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Abstract

:

Common latex coatings suffer from poor water resistance, which often limits their practical application. This paper reports on the preparation of polyacrylate latexes using various approaches to tune the water resistance, wettability, and surface properties of their coating films. The mutual effects of fluorinated monomer copolymerization, emulsifier type (polymerizable and general), and intra- or interparticle covalent crosslinking (due to allyl methacrylate copolymerization and a keto-hydrazide reaction, respectively) were studied. The polyacrylate latexes were synthesized through a two-step semicontinuous emulsion polymerization of 2,2,2-trifluoroethyl methacrylate, butyl acrylate, methyl methacrylate, and methacrylic acid as the basic monomers. The fluorinated monomer was incorporated into the second-step polymer (at a content of 30 wt.% based on the second-step monomer feeds). The water resistance, wettability, and surface properties of the coating films were evaluated with focus on the water absorption, water whitening, water contact angle, and surface topography using atomic force microscopy. It was found that highly water-resistant and hydrophobic coatings that possessed a self-healing ability were prepared, provided that the polymerizable emulsifier and the fluorinated monomer were involved in the latex synthesis, along with the intra- and interparticle covalent crosslinking.
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1. Introduction


Emulsion polymerization represents a feasible and eco-friendly method for the preparation of waterborne latex coatings with favorable properties, such as good film-forming properties, low cost, facile synthesis, easy pigmentation, and treatment. However, common latex coatings suffer from moisture and water sensitivity, which limits their practical use in the field of high-performance material protection. One way to improve the water resistance of a coating film is the creation of a hydrophobic coating surface. Hydrophobicity is commonly characterized by the water contact angle (WCA), which exceeds 90° for hydrophobic surfaces. Nevertheless, the WCA of most common latex films rarely reaches the hydrophobic threshold. For example, in the case of acrylic or styrene-acrylic latex coatings comprising standard surfactants, WCAs not exceeding 80° have been reported in the relevant literature [1,2,3].



Hydrophobic or water-repellent coatings are highly demanded due to many useful properties such as antifouling [4,5], anticorrosion [6,7,8], low dirt pickup, and self-cleanability [9,10,11]. Copolymerization with a fluorinated acrylic monomer has traditionally been used to introduce hydrophobicity into latex coatings [12,13,14,15]. Fluorinated groups, which can impart several extraordinary properties to coatings [16,17], tend to enrich the film-air interface during latex film formation to reduce interfacial energy. This behavior may result in coatings with decreased wettability [18,19,20,21]. On the other hand, these groups can hide inside the coating if immersed in water [22,23]. This behavior may cause a loss in the hydrophobicity of fluorinated latex coatings [24]. A traditionally used tool to overcome the drawback mentioned above is the fixation of fluorinated groups on the polymer particle surface by employing intraparticle or interparticle crosslinking chemistry [25,26,27,28]. Intraparticle crosslinking can be formed during latex synthesis by incorporating multifunctional monomers, such as allyl methacrylate (ALMA) [2], while interparticle crosslinking can be generated by a chemical reaction between neighboring polymer particles under appropriate cure conditions in the course of film formation [19,29,30]. Nowadays, one-pack, self-crosslinking coating systems curable at ambient temperature are demanded [31,32,33]. Among these materials, latex formulations using the keto-hydrazide crosslinking reaction are particularly favored [34,35,36]. Copolymerized diacetone-acrylamide (DAAM) cured with adipic acid dihydrazide (ADH) dissolved in an aqueous latex medium is a popular combination of self-crosslinking latex coating compositions [37,38,39].



The application of polymerizable emulsifiers in the emulsion polymerization process appears to be another possible approach to improving the water and moisture resistance of latex coating films [14,40,41,42,43]. When conventional (nonpolymerizable) emulsifiers are part of latex coatings, their molecules can desorb from the surface of polymer particles, migrate through the coating film, and form aggregates in the interstitial areas, resulting in increased water penetration [44]. Nonpolymerizable emulsifier molecules can also migrate at the film-air interface, resulting in a decrease in coating hydrophobicity and gloss, or at the film-substrate interface, which can lead to a loss of adhesion [45]. When polymerizable emulsifiers that bond covalently to polymer particles are utilized in latex synthesis, the risk of their desorption and migration through the latex film is eliminated [46,47]. The resulting coating films then generally exhibit higher water resistance and hydrophobicity [48,49,50,51,52].



In the search for an optimal and highly effective latex composition for applications such as hydrophobic and water-resistant coatings suitable for the universal protection of various substrates used both indoors and outdoors, we focused on the interaction of different approaches, namely (I) the copolymerization of a fluorinated monomer, (II) the application of a polymerizable emulsifier, (III) the use of interparticle covalent crosslinking due to a keto-hydrazide reaction, and (IV) the implementation of intraparticle covalent crosslinking by ALMA copolymerization. Water resistance, hydrophobicity, and surface properties were the main criteria that were evaluated and compared.




