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Abstract
This study focuses on one-component ambient temperature self-crosslinking latex coating compositions containing poly(amidoamine) (PAMAM) dendrimers in the role of eco-friendly crosslinking agents. Low generation amine-terminated PAMAM dendrimers of in the form of aqueous solution were added into acrylic latices containing diacetone acrylamide (DAAM) repeat units in their polymer structure. The latex storage stability and coating performance were evaluated and compared with the coating compositions containing the conventional adipic acid dihydrazide (ADH) crosslinking agent. It was found that the latices containing PAMAM dendrimers, exhibited a long-term storage stability and provided crosslinked coating films of high gloss, transparency and mechanical performance comparable to ADH-based self-crosslinking latices. Moreover, PAMAM-crosslinked coatings exhibited excellent water-whitening resistance. 
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Introduction
During the last decades, coating suppliers have been forced to move to waterborne technology due to increasing environmental regulations and legislative pressures. Therefore, waterborne colloidal polymers, i.e. “latices” prepared via emulsion polymerization are of particular interest and have been widely applied as binders for paints, inks and special coating materials for other applications. However, the performances of common latex coatings such as quick drying, adhesion strength, water resistance, and mechanical properties are usually inferior to solvent-based coatings.
One approach to improve the balance in the properties of latex coatings against solvent-based coatings is to introduce intra-particle crosslinking and/or inter-particle self-crosslinking chemistry in emulsion polymers [14]. Currently, self-crosslinking via the reaction of a carbonyl pendant group on the polymer backbone with some diamine, especially where that diamine is the adipic acid dihydrazide (ADH), has attracted a tremendous amount of research activity [510]. This chemistry, termed the keto-hydrazide reaction, is favored by the loss of water and the simultaneous decrease in pH arising from the evaporation of ammonia or amines during the film forming process. The ADH-based self-crosslinking latices can get cured rapidly at ambient temperature and do not need any additional crosslinker to be added before use, therefore they have been shown to be suitable for a wide range of applications, starting from paints for the building industry 11, through wood paints and varnishes to paints for metal protection and decorative systems 12,13.
Nevertheless, according to WKG Germany safety rating, ADH represents a highly water polluting substance. Hence, efforts trying to replace ADH by an environmental friendly and effective crosslinking agent are particularly important. One promising way may be achieved by using poly(amidoamine) (PAMAM) dendrimers which are a specific family of dendritic polymers, based on an ethylenediamine core and an amidoamine repeat branching structure [14,15]. These substances are synthesized from cheap raw materials and their size and surface functionality (amine, carboxyl, methylester) can be varied by the number of controlled repetitive additions of monomer units giving rise to different generations [1618].  Due to unique properties including well-defined molecular structure, spherical shape and  water solubility, PAMAM dendrimers have found numerous applications in chemical, biological and physical processes [1921]. Particularly, low-generation PAMAM dendrimers (third generation or lower) have desired biological properties, such as nontoxicity and nonimmunogenicity for in vivo applications [22,23]. Thus, water soluble amino-functionalized PAMAM dendrimers of lower generations have attracted our attention as the potential pro-ecological crosslinkers for self-crosslinking latex coating compositions containing diacetone acrylamide (DAAM). 
The present work deals with low generation amine terminated PAMAM dendrimers as the promising and environmentally friendly inter-particle crosslinking agents for ambient temperature one-component self-crosslinking waterborne coatings. The self-crosslinking of standard latices comprising DAAM repeat units within the polymer was provided by first and second generation PAMAM dendrimers, respectively. The latex stability and coating performance with emphasis on water sensitivity were evaluated and compared with the conventional ADH crosslinking agent.

Materials and methods
Materials
Amine-terminated poly(amidoamine) dendrimers (PAMAM) of generation 0.0 (G0) and generation 1.0 (G1) in as 20 wt.% methanol solutions were purchased from Sigma-Aldrich (Czech Republic). Their chemical formulas are illustrated in Fig. 1. After methanol evaporation, the PAMAM dendrimers were easily dissolved in distilled water to produce 10 wt.% aqueous solution. Adipic acid dihydrazide (ADH) crosslinker was purchased from TCI Europe (Switzerland). Model latices were synthesized of methyl methacrylate (MMA), butyl acrylate (BA), methacrylic acid (MAA), allyl methacrylate (AMA) and diacetone acrylamide (DAAM). All monomers were purchased from Sigma-Aldrich (Czech Republic). Disponil FES 993 (BASF, Czech Republic) was used as the emulsifying agent and ammonium persulfate (Lach-Ner Company, Czech Republic) was used as the initiator of the polymerization.

