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Abstract

The thesis with the title ,,Smart coating binders based on structured self-crosslinking
latexes* is focused on study, preparation, characterization and application of one-
component polymeric binders for waterborne coatings. The latexes were prepared using
the emulsion polymerization technique. The functionalized compounds can be
covalently linked in the structure of latex-particles, which causes the intra-particle
crosslinking resulting in microgel particles or the subsequent inter-particle crosslinking
reaction. Ideal candidates for achieving this effect from this group of compounds are
phosphazene derivatives, which can act as intra-particle crosslinking agents and also
as flame retardants in the resulting coatings. A section of the thesis is also dedicated
to the so-called flash rust creation and elimination. The phenomenon occurs frequently
when a latex paint is applied on metal substrates. This phenomenon can be eliminated
by the incorporation of a relatively low amount of nano-sized zinc oxide in latex binders
during their polymerization, which results in improvement of mechanical and optical
properties of the resulting coatings. Properties of coatings prepared this way were also
modified by replacing the conventional ADH — inter-particle crosslinker for the novel
0G PAMAM dendrimer.

Abstrakt

Prace s nazvem ,,Inteligentni polymerni pojiva na bazi strukturovanych samositujicich
latexi*“ se zabyva studiem, pfipravou, hodnocenim a aplikaci jednoslozkovych pojiv
vodou feditelnych natérovych hmot pfipravovanych technikou emulzni polymerace.
Do struktury latexovych c¢astic Ize kovalentné navazat funkcionalizované slouceniny,
mezi¢asticoveé sitovani po ptidani sit'ujici slozky. Derivaty cyklo-trifosfazenu naptiklad
mohou slouzit jako wvnitroCasticové sitovadlo, a jejich pfitomnost navic snizuje
hotlavost takto ptipravenych natérovych povlaki. Dale byla pozornost vénovana vzniku
a eliminaci tzv. bleskové koroze, jejiz vyskyt byva pifi nanaSeni vodnych pojiv
na kovové substraty velmi cCasty. Zakomponovanim jiz velmi malého mnozstvi nano-
¢astic oxidu zinec¢natého do latexového pojiva v pribéhu jeho ptipravy, lze tento jev
dostatecné eliminovat a tim zlepSit jak mechanické vlastnosti natérd, tak jejich vzhled.
Vlastnosti takto pripravenych natérovych povlakt byly také modifikovany za pouziti
alternativniho mezicasticového sitovadla poly(amido)aminunulté generace misto
konven¢niho dihydrazidu kyseliny adipové.
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Introduction

Traditional solvent-based coatings are being substituted by environmentally friendly
waterborne coatings offering a wide application range of products, starting from paints
and plasters for the construction industry, through wood paints and varnishes to paints
for metal protection and decorative systems [1,2]. However, properties such as quick
drying, adhesion strength, water resistance and mechanical properties of the latter
category of products are generally inferior to those of paints or plasters and there are
continues attemps to improve those properties [3—6]. The film formation of conventional
latex coatings primarily relies on coalescence of thermoplastic polymeric particles
to provide mechanical properties and chemical resistance. Coalescence is a result
of physical entanglement of polymeric molecules, and consequently it is not an adequate
substitute for the chemical crosslinking. Hence, the cross-linking technology has
frequently been incorporated into latex coatings to improve their performance [7,8].
For special applications, increased flame stability of coating materials may be desired.
To enhance special safety properties in terms of reduced flammability, the incorporation
of derivatives of halogeno-cyclo-phosphazenes into the polymer backbone may offer
solutions. These compounds exhibit unusual thermal properties, such as flame
retardancy and self-extinguishability [9,10].

During the endothermic thermal decomposition of phosphazene-based polymers,
phosphate, metaphosphate, and polyphosphate compounds are generated
and a nonvolatile protective barrier layer on the polymer surface is formed, cutting off
the supply of oxygen [11,12]. The typical reaction of HCCTP is a nucleophilic
substitution. The nucleophile, being able to pass its free electron toward the attacking
electrophilic phosphorus atom, belongs usually to the group of amines, alcoholates,
alcohols, or thiols. Several derivatives of HCCTP have already been synthesized
and used as flame retardants and antioxidants in polymers [13-16]. In the present work,
we concentrated on the synthesis of a new flame retardant using nucleophilic
substitution of HCCTP with allylamine. The resulting hexaallylamino-cyclo-
triphosphazene (HACTP) was incorporated into acrylic polymers during the emulsion
polymerization and the latexes were further used for the development of low VOC
thermosetting transparent coating systems. The final coating properties were evaluated
with emphasis on the flame stability measured using dual-cone calorimeter
measurements.

