379. [Google Scholar] [CrossRef]

	



Guo, Z.; Lei, K.; Li, Y.; Ng, H.W.; Prikhodko, S.; Hahn, H.T. Fabrication and Characterization of Iron Oxide Nanoparticles Reinforced Vinyl-Ester Resin Nanocomposites. Compos. Sci. Technol. 2008, 68, 1513–1520. [Google Scholar] [CrossRef]

	



Ali, S.; Khan, S.A.; Yamani, Z.H.; Qamar, M.T.; Morsy, M.A.; Sarfraz, S. Shape- and Size-Controlled Superparamagnetic Iron Oxide Nanoparticles Using Various Reducing Agents and Their Relaxometric Properties by Xigo Acorn Area. Appl. Nanosci. 2019, 9, 479–489. [Google Scholar] [CrossRef]

	



Torres-Lugo, M.; Rinaldi, C. Thermal Potentiation of Chemotherapy by Magnetic Nanoparticles. Nanomedicine 2013, 8, 1689–1707. [Google Scholar] [CrossRef] [PubMed]

	



Hayashi, K.; Ono, K.; Suzuki, H.; Sawada, M.; Moriya, M.; Sakamoto, W.; Yogo, T. High-Frequency, Magnetic-Field-Responsive Drug Release from Magnetic Nanoparticle/Organic Hybrid Based on Hyperthermic Effect. ACS Appl. Mater. Interfaces 2010, 2, 1903–1911. [Google Scholar] [CrossRef] [PubMed]

	



Lucia, O.; Maussion, P.; Dede, E.J.; Burdio, J.M. Induction Heating Technology and Its Applications: Past Developments, Current Technology, and Future Challenges. IEEE Trans. Ind. Electron. 2014, 61, 2509–2520. [Google Scholar] [CrossRef]

	



Xiang, Z.; Ducharne, B.; Della Schiava, N.; Capsal, J.F.; Cottinet, P.J.; Coativy, G.; Lermusiaux, P.; Le, M.Q. Induction Heating-Based Low-Frequency Alternating Magnetic Field: High Potential of Ferromagnetic Composites for Medical Applications. Mater. Des. 2019, 174, 107804. [Google Scholar] [CrossRef]

	



Xiang, Z.; Jakkpat, K.I.; Ducharne, B.; Capsal, J.F.; Mogniotte, J.F.; Lermusiaux, P.; Cottinet, P.J.; Schiava, N.D.; Le, M.Q. Enhancing the Low-Frequency Induction Heating Effect of Magnetic Composites for Medical Applications. Polymers 2020, 12, 386. [Google Scholar] [CrossRef]

	



Corten, C.C.; Urban, M.W. Repairing Polymers Using Oscillating Magnetic Field. Adv. Mater. 2009, 21, 5011–5015. [Google Scholar] [CrossRef]

	



Hohlbein, N.; Shaaban, A.; Schmidt, A.M. Remote-Controlled Activation of Self-Healing Behavior in Magneto-Responsive Ionomeric Composites. Polymer 2015, 69, 301–309. [Google Scholar] [CrossRef]

	



Zhang, Y.; Wang, Y.; Wen, Y.; Zhong, Q.; Zhao, Y. Self-Healable Magnetic Structural Color Hydrogels. ACS Appl. Mater. Interfaces 2020, 12, 7486–7493. [Google Scholar] [CrossRef]

	



Oberhausen, B.; Kickelbick, G. Induction Heating Induced Self-Healing of Nanocomposites Based on Surface-Functionalized Cationic Iron Oxide Particles and Polyelectrolytes. Nanoscale Adv. 2021, 3, 5589–5604. [Google Scholar] [CrossRef] [PubMed]

	



Neuhaus, S.; Seibert, H.; Diebels, S. Investigation of the Damage Behavior of Polyurethane in Stress Relaxation Experiments and Estimation of the Stress-at-Break σb with a Failure Envelope. In Engineering Design Applications II Structures, Materials and Processes; Öchsner, A., Altenbach, H., Eds.; Springer Nature Switzerland: Basel, Switzerland, 2020; pp. 1–15. [Google Scholar]

	