Preparation and characterization of self-crosslinking latices 
Two standard latices were synthesized by the technique of semi-continuous non-seeded emulsion polymerization using variable content of acrylic monomers. To enable the subsequent inter-particle crosslinking with a suitable amine- or hydrazide-based crosslinking agent, DAAM was incorporated in polymer particles to introduce ketone carbonyl functional groups. The latex sample labeled C0S comprised latex particles without intra-particle crosslinking. With a view to achieve enhanced properties of final coatings, the intra-particle crosslinking was introduced by copolymerizing AMA in the case of the latex sample labeled CAS. To ensure the sufficient film-formation, the ratio of acrylic monomers forming latex particles was chosen to achieve the calculated Tg of the resulting polymer of approximately 15 °C (using the Fox equation [24]). The detailed composition of monomer feeds forming the latex sample C0S was as follows: 43 g MMA, 53 g BA and 4 g MAA dosed in the first step and 38.5 g MMA, 52.5 g BA, 4 g MAA and 5 g DAAM dosed in the second step. In the case of the latex sample CAS, the composition of monomer feeds in the first step consisted of 42 g MMA, 53 g BA, 4 g MAA and 1 g AMA, and the composition of monomer feeds in the second step was identical to C0S sample.
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Fig. 1. Structure of PAMAM dendrimers of generation 0.0 (G0) and generation 1.0 (G1).

The latices were produced in a 700 ml glass reactor under nitrogen atmosphere at 85 °C. 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 the feeding rate about 2 ml/min in two steps. After that, during 2 hours of hold period the polymerization was completed. The recipe of emulsion polymerization is shown in Table 1. The pH value of latices was adjusted to 8.5 by adding ammonia solution. The solids content of the latices was about 45 wt.%.
In order to produce G0 PAMAM-based one-component self-crosslinking latices, 10 wt.% water solution of G0 PAMAM dendrimer at the molar ratio G0 PAMAM : DAAM = 1 : 4 was added to the latex.  Similarly, G1 PAMAM-based one-component self-crosslinking latices were obtained by adding 10 wt.% water solution of G1 PAMAM dendrimer at the molar ratio G1 PAMAM : DAAM = 1 : 8 to the latex. (The molecular weight of G0 PAMAM and G1 PAMAM is 517 and 1430 g/mol, respectively). Finally, the comparative ADH-based one-component self-crosslinking latices were produced by adding 10 wt.% water solution of ADH to the model latex at the molar ratio ADH : DAAM = 1 : 2. The self-crosslinking reaction of DAAM containing polymer with G1 PAMAM dendrimer and ADH, respectively, is depicted schematically in Figure 2. 
The minimum film-forming temperatures (MFFT) of all the prepared self-crosslinking latices and standard latices without any crosslinker were measured according to ISO 2115, using the MFFT-60 instrument (Rhopoint Instruments, UK). pH measurements were carried out at 23  1 °C using a pH meter FiveEasy FE20 (Mettler-Toledo, Switzerland).

Table 1 Recipe of emulsion polymerization
	Reactor charge:

	Water (g)
	65 

	Disponil FES 993 IS (g)
	0.5 

	Ammonium persulfate (g)
	0.4 

	Monomer emulsion (1st step):

	Water
	60 

	Disponil FES 993 IS (g)
	7.4 

	Ammonium persulfate (g)
	0.4 

	Monomers (g)
	100 

	Monomer emulsion (2nd step):

	Water (g)
	60 

	Disponil FES 993 IS (g)
	7.4 

	Ammonium persulfate (g)
	0.4 

	Monomers (g)
	100 
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Fig. 2. Crosslinking reaction of ketone carbonyl groups of DAAM repeat units using ADH and G1 PAMAM dendrimer, respectively.


