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Abstract

Four strategies to incorporate a fluorinated monomer (perfluoro octyl acrylate, POA) into a waterborne polymeric disper-
sion are investigated. Due to the very low water solubility of the POA monomer, three of the strategies use miniemulsion
droplets containing the whole POA monomer in the initial charge. The rest of the comonomers of the formulation (methyl
methacrylate, MMA, and n-butyl acrylate, BA) are partially incorporated in the initial miniemulsion or fed to the reactor as
a preemulsion. In the fourth strategy, a conventional seeded semibatch emulsion polymerization is carried out using cyclo-
dextrin in the seed and feeding the POA/MMA/BA preemulsion to the reactor. Each process strategy led to a distinct particle
morphology and hence a particular film morphology. We found that the strategy that produced core—shell particles with the
core composed by pure polyPOA yielded the films that showed the best corrosion protection as measured in salt-spray test

(1200 h standing without damage).

Keywords Coatings - Corrosion - Emulsions - Nanoparticles

Introduction

Most of the organic coatings used for demanding anticor-
rosion applications (marine and large infrastructures) are
based on solventborne systems. Nevertheless, due to the
stringent environmental regulations (VOC’s restriction), the
scientific and industrial community are devoting large efforts
to the development of waterborne coatings [1]. The use of
waterborne polymeric coatings on metal substrates can pre-
sent the flash rust problem, which can be avoided by the
use of a polymerizable phosphate surfactant, as it has been
recently reported [2]. Conventional acrylic latexes (methyl
methacrylate/butyl acrylate, MMA/BA: 50/50) containing
such phosphate surfmer have shown interesting corrosion
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resistance properties even under harsh conditions (full cor-
rosion protection provided up to 400 h of exposure in the salt
spray test) [2]. However, in order to improve this corrosion
protection for demanding applications, the barrier properties
of the acrylic polymeric film must be improved.

One possibility is to include in the formulation fluori-
nated (meth)acrylate monomers, FMA [3-26]. These
monomers are known because they provide good film-
forming and low surface free energy polymers in addition
to good chemical, thermal, and photochemical stability
properties. It is worth noting that long perfluoro alkyl rea-
gents (C8 and larger) are under scrutiny and strict regu-
lations are forecast for a near future. Nonetheless, they
have been extensively investigated to produce materials
with superhydrophobic or superoleophobic properties
and they have been reported in applications that include
self-cleaning coatings, anti-corrosion coatings, anti-icing
coatings, surface coatings for textiles, paper, and leather
[7, 11, 19, 27-31]. In particular, copolymers with long
side chains composed of a perfluoroakyl group (-C,F,, , |)
have received a great deal of attention. The conforma-
tional arrangement, distribution, and orientation of per-
fluoroaklyl side chains and their packing at the air-film
interface have been considered a key parameter affecting
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the performance of the coating [32, 33]. A large number
of FMAs with different fluorine content and side chain
lengths have been employed to produce majorly coatings
(also adhesives) by emulsion polymerization or related
techniques [3, 4, 8—12, 17-19, 34]. It is worth noting that
despite the low (or negligible) water solubility of most
of the FMA monomers employed, in the majority of the
cases, seeded semibatch emulsion polymerization pro-
cesses (i.e., two stage process towards the production of a
core/shell like morphology) with the fluorinated monomer
added in the second stage (aiming at incorporating the
FMA in the shell and minimizing its percentage in the for-
mulation) have been reported. Some works have identified
the challenge of incorporating such hydrophobic mono-
mers in emulsion polymerization (limited transport rate
in the aqueous phase and poor colloidal stability yielding
low conversions and large amounts of coagulum) and have
used solvents to increase the hydrophobicity of the aque-
ous phase [4]. Also, fluorinated (reactive) surfactants have
been used to increase the affinity with the FMA mono-
mer and facilitate its incorporation [9, 25]. Miniemulsion
polymerization is a well-known technique to incorporate
hydrophobic monomers or materials into polymer parti-
cles and has also been used to incorporate FMAs [11-13,
35]. Other alternatives to incorporate FMAs in emulsion
polymerization include modification of the FMAs by intro-
duction of hydroxyl groups in the structure to make FMAs
more hydrophilic [6], or the use of cyclodextrins as phase
transfer catalyst that facilitate the transport of the FMAs
throughout the aqueous phase, enhancing monomer con-
version and reducing colloidal stability issues observed in
the final latexes [24, 36]. The amounts of FMAs targeted
in these works were broad with most of them in the range
10-30 wt%.

