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Abstract In this study, fluorine-containing polyacrylate latexes comprising different levels of copolymerized perfluorethyl groups were prepared by the two-stage emulsion polymerization of 2,2,2-trifluoroethyl methacrylate, methyl methacrylate, butyl acrylate and methacrylic acid as main monomers, where the fluorine-containing monomer was copolymerized only into the second stage polymer. The effects of keto-hydrazide self-crosslinking and its combination with pre-coalescence and ionomeric crosslinking, respectively, on coating wettability, water absorption and water whitening were investigated. For the keto-hydrazide self-crosslinking, diacetone acrylamide was copolymerized into the second stage polymer to provide sites for the subsequent reaction with adipic acid dihydrazide. The pre-coalescence crosslinking of latex particles was introduced by copolymerizing allylmethacrylate during the synthesis and the ionomeric crosslinking was provided by the addition of a commercial zinc complexing agent. The influences of ambient conditions during the film-forming process in terms of temperature and relative humidity differences on coating wettability were evaluated. Further, changes of coating wettability as a function of water exposure duration were tested. The results showed that the highest level of hydrophobicity at the same amount of copolymerized 2,2,2-trifluoroethyl methacrylate could be achieved in the case of non-crosslinked latex films dried at elevated temperatures, whereas the highly crosslinked latexes combining pre-coalescence crosslinking and keto-hydrazide self-crosslinking provided the most water whitening-resistant coating films.
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Introduction
A common drawback of latex coatings is their water sensitivity, usually connected with water whitening, loss of adhesion and poor durability. Normally, when latex particles dry to form a continuous clear film, the liquid water evaporates while ionically-charged components such as surfactants, initiators and buffers remain trapped in interstitial areas of the film and become a driving force for the migration of water into interstitial areas. This migration results in increased water absorption and water whitening of coating films. Nevertheless, the hydrophilic components are usually the essential part of standard commercial products; therefore, the efforts to enhance water resistance of latex coatings by means of polymer structure changes are being highly encouraged. Among them, fluorination and crosslinking have been the traditionally used approaches.
Fluorinated polyacrylate latexes with special surface properties, such as low surface tension and related hydrophobicity, good adhesion to matrices and environmental protection value have attracted the attention of many investigators [14]. Up to date, fluorinated acrylate polymer emulsions with various structures, such as graft [5], random [6], and coreshell [711] have been synthesized by conventional emulsion polymerization, mini emulsion polymerization, seeded emulsion polymerization, and other synthetic polymerization techniques. However, the relatively high market price of fluorinated monomers limits their use and the challenge is how to minimize the amount of fluorinated monomers whereas the reasonable properties of the resulting products still can be maintained. One possible strategy to achieve cost-effectivity and increased coating hydrophobicity is to prepare latexes using a two-stage synthesis producing coreshell particles consisting of fluorine-free core and fluorine-rich shell [1216]. The presented results reveal that while the weight fraction of fluorine-containing compounds in the polymer is decreased considerably, the physical and chemical properties still can be kept [17,18]. 
The fluorine-containing groups in fluorinated polymers have the tendency to orientate toward air-film interface during film formation to minimize the interfacial energy resulting in materials with increased hydrophobicity [19,20]. However, the fluorine groups can migrate to the inside of coating films when the environment surrounding the film changes, such as being immersed into water [21,22]. This phenomenon may lead to decrease in some properties of fluorinated latex films, such as water resistance [23]. If the fluorinated groups are fixed on the surface of latex particles, this problem might be resolved [9]. 
Besides fluorination, increasing crosslinking density is an effective tool to improve water resistance [24], solvent resistance [25] and mechanical properties [26,27] of water borne emulsions used as coatings and adhesives. Methods for increasing crosslinking density include pre-coalescence (intra-particle) crosslinking of latex particles achieved during polymerization and post-coalescence (inter-particle) crosslinking proceeding during latex film formation. Pre-coalescence crosslinking often results in rigid latex particles that may suffer from poor deformability and suppressed chain interpenetration during the coalescence stage. Post-crosslinking refers to a chemical reaction designed to occur during or shortly after latex film-formation. Among different post-crosslinking reactions, the keto-hydrazide self-crosslinking via the reaction between carbonyl groups in diacetone acrylamide (DAAM) repeat units and hydrazide groups from adipic acid dihydrazide (ADH) has been shown to be particularly effective [2833]. The water soluble ADH is added to the latex after its preparation and as a result, the one-component self-crosslinking latex providing a long-term storage stability and a rapid crosslinking at ambient temperature is easily obtained. Therefore, these latexes are popular in a wide range of applications, starting from paints for the building industry through wood paints and varnishes to paints for metal protection and decorative systems.
The paper focuses on the combined effects of crosslinking and ambient conditions during the film-forming process on water sensitivity and wettability of fluorine-containing polyacrylate latex coating films. The presented work also aims to demonstrate the optimal composition based on the self-crosslinking latex system with the emphasis on sparing the fluorinated monomer consumption while maintaining the desired water-repellent properties.