Monitoring of self-crosslinking reaction
The verification of the occurrence of G0 PAMAM- and G1 PAMAM-based self-crosslinking reaction was performed on dried coating films from the point of view of exploring their glass transition temperature (Tg), gel content and crosslinking density differences. The self-crosslinking based on PAMAM dendrimers was compared with ADH-based self-crosslinking. The specimens for the measurements were prepared by pouring and drying the latices on silicone substrates. The specimens were first air-dried at room temperature (23  1 °C) and 50 % relative humidity for a month and then vacuum-dried at 30 °C for 2 weeks. The thickness of dry films was approximately 1 mm. The glass transition temperature (Tg) of dried latex polymers was measured by means of differential scanning calorimetry using a Pyris 1 DSC instrument (Perkin-Elmer, USA). The measurements were performed under N2 atmosphere at the heating rate of 10 °C/min from -80 °C to 120 °C and the second heating curve was used for Tg determination. The gel content of dried latex polymers was determined by the extraction in a Soxhlet extractor with THF for 24 hours according to CSN EN ISO 6427. The crosslinking density was evaluated from swelling experiments performed on dry gel polymer samples (around 0.2 g) which were immersed in toluene at 25 °C for one week. A swelling time of one week was chosen as the basis of the test results on several samples which showed no significant changes after one week of immersion in toluene. At the end of the immersion period the sample was removed, rapidly blotted with tissue and transferred to the weighing bottle to obtain the swollen weight of the sample. Equations (1-4) employing the theory of Flory and Rehner [25] were used to calculate the average molecular weight between crosslinks (Mc) and the crosslinking density (expressed as moles of crosslinks per cm3 of polymer network), as given in the following: 
					(1)
						(2)
					(3)
Crosslinking density = ρp / Mc				(4)
where V1 is the molar volume of toluene (106.3 cm3/mol); ρp is the density of polymer that was calculated to be 1.11 g/cm3 for the BA/MMA/MAA (53/43/4 by weight) copolymer from 1.06, 1.18 and 1.015 g/cm3 for poly(BA), poly(MMA) and poly(MAA), respectively; φ is the volume fraction of the gel polymer in the swollen gel; Wp and Ws are the weight fractions of the gel polymer and solvent (toluene) in the swollen gel, respectively; ρs is the density of solvent (0.8669 g/cm3); χ is the polymer and solvent interaction parameter; δ1 is the solubility parameter of polymer that was calculated to be 9.18 (cal/cm3)1/2 for the BA/MMA/MAA (53/43/4 by weight) copolymer from 9.0, 9.3 and 9.8 (cal/cm3)1/2 for poly(BA), poly(MMA) and poly(MAA), respectively [26,27]; and δ2 is the solubility parameter of toluene, 8.9 (cal/cm3)1/2. 
Further, the course of the self-crosslinking reaction by G0 PAMAM, G1 PAMAM and AHD crosslinking agent, respectively, was monitored using DSC. The DSC measurements were performed by using a heat-flow differential scanning calorimeter Q2000 (TA Instruments, USA) equipped with an autosampler, RCS90 cooling accessory, and T-zero technology. The instrument was calibrated using In, Zn, and H2O; dry N2 was used as purge gas at a flow rate of 50 cm3·min-1. The measurements of wet latex samples (water dispersions themselves without any modification) were performed in open aluminum crucibles in order to let the volatile sample components freely evaporate. The sample masses ranged from 10 to 15 mg. After equilibrating the samples at 10 °C, simple heating scans were applied at the heating rate 1 °C·min-1. Reproducibility of the measurements was checked.

Storage stability testing 
The storage stability of the one-component self-crosslinking latices comprising different crosslinking agents was symbolized by storing the latices at 50 °C for 50 days and was evaluated according to changes of the apparent viscosity, the average particle size and zeta potential of latex particles. The apparent viscosity of latices was measured at 25 °C using a Bookfield LVDV- E Viscometer (Brookfield Engineering Laboratories, USA) at 100 rpm according to CSN ISO 2555. The average particle sizes and zeta potentials of latex particles dispersed in water phase were detected by dynamic light scattering (DLS) performed by using a Coulter N4 Plus instrument (Coulter, Corp., UK). The concentration of solid polymer in the water phase was about 0.05 wt.% and the measurements were performed at 25 °C. 