It is worth to mention that, apart from the copoly-
mer composition, molar mass distribution, branching and
crosslinking distribution, and particle size distribution, the
properties of a waterborne coating are strongly linked to
the morphology of the film, which in turn depends on the
morphology of the particles from which it has been cast.
Achieving core—shell morphology latexes with FMAs
incorporated in the shell phase has been the target of most
of the works discussed above. Noteworthy is that most of
the works assumed that the two-stage semibatch emulsion
polymerization processes used, with addition of the FMAs
in the second stage, led to core—shell morphology. However,
this was not convincingly demonstrated in many reports. In
addition, the analysis of the morphology of the films cast
from the “core—shell” latexes is scarce [3, 6, 11, 24]. Most
of the works analyzed the contact angle of the films, and
the composition of the air-film (and film-substrate) using
XPS, but as far as we know, none of the works addressed
the relationship of different latex particle morphologies with
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the obtained film morphologies. The effect of the film mor-
phology on the anticorrosion performance of the films is
also missing.

In this work, we explored the increase of the hydrophobic-
ity of waterborne coatings containing phosphate moieties by
incorporating a fluorinated monomer, perfluorooctyl acrylate
(POA), in the formulation. For this purpose, several process
strategies have been implemented to efficiently incorporate
the FMAs into the polymer particles. The proposed strate-
gies used a combination of miniemulsion polymerization
and different monomer feeding profiles, as well as cyclodex-
trin to facilitate the diffusion of the hydrophobic fluorinated
monomer through the water phase to the polymer particle in
conventional semibatch emulsion polymerization. The par-
ticle morphologies achieved in each process strategy were
analyzed and correlated with the final film morphologies and
the anticorrosion performance of the films (by electrochemi-
cal impedance spectroscopy (EIS) and salt spray chamber).

Experimental
Materials

For latex synthesis, we used methyl methacrylate (MMA),
n-butyl acrylate (BA) (Quimidroga), and 1H,1H,2H,2H-
perfluorooctyl acrylate (POA, Interchim) without further
purification. Dodecyl diphenyl oxide disulfonate (Dow-
fax 2A1 45%, Dow Chemical Company) was used as an
anionic emulsifier. Sipomer® PAM200, a phosphate ester
of polypropylene glycol monomethacrylate (Solvay), was
used as a surfmer. Azobisisobutyronitrile (AIBN, Fluka)
radical initiator was used as received. Sodium bicarbonate
(NaHCO;, Sigma-Aldrich) was used as a buffer to reduce the
electrostatic interaction among droplets and to control the
viscosity of the miniemulsion. Cyclodextrin (CD, Cavasol
W7, Wacker) was kindly provided by Wacker and used as
received. Deionized water (MiliQ quality) was used as con-
tinuous phase in all reactions performed.

Synthesis of POA containing latexes

Four process strategies were followed to incorporate the
perfluorooctyl acrylate (POA) into latexes with 50% solids
content, with an overall composition of POA/MMA/BA
30/40/30 (w/w/w; 10/57/33 mol basis), including Sipomer
PAM200 phosphated surfmer in the formulation. The strat-
egies are summarized in Fig. 1. PMB1, PMB2, and PMB3
latexes were synthesized by seeded semibatch emulsion
copolymerization in which all POA contents (and variable
amounts of MMA and BA) were initially incorporated in
miniemulsion droplets. The miniemulsions were prepared
as follows: the aqueous phase was composed by Dowfax



Colloid and Polymer Science (2022) 300:429-443

431

Fig. 1 Reaction strategies
followed for the synthesis of
PMB1, PMB2, PMB3, and
PMB4 latexes
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2A1 surfactant (DOW) and deionized water in a solution
at 2 wt%. Both oil and aqueous phases were mixed sepa-
rately under magnetic stirring for 15 min, and then, they
were mixed together for 15 min more. Subsequently, the oil
in water coarse emulsion, with a solids content of 30%, was
sonicated using a Branson Sonifier 450 for 15 min (operat-
ing at 8-output control and 70% duty cycle in an ice bath
and under magnetic stirring), allowing the formation of a
stable miniemulsion. These nanodroplets were polymer-
ized in batch to different extents (73% for PMB1, 0% for
PMB?2, and 100% for PMB3), before starting the feeding of
the rest of MMA and BA content of the formulation. In the
case of PMB4, a seeded semibatch emulsion polymeriza-
tion was also used feeding a preemulsion of POA/MMA/
BA to a MMA/BA seed that contained a small amount of
cyclodextrin. The use of cyclodextrin allowed the transport
of POA through the water phase and its incorporation to the
polymer particles by conventional emulsion polymerization.
Table 1 presents the formulations for experiments PMB1-3
and Table 2 for experiment PMB4.

During the polymerizations, samples were withdrawn
from the reactor to measure the unreacted monomer. For
this purpose, 'H NMR was used. NMR sample preparation
was carried out with 500 pL of latex and 50 pL of deuterated
water (D,0), and the "H-NMR was recorded with a Bruker
AVANCE 400 MHz using a Watergate method in order to
suppress the signal of water. Integration of the vinyl proton
signals of each monomer was performed.