Experimental
Materials
Latexes were synthesized of 2,2,2-trifluoroethyl methacrylate (TFEMA), methyl methacrylate (MMA), butyl acrylate (BA), methacrylic acid (MAA), allyl methacrylate (ALMA) and diacetone acrylamide (DAAM). All the monomers were purchased from Sigma-Aldrich (Czech Republic). Disponil FES 993 (BASF, Czech Republic) was used as the surfactant and ammonium persulfate (Penta, Czech Republic) was utilized as the initiator of the polymerization reaction. Adipic acid dihydrazide (ADH) was utilized as the crosslinker and was purchased from Sigma-Aldrich (Czech Republic). Aqueous suspension of ZnO nanoparticles (trade name nZ-BOCH 202) having the ZnO content of 40 wt. % was used as the ionomeric crosslinking agent and was kindly obtained from Bochemie (Czech Republic). All the chemicals were utilized as received without any further purification. 

Preparation and characterization of latexes 
Four series of polyacrylate latexes were synthesized by the semi-continuous two-stage emulsion polymerization comprising a variable content of acrylic monomers (see Table 1). The weight ratio of first stage/second stage polymer was 1/1, which means a thickness of the second stage polymer layer of about 20 % of the particle radius in the case of a full phase separation. The nature of acrylic monomers forming first stage and second stage polymers was chosen to achieve a calculated Tg (using the Fox equation [34]) of approximately 10 °C. In the case of all series, TFEMA was copolymerized with the monomers designed to form the second stage polymer and its concentration was gradually increased. In the series A, no crosslinking was introduced into latex films. In the series B, the latexes were designed to provide the keto-hydrazide self-crosslinking during the film-formation. The series C was represented by latexes that were able to produce highly crosslinked films by means of the combination of both the pre-coalescence crosslinking and the keto-hydrazide self-crosslinking. In the series D, the latexes were designed to provide both the keto-hydrazide self-crosslinking and the ionomeric crosslinking (complexing) during the film-formation. The pre-coalescence crosslinking of latex films was achieved by covalent intra-particle crosslinking of emulsion copolymers during their synthesis using ALMA. For the keto-hydrazide self-crosslinking, a constant amount of DAAM was copolymerized into the second stage polymer to provide sites for the subsequent interfacial covalent crosslinking by the reaction with ADH added during latex coating formulation. The ionomeric interfacial crosslinking was performed by the addition of a commercial zinc complexing agent in the amount of 3 wt. % (based on solids) to the latex after its neutralization and ADH addition. Carboxyl functionalities were introduced into the structure of first stage and second stage polymers by copolymerization with a constant amount of MAA for three reasons: firstly, to improve the colloidal stability of latexes; secondly, to ensure the acid catalysis of keto-hydrazide crosslinking; and thirdly, to enable the ionomeric crosslinking via zinc metal ions.  
The latexes were produced in a 700 mL glass reactor by the semi-continuous two-stage emulsion polymerization under starved conditions in nitrogen atmosphere at 85 °C. This procedure ensured relatively homogeneous latex particles of statistical copolymers. The recipe of emulsion polymerization is shown in Table 2. The reactor charge was put into the reactor and heated to the polymerization temperature. Then the monomer emulsion was fed into the stirred reactor at feeding rate about 2 mL/min in two steps (1. first stage polymer preparation, 2. second stage polymer preparation). After that, during 2 hours of hold period at 85 °C the polymerization was completed. The pH was adjusted to 8.5 with ammonia solution. To ensure the keto-hydrazide self-crosslinking of latexes, a 10 wt.% aqueous solution of ADH in the amount corresponding to the molar ratio ADH:DAAM = 1:2, was added to the latex under agitation. The solids content of final latexes was about 35 wt.%.
The average particle sizes of latex particles in the water phase were determined by dynamic light scattering experiments performed using a Coulter N4 Plus instrument (Coulter, Corp., UK). All the DLS measurements were conducted at 25 °C. The structure of prepared polymers with the emphasis on the evidence of crosslinking reactions was investigated by means of a Fourier transform infrared (FT-IR) spectroscopy on a Nicolet iS50 instrument (Thermo Fisher Scientific, USA). The measurements were performed on a built-in all-reflective diamond ATR in the range from 4000 cm1 to 500 cm1 using the resolution of 2 cm–1 (64 scans per spectrum). The degree of crosslinking introduced into latex coating films was evaluated from the point of view of gel content changes. Specimens for the FT-IR spectroscopy and gel content measurements were prepared by pouring and drying the latexes on silicone substrates. The specimens were first air-dried at room temperature (RT, 23  1 °C) for a month and then vacuum-dried at 30 °C for 2 weeks. The gel content was determined according to CSN EN ISO 6427 using a 24-hr extraction with THF in a Soxhlet extractor. Around 1 g of the dried latex sample was put into the thimble. After the extraction, the thimble was dried in an oven at 75 °C for 12 h, cooled in a desiccator overnight, and the gel content was calculated from the initial and final weights, assuming that the gelled material remained in the thimble. 


















