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ABSTRACT: The surface properties of latex films prepared from heptadecafluorodecyl acrylate and 2,2,2-
trifluoroethyl methacrylate copolymers were investigated in terms of hydrophobicity and sliding behavior
of liquid droplets. The hydrophobicity of fluorinated latex films evaluated from water contact angle was
closely related to the chemical composition of the surface. On the other hand, the sliding angle of liquid
droplets was not directly proportional to the hydrophobicity or oleophobicity of the latex films in the
present study. Although the hydrophobicity of copolymer latex films was significantly enhanced by adding
small amount of highly fluorinated heptadecafluorodecyl acrylate, it made water droplets rather difficult
to slide down on an inclined surface. The sliding angle of water droplet was quite sensitive to the
preparation methods, namely, batch and semicontinuous emulsion polymerizations in contrast to the
hydrophobicity. The surface morphology and roughness of the latex films were found to be important to

explain the observations.

Introduction

Surface properties of materials are usually governed
by the structure and chemical composition of the
outermost surface layer and, thus, quite different from
the bulk properties. One of prevailing strategies for
reducing surface energy of materials is to utilize surface
modification agent without altering their bulk proper-
ties. Among others, fluorinated polymers are widely
used for this purpose due to their extremely low surface
energy. In addition, the incorporation of fluorine atoms
into the polymer structure results in other peculiar
properties such as low refractive index, low friction
coefficient, and chemical resistance.! Water and oil
repellents for the textile, surface protection of stone and
polymer films, mold releasing agent, molecular lubri-
cant, and biofouling release coating, just to name a few,
represent the typical applications of fluorinated poly-
mers as surface modification agents.2~8

In particular, polymers with long side chains com-
posed of a perfluoroalkyl group (—C, Fo,+1) have received
a great deal of attention. The conformational arrange-
ment, distribution, and orientation of perfluoroalkyl side
chains and their packing at the air/solid interface have
been considered as a decisive parameter affecting the
performance of the coating.?~1* A number of methods
have been proposed to achieve the highest surface
density of —CF3 terminal group at the interface. For
example, the liquid crystalline ordering of perfluoroalkyl
side chains can be enhanced by appropriate synthesis
of segmented,'® block,®720 and graft??2 copolymer
structures that favor the surface segregation of the
highly fluorinated portions of the polymer.

From a practical point of view, it is advantageous to
synthesize and handle perfluorinated polymers as aque-
ous dispersions in process due to their notoriously low
solubility in common organic solvents. Perfluorinated
(meth)acrylates are suitable to produce latex particles,
which afford fluorinated surface coatings during film
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formation, by emulsion polymerization. However, the
perfluoroalkyl acrylate homopolymer exhibits some
deteriorated properties on water and oil repellency.
Therefore, in common practice, some auxiliary comono-
mers are necessary with perfluoroalkyl acrylate in order
to improve the adhesion of particles to the substrates
and to make coatings more durable by preventing self-
dewetting which has been observed in homopolymers.23
Although numerous research articles describing the
preparation of perfluorinated polymers in solution and
their surface properties have appeared in the literature,
the preparation and film formation of fluorinated latex
particles have been paid attention very recently despite
their industrial importance.24-31

In the present study, we describe the surface proper-
ties of fluorinated latex films in terms of hydrophobicity
and sliding behavior of liquid droplets. Little is known
about the sliding behavior of liquid droplets on the latex
films containing perfluoroalkyl groups. The hydropho-
bicity of the surface has been measured generally by
the water contact angle. Under the assumption that the
hydrophobicity is related to the work of adhesion,3? the
higher the water contact angle is, the more hydrophobic
surface will be. On the other hand, the repellency of the
surface, representing the rolling off or sliding down of
liquid droplets on the surface, is also a useful concept
to characterize the surface. The sliding behavior of
liquid droplet has been evaluated conventionally from
the so-called sliding angle, at which a liquid droplet with
certain weight begins to slide down on the inclined plate.
It has been well-known that the sliding behavior of
liquid droplets does not always depend on the hydro-
phobicity of the surface, but on the existence of micro-
scopic hindrance resulting from surface roughness or
heterogeneity of chemical composition which produces
the contact angle hysteresis.?33* For example, the
sliding angles of water droplets on the less hydrophobic
poly(dimethylsiloxane) are much lower than those on
the more hydrophobic poly(perfluoroalkyl acrylate).3® It
means that the removal of water droplets is much easier
on the poly(dimethylsiloxane) surface. As we shall see
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shortly, the sliding angle measurements are very sensi-
tive to the surface conditions. We also discuss the
morphology and chemical composition of latex film
surfaces to elucidate the sliding behavior of liquid
droplets as well as the bulk properties of the latex
particles.