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 [8, 17-19]. 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 [7, 20, 21]. This chemistry, termed
the keto-hydrazide reaction, is favored due to 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 latexes can get cured rapidly
at ambient temperature and do not need any additional crosslinker to be added before
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use, therefore they have been shown to be suitable for a wide range of applications,
starting from paints for the building industry [22-24]. 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 [25, 26]. 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 [27-29]. 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 [30-
32]. Particularly, low-generation PAMAM dendrimers (third generation or lower) have
desired biological properties, such as nontoxicity and nonimmunogenicity for in vivo
applications [33, 34]. 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 latex stability and coating performance with emphasis
on water sensitivity were evaluated and compared with the conventional ADH
crosslinking agent.

Another handicap of latex coatings is flash rust (flash corrosion). Flash rust is a rapid,
widespread corrosion that occurs during initial coating application, especially when
aqueous coating films reside on the steel surface. For this reason, corrosion inhibitors
are typically used to hinder the formation of a passivation layer by insulating coating
electrically or making the coating impermeable to fight electrochemical reactions
[35-37]. Recently, inorganic nanoparticles like silica [38] and cerium oxide [39] have
been successfully applied in formulations of anti-corrosion coatings. Zinc oxide
nanoparticles have been reported to impart the flash corrosion resistance as well. Being
added into aqueous alkyd dispersion, improved corrosion resistance and mechanical
properties of coatings were observed [40]. Surface-treated ZnO nanoparticles were
incorporated in the course of latex synthesis by means of mini-emulsion
polymerization, and binder coating systems with increased flash rust protection were
obtained [41].

Herein, we report on the easy preparation of stable self-crosslinking acrylic latexes
containing surface-unmodified ZnO nanoparticles and low-generation amine-
terminated PAMAM dendrimers. The incorporation of ZnO nanoparticles was
performed during the latex synthesis by the conventional emulsion polymerization
technique. PAMAM dendrimers as aqueous solutions were added into latexes
containing diacetone acrylamide repeat units in their polymer structure. Latex storage
stability and coating performance with emphasis on water sensitivity, chemical
resistance and flash rust resistance were evaluated and compared with a model zinc
oxide-free self-crosslinking latex based on a conventional cross-linking agent (ADH).



Aims of the thesis

The main topic of the work was to prepare coating binders for water-based
coatings with many improved properties, specifically latexes with microgel structure
with decreased flammability, decreased hydrophobicity, improved chemical resistance
and reduced occurrence of flash corrosion during application on metal substrates.

The first goal was to prepare water dispersions as coating binders using methyl
methacrylate (MMA), butyl acrylate (BA), methacryclic acid (MAA) and diacetone
acrylamide (DAAM). DAAM was added in the shell structure of latex particles to find
the optimal inter-particle crosslinking density by the reaction with ADH.

The second goal was to optimize the amount location of hexaallylamino-cyclo-
triphosphazene in latex particles due to the intra-particle crosslinking of latex particles
and due to the flammability decrease of final latex coatings.

The third goal was to incorporate nanoparticles of zinc oxide into the latexes
during the polymerization because of the mechanical and chemical resistance increase
and due to the flash rust occurrence elimination during the film-formation process
on steel substrates.

The fourth part was to optimize the amount of 2,2,2trifluorethyl methacrylate
in the structure of latex particles to provide coatings with increased hydrophobicity
and even lower flammability.

The fifth goal was to find a novel inter-particle crosslinking agent instead
of conventionally used ADH. Due to the environmental risks of ADH, the low
generation ethylene core amine terminated PAMAM dendrimer is offered as more eco-
friendly inter-particle crosslinking agent.



1 Experimental

1.1 Materials

Hexaallylamino-cyclo-triphosphazene (HACTP) was prepared using hexachloro-cyclo-
triphosphazene purchased from Sigma-Aldrich (Czech Republic). Amine-terminated
poly(amidoamine) dendrimers of generation 0 (0G PAMAM) was prepared according
to Esfand a Tomalia in the methanolic solution. After methanol evaporation, the
PAMAM dendrimer was easily dissolved in distilled water to produce 10wt.% aqueous
solution. Adipic acid dihydrazide (ADH) crosslinker was purchased from TCI Europe
(Switzerland). Surface-unmodified ZnO nanoparticles having the average particle size
below 100 nm were obtained from Sigma-Aldrich (Czech Republic). Model latexes
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 FES993 (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.

1.2 Optimization of HACTP

1.2.1 Latex preparation and characterization

Latexes of functionalized core—shell particles bearing in the structure a flame retardant
were synthesized by the semi-continuous non-seeded emulsion polymerization
comprising a variable content of acrylic monomers. The prepared HACTP was shown
to be readily soluble in the utilized acrylic monomers and was incorporated into shell
structure of latex particles in the amount of 0 — 1 wt.% based on the shell structure
polymer content. The structure of HACTP is shown in Figure 1.

\/
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Figure 1 Structure of hexaallylamino-cyclo-triphosphazene.