Karlsson, J.O.; Gatenholm, P. Solid-Supported Wettable Hydrogels Prepared by Ozone Induced Grafting. Polymer 1996, 37, 4251–4256. [Google Scholar] [CrossRef]

	



Kittle, J.; Levin, J.; Levin, N. Water Content of Polyelectrolyte Multilayer Films Measured by Quartz Crystal Microbalance and Deuterium Oxide Exchange. Sensors 2021, 21, 771. [Google Scholar] [CrossRef] [PubMed]

	



An, H.; Habib, T.; Shah, S.; Gao, H.; Patel, A.; Echols, I.; Zhao, X.; Radovic, M.; Green, M.J.; Lutkenhaus, J.L. Water Sorption in MXene/Polyelectrolyte Multilayers for Ultrafast Humidity Sensing. ACS Appl. Nano Mater. 2019, 2, 948–955. [Google Scholar] [CrossRef]

	



Ostendorf, A.; Schönhoff, M.; Cramer, C. Ionic Conductivity of Solid Polyelectrolyte Complexes with Varying Water Content: Application of the Dynamic Structure Model. Phys. Chem. Chem. Phys. 2019, 21, 7321–7329. [Google Scholar] [CrossRef]

	



Liu, T.; An, Q.; Zhao, Q.; Wu, J.; Song, Y.; Zhu, B.; Gao, C. Synergistic Strenghening of Polyelectrolyte Complex Membranes by Functionalized Carbon Nanotubes and Metal Ions. Sci. Rep. 2015, 5, 7782. [Google Scholar] [CrossRef]

	



Hariri, H.H.; Lehaf, A.M.; Schlenoff, J.B. Mechanical Properties of Osmotically Stressed Polyelectrolyte Complexes and Multilayers: Water as a Plasticizer. Macromolecules 2012, 45, 9364–9372. [Google Scholar] [CrossRef]

	



Ollivier-Lamarque, L.; Livi, S.; Uchimoto, T.; Mary, N. Water Uptake in Epoxy Ionic Liquid Free Film Polymer by Gravimetric Analysis and Comparison with Nondestructive Dielectric Analysis. Nanomaterials 2022, 12, 651. [Google Scholar] [CrossRef]

	



Rakowska, J.; Węgrzyn, M.; Rudnik, E. Impact of Ionic Liquids on Absorption Behaviour of Natural Fibers/Biopolyethylene Biocomposites. Sci. Rep. 2021, 11, 20483. [Google Scholar] [CrossRef]

	



Wu, G.; Lin, S.J.; Hsu, I.C.; Su, J.Y.; Chen, D.W. Study of High Performance Sulfonated Polyether Ether Ketone Composite Electrolyte Membranes. Polymers 2019, 11, 1177. [Google Scholar] [CrossRef]

	



Osman, M.A.; Atallah, A. Effect of the Particle Size on the Viscoelastic Properties of Filled Polyethylene. Polymer 2006, 47, 2357–2368. [Google Scholar] [CrossRef]

	



Dabbaghi, M.; Namjoshi, S.; Panchal, B.; Grice, J.E.; Prakash, S.; Roberts, M.S.; Mohammed, Y. Viscoelastic and Deformation Characteristics of Structurally Different Commercial Topical Systems. Pharmaceutics 2021, 13, 1351. [Google Scholar] [CrossRef] [PubMed]

	



Capponi, S.; Alvarez, F.; Račko, D. Free Volume in a PVME Polymer-Water Solution. Macromolecules 2020, 53, 4770–4782. [Google Scholar] [CrossRef]

	



Johnson, J.A.; Jones, D.W. The Mechanical Properties of PMMA and Its Copolymers with Ethyl Methacrylate and Butyl Methacrylate. J. Mater. Sci. 1994, 29, 870–876. [Google Scholar] [CrossRef]

	



Liu, G.; Zhang, X.; Li, X.; Chen, H.; Walton, K.; Wang, D. Correlation of Miscibility and Mechanical Properties of Polypropylene/Olefin Block Copolymers: Effect of Chain Composition. J. Appl. Polym. Sci. 2012, 125, 666–675. [Google Scholar] [CrossRef]

	