Preparation and characterization of coatings
The self-crosslinking latices were applied on glass and metallic panels using a blade applicator. The thickness of wet coating films was 120 µm. No coalescing agents were used. The coatings were air-dried at room temperature (23  1 °C) and 50 % relative humidity for 30 days, although in practice, a procedure of 5 days-long drying at room temperature has been shown to provide coatings that exhibit properties close to the results presented below.” The coating films were evaluated for their gloss, transparency, hardness, adhesion, impact resistance, water-whitening and water absorption. The gloss of coating films was determined by a micro TRI-gloss µ instrument (BYK-Gardner, Germany) using a gloss-measuring geometry 60°. The transparency of coatings was evaluated by the light transmission using a ColorQuest XE Spectrometer (Hunterlab, USA). The hardness of coatings was measured by a pendulum hardness tester “Persoz” (BYK-Gardner, Germany) according to CSN EN ISO 1522. The adhesion of coating films to glass substrate was determined according to CSN ISO 2409 using a cross-cut tester (Elcometer Instruments, UK). The impact resistance was evaluated using an Elcometer 1615 Variable Impact Tester (Elcometer Instruments, UK) following CSN EN ISO 6272. 
The water-whitening of coating films cast on glass panels was evaluated objectively by reporting the Delta WI CIE (change in whiteness index) using a ColorQuest XE Spectrometer (Hunterlab, USA) according to ASTM E313. The coating film was immersed in distilled water at 23  1 °C for 1 and 10 days, respectively, followed by the immediate measurement of whiteness index of the exposed coating. The extent of water-whitening WI CIE, is given by WI CIE = WIt CIE – WI0 CIE where WI0 CIE is the sample whiteness index before distilled water exposure and WIt CIE is the sample whiteness index after performing the whitening test. All water-whitening tests were carried out at room temperature (23  1 °C).
For the water absorption evaluation, specimens were prepared by pouring the self-crosslinking latices into a silicone mould. Films were air-dried at room temperature (23 °C) for a month. The water absorption expressed in terms of water uptake by latex films was measured by immersing specimens of the approximate dimensions 20 × 20 × 0.75 mm3 in distilled water at 23 °C. The water absorption, A is given by A = 100(wt – w0)/w0, where w0 is the initial weight before immersion and wt is the weight after immersion in distilled water during the specified time. The soaked film was removed from water and the surface of the film was carefully dried by touching the polymer with filter paper. 

Results and discussion 
MFFT of latices
The results of MFFT measurements are listed in Table 2. In comparison with latices C0S and CAS without any inter-particle crosslinker, the corresponding G0 PAMAM- and G1 PAMAM-based self-crosslinking latices were found to exhibit significantly decreased MFFT values.  On the contrary, ADH-containing self-crosslinking latices were shown to possess higher MFFT than the corresponding neat standard latices. The considerable drop in MFFT values in the case of latices containing G0 PAMAM or G1 PAMAM dendrimers is desirable (suggesting good application properties) and may be associated with enhanced hydroplasticization of polymer due to the presence of highly alkaline amidoamine dendrimers. PAMAM crosslinkers probably caused permanent neutralization of carboxylic groups during the film-formation (in comparison with neat and ADH-crosslinked latex compositions that turn acid after ammonia evaporation resulting in protonated carboxylic groups). Thus, softening of polymer chains comprising ionized carboxylic groups during the whole process of film-formation was probably achieved resulting in MFFT decrease (this effect being more pronounced in the case of the more alkaline G1 PAMAM dendrimers). The differences between pH values of latex compositions after ammonia evaporation are shown in Table 2.