The films cast from the composite latexes were cryosec-
tioned with a Leica EMUC6 cryoultramicrotome at —50 °C,
with a Diatome 45° diamond 30 knife. The resulting cryo-
sectioned samples were placed on copper grids covered with
Formvar R for transmission electron microscopy (TEM).
Transmission electron microscopy (TEM) analysis was car-
ried out with a Tecnai TM G2 20 Twin device at 200 kV
(FEI Electron Microscopes). The latexes were diluted with
deionized water (with a concentration of 0.05 wt%) placed
on copper grids covered with Formvar R and dried at ambi-
ent temperature.

The instrument above was also used for high-angle
annular dark-field scanning transmission electron micros-
copy (HAADF-STEM) of the latex particle morphology.
HAADF-STEM is a STEM method, which records inelasti-
cally scattered electrons or thermal diffuse scattering (TDS)
at high angles using an annular dark-field (ADF) detector
(~50° to sufficiently high angle).

The hydrophobicity of the films was analyzed by the con-
tact angle produced with a drop of water (10 pl) in an OCA
20 instrument (Dataphysics).

Water sensitivity and barrier properties were assessed by
liquid water uptake (WU) test, that consists in monitoring
for 15 days the weight gain by circular specimens (diam-
eter =24 mm, thickness =2.3 mm) in water, and by water
vapor transmission rate (WVTR), in which circular speci-
mens, of the same dimensions as before, follow the cup test
described in the ASTM E96.
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Table 1 Formulations used to synthesize latexes PM1-3°

Latex PMBI1 PMB2 PMB3
Component Miniemulsion'  Preemulsion® (€9) Miniemulsion®  Preemulsion (2) Miniemulsion®  Preemulsion (€9)
(seed) (g) (seed) () (seed) (g)

Oil phase POA 74.95 - 74.95 0 74.95 0
MMA 9.86 90.07 0 99.93 0 99.93
BA 9.86 65.09 0 74.95 0 74.95
AIBN 0.95 - 0.95 0 0.95 0

Aqueous phase Water 220.92 28.93 220.92 28.93 220.92 28.93
DOW 1.89 - 1.89 0 1.89 0
SIP 0 5 0 5 0 5
NaHCO; 0 0.144 0 0.144 0 0.144

"Miniemulsion is polymerized in batch for 30 min;
2Monomer addition started at = 0;

3Minimulsion is polymerized in batch for 180 min;

*Preemulsion is fed to reactor in 3 h at constant flow rate afterbatch polymerization of the miniemulsion;

b All experiments were carried out at 70 C

For assessing corrosion performance, all synthetized
latexes were cast on low carbon steel substrate. Previ-
ously, steel substrates were degreased with UniClean 251
solution at 70 °C in a shaking bath for 5 min followed by
1 min pickling in HCI solution (1:1). Then, the waterborne
latexes were uniformly applied on the steel substrates using
a quadruple film applicator (Khushbooscientific). The drying
process was carried out using a temperature and humidity
chamber (ESPEC SH-641 bench-top type), keeping the rela-
tive humidity at RH=155% and temperature at 23 °C. The
thickness of dried systems was determined using a Fischer
Dualscope MP20, measuring at 10 different points of each
sample, obtaining thicknesses around 75 pm for their elec-
trochemical evaluation.

Films were also assessed in harsh corrosive conditions (5
wt% NaCl salty spray at 35 °C and 99% of RH; ASTM B117)
produced by a salt spray chamber (Neurtek SC500). Samples
were removed from the chamber after different time of exposure

Table 2 Formulation used to synthesize latex PMB4®

Reagent Initial charge (g) Preemulsion feeding
(€9

Seed? 107 0

POA 75

MMA 0 93.1

BA 0 68.1

Water 149.3

SIP 0 5

AIBN 0 2.3

CD 0.19 0

*MMA/BA =50/50 w/w seed synthesized as described elsewhere [2]
YExperiment was carried out at 70 °C
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(240, 1200, and 1400 h), and a multichannel potentiostat BIO-
LOGIC VMP3 was used to evaluate the corrosion behavior of
the systems by EIS measurements. A three-electrode configu-
ration was used in an electrochemical cell: Ag/AgCl saturated
with KCI as reference electrode, platinum mesh as a counter
electrode, and the different coatings as working electrodes. The
electrochemical tests were conducted in 3.5 wt% NaCl solu-
tion at room temperature at least by triplicate using an area of 1
cm?. OCP was measured continuously with time although it was
interrupted to carry out EIS measurements (once per hour). The
frequency range was from 1 to 10 MHz, obtaining 10 points per
decade. Frequency scans were carried out by applying + 10 mV
sinusoidal wave perturbation versus OCP.