The nature of acrylic monomers forming core and shell phases was chosen to achieve
a calculated 7, (using the Fox equation [42]) of approximately 2 °C. The detailed
composition of monomer feeds forming the latex sample “S” was as follows: 43g MMA,
53g BA and 4g MAA dosed in the first step and 38.5¢ MMA, 52.5g BA, 4g MAA, 5g
DAAM and 0 - 1 g HACTP dosed in the second step. To enable the subsequent inter-
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particle crosslinking with a hydrazide-based crosslinking agent (ADH), DAAM was
incorporated in polymer particles to introduce ketone carbonyl functional groups.
The ADH/DAAM self-crosslinking reaction is shown in Figure 2.

~ranCH——CHagw

CHs
v CH—CHgn ©
2 © CHs NH
NH CHs 7 CHs
N
CHs3 CHs \NH
DAAM 0
o)
+ —_— CH2>
-2H,0 o 4
HoN—NH
NH
0 0 N
CHs \ CH3
ADH NH-NH; NH

O:< CHs3

Figure 2 The inter-particle crosslinking reaction of DAAM and ADH.

The latexes were produced in a 700ml 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 2ml/min in two steps. After that, during 2h of hold period the polymerization
was completed. The recipe of emulsion polymerization is shown in Figure 3. The pH
value of latexes was adjusted to 8.5 by adding ammonia solution. The solids content
of the latexes was about 45wt.%. The average particle sizes of latex particles in the water
phase were obtained from dynamic light scattering (DLS) experiments performed using
a Coulter N4 Plus instrument (Coulter Corp., UK). All the DLS measurements were
conducted at 25°C. The concentration of the measured polymer dispersion was
approximately 0.05 wt% of solid. For the glass transition temperature (7,) and the gel
content measurements, specimens were prepared by pouring the latexes into a silicone
mold. Films were formed by water evaporation at room temperature for a month. The 7,
of the dried latex copolymers was determined by means of differential scanning
calorimetry (DSC) wusing a Pyris 1 DSC instrument (PerkinElmer, USA).
The measurements were performed at the heating rate of 10°C min 1 under N>
atmosphere. The testing temperature range was 80 to 120°C. The gel content of microgel
copolymers was determined according to CSN EN ISO 6427 using a 24-h 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 6 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.
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Figure 3 Recipe of emulsion polymerization.

Reactor charge Iel
Water 65
Disponil FES 993 IS 0.5
Initiator (0.4 g (NH4)2S>0g+ 15 ml H>0) 154
Monomer emulsion 1% step [g]
Water 60
Disponil FES 993 IS 7.4
Monomers 100
Initiator (0.4 g (NH4)2S20g+ 15 ml H>0) 154
Monomer emulsion 2"¢ step [g]
Water 60
Disponil FES 993 IS 7.4
Monomers 100
Initiator (0.4 g (NH4)2S>0g+ 15 ml H>O) 15.4

1.2.2 Preparation and characterization of latex coatings

The coating films with a wet thickness of 120 um were cast on glass and metallic panels
by drawing the thermosetting coating systems using a blade applicator. The film
formation process was performed by leaving the films at room temperature (23°C)
for 14 days. The resulting coating films based on latex particles containing variable
amount of HACTP in their shell structure were evaluated for their gloss, hardness,
adhesion, impact resistance, chemical resistance, and flame stability. The dry film
thickness was determined using a three- point instrument (BYK-Gardner, Germany);
in the case of films prepared on glass panel, thickness of specimen on metallic panels
was measured by the SAUTER TE 1250-0.1 F Digital Coating Gauche (SAUTER,
Germany). The gloss of coatings was measured by a micro TRI-gloss p instrument
(BYK-Gardner, Germany) using a gloss-measuring geometry 60°. The hardness of test
films was measured by the pendulum hardness tester “Persoz” pendulum (BYK-
Gardner, Germany) following the CSN EN ISO 1522. The adhesion was determined
using the crosscut tester (Elcometer Instruments, UK) following the CSN ISO 2409.
The impact resistance was evaluated according to CSN EN ISO 6272 using the
Elcometer 1615 Variable Impact Tester (Elcometer Instruments, UK) and the chemical
resistance was determined by methyl ethyl ketone rubbing following ASTM D 4752.
All experiments were performed at room temperature (23 =1°C).