Table 2 Effect of the inter-particle crosslinker type on pH value after ammonia evaporation and MFFT of latex compositions, Tg, gel content, Mc and crosslinking density of dried latex coating samples
	Sample
	Crosslinking agent
	pH after ammonia evaporation
	MFFT (°C)
	Tg (°C)
	Gel content (%)
	Mc (g/mol)
	Crosslinking density (moles/cm3)

	C0S
	-
	1.90
	5.6
	14.1
	6.2
	-a
	-a

	C0S
	G0
	7.66
	2.0
	12.4
	72.2
	18820
	5.9  10-5

	C0S
	G1
	7.91
	1.7
	12.1
	79.3
	14930
	7.4  10-5

	C0S
	ADH
	3.42
	6.0
	15.3
	77.8
	17340
	6.4  10-5

	CAS
	-
	2.04
	6.2
	16.1
	87.9
	2505
	44.3  10-5

	CAS
	G0
	7.68
	5.7
	15.1
	92.6
	2210
	50.2  10-5

	CAS
	G1
	7.95
	5.2
	13.4
	94.7
	1810
	61.3  10-5

	CAS
	ADH
	3.47
	10.0
	19.5
	95.2
	2026
	54.7  10-5


a Value was not measured, because gel polymer remained anchored in the extraction thimble. 

Verification of self-crosslinking reaction
The crosslinked nature of air-dried coating films cast from latices containing different inter-particle crosslinking agents was verified from the point of view of Tg and gel content enhancement. The number average molecular weight between crosslinks (Mc) and the crosslinking density of coating film samples were determined too. Further, the course of the self-crosslinking reaction between ketone carbonyl groups of the emulsion polymer and G0 PAMAM, G1 PAMAM and AHD, respectively, was monitored using DSC. For the comparison, coating films based on the standard latices without any crosslinker were tested as well. 
Table 2 shows results of Tg, gel content and crosslinking density measurements with respect to the inter-particle crosslinker type in a given coating composition. Similarly to MFFT results, G0 PAMAM- and G1 PAMAM-crosslinked coatings were found to exhibit decreased glass transition temperatures, whereas coatings crosslinked with the conventional ADH possessed higher glass transition temperatures in comparison with coating materials cast from the corresponding standard latices without any crosslinker. In spite of the fact that the occurrence of self-crosslinking reaction should be manifested by Tg elevation, we believe that the referred Tg reduction in the case of coatings containing both types of PAMAM dendrimers can be ascribed to permanent ionization of carboxylic groups by amine groups of dendritic molecules. Thus, the lowest Tg was measured for the G1 PAMAM-crosslinked copolymers that are supposed to provide the highest degree of carboxylic acid dissociation. This hypothesis correlates well with a calculated Tg reduction of approx. 1.7 °C assuming dissociation of methacrylic acid groups. (The Tg calculation was performed according to Fox equation using dry Tg values of homopolymers from the reference [28].)
Nevertheless, the evidence of the self-crosslinking using PAMAM dendrimers was well demonstrated by measurements of gel content and crosslinking density. Both types of dendrimers were shown to provide crosslinked polymer materials of increased gel content and crosslinking density. Compared to each other, G1 PAMAM dendrimer produced more densely crosslinked polymer networks. It can be stated as well that both types of dendrimers worked as the effective inter-particle crosslinking agents comparable to the conventional ADH crosslinker.
Enthalpy effects accompanying film-formation of the neat latex sample C0S and the film-formation of the corresponding one-component self-crosslinking latices containing PAMAM dendrimers or ADH were examined by means of DSC and the results are depicted in Fig. 3; each curve corresponds to the heating scan of a particular tested sample. The sample containing no crosslinker (curve A) exhibits a simple endothermal effect corresponding to the evaporation of the volatile components; note the asymmetry of the peak, which indicates a moderately increasing evaporation rate at higher temperatures. Also, on closer examination it is clear that small amount of volatiles is bound in a stronger manner in the latex matrix and requires higher temperatures to be released – perfectly flat baseline signal is not reached until ca. 100 °C. The second tested sample was the latex with the conventional ADH crosslinker (see the curve B). In addition to the volatiles evaporation effect, a small endothermic sharp peak occurs at ~ 70 °C. We believe this to be the effect of the self-crosslinking reaction, which proceeds until almost all the volatiles have be evaporated. This conclusion is supported also by a significant increase of the overall enthalpy associated with the combined endothermal effects (1140 J·g-1 for the sample with no crosslinker versus 1270 J·g-1 for the sample with the conventional ADH crosslinker), which indicates the presence of a subsidiary endothermic mechanism. The DSC data for the mixture of the latex with the new crosslinker G0 PAMAM and G1 PAMAM are displayed in Fig. 3 as lines C and D, respectively. In this case the crosslinking reaction seems to proceed at higher levels of volatile residues, which means that the self-crosslinking using PAMAM dendrimers proceeds simultaneously as the volatiles are being evaporated. The overall enthalpy determined for the overlapping processes was 1250 J·g-1 for G0 PAMAM and 1350 J·g-1 for G1 PAMAM, which indicates a comparable (in the case of G0 PAMAM) or even stronger self-crosslinking reaction (in the case of G1 PAMAM) compared to the conventional ADH crosslinker.
[image: ]
Fig. 3. DSC heating scans of wet latices C0S: sample containing no crosslinker (curve A), sample containing ADH (curve B), sample containing G0 PAMAM dendrimer (curve C), sample containing G1 PAMAM dendrimer (curve D).