X-ray photoelectron spectroscopy (XPS) was conducted in
a SPECS system (Berlin, Germany) equipped with a Phoibos
150 1D-DLD analyzer and a monochromatic radiation source
Al Ka (1486.7 eV). First, a wide scan was carried out in order
to determine the elements present on the surface (step energy
1 eV, dwell time 0.1 s, pass energy 80 eV). Then, detailed scans
were carried out in order to analyze the detected elements in
detail (step energy 0.08 eV, dwell time 0.1 s, pass energy 30 eV)
with an electron exit angle of 90°. The spectrophotometer was
previously calibrated with Ag (Ag 3d5/2, 368.26 eV).

Results and discussion

Kinetics and cumulative composition
of the copolymers

The four polymerization strategies employed in this work
successfully produced latexes with final solid content of
50% (final monomer conversions higher than 99% were
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obtained in all the cases as shown in the Supporting
Information, Fig. S2). The evolution of the conversion
of each monomer was calculated by monitoring the unre-
acted monomer by NMR in samples withdrawn from the
reactor (a representative NMR spectra of a sample taken
in the polymerization to produce latex PMB1 is shown
in Fig. S1 in the Supporting Information (SI) with the
assignment of the double bond peaks of each monomer).
Figure 2 displays the concentration of unreacted monomer
in the reactor and the cumulative copolymer composition
of the polymer for each experiment. Note that for experi-
ment PMB3, only the gravimetric overall instantaneous
conversion was measured because POA was polymerized
in batch to full conversion (see Fig. S2 in the supporting
information).

Figure 2 displays substantial differences in the built-up
of the copolymers in each experiment. Thus, in PMB1
and PMB2, there is a clear drift in the composition of the
chains; namely, the initial copolymers are rich in POA,
and along the reaction, the chains are becoming richer in
MMA/BA. Note that in PMB]1, initially the copolymers
are rich in MMA but quickly shift to rich in POA once the
batch time is over and the MMA is almost depleted.

Although there are differences between PMBI1 and
PMB2, the most important difference is with respect to
experiment PMB4. In this experiment, the composition
remained constant during the whole process and close
to the feed composition (POA/MMA/BA =30/40/30 by
weight) because true starved conditions were achieved (see
Fig. 2 left and Fig. S2). This difference in the composi-
tion of the chains formed during the experiment will have
implications on the morphologies of the polymer particles
as it will be discussed below.

The intensity-average particle size and the dispersity of
the distribution measured by DLS for the four experiments
is displayed in Table 3.

Latexes produced using a miniemulsion that contained
POA monomer (PMB1-3) yield latexes with large par-
ticles because the nanodroplets obtained in the minie-
mulsification were large too (400-500 nm). The reasons
behind the large nanodroplet size are probably the high
viscosity of POA, its high hydrophobicity (which lowers
the emulsifier efficiency), and the not enough energy
used in the miniemusification step [35]. No attempt was
done to reduce the nanodroplet size in this work. On the
other hand, the particle size obtained in PMB4 experi-
ment was substantially lower because the seed did not
contain POA (a MMA/BA latex with a particle size of
65 nm was used as seed). POA, MMA, and BA were fed
in a preemulsion, and the particle growth followed the
expected trend in absence of secondary nucleations and
coagulation and yield a latex with 203 nm and very nar-
row dispersity.

Particle morphology

Despite the overall copolymer composition (POA/MMA/
BA =10/57/33 mol basis) was the same in all the polym-
erization strategies, latex particle morphology was different
in each process. Figure 3 presents the TEM (STEM) micro-
graphs of the particles for PMB1-4.

The morphology of experiment PMBI is a core—shell-
shell with a core composed by terpolymer chains rich in
MMA/BA (67%), an inner shell composed by terpolymer
chains rich in POA (70%), and the external shell composed
by terpolymer chains rich in MMA/BA (73%). The exact
compositions of each of the phases were determined by
nanoFTIR as described in a recent work, and the reader is
referred to there for details [16]. For the purposes of this
work, it suffices to say that the morphology achieved was
clearly a non-equilibrium morphology because the inner
shell is substantially more hydrophobic than the core, and
hence, it was expected to be in the core. The latex particles
of PMB2 present bright domains (rich in POA) distributed
in the particle but only two phases can be detected. The
polymerization process of PMB?2 is similar to that of PMB1,
but the initial miniemulsion only contained POA and all the
MMA/BA was fed to the POA nanodroplets. As shown in
Fig. 1 the evolution of the unreacted monomers and cumu-
lative copolymers are similar, but in the initial stages of
the reaction in experiment PMB2, the polymer is poorer in
MMA/BA (because there was not MMA and BA in the ini-
tial nanodroplets loaded to the reactor). This difference in
the composition of the chains yielded distinct morphologies
in each case. It is out of the scope of this article to unveil
the dynamic of the particle morphology production in these
experiments.