Table 1
Composition and characteristics of emulsion copolymers differing in the way and the extent of crosslinking and TFEMA concentration in monomer feeds forming the second stage polymer
	Sample
	Composition of monomer feeds (wt. %)
TFEMA/MMA/BA/MAA/DAAM/ALMA
	Particle size in the water phase (nm)
	Gel content (wt. %)

	
	First stage
	Second stage
	First stage
	First stage + second stage
	

	Series A: No crosslinking

	A1
	0/44/53/3/0/0
	0/44/53/3/0/0
	96.7 ± 0.9
	121.0 ± 0.8
	2.6

	A2
	0/44/53/3/0/0
	15/31.5/50.5/3/0/0
	98.2 ± 0.6
	124.3 ± 1.0
	2.3

	A3
	0/44/53/3/0/0
	30/18.5/48.5/3/0/0
	96.6 ± 0.4
	123.3 ± 0.9
	1.9

	A4
	0/44/53/3/0/0
	45/5.5/46.5/3/0/0
	80.1 ± 0.4
	101.5 ± 0.5
	3.4

	Series B: Self-crosslinking

	B1
	0/44/53/3/0/0
	0/39.5/52.5/3/5/0
	80.2 ± 0.8
	103.8 ± 0.6
	77.8

	B2
	0/44/53/3/0/0
	15/27/50/3/5/0
	114.4 ± 0.6
	143.1 ± 0.9
	81.5

	B3
	0/44/53/3/0/0
	30/14/48/3/5/0
	126.4 ± 0.3
	158.5 ± 1.1
	79.1

	B4
	0/44/53/3/0/0
	45/1/46/3/5/0
	103.2 ± 0.6
	128.1 ± 0.4
	78.9

	Series C: Self-crosslinking and pre-coalescence crosslinking

	C1
	0/43.4/52.6/3/0/1
	0/39/52/3/5/1
	80.0 ± 0.9
	101.4 ± 0.5
	98.6

	C2
	0/43.4/52.6/3/0/1
	15/26/50/3/5/1
	84.7 ± 0.7
	102.2 ± 0.7
	99.1

	C3
	0/43.4/52.6/3/0/1
	30/13/48/3/5/1
	88.5 ± 0.5
	112.4 ± 0.6
	98.2

	C4
	0/43.4/52.6/3/0/1
	45/0.5/45.5/3/5/1
	86.4 ± 0.4
	110.9 ± 0.3
	98.9

	Series D: Self-crosslinking and ionomeric crosslinking

	D1
	0/44/53/3/0/0
	0/39.5/52.5/3/5/0
	80.2 ± 0.8
	103.8 ± 0.6
	91.2

	D2
	0/44/53/3/0/0
	15/27/50/3/5/0
	114.4 ± 0.6
	143.1 ± 0.9
	95.6

	D3
	0/44/53/3/0/0
	30/14/48/3/5/0
	126.4 ± 0.3
	158.5 ± 1.1
	94.4

	D4
	0/44/53/3/0/0
	45/1/46/3/5/0
	103.2 ± 0.6
	128.1 ± 0.4
	93.9





Table 2 Recipe of emulsion polymerization 
	
	Reactor charge
	Monomer emulsion (First stage)
	Monomer emulsion (Second stage)

	Water (g)
	120
	124
	124

	Disponil FES 993 (g)
	0.5
	7.4
	7.4

	Ammonium persulfate (g)
	0.4
	0.4
	0.4

	Monomers (g)
	-
	100
	100



Evaluation of wettability of latex coatings
Wettability studies involved the measurements of water contact angles using an optical tensiometer Attension Theta (Biolion Scientific, Finland) by the sessile drop method. An automatic micropipette was used to accurately dispense the volume (1 L) of water. The time dependence of the water drop flowing (the change of contact angle) was recorded by a video camera and the steady-state contact angle value was subtracted in the time of 10 s. Measurements were made at 22 ° C and humidity of 45  5 %. A software OneAttension (Biolion Scientific, Finland) was used for the image data recording and for the determination of water contact angles.  Five measurements were performed for each sample and the accuracy of the constant angle measurement was estimated as ±1°. 
For the wettability measurements, the coating films were draw-downed on glass panels using a blade applicator. Their wet thickness was 120 µm and no coalescing agents were used. To investigate the effect of ambient conditions during coating drying (temperature and relative humidity), coatings were dried at RT and 40 °C, respectively, in hermetic chambers with fixed humidity for two weeks.  Two kinds of hermetic chambers were prepared with 33% and 84% relative humidity (RH), respectively, using saturated solutions of magnesium chloride and potassium chloride, respectively. The humidity in each chamber was checked by a thermohygrometer (T2041, Aldrich) and ranged   2 %. 
To investigate the effect of the duration of water exposure on the change of coating wettability, coatings were dried at RT and 33% RH for two weeks at first, then they were immersed into distilled water at RT for 10, 20 min and 24 hours, respectively. After that, they were allowed to dry out at RT and 33% RH for two weeks again. Finally, water contact angles were determined.