2. Materials and Methods


2.1. Materials


2,2,2-Trifluoroethyl methacrylate (TFEMA, CAS: 352-87-4), butyl acrylate (BA, CAS: 141-32-2), methyl methacrylate (MMA, CAS: 80-62-6), methacrylic acid (MAA, CAS: 79-41-4), diacetone acrylamide (DAAM, CAS: 2873-97-4), and allyl methacrylate (ALMA, CAS: 96-05-9) were used as starting monomers (Sigma-Aldrich, Prague, Czech Republic). Disponil FES 993 (BASF, Prague, Czech Republic) was employed as a general (nonpolymerizable) emulsifier. HITENOL AR-10 (DKS Co., Ltd., Tokyo, Japan) was utilized as a polymerizable emulsifier. Table 1 shows the characteristic properties of both kinds of emulsifiers. Ammonium persulfate (Penta, Prague, Czech Republic, CAS: 7727-54-0) was used as the free-radical initiator. Adipic acid dihydrazide (ADH, TCI Europe, Zwijndrecht, Belgium, CAS: 1071-93-8) served as the covalent curing agent. All chemicals were used as delivered.




2.2. Synthesis and Testing of Latexes


Four series of polyacrylate latexes differing in fluorination of the second-step polymer, covalent crosslinking strategy, and emulsifier type were synthesized through a technique of nonseeded semibatch emulsion polymerization. This process is unique in its high, immediate conversion of monomers exceeding 90%. Therefore, so-called monomer-starved conditions were maintained during free-radical polymerization and a relatively homogeneous chemical composition of statistical copolymers could be achieved [53]. Monomeric compositions of the prepared copolymers are given in Table 2, and the recipe for the synthesis of the latexes is shown in Table 3. A two-step procedure was followed, which is a common approach for the synthesis of fluorinated latex compositions. In this way, fluorinated monomers (or monomers functionalized with reactive groups) are introduced in the second step, providing a predominant location of fluorinated (or reactive) groups in the outer layer of the polymer particles [22,54,55,56,57,58,59]. The weight ratio of the first-step to second-step copolymers was 1:1, which corresponds to the thickness of the second-step copolymer layer of approximately 20% of the radius of the polymer particle if full phase separation is considered.



The Fox equation [60] was used to determine the adequate ratios of acrylic monomers, resulting in a latex copolymer having a Tg of approximately 5 °C (at this temperature, sufficient film formation is supposed to be maintained even in highly crosslinked films). Each series included four latex samples: two samples were always prepared with a general (nonpolymerizable) emulsifier (sample design D), and two samples were synthesized using a polymerizable emulsifier (sample design H). The amounts of the emulsifiers were set to maintain the same content of surface-active matter in both types of latex samples. In every series, one of the D-designed samples and one of the H-designed samples (designs D_F and H_F) comprised of copolymerized TFEMA was incorporated during the polymerization process of the second-step copolymer. The content of copolymerized TFEMA in the second-step copolymer was 30 wt.%.



In Series 1, covalent crosslinking was not implemented. In Series 2, a covalent interparticle crosslinking strategy using the keto-hydrazide reaction was employed. For this reason, DAAM (5 wt.% in the second-step monomer feeds) was incorporated into the second-step copolymer. In Series 3, covalent intraparticle crosslinking was implemented by incorporating ALMA (1 wt.% based on the first-step monomer feeds) in the first-step copolymer. Series 4 was represented by latexes using covalent inter- and intraparticle crosslinking achieved by DAAM and ALMA copolymerization, performed in the same manner as described above.



Latexes were prepared in a stirred flask under inert gas (N2) at 85 °C. Water, the respective emulsifier, and initiator were inserted into a reaction flask (see Table 3), and the reaction flask charge was warmed to 85 °C. The first-step monomer emulsion was then dosed dropwise into the flask over 60 min, followed by 15 min polymerization of the first-step copolymer. Subsequently, the second-step monomer emulsion was dosed dropwise into the flask over 60 min. The reaction mixture was then allowed to polymerize for an additional 2 h. The pH of the latex samples was adjusted to 8.5 with ammonia. In the end, aqueous ADH solution (1.25 g dissolved in 11.3 g of water) was mixed in the latexes of Series 2 and 4. In this way, final latexes having a solids content of approximately 39 wt.% were prepared. The average diameters of the polymer particles were determined by means of dynamic light scattering (DLS) with a Litesizer 500 (Anton Paar, Graz, Austria).




2.3. Preparation and Testing of Free-Standing Coating Films


Latexes were poured into silicone molds. The free-standing coating films were allowed to dry at room temperature (RT, 23 ± 1 °C) for at least 4 weeks. The free-standing films, having a thickness of about 0.7 mm, were used for the investigation of water absorption, chemical structure, and the degree of crosslinking.



The water absorption was determined from swelling experiments on film samples (2 × 2 cm2) immersed in distilled water for 30 days at RT. At the end of the swelling experiment, the soaked films were removed, carefully wiped using wood pulp, and weighed. The water absorption (A) was calculated using Equation (1) [61,62]:


  A = 100      w t  −  w 0     w 0     



(1)




where w0 is the initial weight of the sample (before immersion in water), and wt is the weight of the swollen sample.