Storage stability evaluation
The results of DSC measurements describing the course of the PAMAM-based self-crosslinking reaction revealed a risk of lower stability in the case of the PAMAM containing self-crosslinking one-component latices. Hence, we focused our research on storage stability testing as well. The stability of latices was evaluated according to changes of the average particle size, zeta potential and latex viscosity before and after storing at 50 °C for 50 days. The results of the measurements are summarized in Table 3. In spite of the facts found by DSC (see curves C and D in Fig. 3 showing that the self-crosslinking reaction proceeded at higher water content during the film-forming process) no significant changes of all the tested properties were observed after the storing, which proves a good stability of the novel one-component self-crosslinking compositions based on PAMAM inter-particle crosslinkers.

Table 3 Characteristics of standard and self-crosslinking latices differing in the inter-particle crosslinker type before and after storing at 50 °C for 50 days
	
	Initial state
	After storage 

	Sample
	Particle size (nm)
	Zeta potential (mV)
	Viscosity (mPa.s)*
	Particle size (nm)
	Zeta potential (mV)
	Viscosity (mPa.s)*

	C0S
	112
	-35.8
	24.1
	113
	-38.3
	26.8

	C0SG0
	111
	-34.2
	14.4
	113
	-41.0
	17.6

	C0SG1
	113
	-36.3
	11.9
	115
	-42.6
	13.5

	C0SADH
	112
	-33.6
	14.2
	115
	-40.2
	17.5

	CAS
	120
	-37.8
	18.7
	123
	-45.0
	21.3

	CASG0
	120
	-31.9
	11.5
	122
	-36.7
	13.2

	CASG1
	119
	-35.4
	9.3
	122
	-41.8
	12.4

	CASADH
	121
	-34.8
	14.1
	124
	-39.7
	17.0



Coating properties
The effect of inter-particle self-crosslinking using G0 PAMAM, G1 PAMAM and ADH as crosslinking agents on properties of the resulting coatings is shown in Table 4. The thickness of dried coating films was about 50 µm and all prepared coatings were transparent without any surface defects. It was shown that all tested coating films exhibited high gloss without any significant difference depending on the inter-particle crosslinker type. High gloss of a given latex film suggests a good coalescence without any phase separation during the film-formation or premature particle aggregation in the dispersion. 
Further, mechanical properties of the PAMAM- and ADH-crosslinked coatings were evaluated. The G0 and G1 PAMAM-crosslinked coatings based on both types of standard latices (C0S and CAS) were found to possess increased initial and final hardness values in contrast to the non-crosslinked and the ADH-crosslinked coatings. Moreover, the G0 and G1 PAMAM-based coatings showed a better adhesion to glass substrate and a higher impact resistance than the ADH-based coating films. Hence, it is evident that the self-crosslinking latices using PAMAM dendrimers as the intra-particle crosslinkers provide high-quality coatings of similar or even better properties compared to the conventional ADH-based systems. 