Evaluation of water sensitivity of latex coatings
Water sensitivity of latex coating films from the point of view of their water absorption and water-whitening was evaluated. For evaluating the water absorption of latex coating films, specimens were prepared by pouring the latexes into a silicone mold. Films were allowed to dry out at RT for a month. The water absorption by latex films was measured by immersing samples of the approximate dimensions 20 × 20 × 1 mm3 in distilled water at RT. The water absorption, A is given by A = 100(wt – w0)/w0, where w0 is the sample weight before immersion and wt is the sample weight after water immersion during a given time period. The swollen films were carefully removed from water, and water from the film surface was wiped by touching the polymer with a filter paper.
The water whitening of dried coating films (120 µm wet thickness) draw-downed on glass panels was evaluated objectively by measuring the change in transmittance at a fixed wavelength (500 nm, near the green light that is most sensitive to the human eye) using a ColorQuest XE Spectrometer (Hunterlab, USA). Before the measurement, coating films were allowed to dry out at RT and 33% RH for two weeks. After that, the films were immersed in distilled water at RT for 1 and 24 hours, respectively, followed by the immediate measurement of the transmittance of the exposed coating film area. The extent of water whitening W, is given by W = 100(T0 – Tt)/T0, where T0 is the sample transmittance before distilled water exposure and Tt is the sample transmittance after performing the immersion test. 
Results and discussion
Characterization of latexes
Latexes with negligible amount of coagulum (0–0.2 %) were synthesized by the semi-continuous two-stage emulsion polymerization process with varying amount of TFEMA in second stage polymer compositions. All the prepared latexes (also after ADH addition in the case of series B, C and D) were stable for over 12 months. The average diameters of first stage polymer particles (samples taken after finishing the first polymerization step) and resulting latex particles (samples taken after finishing the two-stage polymerization procedure) were determined using DLS (see Table 1). When comparing the results between the sizes of first stage particles and resulting particles for individual samples, they were in a good accordance with the calculated growth of particle dimension, which means that no significant agglomeration nor secondary nucleation of new particles occurred during the second stage of polymerization.
The chemical structure of the prepared latex films was investigated by means of FT-IR spectroscopy. FT-IR spectra of the representatives A4, B4, C4 and D4 containing the same level of TFEMA are shown in Fig. 1. It is evident that the spectra show a typical pattern of acrylate/methacrylate copolymers with strong bands of C=O stretching at 1728 cm–1 assigned to carboxylic acid ester function. A broad band of O–H stretching observed at 3250 cm–1 is due to free carboxylic group (from MAA) and hydrogen bonded water. The region of C–H stretching bands shows an analogical pattern due to the similar content of main components in the copolymers (MMA and BA). The bands of medium intensity at 2959 and 2874 cm–1 were assigned to vibration modes of methyl group νa(C–H) and νs(C–H), respectively. The presence of CH2 group is clear from a weak band of νa(C–H) and a shoulder of νs(C–H) at 2934 cm–1 and 2874 cm–1, respectively. The copolymerization with TFEMA is evidenced by the appearance of characteristic bands at 1282 and 652 cm–1 that can be assigned to C–F stretching and C–F wagging, respectively. Intensity of these bands well correlates with the level of incorporated TFEMA as shown in Figure 2.
The absorption band at 1536 cm–1 appearing in all samples of the series B, C and D was assigned to bending of N–H bonds and indicates that DAAM was successfully copolymerized with acrylic monomers. These samples further show a weak band at 1652 cm–1 corresponding to N=C stretching, which confirms that the keto-hydrazide crosslinking reaction proceeded in all ADH-containing copolymers (see spectra b, c and d in Figure 1) [33,35]. In the spectra of the series D, stretching vibration of carboxylate anion νa(COO) appears at 1600 cm–1, which proves ionomeric crosslinking between carboxylated emulsion copolymer and dissociated Zn2+ cations.
[image: ]
Fig.1. FT-IR spectra of emulsion copolymers containing 45 wt.% of TFEMA in second stage polymer compositions: (a) sample A4 without crosslinking; (b) sample B4 crosslinked by keto-hydrazide self-crosslinking; (c) sample C4 crosslinked using the combination of pre-coalescence crosslinking and keto-hydrazide self-crosslinking; (d)  sample D4 crosslinked using the combination of keto-hydrazide self-crosslinking and ionomeric crosslinking.
[image: ]
Fig.2. FT-IR spectra of emulsion copolymers of series A differing in the content of TFEMA in second stage polymer compositions: A1 - 0 wt.%, A2 - 15 wt.%, A3 - 30 wt.%, A4 - 45 wt.%.

The level of crosslinking introduced into latex particles and coating films was assessed to gel content values (see Table 1). When comparing the results for all series of latexes, it is evident that the self-crosslinking latexes of series B were found to produce polymer materials of high gel content (about 80 wt. %) owing to the keto-hydrazide crosslinking, whereas coatings made from latexes of the reference series A (designed to provide non-crosslinked coatings) contained a minor amount of gel, probably due to inter-molecular chain transfer to polymer as a result of BA copolymerization [36]. The self-crosslinking latexes of the series C and D provided almost completely crosslinked materials due to covalent pre-coalescence and self-crosslinking reactions in the case of the series C and due to covalent and ionomeric interfacial crosslinking in the case of the series D. 