The chemical compositions of the latex films were analyzed using Fourier-transform infrared (FT-IR) spectroscopy with a Nicolet iN10 instrument (Thermo Fisher Scientific, Waltham, MA, USA). IR spectra were obtained using the attenuated total reflectance (ATR) with a diamond crystal in the range of 3500 cm−1 to 600 cm−1. The degree of crosslinking of the latex films was evaluated from the point of view of crosslink density, as well as the average molar mass between crosslink junctions (Mc). The Mc and the crosslink density were detected using swelling of the dry gel polymer samples (approximately 0.3 g) in toluene. Swelling took place for 10 days at 50 °C. At the end of the swelling period, the samples were withdrawn from the toluene, rapidly dried with a filter paper, and weighed. The Mc and the crosslink density (moles of crosslinks/cm3 of the polymer network) were calculated using Equations (2)–(5) [63,64]:


   M c  =    V 1   ρ p     ϕ  1 / 3   − ϕ / 2     −   l n   1 − ϕ   + ϕ + χ  ϕ 2       



(2)






  ϕ =    W p   ρ s     W p   ρ s  +  W s   ρ p     



(3)






  χ = 0.34 +    V 1    RT        δ 1  −  δ 2     2   



(4)






  Crosslink   density =    ρ p     M c     



(5)




where V1 is the molar volume of toluene (106.3 cm3/mol); ρp is the copolymer density calculated to be 1.103 g/cm3 for the MMA/BA/MAA copolymer (37/60/3 by weight) from 1.18, 1.06, and 1.015 g/cm3 for poly(MMA), poly(BA), and poly(MAA), respectively;  ϕ  is the volume fraction of the gel copolymer in the swollen gel; Ws and Wp are the weight fractions of toluene and the gel copolymer in the swollen gel, respectively; ρs is the density of toluene (0.8669 g/cm3); χ is the copolymer and solvent interaction parameter; δ1 is the copolymer solubility parameter that was calculated to be 9.135 (cal/cm3)1/2 for the MMA/BA/MAA copolymer (37/60/3 by weight) from 9.3, 9.0, and 9.8 (cal/cm3)1/2 for poly(MMA), poly(BA), and poly(MAA), respectively [65,66]; and δ2 is the solubility parameter of toluene at 8.9 (cal/cm3)1/2.




2.4. Preparation and Testing of Coatings


Coatings were draw-downed onto glass substrates using a blade applicator with a slot width of 120 µm. The coatings were allowed to dry at RT and a relative humidity (RH) of 45 ± 1% for 7 days using a CTC Memmert climatic chamber (Memmert GmbH + Co.KG, Schwabach, Germany). Water whitening, WCA, macrosurface appearance, surface topography, and self-healing performances were evaluated.



The water whitening of coatings exposed to distilled water for 24 h at RT was evaluated according to the decrease in transmittance at a wavelength of 500 nm. A ColorQuest XE Spectrometer (Hunterlab, Reston, VA, USA) was used for the transmittance measurements. The level of water whitening (W) was calculated using Equation (6):


  W = 100      T 0       −   T   t     T 0     



(6)




where T0 is the transmittance of the coating before water exposure, and Tt is the transmittance of the coating measured immediately after the water exposure.



WCA measurements were performed by the sessile drop method by means of an Attension Theta optical tensiometer (Biolion Scientific, Espoo, Finland). A water drop volume of 1 µL was used, and the steady-state WCA value was taken at the time of 10 s. Ten measurements were performed for each latex coating at RT and 45 ± 5% RH. To investigate the effect of water exposure on the wettability of coatings, the WCAs of the coatings after their 1-day immersion in distilled water were also examined. The testing procedure was as follows: a dried coating (drying took place under the conditions specified above) was dipped in water for 24 h at RT. After that, the coating was allowed to dry out again in a climatic chamber at RT and 45 ± 1% RH for 7 days. Then, the WCA measurements were performed.



The macrosurface appearance of the latex films was observed using a Keyence VHX-6000 digital optical microscope (Keyence, Itasca, IL, USA) with a VHX-S600E free-angle observation system (Z-motorized). The macrosurface topography was analyzed on a 4 × 4 mm2 sample area.



The topography of the latex film surface was monitored utilizing atomic force microscopy (AFM). AFM was carried out using a Dimension Icon (Bruker, Billerica, MA, USA) in PeakForce Quantitative Nanoscale Mechanical mode employing ScanAsyst-Air tips (k = 0.4 N m−1). The images were recorded at a scan frequency of 0.5 Hz in a resolution of 512 × 512 pixels. For further details, see the references [67,68]. The self-healing (recovery) effect was studied by the scratch method [69] at RT and 30 ± 1% RH. The residual topography was analyzed with a DHMR 1000 digital holographic microscope (Lynceé Tec, Lausanne, Switzerland) operating at 785 nm in the reflection configuration using microscopic objectives with 10× and 20× magnifications [70].