The polymerization process to obtain latex PMB3 is equal
to PMB2, but in this case, the addition of the MMA/BA
monomer preemulsion stream started once the POA nan-
odroplets were fully converted to polyPOA homopolymer.
In this case, the MMA/BA copolymer produced in the sec-
ond stage formed a shell in the POA core as can be seen
in the TEM micrograph (according to the evolution of the
instantaneous conversion (see SI), true starved conditions
were achieved and the composition of the shell was equal to
the composition of the feed employed). The morphology is
core—shell, but it is worth to note that plenty of small par-
ticles have also formed during the second stage (secondary
nucleation).

Latex PMB4 presents a homogeneous morphology;
namely, only a single bright phase can be distinguished,
which according to the polymerization strategy indicated
that chains with similar composition have been formed along
the process, and hence, there is no noticeable phase sepa-
ration. In this strategy, cyclodextrin was added in the ini-
tial charge (together with a small amount of seed polymer)

@ Springer
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Fig.2 Time evolution of the unreacted concentration of comonomers (left), and cumulative copolymer composition (right) for experiments

PMBI1 (top). PMB2 (center) and PMB4 (bottom)

and the three monomers were slowly fed to the reactor in a
preemulsion under starved conditions. This result suggests
that cyclodextrin has allowed to incorporate POA mono-
mer together with the other two comonomers correctly to
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the particles yielding homogeneous copolymers with the
composition close to the feed composition (POA/MMA/
BA =10/57/33 mol basis). This is in good agreement with
the data of the cumulative copolymer composition of Fig. 1.
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Table 3 Intensity-average particle size and dispersity index of the
PMB1-4 latexes

Run PMB1 PMB2 PMB3 PMB4
dp (nm) 506 491 420 203
PDI 0.483 0.467 0.415 0.03

Film morphology

Films were cast from the latexes and thin cross-sections ana-
lyzed by TEM and SEM. AFM analysis of the air-film inter-
face (top) was carried out, and the roughness of the surfaces
measured using the geometric roughness (Rg).

Figure 4 presents the TEM micrographs for the four latex
film cross-sections. Very different film morphologies were
obtained as shown by the TEM micrographs. PMBI1 film
presented a complex morphology, which was attributed to
the core—shell-shell morphology of the particles discussed
above. The morphology of the particles was maintained
during film formation. In the case of PMB2, the particle

Fig.3 HAADF-STEM (a, b,
and d) and TEM (c¢) micro-
graphs of the polymer particles
produced which each polym-
erization strategy. In HAADF-
STEM images, bright regions
correspond to electronically
dense regions (i.e., F atom
containing regions) as opposed
to TEM (Figure 4a is reprinted
with permission from reference

[161)

¢) PMB3

a) PMBI

morphology was not as clear as the one of PMB1, but the
phase separation between POA richer and MMA/BA richer
domains could still be noticed by differences in the electron
density along the film. On the other hand, PMB3 film pre-
sented a continuous MMA/BA phase (bright), in which POA
rich domains (black) could be clearly identified. Finally,
PMB4 film presented a much more homogeneous morphol-
ogy in which the differences between POA rich and POA
poor domains could not be noticed, because as confirmed by
the cumulative copolymer composition measured by NMR,
all the chains have similar composition, and hence, no phase
separation occurred and morphology was homogeneous.
Figure 5 presents SEM images of the cross-sections of
the films cast from latexes PMB1-4. Figure 5a shows a film
(for PMB1) in which the polymer particles are not fully coalesced.
This is likely caused by the lack of coalescence of the inner
shell of the particles (as observed in the TEM micrograph, the
core—shell-shell morphology was preserved in the film) that
is incompatible with the polymers in the core and the outer
shell and hence yields a non-coalesced film. Figure 5b and c

b) PMB2

d) PMB4
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Fig.4 TEM micrographs of
cross-sectioned films cast from
PMBI1, PMB2, PMB3, and
PMB4

(for PMB2 and PMBS3 latexes, respectively) show similar film
morphologies. In both films, a coherent film corresponding to
the MMA/BA-rich polymer was formed and phase separated
spots (bright clusters), corresponding to rich POA copolymers
for PMB2 and pure POA homopolymer in PMB3, can be dis-
tinguished. These clusters are homogeneously distributed in
the MMA/BA rich matrix. On the other hand, PMB4 film is
homogeneous in good agreement with the observations in the
TEM images of the film and also of the polymer particles.

Height and phase AFM images of the air-film interfaces
are presented in Fig. 6, and the corresponding average
roughness (Rg) are also embedded in the figure.