Table 4 Comparison of final properties of coating films based on standard and self-crosslinking latices differing in the inter-particle crosslinker type
	Sample
	Gloss 60° (%)
	Initial hardnessa (%)
	Final hardnessb (%)
	Adhesionc (degree of flaking)
	Impact resistanced (cm)

	C0S
	79.4 ± 1.4
	16.7 ± 0.6
	21.7 ± 0.7
	0
	above 100

	C0SG0
	78.8 ± 0.3
	23.7 ± 0.3
	26.2 ± 0.3
	0
	above 100

	C0SG1
	79.5 ± 1.6
	23.9 ± 1.2
	26.6 ± 1.1
	0
	above 100

	C0SADH
	81.3 ± 0.5
	21.7 ± 0.2
	22.0 ± 0.5
	1
	98

	CAS
	78.3 ± 2.6
	19.1 ± 0.6
	21.1 ± 0.8
	0
	above 100

	CASG0
	80.5 ± 0.2
	26.2 ± 1.1
	28.2 ± 1.3
	0
	above 100

	CASG1
	83.2 ± 1.8
	29.4 ± 1.0
	32.7 ± 1.6
	0
	above 100

	CASADH
	80.9 ± 2.1
	22.5 ± 0.8
	23.4 ± 0.8
	1
	92


a Hardness after drying for 24 hours. 
b Hardness after drying for 30 days. 
c Adhesion scale: 0  4, where 0 corresponds to the best property.

Water sensitivity
A common drawback of latex coatings is their water sensitivity, usually connected with water-whitening, loss of adhesion and poor durability. Therefore, the efforts to enhance water resistivity of latex coatings by means of polymer structure changes are still being encouraged and the novel PAMAM-based self-crosslinking coating compositions were tested from the point of view of their water sensitivity (expressed in terms of water absorption and water-whitening) as well. 
The results of water absorption measurements are illustrated in Figs. 4 and 5. We can observe similar water absorption trends with respect to the inter-particle crosslinker type for both series of latex coatings (based on model latices C0S and CAS, differing in the absence/presence of AMA-induced crosslinking). The coatings without any inter-particle crosslinker exhibited the lowest water absorption after a short-term contact with water and concurrently, they showed the most pronounced water uptake after a long-term water exposure. When comparing all three types of inter-particle crosslinkers, the conventional AHD provided coatings with the highest water sensitivity according to values of water absorption at later stages of the swelling test. On the contrary, the ADH-crosslinked coatings exhibited a lower water sensitivity at early stages of immersion in water. The PAMAM dendrimers provided films with a considerably low long-term water absorption, but these films suffered from a higher short-term water absorption (the latter was manifested clearly only in the case of the C0S-based series). It can be summarized that the short-term water absorption seemed to depend mainly on the polarity of macromolecular structure; the more polar the utilized crosslinker (ADHG0 PAMAMG1 PAMAM), the higher the early water absorption. 
Concerning the long-term water absorption, the reason for the reduced water uptake in the case of crosslinked latex films is associated most likely with the enhanced stiffness of crosslinked polymer, which restricts the influx of water and does not allow water domains to grow. Nevertheless, suggesting a comparable crosslinking density (see Table 2), the explanation of decreased water absorption of PAMAM-crosslinked films in contrast to ADH-crosslinked ones is still challenging. The literature survey revealed that latex coatings composed of amide-based acrylic monomers and polyamine additives exhibited increased water resistance [29]. Therefore, we suppose that a higher level of amine and/or amide functionalities in the resulting polymer structure provided an improved water resistance of coatings. 
[image: ]
Fig. 4. Water absorption into coatings cast from the latex C0S: sample containing no crosslinker (curve A), sample crosslinked using ADH (curve B), sample crosslinked using G0 PAMAM dendrimer (curve C), sample crosslinked using G1 PAMAM dendrimer (curve D).
[image: ]
Fig. 5. Water absorption into coatings cast from the latex CAS: sample containing no crosslinker (curve A), sample crosslinked using ADH (curve B), sample crosslinked using G0 PAMAM dendrimer (curve C), sample crosslinked using G1 PAMAM dendrimer (curve D).