Wettability of latex coatings
The combined effects of crosslinking, TFEMA content and ambient conditions (temperature and RH) during the film-forming process on coating wettability were evaluated by drying out the coatings at the temperatures 23 and 40 °C, respectively, in hermetic chambers with 33% and 84% RH, respectively. The results of water contact angles measurements are presented in Fig. 3. It was confirmed that the wettability of coatings was decreased by increasing the content of TFEMA in latex particles and that this effect was shown to be affected by the level of crosslinking; the more the crosslinked latex film, the less significant the water-repellent role of fluorine. Therefore, the keto-hydrazide-crosslinked coatings of series B and particularly, the coatings of series C and D (combining self-crosslinking with pre-coalescence or ionomeric crosslinking) did not exhibit a considerable enhancement of water contact angles at the increased content of fluorine groups in the latex polymer. On the contrary, the non-crosslinked films of series A were found to provide water contact angles of about 100 ° at high concentrations of TFEMA units in the second stage polymer. This phenomenon can be attributed to the fixation of latex polymer by crosslinking, which hindered the orientation of higher amount of perflouroethyl groups towards the film-air interface during film-formation. 
If the external conditions (in terms of temperature and RH) accompanying the drying out of latex films are concerned, it was clearly shown that the relative humidity was playing a crucial role, especially in the case of coatings based on particles comprising zero or low fluorine amount. These coating samples exhibited a pronounced difference in wettability depending on RH during film-formation; a significant drop in water contact angles was observed for the drying out at 84% RH. In this case, the polar environment (air saturated with water molecules) surrounding the film-forming coating probably supported the orientation of hydrophilic groups towards the film-air interface. Further, the reduction of the water evaporation rate may have facilitated the polar groups orientation due to prolonged hydroplasticization of latex polymer on one hand and delayed crosslinking (keto-hydrazide and/or ionomeric) on the other hand. It was also proved that the degree of crosslinking of these fluorine-low or fluorine-free coatings played a significant role. The increased level of polymer fixation resulted in coating systems being less prone to humidity changes during film-formation due to a suppressed orientation of polar groups towards film-air interface. 
It can be summarized that introducing crosslinking into latexes limits achieving a maximal level of coating hydrophobicity at a given concentration of perflourethyl groups in the second stage polymer, on the other hand, crosslinking helps to maintain decreased wettability in the case of drying out of low-fluorine-containing acrylic latex films at elevated RH. 
Further, the change of coating wettability after the contact with water was evaluated as well. For this purpose, at first the coatings were dried out at the ambient conditions (23 °C and 33% RH) which were shown favorable to provide low coating wettability. Then they were immersed into distilled water for a given period and after that they were dried out at the same conditions again. Finally, their water contact angle changes were measured. The results are listed in Table 3. It was demonstrated clearly that no obvious drop in coating wettability was determined in the case of all tested coating samples (the changes of contact angles were close to the standard deviation of tensiometric measurements) except the fluorine-rich non-crosslinked samples A3 and A4. In these cases, the absence of crosslinking apparently enabled the migration of a significant content of fluorine groups from the outer periphery to the inside of latex particles core when the latex film was immersed into water. This effect appeared already after 10-minutes-long immersion of coatings in water and was found not to be intensified significantly with the prolonged immersion. Taking into account the initial water contact angles, after immersion in water these samples were shown to exhibit the same level of wettability as the homologous crosslinked samples. In the case of the sample A4, the final wettability even decreased in comparison with the keto-hydrazide crosslinked sample B4. It can be stated that the undesirable loss of coating water-repellent properties induced by contact with water concerned particularly the fluorine-rich non-crosslinked latex coatings and that this problem can be solved successfully by introducing the keto-hydrazide self-crosslinking chemistry into emulsion polymers.
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Fig. 3. Dependence of wettability of latex coatings on TFEMA content in latex particles and external conditions during film-formation: (a) series A (without crosslinking), (b) series B (keto-hydrazide crosslinking), (c) series C (pre-coalescence and keto-hydrazide crosslinking), (d) series D (keto-hydrazide and ionomeric crosslinking).