3. Results and Discussion


3.1. Characterization of Liquid Latexes and Dried Copolymers


All the synthesized latexes, regardless of the emulsifier type and copolymer composition, contained a negligible amount of coagulum (0–0.2 wt.%), which indicated good colloidal stability during the polymerization. The average particle sizes and polydispersity indices of the latex samples were tracked after the completion of the first polymerization step and after completing the polymerization (see Table 4). The comparison of the average particle diameters between the first-step polymer particles and the respective resulting latex samples revealed that the diameters of the final latex particles increased in line with the presumed growth of the particle size (being approximately 20% of the particle diameter in the case of performing two-step emulsion polymerization of monomers in a weight ratio of 1:1, as mentioned above). This fact, together with low polydispersity indices, indicates that no significant secondary nucleation of new particles occurred during the second polymerization step in the case of all the polymerizations. In addition, it also allows us to suggest that TFEMA and DAAM structural units were located predominantly in the outer layers of polymer particles, reflecting the order of monomer dosing. When comparing the particle diameters for latex particles of the same copolymer composition but differing in the emulsifier type, lower diameters of the final particles were detected in the case of the polymerizable emulsifier-based latexes. This finding suggests an increased number of latex particles formed during polymerization using the polymerizable emulsifier, leading to smaller dimensions of the polymer particles [71,72,73].



The effects of the covalent crosslinking, type of emulsifier, and fluorination of the second-step polymer on the chemical composition of the prepared copolymers were studied by means of FT-IR spectroscopy. The absorption spectra of the copolymers of Series 1 (without crosslinking) and Series 2 (with interparticle covalent crosslinking) are depicted in Figure 1 and Figure 2. It was evident that no pronounced distinctions between the chemical compositions of corresponding copolymers differing in emulsifier type could be observed. All the spectra exhibited a weak absorption band at 620 cm−1, which is characteristic of sulfate groups (SO42–) and indicates the employment of both types of emulsifiers. The spectra of all the polymers further showed absorption bands at 2963 and 2866 cm−1 corresponding to asymmetric and symmetric vibrations of the CH3 group; a weak absorption band at 2928 cm−1, which could be assigned to vibrations of the CH2 group; and a strong absorption band of the C=O group at 1728 cm−1, which is characteristic of the carboxylic acid ester group. The copolymerization of DAAM in the case of copolymers of Series 2 was evidenced by the absorption band at 1535 cm−1, which could be assigned to the N–H bond. All the copolymers of Series 2 also exhibited a weak absorption band at 1640 cm−1 corresponding to the N=C bond, which proved that the keto-hydrazide reaction took place in the coating films [74]. The copolymerization with TFEMA was manifested by absorption bands at 1280 and 650 cm−1, which are characteristics of C–F stretching and C–F wagging, respectively.



In addition, the chemical structures of copolymer films prepared from the polyacrylate latexes were studied in terms of the degree of crosslinking, which was presumed based on the results of Mc and crosslink density (see Table 5). As expected, the highest degree of crosslinking was achieved in the case of the films of Series 4, employing both interparticle and intraparticle covalent crosslinking (occurring between adjacent polymer particles and on the molecular level between the polymer chains, respectively). A dense polymer network was also found for the copolymers of Series 3, where intraparticle crosslinking was introduced due to ALMA copolymerization. However, a significant degree of crosslinking was even detected in the cases of copolymers H1 and H1_F of Series 1, where no crosslinking strategy was proposed. The networking in these copolymers could be ascribed to intermolecular chain transfer reactions to the polymer owing to BA copolymerization [75,76]. When comparing corresponding copolymers differing in emulsifier type, a higher degree of crosslinking was always determined in the case of the H-designed copolymers, which may indicate a higher molecular weight of the copolymers prepared using the polymerizable emulsifier [77] on the one hand, or to a higher quality of coalescence and polymer chain interdiffusion in the case of the polymerizable-emulsifier-based films on the other hand.




3.2. Water Resistance of Coating Films


The water resistance, hydrophobicity, and surface properties of latex coating films are usually closely related. We monitored the water resistance of the coating films according to water absorption (i.e., the amount of distilled water captured by a latex film) and water whitening. It has been documented in several scientific papers [2,31,77,78,79,80,81] that the water resistance of latex films is usually related significantly to their crosslink density, where the stiffness of the polymer network decreases the extent of water penetration and prevents the growth of water domains. In the case of the water whitening effect, it is supposed that only water domains exceeding a certain dimension can entail the effect of water whitening [82,83].