For evaluating the flame stability using the dual-cone calorimeter (Fire Testing
Technology, UK), specimens of the approximate dimensions 80x50x4 mm?® were
prepared by pouring the coating systems into a silicone mold. Films were air-dried
at room temperature (23°C) for 14 days and then vacuum dried at 30° C for 5 days.
The measurements were done in a sample holder suitable for testing thermally thin
materials. The center of a measured sample was situated at 6 cm from the lowest part
of the cone heater. The heat release rate was calibrated by burning methane. The cone
radiancy 25 kW.m™ corresponds to a cone temperature of 680 °C.
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1.3 Investigation of the effect of GO PAMAM as inter-particle crosslinking
agent

1.3.1 Preparation of self-crosslinking latexes

Two standard latexes bearing in the structure the optimal 0.75 wt.% amount of the flame
retardant (HACTP), were also 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 Fin did not contain nanosized ZnO
and latex labeled FinZn contained 3 wt.% of ZnO nanoparticles (theoretical content
applied on the polymer content). To ensure the sufficient film formation properties,
the ratio of acrylic monomers forming latex particles was chosen to achieve
the calculated 7 of the resulting polymer of approximately 2°C (using the Fox equation
[44]). The detailed composition of monomer feeds forming the latex sample Fin was
as follows: 43g MMA, 53g BA and 4g MAA dosed in the first step and 38.5g MMA,
52.5g BA, 4g MAA, 5¢ DAAM and 0.75 g HACTP dosed in the second step. In the case
of the latex sample FinZn, the composition of monomer feeds in the first
and in the second step was identical to Fin sample with adding 3 wt.% of nano-ZnO
(theoretical concentration based on polymer content).

The latexes were produced using the same procedure as in the case of optimization
of HACTP. Only for the preparation of the latex FinZn, the above mentioned procedure
included the preparation of well dispersed ZnO aqueous suspension. Firstly, ZnO
nanopowder was mixed with water and emulsifier that were designated
for the preparation of second step monomer emulsion. To destroy agglomerates formed
by individual ZnO nanoparticles to a great extent, a proper dispersing using an ULTRA-
TURRAX T25 disperser (IKA, Germany) at 14,000 rpm was performed for 20 min
followed by ultrasonic treatment for 1 h. Then, the fine nano-ZnO suspension was gently
mixed with monomers designed for the preparation of second step monomer emulsion
(using a stirrer at low speed for 1 min). Finally, the resulting second step monomer
emulsion containing ZnO nanoparticles was dosed to the reactor immediately.

In order to produce GO PAMAM-based one-component self-crosslinking latexes,
10 wt.% water solution of GO PAMAM dendrimer at the molar ratio
0G PAMAM:DAAM=1:4 was added to the Ilatex. (The molecular weight
of 0G PAMAM is 517). The 0G PAMAM/DAAM reaction is shown in Figure 4.
Finally, the comparative ADH-based one-component self-crosslinking latexes were
produced by adding 10 wt.% water solution of ADH to the model latex at the molar ratio
ADH:DAAM=1:2.

1.3.2 Characterization of self-crosslinking reaction

The self-crosslinking reaction of DAAM containing polymer with 0G PAMAM
dendrimer and ADH, respectively, is depicted schematically in Figures 2 and 4.
The minimum film-forming temperatures (MFFT) of all the prepared self-crosslinking
latexes and standard latexes without any inter-particle crosslinker were measured
according to ISO 2115, using the MFFT-60 instrument (Rhopoint Instruments, UK). pH
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measurements were carried out at 23 £ 1°C using a pH meter FiveEasy FE20 (Mettler-
Toledo, Switzerland). The storage stability of the (nano-ZnO particles containing
and without them) one-component self-crosslinking latexes comprising different
crosslinking agents was symbolized by storing the latexes at 50°C for 50 days and was
evaluated according to particle size and zeta potential of latex particles. The apparent
viscosity of latexes was measured at 25°C using a Bookfield LVDV- E Viscometer
(Brookfield Engineering Laboratories, USA) at 100rpm 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 0.05wt.% and the measurements were performed at 25°C.

~nnCH—CHapwe WCH—CHzm
4 O CHs wnnnCH——CHgn o}

NH o:< CHs
CH3 CHs NH CHs /
CHs / CHs

ﬁ/

NH

DAAM

NH HN <_\
=
N
CH3
CHs \ CHs
N NH O:< CHs
winsCH——CHpw~
NH HN

HoN NH,

-
R

0G PAMAM
Figure 4 The self-crosslinking reaction of DAAM and 0G PAMAM.

1.3.3 Polymer characterization

The verification of the occurrence of 0G PAMAM based self-crosslinking reaction was
performed on dried coating films from the point of view of their glass transition
temperature (7y), gel content and crosslinking density differences. The self-crosslinking
based on PAMAM dendrimers was compared with ADH-based self-crosslinking
and not self-crosslinked. The specimens for the measurements were prepared by pouring
and drying the latexes 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 1mm. The glass
transition temperature (7;) of dried latex polymers was measured by means
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of differential scanning calorimetry using a Pyris 1 DSC instrument (Perkin-Elmer,
USA). The measurements were performed under N> atmosphere at the heating rate
of 10°C/min from —80°C to 120°C and the second heating curve was used for 7,
determination. The gel content of dried latex polymers was determined by the extraction
in a Soxhlet extractor with THF for 24h 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. Egs.
(1)~(4) employing the theory of Flory and Rehner [43] 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
lep [¢§ - %]