Table 3 Wettability changes of dried latex coatings after their water immersion for a given period
	Sample
	TFEMA content in second stage polymer (wt. %)
	Initial water contact angle (°)
	Water contact angle change (°)

	
	
	
	0 mina
	10 mina
	30 mina
	24 ha

	Series A: No crosslinking

	A 1
	0
	76.7
	0
	0.7
	1.2
	-0.5

	A 2
	15
	85.4
	0
	1.0
	1.5
	1.4

	A 3
	30
	94.2
	0
	-3.2
	-3.7
	-4.2

	A 4
	45
	105.1
	0
	-9.7
	-10.3
	-11.5

	Series B: Self-crosslinking

	B 1
	0
	79.0
	0
	-1.4
	0.9
	-0.4

	B 2
	15
	86.3
	0
	-0.6
	-1.5
	-2.0

	B 3
	30
	91.6
	0
	-1.5
	-1.1
	-1.2

	B 4
	45
	98.2
	0
	0.3
	-1.3
	0

		Series C: Self-crosslinking and pre-coalescence crosslinking 




	C 1
	0
	78.0
	0
	1.5
	-1.2
	1.1

	C 2
	15
	85.2
	0
	1.5
	1.5
	-1.3

	C 3
	30
	88.9
	0
	-1.7
	-2.8
	0.2

	C 4
	45
	90.5
	0
	-0.9
	-0.1
	0.5

	Series D: Self-crosslinking and ionomeric crosslinking

	D 1
	0
	80.3
	0
	1.5
	1.0
	0.9

	D 2
	15
	86.1
	0
	0.8
	1.6
	1.2

	D 3
	30
	92.1
	0
	-0.7
	-2.0
	0.6

	D 4
	45
	94.5
	0
	-0.4
	-0.2
	0.7



a Duration of water immersion of latex coatings

Water sensitivity of latex coatings
Water sensitivity of latex coating films was evaluated from the point of view of their water absorption and water whitening. The results of water absorption measurements are illustrated in Fig. 4. It is obvious that similar water absorption trends with respect to the fluorine groups content can be observed for all series of latex coatings; water uptake was found to be reduced with the increasing level of TFEMA units in latex particles in the case of performing long-term water absorption experiments. The results of 1-day-long water absorption revealed that fluorine-containing coatings of series B, C and D exhibited a greater water uptake in comparison with the fluorine-free samples. This finding may indicate a worse coalescence of the fluorine-containing latex particles, assuming that the increased hydrophobicity of particles´ surface could induce the formation of larger interstitial areas and/or channels filled with highly hydrophilic components (surfactant and initiator). Thus, a more porous film structure was probably formed and the initial speed of water absorption was facilitated.
It was shown as well that water absorption of latex films was affected most notably by the level of crosslinking; the more crosslinked film, the smaller water uptake. This phenomenon can be seen clearly especially in the case of long-term water absorption experiments. The explanation of suppressed water swelling in the case of crosslinked latex films was well described in literature. Kessel et al. [37] studied the competing effects of keto-hydrazide crosslinking and interdiffusion in waterborne systems finding that crosslinking inhibited particle flattening and retarded interdiffusion and entanglements formation. As the result, a porous film structure was formed and the extraction of ionically-charged components by water was facilitated, which lead to the reduction in osmotic pressure (as the main water absorption driving force). Moreover, the decreased water uptake of crosslinked latex coatings is also associated with the enhanced stiffness of crosslinked polymer, which restricts the influx of water and does not allow water domains to grow. 
Further, water whitening of dried coating films was evaluated according to changes in transmittance (Fig. 5). The phenomenon of water whitening is believed to be caused by water entrapped inside the coating film. The opacity comes from water scattering centers of appropriate size within the film. It is well known that the size and number of the water domains are responsible for the water whitening effect and both can be restricted by the stiffness of the polymer. Therefore, films suffering from high water swelling are prone to enhanced water whitening as well. 