It was found that similar trends emerged in the case of both the water absorption and water whitening testing (see Figure 3 and Figure 4). Concerning the crosslinking strategy, theoretical postulates (the higher the network density, the greater the decrease in the water sensitivity of coating films) were not fulfilled completely. The most densely crosslinked coating films of Series 4, engaging inter- and intraparticle covalent crosslinking, exhibited the lowest water sensitivity, but the moderately crosslinked films of Series 2 (using keto-hydrazide crosslinking chemistry) and the films of Series 3, (crosslinked by ALMA copolymerization) exhibited relatively high levels of water absorption and water whitening similar to (or in some cases even exceeding) the water sensitivity results of the noncrosslinked or slightly crosslinked films of Series 1. The reasons for this behavior may be (I) the sufficient elasticity of the moderately crosslinked polymer network and, concurrently, (II) a higher polarity introduced into the chemical structure due to the presence of keto-hydrazide chemistry in the case of Series 2; and (III) a poor coalescence quality of coating films of Series 3, which resulted in both increased water penetration and the growth of water domains. Focusing on emulsifier type, the coating films containing the polymerizable emulsifier always exhibited lower water sensitivity. This effect could be attributed to smaller interstices filled only with water-soluble salts originating from the persulfate initiator (in contrast to the general-emulsifier-based films comprising larger interstices also containing desorbed emulsifiers), resulting in a reduction in osmotic pressure and a suppression of water penetration. This phenomenon may also indicate a better coalescence quality (a higher level of chain interdiffusion) of the polymerizable-emulsifier-based latex coatings, probably because of more extensive hydration of the shell polymer due to the presence of a polymerized emulsifier. The phenomenon of the formation of a hydration shell, leading to plasticization by water molecules in the case of latex polymers [84], has been also observed in biological and nonbiological polymers [85,86,87,88]. Regarding the fluorination of the second-step polymer, it was found that the fluorinated coatings comprising the general emulsifier displayed slightly increased water resistance compared with the corresponding fluorine-free coatings. However, this phenomenon was not confirmed in the case of polymerizable-emulsifier-based coatings. Hence, it can be concluded that the effect of perfluoroethyl groups in the polymer structure on the water sensitivity of the coating films was shown to be minor.




3.3. Surface Properties of Latex Films


The mutual effects of fluorinated monomer copolymerization, crosslinking strategy, and the use of a polymerizable emulsifier on the wettability of latex coatings were studied using WCA measurements. WCA is commonly used as a criterion for the evaluation of the level of hydrophobicity (hydrophilicity) of a solid surface. Nonpolar (hydrophobic) or polar (hydrophilic) groups, which are the constituent parts of polymer chains, can orientate to the interior of the coating film or towards the interface, depending on how the polarity of the environment around the coating film changes, resulting in the variation in coating film wettability. Therefore, we tested the wettability of dried coating films before and after 1-day-long immersion in distilled water. The results of the WCA measurements are presented in Figure 5. It was confirmed that all the fluorinated coatings, regardless of the employed crosslinking strategy, had a hydrophobic character. The fluorinated latex coatings of Series 1 (D1_F and H1_F) even exhibited WCA values around 100°, which proved that the fluorinated compositions not employing a specific crosslinking strategy were the most favorable for achieving the highest possible coating hydrophobicity. This phenomenon could be related to the sufficient mobility of noncrosslinked (or slightly crosslinked) polymer chains, which facilitated the orientation of perfluoroethyl groups to the air-film interface during film drying. It was further shown that the type of the applied covalent crosslinking strategy did not affect the level of wettability of the coatings significantly. Nevertheless, it was proved that introducing crosslinking into latex films limited achieving a high level of coating hydrophobicity in the case of the fluorinated latex compositions, most likely due to the fixation of fluorine groups in the interior of latex particles. Focusing on the results of wettability in terms of the emulsifier type, the coating films with the polymerizable emulsifier always exhibited higher WCA values, which could be explained by smaller interstices (containing only initiator-based salts), resulting in lower surface polarity. Considering the effect of water exposure, no significant change in wettability was found for all the tested coatings except the fluorinated coating films of Series 1 (D1_F and H1_F). For these samples, the absence (or low level) of crosslinking allowed the perfluoroethyl groups to hide from the periphery to the inside of polymer particles when the coating films were in contact with water. After the immersion test, these coatings exhibited a similar level of wettability to the corresponding crosslinked coatings.



As optical microscopy did not reveal significant differences between the surface appearances of the individual coating samples at the macroscopic level (see Figure S1 in Supplementary Materials), the surface topography of the coatings was evaluated using AFM. The AFM analysis revealed fundamental differences between coating materials comprising the general and the polymerizable emulsifiers, whereas no significant difference in surface topography was found considering the level of crosslinking and fluorination of the second-step polymer. AFM images of the coating representatives D4 and H4, illustrating a distinction in the surface topography between the D-designed and the H-designed coatings, are shown in Figure 6 (almost identical results were also obtained for the D-designed and the H-designed coatings of other series, regardless of the fluorination, so these images are not shown). It was observed that the surfaces of the general-emulsifier-based coatings (represented by the sample D4) exhibited the relict of spherical particles having a lateral diameter of about 150 nm with a typical height difference below 10 nm, whereas the surfaces of the polymerizable-emulsifier-based coatings (illustrated by the example of the coating sample H4) were found to be almost without the relict of original latex spheres, indicating a better coalescence ability, which was also visible in different values of residual roughness in the form of the root mean square [80] of 0.2 and 2.3 nm for H4 and D4, respectively. The reason for the smooth surface of the H-designed coatings may lie in the covalent bonding of emulsifier molecules polymer chains, disabling their desorption, migration, and formation of chemically different interstices between latex particles, which probably resulted in better coalescence (chain interpenetration).