Experimental Section

Materials. Fluorinated monomers containing a —CF'; ter-
minal group in their side chains, heptadecafluorodecyl acrylate
(CH; = CHCOO(CHs)2CsF17, FA) and 2,2,2-trifluoroethyl
methacrylate (CHy = C(CH3)COOCH:CF;, TFEMA), were
purchased from Clariant and Lancaster, respectively. Cetyl-
trimethylammonium chloride (25 wt % solution in water,
cationic surfactant, CTAC) and 1-dodecanethiol (chain transfer
agent, DT) were purchased from Aldrich. Commercial grade
of 2,2'-azobis(2-methylpropionamidine) dihydrochloride (initia-
tor, V-50) was obtained from Wako. All materials were used
without further purification. Water was purified by a Milli-Q
system (Millipore).

Preparation of Latex Particles. The fluorinated latex
particles were prepared from both the batch and semicontinu-
ous emulsion polymerizations. For batch type emulsion poly-
merizations, 0.6 g of CTAC was dissolved in 150 g of water,
and then 25.8 g of monomer (or monomer mixture) and 0.2 g
of DT were added to the surfactant solution. The mixture was
emulsified by ultrasonication and transferred into the reactor.
Nitrogen gas was bubbled through the emulsified mixture for
30 min. 0.1 g of V-50 dissolved in 1 g of water was added when
the temperature of reaction mixture attained 65 °C in an oil
bath. The polymerization lasted for at least 6 h. The fluori-
nated copolymer latex particles were also prepared by semi-
continuous emulsion polymerizations. In those cases, 0.2 g of
DT was added to 25.8 g of monomer mixture with desired
composition at first. 0.15 g of CTAC and 2.6 g of monomer
mixture were added to 100 g of water and then emulsified by
ultrasonication. After purging nitrogen gas and elevating the
temperature to 65 °C, 0.1 g of V-50 dissolved in 1 g of water
was added to the reaction mixture. 20 min later, a preemulsion
consisting of 23.4 g of monomer mixture, 0.45 g of CTAC, and
50 g of water was dropped into the reactor by using a syringe
pump at a rate of 20 mL/h. After completion of monomer
feeding, the reaction lasted for another 3 h.

Characterization of Latex Particles. The monomer
conversions were measured gravimetrically. The intensity-
averaged hydrodynamic radii of latex particles were deter-
mined by photon correlation spectroscopy (Zetasizer 3000HS,
Malvern). The intensity fluctuations of scattered light (He—
Ne laser, 633 nm) were measured with a photon correlator at
a fixed angle of 90°. To obtain dried samples, the latex particles
were precipitated in 0.1 M sodium chloride solution. The
precipitants were washed with water and ethanol several
times after filtration. Finally, the samples were dried in
reduced pressure at room temperature. The thermal behavior
of dried latex samples was observed by a differential scanning
calorimeter (DSC Q1000, TA Instruments) from —50 to 150
°C at a heating rate of 10 °C/min after quenching the samples
at 150 °C. Wide-angle X-ray diffraction (WAXD) patterns were
measured at room temperature with an X-ray diffractometer
(D/MAX-2000, Rigaku), using monochromatic Cu Ko radiation
(40 kV, 40 mA). The chemical compositions of the latex
particles were determined by 'H NMR (Bruker DPX300) using
CDCl; and, if necessary, 1,1,2-trichlorotrifluoroethane as
solvents.