Chen, R.S.; Mohd Amran, N.A.; Ahmad, S. Reinforcement Effect of Nanocomposites with Single/Hybrid Graphene Nanoplatelets and Magnesium Hydroxide: Thermal Stability, Flame Retardancy and Mechanical Performance. J. Therm. Anal. Calorim. 2019, 137, 79–92. [Google Scholar] [CrossRef]

	



Sattar, A.M. Interface Structure and Dynamics in Polymer-Nanoparticle Hybrids: A Review on Molecular Mechanisms Underlying the Improved Interfaces. Chem. Sel. 2021, 6, 5068–5096. [Google Scholar] [CrossRef]

	



Huang, J.; Zhou, J.; Liu, M. Interphase in Polymer Nanocomposites. J. Am. Chem. Soc. Au 2022, 2, 280–291. [Google Scholar] [CrossRef]

	



Pandey, Y.N.; Papakonstantopoulos, G.J.; Doxastakis, M. Polymer/Nanoparticle Interactions: Bridging the Gap. Macromolecules 2013, 46, 5097–5106. [Google Scholar] [CrossRef]

	



Fekete, E.; Molnár, S.; Kim, G.-M.; Michler, G.H.; Pukánszky, B. Aggregation, Fracture Initiation, and Strength of PP/CaCO3 Composites. J. Macromol. Sci. Part B 1999, 38, 885–899. [Google Scholar] [CrossRef]

	



Zare, Y.; Rhee, K.Y.; Hui, D. Influences of Nanoparticles Aggregation/Agglomeration on the Interfacial/Interphase and Tensile Properties of Nanocomposites. Compos. Part B Eng. 2017, 122, 41–46. [Google Scholar] [CrossRef]

	



Shin, H.; Yang, S.; Choi, J.; Chang, S.; Cho, M. Effect of Interphase Percolation on Mechanical Behavior of Nanoparticle-Reinforced Polymer Nanocomposite with Filler Agglomeration: A Multiscale Approach. Chem. Phys. Lett. 2015, 635, 80–85. [Google Scholar] [CrossRef]

	



Hamley, I.W.; Castelletto, V. Small-Angle Scattering of Block Copolymers. Prog. Polym. Sci. 2004, 29, 909–948. [Google Scholar] [CrossRef]

	



Eisenberg, A.; Hird, B.; Moore, R.B. A New Multiplet-Cluster Model for the Morphology of Random Ionomers. Macromolecules 1990, 23, 4098–4107. [Google Scholar] [CrossRef]

	



Lindner, P.; Zemb, T. Neutrons, X-rays and Light: Scattering Methods Applied to Soft Condensed Matter; Elsevier: Amsterdam, The Netherlands, 2002. [Google Scholar]

	



Percus, J.K.; Yevick, G.J. Analysis of Classical Statistical Mechanics by Means of Collective Coordinates. Phys. Rev. 1958, 110, 1–13. [Google Scholar] [CrossRef]

	



Jordan, J.; Jacob, K.I.; Tannenbaum, R.; Sharaf, M.A.; Jasiuk, I. Experimental Trends in Polymer Nanocomposites—A Review. Mater. Sci. Eng. A 2005, 393, 1–11. [Google Scholar] [CrossRef]

	



Richard, S.; Rajadurai, J.S.; Manikandan, V. Influence of Particle Size and Particle Loading on Mechanical and Dielectric Properties of Biochar Particulate-Reinforced Polymer Nanocomposites. Int. J. Polym. Anal. Charact. 2016, 21, 462–477. [Google Scholar] [CrossRef]

	



Chan, C.-M.; Wu, J.; Li, J.-X.; Cheung, Y.-K. Polypropylene/Calcium Carbonate Nanocomposites. Polymer 2002, 43, 2981–2992. [Google Scholar] [CrossRef]

	



Sun, S.; Zeng, H.; Robinson, D.B.; Raoux, S.; Rice, P.M.; Wang, S.X.; Li, G. Monodisperse MFe2O4 (M = Fe, Co, Mn) Nanoparticles. J. Am. Chem. Soc. 2004, 126, 273–279. [Google Scholar] [CrossRef]

	



Niederhauser, W.D.; Broderick, E.; Owings, F.F. Method for Preparing Salts of Sulfoalkyl Methacrylates. U.S. Patent US2964557, 13 December 1960. [Google Scholar]