M, = (1) p=—tl__ ()
© —[n@-¢)+¢+x¢?] Wyps + Wspp
Vl 2 . s .
x=0344+—7=(6;—6,)° (3) Crosslinking density = p, /M, (4)

RT

where V| is the molar volume of toluene (106.3cm?/mol); pp is the density of polymer
that was calculated to be 1.11g/cm?® for the BA/ MMA/MAA (53/43/4 by weight)
copolymer from 1.06, 1.18 and 1.015g/cm? for poly(BA), poly(MMA) and poly(MAA),
respectively; ¢ is the volume fraction of the gel polymer in the swollen gel; W, and W
are the weight fractions of the gel polymer and solvent (toluene) in the swollen gel,
respectively; ps is the density of solvent (0.8669g/cm?); x is the polymer and solvent
interaction parameter; d1 is the solubility parameter of polymer that was calculated to be
9.18 (cal/cm®)!'? for the BA/MMA/MAA (53/43/4 by weight) copolymer from 9.0, 9.3
and 9.8 (cal/cm®)'? for poly(BA), poly(MMA) and poly(MAA), respectively [26,27];
and & is the solubility parameter of toluene, 8.9 (cal/cm?®)!.

1.3.4 Preparation and characterization of coatings

The self-crosslinking latexes were applied on glass and metallic panels using a blade
applicator. The thickness of wet coating films was 120um. 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, hardness,
adhesion, impact resistance, chemical resistance and water absorption. The gloss
of coating films was determined by a micro TRI-gloss p instrument (BYK-Gardner,
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Germany) using a gloss-measuring geometry 60°. 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 chemical resistance
was determined by methyl ethyl ketone rubbing following ASTM D 4752. All
experiments were performed at room temperature (23 +1°C).

For the water absorption evaluation, specimens were prepared by pouring the self-
crosslinking latexes into a silicone mold. 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
20x20x0.75mm? in distilled water at 23°C. The water absorption, A is given
by A=100(w: —wo)/wo, where wo is the initial weight before immersion and w; 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.

For evaluating the flame stability using the dual-cone calorimeter (Fire Testing
Technology, UK), specimens of the approximate dimensions 80x50x4 mm?® were
prepared by pouring the coating systems into a silicone mold. Films were air-dried
at room temperature (23°C) for 14 days and then vacuum dried at 30° C for 5 days.
The measurement was performed the same way as it was written below but now with
the respect to different types of inter-particle crosslinking agents.

The flash rust resistance was evaluated subjectively on coating films cast on steel
substrates (medium carbon steel with 0.5% C) which were obtained from Labimex
(Czech Republic). Coatings were air-dried at room temperature (23 =1 C) and at 50 &
5% relative humidity for 24 h before the flash rust evaluation.
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2 Results and discussion

2.1 Evaluation of latexes with copolymerized HACTP

Latexes with the amount of coagulum (0.42 — 1.18 wt.%) were synthesized by the semi-
continuous non-seeded emulsion polymerization process with varying levels of HACTP
molecules in the shell compositions and were stable for over 1 year. The prepared latex
copolymers were studied from the point of view of particle size in water phase, glass
transition temperature, and gel content with respect to HACTP concentration in the shell
structure of latex particles. These characteristic properties are listed in Table 1.
Diameters of core—shell particles were between 120.8 and 125.4 nm. The DLS results
showed further that the latex particle size was not affected significantly by the amount
and location of HACTP in emulsion copolymers. Nevertheless, Tg and gel content
values were shown to be influenced by the content of HACTP in latex particles.
Although the pendant allyl double bonds of HACTP were supposed to remain partly
unreacted (because of steric hindrance effects and lower reactivity in comparison to
vinyl groups of acrylic monomers) and therefore the cross-linking ability
of the phosphazene derivative was believed to be suppressed, the glass transition
temperature and gel content of emulsion copolymers were found to be increased
compared with HACTP-free copolymers. The relatively high gel content determined
for emulsion copolymers S0.5 — S1(containing HACTP- cross-linked shell structure)
can be explained that the HACTP can generate network and but they can also occur
the chain transfer reactions at radical polymerizations of alkyl acrylates which are
responsible for the formation of branched or even cross-linked macromolecules. It was
found further that the gel content was increased with the growing content of HACTP
in shell structures. This leads us to conclude that in the process of emulsion
polymerization of common acrylic monomers, HACTP was proved to act as an efficient
intra-particle cross-linker leading to the formation of latex particles of microgel
structure.

Figure 5 Characterization of latexes.