Latex Film Formation. Latex films were prepared by
spreading diluted latexes (~1 wt % solid) directly on pre-
cleaned glass slides. The films were allowed to dry at room
temperature under the covered Petri dish. After annealing at
130 °C for 24 h, transparent latex films were produced.
However, the effect of surfactant added during the polymer-
ization process on the surface properties could not be ruled
out at that moment. For example, the water contact angle on
the FA homopolymer latex film was considerably lower than

Fluorinated Latex Films 737

Table 1. Characteristics of Heptadecafluorodecyl
Acrylate (FA)/2,2,2-Trifluoroethyl Methacrylate (TFEMA)
Copolymer Latexes Prepared by Batch and
Semicontinuous Emulsion Polymerizations®

solid content  particle

sample® FA (wt %) FA (mol %) (%) size (nm)
PTFEMA 0 0.0 (0.0) 14.3 90
PFA 100 100.0 (100.0) 14.5 167
B-15 15 5.2(5.0) 14.6 83
B-30 30 11.9 (12.0) 14.5 92
B-50 50 25.0 (25.0) 14.3 79
B-75 75 47.4 (50.0) 13.9 114
SC-15 15 5.1(5.0) 14.2 108
SC-30 30 10.7 (12.0) 13.6 110
SC-50 50 23.7 (25.0) 13.9 110
SC-75 75 44.5 (50.0) 12.9 126

¢ The reaction mixture consists of 25.8 g of monomer (or
monomer mixture), 0.6 g of cetyltrimethylammnium chloride, 0.2
g of 1-dodecanethiol, and 150 g of water in all experimental runs.
b B and SC in the sample names denote batch and semicontinuous
emulsion polymerizations, respectively. PFA and PTFEMA ho-
mopolymer latexes were prepared by batch emulsion polymeriza-
tion. ¢ The weight fraction of FA in the monomer mixtures. ¢ The
mole fraction of FA in the latex particles determined by 'H NMR.
Theoretical mole fraction of FA is shown in parentheses.

literature values. Thus, latex films were rinsed with running
water thoroughly and annealed again at 130 °C for another
24 h. By doing so, the effect of presumable surfactant segrega-
tion at the air/solid interface during film formation could be
minimized. It has been confirmed that further purification did
not influence the water contact angle anymore. Solvent-borne
films of FA and TFEMA homopolymers were also prepared
by spin-coating on the glass slide. After evaporating the
solvent, the films were annealed at 130 °C for 24 h before
subsequent analyses. For X-ray photoelectron spectroscopy
(XPS) and atomic force microscopy (AFM) experiments, the
latex films were prepared by following the same procedure
except that the films were casted on smaller glass slides 10
mm x 10 mm in dimension.

Characterization of Latex Films. Contact angle mea-
surements were performed on a Rame-Hart goniometer. The
static contact angles of wetting liquids were obtained from an
average of several drops, and 10 uL of wetting liquid was used
for each measurement. The sliding angles of liquid droplets
were measured with a homemade apparatus. The coated glass
slide was positioned on a horizontal plate, and the liquid
droplet of known volume was formed by micropipet. The plate
was inclined by the stepping motor with a fixed rate of 1°/s.
The motor was stopped automatically when the motion of the
droplet was detected. The chemical compositions of surfaces
were determined by XPS (ESCA Lab 2000, VG Scientific) with
a Mg Ka X-ray source. The X-ray gun was operated at 12 kV
and 10 mA, and the analyzer chamber pressure was 10 ®mbar.
The takeoff angle was fixed at 90°. AFM experiments were
performed using a Nanoscope IV (Digital Instruments) in order
to observe the surface morphology and to measure surface
roughness of latex films. Images were acquired under ambient
conditions in tapping mode.

Results and Discussion

Synthesis of Latex Particles. The basic character-
istics of the resulting latex particles are summarized
in Table 1. In all cases, the solid contents are close to
the expected value of 14.9 wt %. Therefore, it is
anticipated that the chemical compositions of latex
particles are not much different from those of mono-
mers. The incorporation of both fluorinated monomers
into the latex particles was confirmed by 'H NMR by
evaluating the peak intensities at 4.3 ppm (—OCH3) and
2.5 ppm (—OCH3CHy). The hydrodynamic radii of latex
particles prepared from semicontinuous emulsion po-
lymerization increase gradually with FA fraction in the
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Figure 1. DSC thermograms of copolymer latexes prepared
from (a) semicontinuous and (b) batch emulsion polymeriza-
tions.

feed, while batch emulsion polymerization does not show
any tendency on the particle size under the present
polymerization conditions.