Further, water-whitening of dried coating films was evaluated according to changes in whiteness index (WI CIE) (see Table 5). It is known that the water-whitening resistance of latex compositions can be improved by removing hydrophilic components or introducing special monomers into the polymer latex. For the production of water whitening-resistant latex formulations, the VeoVa acrylics have been copolymerized [30] and using polyamine additives has been reported [29]. All these emulsion polymers always contained a considerable amount of amide-based acrylic constituents as well. Hence, we can assume that the presence of a higher level of amine and/or amide functionalities in the polymer can improve the water-whitening performance of coatings significantly. 
Nevertheless, water whitening is also closely related to crosslinking density of the coating film. The size and number of the water scattering domains are responsible for the water whitening effect and both can be restricted by the stiffness of the polymer [31]. Thus, films suffering from high water swelling are prone to enhanced water whitening. This fact was confirmed by our experiments. Similarly to water absorption results, the non-crosslinked latices provided coatings of the highest water whitening tendency, whereas after imparting the self-crosslinking chemistry into latices, the water whitening resistance was increased. It was also confirmed that the PAMAM-crosslinked coatings exhibited increased water whitening resistance in contrast to the ADH-crosslinked ones. Comparing both types of PAMAM dendrimers, better water whitening resistance was achieved in the case of G1 PAMAM as the inter-particle crosslinker, obviously due to a higher level of amidoamine groups in the resulting coating polymer.
When considering the effect of AMA-induced internal crosslinking, the CAS-based series of coatings exhibited a considerably increased water whitening resistance in relation to C0S-based series. This phenomenon can be attributed to the significantly decreased water swelling due to intra-particle crosslinking causing increased density of the polymer network. Thus, the resistance of the polymer to deformation (caused by hydrostatic pressure of the water cells) was increased, as discussed previously. Moreover, no obvious water-whitening could be observed for the PAMAM-crosslinked coatings of CAS-based latices (comprising internally crosslinked particles) even after 10-days-long immersion in distilled water. It can be concluded that highly water whitening-resistant self-crosslinking latex compositions were obtained provided that intra-particle and inter-particle self-crosslinking using PAMAM dendrimers were combined.  

Table 5 Water-whitening expressed in terms of the whiteness index change for dry coating films cast on glass panels before and after their immersion in distilled water for 1 and 10 days.
	Sample
	WI0 CIE
	After immersion for 1 day
	After immersion for 10 days

	
	
	WIt CIE
	WI CIE
	WIt CIE
	WI CIE

	C0S
	16.5
	67.9
	51.4
	83.8
	67.3

	C0SG0
	16.5
	53.1
	36.6
	74.9
	58.4

	C0SG1
	16.3
	29.1
	12.8
	55.1
	38.8

	C0SADH
	16.4
	70.4
	50.0
	82.1
	65.7

	CAS
	16.1
	60.7
	44.6
	67.1
	51.0

	CASG0
	16.3
	17.5
	0.8
	17.8
	1.5

	CASG1
	15.7
	16.0
	0.3
	15.9
	0.2

	CASADH
	16.0
	19.5
	2.5
	34.3
	18.3




Conclusion
The goal of the work presented in this paper was to investigate one-component ambient temperature self-crosslinking latex coating compositions containing amine-terminated PAMAM dendrimers of first and second generation, respectively, as the inter-particle crosslinkers. Surprisingly, the latices containing PAMAM dendrimers did not suffer from a short-term storage stability. Moreover, these coating compositions were shown to possess decreased MFFT values and provided crosslinked coating films of high gloss, transparency and mechanical performance comparable to the conventional ADH-based self-crosslinking lattices. In contrast to coatings crosslinked using ADH, the PAMAM-crosslinked coatings were shown to provide improved water-whitening resistance. It was found as well that an excellent water-whitening performance could be achieved by introducing the combination of AMA-based intra-particle crosslinking and PAMAM-based inter-particle self-crosslinking into latex coating compositions.  Compared to each other, PAMAM dendrimer of second generation provided coatings with better properties. With respect to given facts, the PAMAM-based one-component self-crosslinking latices could be perfect binders for exterior clear coat applications on granite or other stone finishes where the standard for non-whitening is extremely high. These latices could also improve the performance of exterior coatings, which have always been plagued with failure caused by moisture and water.
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