Viscosity [mPa.s] Particle et cor(l)tent
Sample | pH size T [hm.%]
before after [ [°C] - with
alkalization | alkalization ADH ADH
CO0 1.93 27.05 1143 120.8 13.8 69.2 42.3
S0.5 2.4 6.04 11.76 121.3 18.3 22.1 11.3
S0.75 | 2.51 11.22 30.72 125.3 19.5 19.2 9.3
S1 2.61 20.28 30.35 125.4 21.8 18.5 5.5

2.2 Evaluation of coatings containing HACTP

One-component coating films based on self-crosslinking aqueous coating systems with
the HACTP-modified emulsion microgels were prepared and their properties were
tested. All the coating systems were able to form high-quality transparent films. Dry
film thickness of the coatings was approximately 60 um. The effect of HACTP on final
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coating properties is presented in Table 6. A slight increase of hardness of coating films
was observed with the increasing content of HACTP in the shell layer of microgel
particles. This fact can be attributed to increased network density of resulting polymer
materials. It was shown further that all the tested coatings exhibited high gloss
and superior adhesion to glass and steel substrates. Also, the impact resistance
of the resulting coatings were shown to reach maximum values suggesting the formation
of cross-linked and elastic polymer materials in which sufficient coalescence of latex
particles. It was found as well that HACTP amount slightly improved the chemical
resistance. It can be said that the presence of HACTP did not deteriorate all the above-
mentioned coating characteristics in comparison with the HACTP-free coatings.

Figure 6 Properties of coatings containing HACTP derivative.

(14 b
Persoze ?ardness MEK e
Sample LIRS [rel. 7o] resistance | resistanace | Adhesion
PI¢ | (rel.%] | after 24 | after 14
hours da 5] 151
ys
SO 80.4 17.26 19.31 20.5 > 100 0
S0.5 &1.8 24.59 31.04 28.8 > 100 0
S0.75 83.7 31.15 33.41 33.2 > 100 0
S1 84.7 34.36 37.20 354 > 100 0

2.2.1 Evaluation of flame stability of coatings with HACTP

Our interest was focused on the evaluation of flame retardancy of the prepared
phosphazene derivative in the resulting coatings, the effect of HACTP amount inside
latex particles on combustion of self-crosslinking coatings was studied as well.
The results obtained from measurements using dual-cone calorimeter are presented
in Figure 7. It was found that the coatings comprising HACTP exhibited lower values
of mean heat release rate and mean effective heat of combustion. This phenomenon is
amplified with the increasing HACTP content, which indicates a slower flame spread
due to incorporated HACTP, the lowest value was reached at S0.75. Decreased values
of total smoke release during combustion of samples containing HACTP may reflect a
more efficient oxidation of hydrocarbon chains in the presence of the phosphorus
compound. It is assumed that the phosphorus atom reacts in the gas phase where the POe
radical is playing the main role. In the case of values of total oxygen consumed, no
significant effect of HACTP presence was proved. Nevertheless, one of the most
important criteria of the flammability evaluation is the maximum average rate of heat
emission that decreased markedly by the 0.75 wt.% content of HACTP (contained in the
shell structure of latex particles) in the tested coating materials. These results lead us
to conclude that HACTP did act as a flame retardant in the investigated coating
materials. The flame stability was influenced mainly by the HACTP content. It was
investigated that the highest flame retardation was reached by incorporation of 0.75
wt.% of HACTP in the shell structure of latex particles and another increase was not
shown as effective.
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Figure 7 Flammability of coatings with HACTP derivative.

Sample HRR EHC TSR MARHE TOC
[kW.m2g!] | [MJ.kg!] | [m’.m2g!] | [kW.m2g'] [g.g]

Co 36.16 29.20 83.75 36.25 1.78
S0.5 29.09 29.07 76.26 26.14 1.73
S0.75 11.13 27.23 26.95 9.76 1.60
S1 30.78 27.01 80.38 35.36 1.65

2.3 Evaluation of polymers considering inter-particle crosslinkers

The results of MFFT measurements are listed in Figure 8. In comparison with latexes
Fin and FinZn without any inter-particle crosslinker, the corresponding 0G PAMAM-
self-crosslinking latexes were found to exhibit significantly decreased MFFT values.
On the contrary, ADH-containing self-crosslinking latexes were shown to possess
higher MFFT than the corresponding standard latexes. The considerable drop in MFFT
values in the case of latexes containing 0G PAMAM dendrimer is desirable (indicating
good application properties) and may be associated with enhanced hydroplasticization
of polymer due to the presence of highly alkaline amidoamine dendrimers. PAMAM
crosslinker probably caused permanent neutralization of carboxylic groups during
the film-formation (in comparison with conventional 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.

The inter-particle crosslinking of air-dried coating films cast from latexes containing
different inter-particle crosslinking agents was verified from the point of view of 7 and
gel content enhancement. The number average molecular weight between crosslinks
(M:) and the crosslinking density of coating film samples were determined too.
For the comparison, coating films based on the standard latexes without any crosslinker
were tested as well. Figure 8 shows results of 7, gel content and crosslinking density
measurements with respect to the inter-particle crosslinker type in a given coating
composition. 0G PAMAM-crosslinked coatings were found to exhibit decreased glass
transition temperatures, compared with coatings crosslinked with the conventional
ADH. Both crosslinkers possessed higher glass transition temperatures in comparison
with coating materials cast from the corresponding standard latexes without any
crosslinker.