Latex coatings, like any other coating materials, are at the risk of developing microcracks during their service life due to external mechanical forces, which can lead to the subsequent exposure of a protected substrate to oxygen and atmospheric moisture. Therefore, the self-healing behavior of latex coatings, providing full or partial recovery of the protective coating film, has been extensively explored to provide longer durability and to meet the application requirements of different occasions [89,90,91,92]. In this study, the self-healing effect of coatings in terms of their recovery dynamics [93] was evaluated according to the kinetics of the topography changes of a scratch induced by a surgical needle into a latex film. The topography was observed with a digital holography microscope on an identical line for different time intervals of recovery. The depth of the scratch was the basic parameter, and the relative recovery was normalized for an initial scratch depth of ca. 1200 nm at 0 min. Similarly, different recovery dynamics of the coatings were observed concerning the type of emulsifier used, whereas no evident effects of crosslinking strategy and polymer fluorination were proved (see Figure 7 illustrating the recovery effect for the samples D4 and H4, representing the general-emulsifier-based and the polymerizable-emulsifier-based coatings, respectively). It was demonstrated that no significant topography changes of the scratch occurred within 60 min of the measurement in the case of all the general-emulsifier-based coatings (see Figure 7a showing representative D4), whereas the depth of the scratch decreased significantly in the case of all the coatings based on the polymerizable emulsifier (see Figure 7b illustrating a typical self-healing effect of the H-designed coatings with the example of sample H4, where the scratch depth dropped from an initial value of 1200 nm to half of the initial value (recovery half-time) within 14 min and further decreased to about 200 nm within 60 min). It was also demonstrated for the H-designed coatings that the kinetics of relative recovery fulfilled the exponential decay (see Figure 7c), and the residual scratch depth was calculated as about 15%, related to the initial scratch depth at the steady-state conditions. To the best of our knowledge, the self-healing performance of latex materials synthesized using polymerizable emulsifiers occurring without external input in the manner of a memory effect has not been described in the relevant literature. We assume that the recovery process could be attributed to an increased level of polymer chain interpenetration, which probably allowed the inherent reversibility of noncovalent intermolecular bonding in the well-coalesced film. Nevertheless, the explanation of this phenomenon, indicating a certain level of thermoplasticity of the latex polymer film, deserves a more detailed and sophisticated study, which is not the subject of this work but may be considered for future studies.





4. Conclusions


In this paper, the effects of the fluorination of latex acrylic polymers, emulsifier type, and crosslinking strategy on the water resistance, hydrophobicity, and surface properties of coating films were investigated. As expected, the most densely crosslinked coating films engaging intra- and interparticle covalent crosslinking (provided by ALMA copolymerization and keto-hydrazide chemistry, respectively) provided the highest water resistance from the point of view of low water absorption and water whitening, whereas the moderately crosslinked films employing keto-hydrazide crosslinking or ALMA copolymerization, exhibited relatively high levels of water absorption and water whitening similar to the latex films designed without any crosslinking strategy. This effect was attributed to the sufficient elasticity of the moderately crosslinked polymer network, which allowed increased water penetration and the growth of water domains. It was also shown that the coating films made of the polymerizable-emulsifier-based latexes provided higher water resistance. This phenomenon was explained by better coalescence quality and the existence of smaller polar interstices in the case of the polymerizable-emulsifier-based latex films. The fluorination of latex polymer was shown to increase the water resistance of coating films only minimally, but it was proved to provide the hydrophobic character of coatings. Fluorinated compositions without covalent crosslinking were found to be the most favorable for achieving the highest possible hydrophobicity of coatings. In this case, the mobility of noncrosslinked polymer chains facilitated the orientation of fluorine groups to the air-film interface during film drying. Further, fundamental differences between the surface topography of coatings comprising the general and the polymerizable emulsifiers were found, revealing the better coalescence quality and the self-healing effect of the polymerizable emulsifier-based coating materials. It can be summarized that highly water-resistant and hydrophobic polyacrylate “smart” latex coatings, being able to recover their structural integrity without external input, were prepared in the case of simultaneously (I) using a polymerizable anionic emulsifier (HITENOL AR-10) in the process of emulsion polymerization; (II) introducing intra- and interparticle covalent crosslinking by ALMA copolymerization and keto-hydrazide self-crosslinking chemistry, respectively; and (III) copolymerizing TFEMA into the second-step polymer.
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Figure 1. FT-IR absorption spectra of fluorine-free copolymer samples of Series 1 and 2. 
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Figure 2. FT-IR absorption spectra of fluorinated copolymer samples of Series 1 and 2. 
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Figure 3. Water absorption of coating films (30-day-long water exposure). 
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Figure 4. Water whitening of coating films expressed by a decrease in transmittance (1-day-long water exposure). 






Figure 4. Water whitening of coating films expressed by a decrease in transmittance (1-day-long water exposure).