	



Minoura, Y.; Ueda, M.; Mizunuma, S.; Oba, M. The Reaction of Polypropylene with Maleic Anhydride. J. Appl. Polym. Sci. 1969, 13, 1625–1640. [Google Scholar] [CrossRef]

	



Stickler, M. Free-Radical Polymerization Kinetics of Methyl Methacrylate at Very High Conversions. Die Makromol. Chemie 1983, 184, 2563–2579. [Google Scholar] [CrossRef]

	



Saadat, Y.; Kim, K.; Foudazi, R. Initiator-Dependent Kinetics of Lyotropic Liquid Crystal-Templated Thermal Polymerization. Polym. Chem. 2021, 12, 2236–2252. [Google Scholar] [CrossRef]

	



Eisenberg, A. Clustering of Ions in Organic Polymers. A Theoretical Approach. Macromolecules 1970, 3, 147–154. [Google Scholar] [CrossRef]








[image: Nanomaterials 13 02983 sch001] 





Scheme 1. Structure of the self-healing nanocomposites. 
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Figure 1. (a) IR spectra of the obtained polymers using an SMBS:DEGMA ratio of 1:3 (black), 1:5 (red), 1:8 (blue), and 1:10 (green), and (b) 1H NMR of the polymer obtained under the polymerization conditions SMBS:DEGMA (1:3), Initiator: DBPO (1 mol%), 60 °C, 5 h. 
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Figure 2. (a) TGA curves of 9.4Pol after different storage times at elevated humidity and (b) determined water content of the polymer samples and its influence on (c) the shear modulus and (d) the dissipation factor. 
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Figure 3. Shear modulus as a function of the polymer composition. 
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Figure 4. T95 (black squares) and Tg (red circles) values depend on the polymer composition. 
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Figure 5. (a) σmax (black squares) and E-modulus (red circles) and (b) εmax (black squares) and Rp0.2 (red circles) of the polymers depend on the polymer composition. 
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Figure 6. FTIR spectra of NC2, NC10, and NC20. 
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Figure 7. T95 (black squares) and Tg (red circles) values of the 9.4Pol, NC2, NC10, and NC20 samples. 
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Figure 8. SAXS measurements of the composite samples dried at (a) 40 °C and (b) 80 °C with particle wt% as indicated in the graph. Black lines are fitted to the data according to Equation (1). (c) Hard-sphere radius and (d) hard-sphere volume fraction of the composite samples dried at 40 °C (blue circles) and 80 °C (red triangles). 
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Figure 9. BSE SEM of the (a) NC2, (b) NC10, and (c) NC20 composites dried at 40 °C and (d) NC2, (e) NC10 and (f) NC20 dried at 80 °C. 
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Figure 10. (a) Shear modulus at 50 °C of the dried composites. (b) TGA curves of NC2 after different storage times at elevated humidity and (c) determined water content of the composite samples, (d) as well as its influence on the shear modulus. 
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Figure 11. (a) σmax (black squares) and E-modulus (red circles) and (b) εmax (black squares) and Rp0.2 (red circles) of the composites dependent on the particle content. 
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Figure 12. Microscope images of (a) NC2, (b) cut through half their thickness, (c) healed at 80 °C for 24 h, and (d) another 24 h at 80 °C in a Teflon mold. 
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Figure 13. (a) σmax, (b) E-modulus, (c) εmax, and (d) Rp0.2 values of the healed composites (red circles) and the composites as synthesized (black squares). 
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Figure 14. BSE SEM of the (a) NC2, (b) NC10, and (c) NC20 samples after tensile testing (red = preferred orientation), and (d) SAXS measurements of the composite samples after tensile testing with particle wt% as indicated in the graph. Black lines are fitted to the data according to Equation (1). 
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Table 1. Polymer compositions determined by NMR and CHN analysis.
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	Sample
	DEGMA/SMBStheo
	DEGMA/SMBSNMR
	DEGMA/SMBSCHN





	22.4Pol
	10
	9.5
	22.4



	19.5Pol
	8
	5.4
	19.5



	13.7Pol
	5
	7.3
	13.7



	9.4Pol
	3
	6.6
	9.4
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