When comparing both series of latexes, the latexes containing zinc oxide nanoparticles
were shown to provide densely crosslinked materials, which can be assigned
to ionomeric cross-linking due to zinc metal ions. Although the network of ionic cross-
linking is thought not to be as strong as a covalently crosslinked network, the ionomeric
cross-linking was shown to withstand THF treatment during Soxhlet extraction. We can
conclude that 0G PAMAM dendrimer worked as the effective inter-particle cross-
linking agents comparable to the conventional ADH cross-linker and the presence
of zinc oxide nanoparticles increased the network density of resulting materials
considerably.
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Figure 8 Properties of polymers considering different crosslinking agents.

Sample 20 T, [°C] MEFT M. Cr(()lseslilsliltl;l -
) g o -1
[hm.%] [°C] [g.mol™] [mol.cm™]
Fin 19.2 10.47 6.8 59167.8 1.77x1073
Fin + ADH 9.3 19.51 9.3 17590.5 6.01x107
Fin + 0G PAMAM 12.2 12.86 4.4 23220.5 4.42x107°
FinZn 9.9 12.56 9.6 25073.9 4.25%107
FinZn + ADH 1.8 13.63 12.7 11845.1 8.63x107
FinZn + 5
0G PAMAM 5.6 13.20 8.4 21905.7 4.73x10

The attention was also paid on the stability in the case of the PAMAM containing self-
crosslinking one-component latexes. Hence, we focused our research on storage stability
testing as well. The stability of latexes was evaluated according to changes
of the average particle size and zeta potential before and after storing at 50 °C for 50
days. The results of the measurements are summarized in Figure 9. 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 0G PAMAM inter-particle crosslinkers.

Figure 9 Results of storage stability.

Viscosity [mPa.s] Particle Zeta[ﬁ:):;;ntlal
e before after [oLf! [illflf] beginnin after 2
alkalization | alkalization g 8 months
Fin 11.22 30.72 2.51 125.3 -38.6 -41.9
Fin + ADH - - - 130.7 -42.1 -45.6
Fin +
0G PAMAM - - - 126.3 -39.3 -43.1
FinZn 23.34 28.19 6.13 157.6 -37.1 -40.4
FinZn + ADH - - - 156.2 -40.2 -42.9
FinZn +
0G PAMAM - - - 155.4 -38.7 -42.8

2.3.1 Evaluation of latex coatings

The effect of inter-particle self-crosslinking using 0G PAMAM and ADH
as crosslinking agents on properties of the resulting coatings is shown in Figure 10.
The thickness of dried coating films was about 50 um 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
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any phase separation during the film-formation or premature particle aggregation
in the dispersion. Further, mechanical properties of the 0G PAMAM- and ADH-
crosslinked coatings were evaluated. The 0G PAMAM-crosslinked coatings based
on both types of standard latexes (Fin and FinZn) were found to show increased initial
and final hardness values in contrast to the non-crosslinked coatings. When comparing
latexes regarding to ZnO nanoparticles presence, the results indicated clearly that the
coatings containing ZnO nanoparticles (imparting ionic cross-linking) exhibited
significantly improved MEK resistance. Moreover, the 0G PAMAM-based coatings
showed as high adhesion to glass substrate and impact resistance as the ADH-based
coating films. Hence, it is evident that the self-crosslinking latexes using 0G PAMAM
dendrimers as the intra-particle crosslinkers provide high quality coatings of similar
properties compared to the conventional ADH-based systems.

Figure 10 Properties of coatings considering different crosslinking agents.

“Persoze” hardness MEK Impact | Adhesion
Gloss o . .
Sample [rel.%] [rel.%] resistance | resistence
e 1day | 30 days [s]
Fin 85.1 16.62 22.48 20 > 100 0
Fin + ADH 83.7 31.15 32.51 33,2 > 100 0
Fin +
0G PAMAM 82.5 20.84 27.18 156 > 100 0
FinZn 79.9 10.0 14.36 > 300 > 100 0
FinZn +
ADH 77.8 21.2 23.90 > 300 > 100 0
FinZn +
0G PAMAM 76.9 15.42 21.19 >300 > 100 0

Our interest was also focused on the evaluation of flammability of the prepared self-
crosslinking latex coatings, on the effect of inter-particle crosslinking agent. The results
obtained from measurements using dual-cone calorimeter are presented in Figure 11.
It was found that the coatings based on the Fin-composition exhibited lower values
of mean heat release rate in case of use ADH inter-particle crosslinking agent and mean
effective heat of combustion by the use of both crosslinking agents. FinZn-based
coatings exhibited lower values of mean heat release rate and mean effective heat
of combustion after crosslinking with both types of inter-particle crosslinking agents.
In the case of values of total oxygen consumed, no significant effect of crosslinkers
presence was proved. Nevertheless, one of the most important criteria
of the flammability evaluation is the maximum average rate of heat emission that
decreased slightly by the presence of both crosslinker in the tested coating materials.
These results lead us to conclude that the copolymer composition plays the main role
in the flammability but the 0G PAMAM and ADH as crosslinking agents also mildly
did act as a flame retardant in the investigated coating materials. It was investigated that
the highest flame retardation was reached by FinZn coating binders with incorporation
of 0.75 wt.% of HACTP in the shell structure of latex particles and 0G PAMAM
as crosslinking agent.
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Figure 11 Flammability evaluation of coatings considering different crosslinking agents.