The height images show that films PMB?2 and PMB4 both
have more homogenous surface than PMB1 and PMB3 that
show phase separation of soft and hard phases. PMB4 latexes
yield small particles and with homogeneous copolymer com-
position of the chains, and this is clearly seen in the air-film
surface as compared with PMB2 that yielded larger parti-
cles with some composition drift which apparently was not
enough as to show phase separation in the surface. PMB1
process produced also large particles, but the miniemul-
sion rich in POA was polymerized in batch yielding at the
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beginning copolymers rich in POA and then copolymers that
were richer in the MMA/BA fed to the reactor. As shown in
Figs. 3-5, the morphology was complex; a core—shell-shell
morphology was achieved. The air-film interface presents
hard domains (bright) dispersed in a softer matrix (dark).
Admittedly, we are not able to interpret this surface with the
knowledge of the morphologies presented in Figs. 3-5. On
the other hand, PMB3 presents phase separation on the sur-
face. The process yielded pure POA polymer and copolymers
of MMA/BA that during film formation phase separated (see
Figs. 4 and 5). According to the AFM image, part of the soft
material (POA phase) migrated to the air-film interface. The
roughness of the films was higher for the latexes PMB1 and
PMB?2 and lower for PMB3 and PMBA4.

Film properties

DSC measurements of the films (see Fig. 7) confirm that
the most homogenous polymer corresponds to that pro-
duced in PMB4. A single narrow peak at around 19 °C is
observed, which is in fair agreement with terpolymers of
POA/MMA/BA =30/40/30 (weight basis) that according to
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Fig.5 SEM micrographs of
cross-sectioned films cast from
PMB1, PMB2, PMB3, and
PMB4 (Figure 5a is reprinted
with permission from reference

[38])
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the Fox equation will have a Tg of 12 °C. In films PMBI1
and PMB3, two transitions can be distinguished, whereas
in PMB2, a single broad transition is observed. The two Tg
in PMB1 and PMB3 correspond to the two incompatible
phases present in the particles, namely, one rich in POA
(lower Tg) and one rich in the MMA/BA comonomers
(higher Tg). The nanoFTIR analysis done for the PMB1
sample [16] indicated the presence of three phases two of
them rich in MMA/BA (core and outer shell) comonomers
and one rich in POA monomer (inner shell). The morphol-
ogy of PMB3 presents two phases that correspond to pure
POA homopolymer and a copolymer of MMA/BA synthe-
sized under starved conditions. Therefore, the lower transi-
tion temperature (at 0.53 °C) should correspond to poly-
POA (whose Tg was measured as —6 °C), and the higher
temperature one (at 27 °C) should correspond to the MMA/
BA copolymer (according to the Fox equation at the ratio
MMA/BA =57/43 the Tg should be 21 °C). These transition
temperatures for PMB1 are both shifted to higher (3.40 °C)
and lower (22 °C) values as compared with the two phases
in PMB3, respectively, because each phase is not pure as
in PMB3. In other words, in PMB1, the POA-rich phase
contains MMA/BA comonomers in the chains increasing
the Tg and the reverse occurs for the MMA/BA-rich phase
that contains POA comonomer.
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PMB?2 presents a single broad transition spanning from—10
to 30 °C with a maximum at around 17 °C. This means that
in this strategy, terpolymers with varying compositions were
obtained throughout the process although a large fraction of the
chains presents a composition that is close to the formulation
composition (POA/MMA/BA =30/40/30 mol basis). This Tg
and the Tg of the homogeneous polymer achieved in strategy
PMB4 are similar. It is worth noting that this strategy resem-
bles the pseudo-optimal strategies developed by Arzamendi and
Asua [37] to produce homogeneous copolymer when mono-
mers with different reactivity ratios are copolymerized. As
discussed by the authors, depending on the constant feeding
rate used, higher or lower composition drift is obtained with
this strategy.

In the last two decades, large efforts have been devoted to
the synthesis of core—shell morphology fluorinated acrylate
latexes with the aim to create coatings with reduced surface
energy and (super)hydrophobic properties. It is claimed that
due to the core—shell morphology exhibited by the polymer
particles with the FMA monomers located in the shell, the
films made out of these latexes have a tendency to enrich the
air-film interface with fluoroalkyl groups [6, 7, 10, 13, 15,
20-22, 26]. Furthermore, in some cases, a gradient of fluo-
rine atoms from air-film to film-substrate interfaces is also
reported [6, 20, 21, 24]. This accumulation of the fluorine
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Fig.6 AFM height (left) and
phase (right) images of the air-
film substrate and the average
roughness of the films PMB1-+4
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atoms at the air-film interface is determined by analyzing
the surfaces with X-ray photoelectron spectroscopy (XPS),
AFM, and measuring contact angles (CA), which are also
affected by the roughness of the film and hence can be mis-
leading. In this work, XPS was used to measure the fluorine
content at the air-film and film-substrate of the films made
from the latexes PMB 1-4 that present different morphologies
(see Fig. 3 for TEM of the polymer particles, and Fig. 6 for
AFMs of the air-film surface). The XPS data is summarized
in Table 4.