[image: Coatings 12 01150 g004]







[image: Coatings 12 01150 g005 550] 





Figure 5. Wettability of coatings expressed in terms of water contact angle: (a) before exposure to distilled water; (b) after 1-day-long exposure to distilled water. 






Figure 5. Wettability of coatings expressed in terms of water contact angle: (a) before exposure to distilled water; (b) after 1-day-long exposure to distilled water.



[image: Coatings 12 01150 g005]







[image: Coatings 12 01150 g006 550] 





Figure 6. AFM images of latex coating films performed in the topographical mode: (a) sample D4; (b) sample H4; (c) topographical profiles for samples D4 and H4. 
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Figure 7. Illustration of the surface self-healing (recovery) effect based on the topography of scratches: (a) sample D4; (b) sample H4; (c) the kinetics of relative recovery for samples D4 and H4. The experimental values of recovery kinetics were fitted by the exponential decay function. The measurements were performed at RT and 30 ± 1% RH. 
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Table 1. Characteristics of the emulsifiers.
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	Emulsifier
	Type
	Chemical Composition
	Active Matter (wt.%)
	Critical Micelle Concentration (mg/L) a





	Disponil FES 993
	General
	Sodium salt of fatty alcohol polyglycol ether sulfate
	29.7
	200



	HITENOL AR-10
	Polymerizable
	Ammonium salt of polyoxyethylene styrenated propenyl phenyl ether sulfate
	99.1
	250







a Data provided by the manufacturer.
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Table 2. Compositions of latexes differing in the fluorinated monomer copolymerization into the second-step polymer, emulsifier type, and covalent crosslinking strategy.
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Sample

	
Composition of Monomer Feeds (g)

	
Emulsifier Type

	
Fluorination of the Second-Step Copolymer




	
TFEMA/MMA/BA/MAA/DAAM/ALMA




	
First Step

	
Second Step






	
Series 1: No crosslinking




	
D1

	
0/18.5/30/1.5/0/0

	
0/18.5/30/1.5/0/0

	
general

	
no




	
H1

	
0/18.5/30/1.5/0/0

	
0/18.5/30/1.5/0/0

	
polymerizable

	
no




	
D1_F

	
0/18.5/30/1.5/0/0

	
15/6.5/27/1.5/0/0

	
general

	
yes




	
H1_F

	
0/18.5/30/1.5/0/0

	
15/6.5/27/1.5/0/0

	
polymerizable

	
yes




	
Series 2: Keto-hydrazide crosslinking




	
D2

	
0/18.5/30/1.5/0/0

	
0/16.5/29.5/1.5/2.5/0

	
general

	
no




	
H2

	
0/18.5/30/1.5/0/0

	
0/16.5/29.5/1.5/2.5/0

	
polymerizable

	
no




	
D2_F

	
0/18.5/30/1.5/0/0

	
15/4.5/26.5/1.5/2.5/0

	
general

	
yes




	
H2_F

	
0/18.5/30/1.5/0/0

	
15/4.5/26.5/1.5/2.5/0

	
polymerizable

	
yes




	
Series 3: ALMA crosslinking




	
D3

	
0/18/30/1.5/0/0.5

	
0/18.5/30/1.5/0/0

	
general

	
no




	
H3

	
0/18/30/1.5/0/0.5

	
0/18.5/30/1.5/0/0

	
polymerizable

	
no




	
D3_F

	
0/18/30/1.5/0/0.5

	
15/6.5/27/1.5/0/0

	
general

	
yes




	
H3_F

	
0/18/30/1.5/0/0.5

	
15/6.5/27/1.5/0/0

	
polymerizable

	
yes




	
Series 4: Keto-hydrazide and ALMA crosslinking




	
D4

	
0/18/30/1.5/0/0.5

	
0/16.5/29.5/1.5/2.5/0

	
general

	
no




	
H4

	
0/18/30/1.5/0/0.5

	
0/16.5/29.5/1.5/2.5/0

	
polymerizable

	
no




	
D4_F

	
0/18/30/1.5/0/0.5

	
15/4.5/26.5/1.5/2.5/0

	
general

	
yes




	
H4_F

	
0/18/30/1.5/0/0.5

	
15/4.5/26.5/1.5/2.5/0

	
polymerizable

	
yes











[image: Table] 





Table 3. Components of the polymerization mixture with different emulsifiers.






Table 3. Components of the polymerization mixture with different emulsifiers.





	Component
	Reaction Flask (g)
	First-Step Monomer Emulsion (g)
	Second-Step Monomer Emulsion (g)





	Distilled water
	33.00
	50.00
	72.00



	Disponil FES 993 a
	0.24
	3.70
	3.70



	HITENOL AR-10 b
	0.07
	1.10
	1.10



	Ammonium persulfate
	0.20
	0.20
	0.20



	Monomers
	0.00
	50.00
	50.00







a General (nonpolymerizable) emulsifier used in the syntheses of the D-designed latexes. b Polymerizable emulsifier used in the syntheses of the H-designed latexes.
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Table 4. DLS results for the prepared latexes differing in the fluorination of the second-step polymer, emulsifier type, and covalent crosslinking strategy.