Sample HRR EHC TSR MARHE TOC
p [kW.m2g!] | [MJ.kg!] | [m’mZ2g!] | [kW.mZg!] | [g.g]
Fin 24.22 30.03 49.79 14.22 1.7
Fin + ADH 11.13 27.23 26.95 9.76 1.6
Fin + 0G
PAMAM 34.10 26.78 56.89 12.86 1.5
FinZn 19.35 27.72 52.89 12.34 1.5
FinZn +
ADH 18.22 27.67 49.30 11.69 1.4
FinZn + 0G
PAMAM 15.28 28.25 34.25 948 1.1

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 0G PAMAM-based self-crosslinking coating compositions
were tested from the point of view of their water sensitivity (expressed in terms of water
absorption) as well. The results of water absorption measurements are illustrated in Figs.
13 and 14. We can observe similar water absorption trends with respect to the inter-
particle crosslinker type for both series of latex coatings (based on latexes Fin
and FinZn, differing in the absence / presence of nano-Zn0O). The coatings without any
inter-particle crosslinker exhibited the lower water absorption after a short-term contact
with water and concurrently, they showed the most pronounced water uptake
after a long-term water exposure. The PAMAM dendrimer provided films with
a considerably low long-term water absorption, but these films suffered from a higher
short-term water absorption. It can be assessed that the short-term water absorption
seemed to depend mainly on the polarity of macromolecular structure; the more polar
the utilized crosslinker (ADH < GO 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,
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. 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.
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Figure 12 Water absorption into coatings cast fom the latex Fin.
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Figure 13 Water absorption into coatings cast fom the latex FinZn.

2.3.2 Flash rust resistance

The appearance and course of flash rust are affected by a series of factors (relative
humidity and temperature during the film formation process, the type and the pH value
of the coating polymer composition) which can show a synergic action. The flash rust
appearance on coated steel panels is demonstrated in Figure 15 and 16. It is evident
that the coating compositions using 0G PAMAM dendrimer as the inter-particle cross-
linkers provided significantly improved flash corrosion resistance, where the flash rust
appeared to a less extent. It is worthy of attention that the series of coating
compositions containing ZnO nanoparticles did show a significant trend to flash rust
inhibition. Hence, it can be also stated that the effect Zn?>" ions did play a significant
role. We suppose that the flash rust manifestation was affected particularly by the pH
value of the given coating composition after ammonia evaporation. The flash rust
resistance was observed in case of latex compositions providing alkalinity
in the vicinity of steel substrate during the drying out of a coating film.
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Figure Figure 14 Photographs of coated metallic panels: coating cast from latex Fin.

il

FinZn FinZn + ADH FinZn + 0G PAMAM

Figure Figure 15 Photographs of coated metallic panels: coating cast from latex FinZn.
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3 Conclusion

The phosphazene derivative was incorporated into the macromolecular structure
of acrylic polymers through the emulsion polymerization technique proceeding
at standard conditions. During the emulsion polymerization of acrylic comonomers,
HACTP performed the function of an efficient intra-particle cross-linker leading
to the formation of latex particles of microgel structure. In addition to that, the basic
objective of this work was to evaluate the flame retardancy of the prepared phosphazene
derivative in the aqueous coatings based on the HACTP-modified emulsion microgels.
The presence of HACTP was found to cause a slower flame spread during the material
combustion without affecting transparency, flexibility, toughness, and adhesive
properties of resulting coatings.

The second goal of the work was to investigate one-component ambient temperature
self-crosslinking latex coating compositions containing amine-terminated
0G PAMAM dendrimer, as the inter-particle crosslinker and ZnO nanoparticles
as the flash rust inhibitors. The latexes containing 0G PAMAM dendrimer did not
suffer from a short-term storage stability. The ZnO nanoparticles incorporation was
shown to impart solvent resistance of coatings due to ionomeric cross-linking
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 latexes.
It was found as well that an excellent water resistance performance could be achieved
by introducing the combination of ZnO-based ionomeric cross-linking and PAMAM-
based self-crosslinking into latex coating compositions. Moreover, the coating
compositions using PAMAM cross-linkers provided significantly improved flash rust
resistance. With respect to given facts, the PAMAM-based one-component self-
crosslinking latexes could be binders for exterior and interior material protection
including steel.
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