The fluorine content (mol basis) of a terpolymer with the
composition used in the formulation of the latexes is 6.5%
(neglecting the presence of surfactant, initiator, and buffer
used in the formulation). On the other hand, the fluorine
content of the pure POA polymer is 39.4%. As discussed
above, the only latex produced with homogenous composi-
tion and equal to that of the feed was PMB4. Interestingly,
the F content of the top and bottom surfaces of PMB4 film

Tablg 4 Fluorine content at Film Interface  F content
the air-film and film-substrate
. (mol%)
interfaces measured by XPS
PMB1 Top 20.1
Bottom 39.9
PMB2 Top 11.1
Bottom 5.5
PMB3 Top 26.7
Bottom 34.1
PMB4 Top 7.1
Bottom 6.5

o

Temperature (°C)

shows values that are really close to the expected F content
of the terpolymer with the feed composition. This result is
in excellent agreement with the kinetics and morphology of
the particles and films presented above. Contrary to what is
reported in the literature, there is no noticeable enrichment
of F atoms in the air-film interface.

Film PMB?2 shows also values that are close to the aver-
age value, but in this case, the air-film F content is larger
than the average value and film-substrate is lower suggesting
some segregation of F richer chains in the air-film interface.
The composition drift of the chains formed in this strategy
was not large as reported in Fig. 1 and also confirmed in the
DSC (Fig. 7). The AFM also shows a relatively homoge-
neous air-film interface, similar to that of PMB4 but with
larger particles.

Films PMB1 and PMB3 present the highest fluorine
contents at both interfaces. The polymerization strategy to
produce latex PMBI1 led to substantial composition drift
in the copolymer chains (rich copolymers of POA and rich
copolymers in MMA/BA that produced a core—shell-shell

Table 5 Water uptake, water contact angle, and water vapor transmis-
sion rate of the films PMB1-4 and a reference MMA/BA latex (MB)

Specimen Water uptake (%) Contact angle WVTR (units)
MB 13 70° 12

PMB1 7 120° 65

PMB2 Broken film 102° 6

PMB3 12 91° 3

PMB4 21 103° -
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morphology where three distinct phases could be recognized
in the TEM analysis). The air-film interface of PMB1 pre-
sented visible soft domains, which should correspond to
POA rich chains. However, the SEM and TEM images of
cross-sections of the film display that the morphology of the

1 particles was preserved; namely, that the inner shell that is

composed by copolymer chains rich in POA did not phase
separate upon film formation. Consequently, the high fluo-

| rine content measured at the air-film interphase and film-

substrate interphase should be a consequence of the arrange-
ments of the POA monomer units present in the copolymer

| chains of the outer shell. Admittedly, we do not have an
1 explanation why the film-substrate presents a higher F con-

tent than the air-film interface and neither why the F content

| at the film-substrate is that close to pure POA.

PMB3 latex is composed by two populations of parti-
cles. The large particles are core—shell particles with the
core made out of pure POA and a shell of the MMA/BA
copolymer. The small ones are composed by pure MMA/
BA copolymer chains. The TEM images of the film cross-
sections show POA domains dispersed in the MMA/BA
matrix generated by the coalescence of the small MMA/
BA nanoparticles. The AFM image of the air-film interface
shows large soft domains that could have been generated by
migration and phase separation of the POA domains, but
these large domains (several microns) are not seen in the
TEM and SEM images. The high F content values measured
at the air-film and film-substrate agrees with the phase sepa-
ration observed in the AFM, but why this phase separation
only occurs at the interface is not understood yet.

For PMB1 and PMB3, the bottom interface is richer in F

| content than the top, contrary to what it has been reported

in the literature that showed a preferential enrichment of F
atoms at the air-film interface.

Water uptake, water vapor transmission rate (VVTR), and
contact angles (in the air-film interface) were also measured
for the four films. For comparison purposes, the results of a
non-fluorinated acrylate latex (MB film) with a composition
MMA/BA =50/50 and produced by seeded semibatch emul-
sion polymerization are also shown in Table 5.

The incorporation of the fluorinated monomer led to
higher surface contact angle than the one presented by the
pure acrylic film (MB). Among the fluorinated films, PMB1
presented the higher contact angle which should be related
with the balance between high roughness (Rg=18.1 nm)
and high fluorine content (20.1%) on the surface. The rest
of the films presented contact angles in the range 90-105°.