Table 4. DLS results for the prepared latexes differing in the fluorination of the second-step polymer, emulsifier type, and covalent crosslinking strategy.





	
Sample

	
After the First Step

	
After the Completed Polymerization




	
Particle Diameter (nm)

	
Polydispersity Index (%)

	
Particle Diameter (nm)

	
Polydispersity Index (%)






	
Series 1: No crosslinking




	
D1

	
96.3 ± 0.6

	
5.3 ± 3.6

	
123.4 ± 0.8

	
3.4 ± 2.8




	
H1

	
90.6 ± 0.4

	
4.2 ± 3.8

	
114.3 ± 0.9

	
5.3 ± 3.9




	
D1_F

	
95.8 ± 1.0

	
3.8 ± 2.0

	
122.4 ± 0.7

	
2.6 ± 1.7




	
H1_F

	
91.4 ± 0.8

	
4.4 ± 2.8

	
116.8 ± 1.2

	
4.6 ± 3.2




	
Series 2: Keto-hydrazide crosslinking




	
D2

	
97.1 ± 0.9

	
3.2 ± 2.6

	
120.4 ± 1.0

	
3.4 ± 2.3




	
H2

	
87.8 ± 1.1

	
2.6 ± 1.4

	
112.3± 1.0

	
4.3 ± 2.8




	
D2_F

	
103.1 ± 1.3

	
5.1 ± 4.0

	
128.6 ± 1.2

	
2.4 ± 1.6




	
H2_F

	
96.3 ± 0.7

	
3.5 ± 1.9

	
120.2 ± 1.4

	
5.0 ± 3.2




	
Series 3: ALMA crosslinking




	
D3

	
96.8 ± 1.2

	
3.4 ± 3.1

	
123.7 ± 1.0

	
2.8 ± 1.9




	
H3

	
89.9 ± 1.0

	
4.6 ± 4.0

	
114.7 ± 0.7

	
2.5 ± 1.4




	
D3_F

	
98.2 ± 1.6

	
3.8 ± 2.4

	
124.8 ± 1.1

	
2.6 ± 1.7




	
H3_F

	
92.4 ± 0.9

	
4.2 ± 2.7

	
118.4 ± 1.5

	
5.2 ± 4.0




	
Series 4: Keto-hydrazide and ALMA crosslinking




	
D4

	
95.1 ± 1.1

	
4.3 ± 3.1

	
118.3 ± 1.2

	
4.8 ± 4.6




	
H4

	
82.0 ± 1.2

	
5.6 ± 4.4

	
105.7 ± 1.1

	
2.6 ± 1.8




	
D4_F

	
97.5 ± 1.5

	
5.8 ± 4.0

	
121.1 ± 1.1

	
3.3 ± 2.5




	
H4_F

	
80.9 ± 0.6

	
4.8 ± 3.7

	
102.5 ± 0.8

	
4.2 ± 3.2
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Table 5. Degree of crosslinking introduced into latex copolymers differing in the fluorination of the second-step polymer, emulsifier type, and covalent crosslinking strategy in terms of the average molar mass between crosslink junctions (Mc), and crosslink density.






Table 5. Degree of crosslinking introduced into latex copolymers differing in the fluorination of the second-step polymer, emulsifier type, and covalent crosslinking strategy in terms of the average molar mass between crosslink junctions (Mc), and crosslink density.





	
Sample

	
Mc (g/mol)

	
Crosslink Density × 10−6 (moles/cm3)






	
Series 1: No crosslinking




	
D1

	
NA a

	
NA a




	
H1

	
240,600 ± 27,000

	
4.3 ± 0.6




	
D1_F

	
NA a

	
NA a




	
H1_F

	
148,200 ± 11,900

	
7.5 ± 0.6




	
Series 2: Keto-hydrazide crosslinking




	
D2

	
58,500 ± 700

	
18.8 ± 0.2




	
H2

	
50,700 ± 2500

	
21.8 ± 1.1




	
D2_F

	
44,600 ± 5300

	
24.9 ± 3.0




	
H2_F

	
35,200 ± 3400

	
31.5 ± 3.1




	
Series 3: ALMA crosslinking




	
D3

	
18,100 ± 2500

	
61.7 ± 8.8




	
H3

	
6800 ± 200

	
162.1 ± 5.1




	
D3_F

	
12,900 ± 900

	
85.7 ± 6.2




	
H3_F

	
6300 ± 300

	
175.0 ± 7.7




	
Series 4: Keto-hydrazide and ALMA crosslinking




	
D4

	
5600 ± 200

	
197.8 ± 4.3




	
H4

	
3800 ± 100

	
289.3 ± 4.6




	
D4_F

	
3400 ± 200

	
322.5 ± 17.4




	
H4_F

	
2800 ± 50

	
392.2 ± 5.2








a Value could not be obtained because the gel polymer remained trapped in the extraction cartridge.
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