Also in this case, the experiments confirmed that results of water whitening exhibited similar trends to water absorption results, i.e. water whitening was found to be reduced with the increasing level of TFEMA units in latex particles and primarily, by the level of crosslinking. Thus, latex compositions combining self-crosslinking and intra-particle covalent crosslinking (series C) provided the most water whitening resistant coatings, while the non-crosslinked films of series A were found to be the most sensitive to water whitening. The effect of fluorine content in the second stage polymer composition was shown to be minor in the case of all series. Nevertheless, it can be seen as well that the results of water whitening and water absorption after 1-day-long water contact don´t correlate well (compare white columns in Figs. 4 and 5). Namely, the coatings of series B absorbed higher amounts of water after 1-day-long immersion in comparison with coatings of series A, but they still water whitened significantly less. Similar results were obtained in the case of strongly crosslinked coatings of series C and D.  This fact suggests that the amount of absorbed water is not necessarily the only indicator of water whitening, which was also evidenced in the literature [38]. Together the amount, size and location of water regions within the coating film determine the extent of water whitening. Jiang a Tsavalas [39] claim that only the water absorbed in the film as “clustered” is responsible for water whitening, whereas water absorbed in the interstices (nano-domains filled with surfactants and salts) between the coalesced particles should not scatter light enough to cause film whitening. They assume that the surfactant nano-domains serve as nanoscopic pathways for water to reach interior portions of the film more rapidly. The creation of water whitening domains (starting by solvation and plasticization of polymer by water) is responsible for film whitening. Hence, the quality of coalescence doesn´t probably affect the intensity of film whitening but only its rate.  
Based on the above, the conflict between results of water absorption and water whitening can be explained simultaneously by the difference in coalescence quality and crosslinking density; the poorly coalesced films absorbed more water in the early stages of contact with water, because permeable pathways enabled a more rapid water transport into polymer.  However, the density of polymer network controlled the size and growth rate of water domains. Taking into account that only water domains exceeding a certain size are needed to observe whitening effect (light of longer wavelengths becomes more strongly scattered as the domains grow larger), it is obvious that densely crosslinked polymers containing smaller water domains (in spite of more numerous) were observed less cloudy to the eye.  
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Fig. 4: Water absorption into latex coatings after their 1-day-long immersion (white columns) and 30-days-long immersion (grey columns) in distilled water at RT. 
[image: ]
Fig. 5: Water whitening expressed in terms of transmittance decrease for coating films cast on glass panels after their immersion in distilled water at RT for 1 hour (grey columns) and 1 day (white columns). Transmittance values were measured at 500 nm. 