Water uptake values were more scattered. In fact, PMB1
film showed a decreased water uptake compared to MB, but
PMB4 presented much higher water uptake values, whilst
PMB3 was similar to MB. The high value of PMB4 can be
likely attributed to the presence of small amounts of cyclo-
dextrin. On the other hand, the integrity of PMB2 did not
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resist the immersion in water. As a result, the water resist-
ance measurements provided conflicting results in terms of
the effect of the incorporation of the fluorinated monomer.

WVTR were lower for the fluorinated latexes with the
exception of PMBI1 that presented a notably much higher
value, likely because as shown in the SEM micrograph, the
film did not completely coalesce and created pores from
which water vapor molecules travel [38].

Corrosion performance of the films

In order to evaluate the anticorrosion properties of these
films, each latex was cast onto steel substrate to promote the
in situ phosphatization of the metal/film interface (optimized
conditions are at 23 °C and 55% RH) [2] and afterwards,
films of approximately 75 pm of thickness, were tested by
salt spray (using 5 wt% NaCl to create a fog under saturated
humidity). In all the cases, the in situ phosphatization was
produced, as confirmed by the yellowish coloration that
appeared on each steel substrate after the film formation.
However, despite the beneficial effect of the in situ phos-
phatization layer on the anticorrosion properties of water-
borne coatings [2], only PMB3 film provided corrosion
protection superior to non-fluorinated acrylate latexes syn-
thesized using phosphate polymerizable surfactants [2, 39].
Notably, this film presents the best balance between water
uptake and water vapor permeation rate of the four films.

Figure 8a and b present the EIS spectra (both Bode plots)
of the PMB3 film after different time of exposure to the salt
spray chamber. It is remarkable that this film withstand up
to 1200 h without suffering any noticeable corrosion effect.
In fact, it is confirmed by the capacitive behavior shown
by the coating according to both Bode plots. The imped-
ance modulus (IZ]) obtained at low frequency (from 1 to
1072 Hz) reached a plateau within the range of 10°-10'°
Q cm?, whilst the phase angle remained in the range
of —70/-90° (although there are some scatter points due to
noise at frequencies below 10? Hz). However, if the exposure
is increased up to 1400 h, the impedance (1l at 1072 Hz)
drastically decreased to values around 10° Q cm?. Figure 8c
displays the image of the sample after 1400 h of exposure
where clearly a heterogeneous surface that may be affected
by the corrosion process according to the EIS results can
be seen.

Conclusions

The incorporation of perfluoro octyl acrylate (POA) in the
formulation of waterborne acrylic coatings for corrosion
protection has been carried out following four different
approaches (from PMB1 to PMB4). Due to the insolubility
of the POA monomer in water, miniemulsion polymerization

was used in the first three strategies to incorporate the FMA
monomer to the copolymer latex. Thus, in PMB1, nanodro-
plets containing the whole POA and a fraction of MMA/
BA were first polymerized in batch, and then, the remain-
ing MMA/BA was fed to the reactor. In PMB2, pure nan-
odroplets of POA were loaded in the reactor and the polym-
erization was started at the same time that the feeding of
the MMA/BA comonomers. In PMB3, pure nanodroplets
of POA were fully polymerized in batch to produce a seed
of polyPOA and a MMA/BA preemulsion was fed to the
seed at constant flow rate. In contrast to these strategies that
used miniemulsion polymerization, PMB4 was carried out
using a conventional seeded semibatch emulsion polymeri-
zation. The seed contained a small amount of cyclodextrin
that acted as phase transfer catalyst to help transporting the
POA to the polymer particles. The comonomer mixture
(POA/MMA/BA) was fed to the reactor as a preemulsion at
constant flow rate.

Distinct particle sizes and morphologies were achieved.
The processes using miniemulsion polymerization yielded
latexes with large average particle sizes (>400 nm) and
PMB4 yielded a latex with smaller particles (around
200 nm). Morphologies were multiphasic for PMB1-PMB3,
whereas homogeneous particles were achieved for PMB4
in agreement with the composition of the chains formed in
each process.

The morphologies of the films were also distinct. The
particle morphology was preserved in the film for PMB1 and
PMB4. For PMB2 and PMB3, phase separation occurred
during film formation (and also during polymerization) and
domains rich in POA (pure POA for PMB3) were formed.
AFM, XPS, and contact angle measurements of the air-film
interface were in reasonable agreement with the achieved
morphologies. We did not find a noticeable enrichment of F
atoms in the air-film interface as reported by other authors.

All the latexes showed the ability to in situ phosphatize
the steel substrate when they were applied on the steel speci-
mens, but only the coating based on PMB3 latex was able
to provide full corrosion protection against the harsh cor-
rosive conditions. Notably, the PMB3 film maintained its
corrosion resistance for 1200 h. These results highlight the
strong influence of the particle and film morphology on the
anticorrosion performance and the key role that the chosen
reaction strategy plays on the design of efficient waterborne
coatings for anticorrosion application.
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