Conclusions
The present study is related to water sensitivity of latex films originated from particles differing in perflourethyl group concentration in the second stage polymer. The combined effects of crosslinking and ambient conditions during the film-forming process were evaluated with the aim to spare the fluorinated monomer consumption while maintaining the desired water resistant properties. The results showed that introducing crosslinking into latexes limited achieving a maximal level of coating hydrophobicity at a given concentration of fluorine groups, on the other hand, a fixation of latex polymer by crosslinking resulted in decreased wettability in the case of drying out of low-fluorine-containing acrylic latex films at unfavorable conditions (elevated RH).  Further, the undesirable loss of water-repellent properties after the contact with water was demonstrated in the case of fluorine-rich non-crosslinked coatings and this drawback was avoided completely by introducing the keto-hydrazide self-crosslinking chemistry. The results revealed as well that water sensitivity of coating films (manifested as water whitening) was reduced most notably by the level of crosslinking, while the effect of fluorine content was shown to be minor. Thus, latex compositions combining self-crosslinking with intra-particle covalent crosslinking or ionomeric crosslinking provided the most water whitening resistant coatings, while the non-crosslinked films were found to be the most sensitive to water whitening. 
It can be concluded that it is advantageous to use an increased content of fluorine monomers in the case of non-crosslinked latex coating products. These materials will probably provide enhanced water-repellency but they will suffer from poor water resistance. On the contrary, saving of fluorine monomers is preferred when producing crosslinked latex coating compositions. In this case, the consumption of fluorine monomer can be minimized significantly (or omitted) providing that strongly crosslinked materials are prepared. The combination of keto-hydrazide self-crosslinking with pre-coalescence or ionomeric crosslinking was shown to be an effective tool to provide densely crosslinked coatings with enhanced resistance to water whitening.
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