The chemical composition of latex particles deter-
mined by 'H NMR, however, does not provide the
information on the microstructure of polymer chains in
detail. The possibility that a minor amount of ho-
mopolymer is coexisted with copolymer cannot be ex-
cluded. Thus, DSC and WAXD experiments were carried
out in order to examine the homogeneity of the copoly-
mers. The presence of FA homopolymers in latex blends
is able to produce noticeable effects on the thermal and
crystalline behaviors.?? It has been known that PFA
homopolymer is semicrystalline showing the first-order
transition at 75 °C, whereas the TFEMA homopolymer
is amorphous with one glass transition temperature at
75 °C. More complex thermal behavior was observed in
copolymer latexes as reproduced in Figure 1. At first,
the copolymer latexes prepared by semicontinuous
emulsion polymerization show usually one glass transi-
tion temperature except SC-75 in which the largest
amount of FA is incorporated. In that case, one glass
transition temperature around 20 °C and one broad
first-order transition at 55 °C are observed. The glass
transition temperature decreases slightly as increasing
FA fraction in the copolymers. The thermal behavior of
copolymer latexes prepared by batch emulsion polym-
erization is a little different from those prepared semi-
continuously with the same compositions. When the FA
fraction in copolymers is less than 50 wt %, two
distinctive glass transition temperatures at around 20
and 70 °C are detected. In addition, a more pronounced
first-order transition is observed in B-75. The thermal
behavior of latex particles thus reveals that the micro-
structure of the latex particles is influenced very much
by the preparation method.
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Figure 2. Powder X-ray diffraction spectra for the latex
particles. For the PFA homopolymer, arrows stand for the

Bragg peaks observed at 20 = 5.2, 8.0, and 17.7°, corresponding
to 16.8, 11.0, and 5.0 A in Bragg spacing, respectively.

The homogeneity of copolymer chains was further
examined by WAXD experiments. The diffraction spec-
tra obtained at room temperature are shown in Figure
2. The PTFEMA spectrum does not show a sharp peak,
merely a diffusion band at 4.85 A, characteristic of an
amorphous state as expected. The crystallinity observed
in FA homopolymer is attributed to the layer structure
of side chains. The small-angle peaks (260 < 10°) are
corresponding to successive diffraction orders and char-
acteristics of a smectic B lamellar order.?!3 The crystal-
line order between adjacent perfluoroalkyl side chains
results in a sharp peak around 20 ~ 18°. Among the
copolymer samples considered in this study, a Bragg
peak at 5.0 A can be found only in the samples
containing the highest fraction of perfluoroalkyl groups,
B-75 and SC-75. One thing to note is that, in the case
of B-75, the diffraction spectrum is quite similar to that
of perfluoroalkyl homopolymer, and long-range lamellar
crystalline order is more pronounced compared with SC-
75. This result is in agreement with thermal behavior
of latex particles shown in Figure 1. On the basis of the
DSC and WAXD results, it can be assumed that the
latex particles prepared from batch emulsion polymer-
ization consists of TFEMA-rich and FA-rich copolymers,
even though the formation of homopolymers is not
evident. In contrast, the semicontinuous emulsion po-
lymerization seems to produce chemically homogeneous
latex particles.

The monomer transport from the emulsion droplets
to the growing particles is essential to making polymer
latexes by conventional emulsion polymerization. Be-
cause of the heterogeneous nature of the reaction, the
partitioning of the different monomers between the
organic and aqueous phases is a crucial factor to
determine the composition of the copolymer chains
formed. As a result, depending on the monomer polarity
and reactivity as well as solubility in water, statistical
copolymerization in emulsion polymerization is doubt-
ful. In particular, because of the extraordinarily low
solubility in water, heterogeneous particles are usually
observed in emulsion copolymerization of perfluorinated
monomers with hydrocarbon comonomers.?? Another
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Figure 3. Static contact angles of water (circles), di-
iodomethane (squares), and n-hexadecane (triangles) on the

latex films prepared from batch (open symbols) and semicon-
tinuous emulsion polymerizations (filled symbols).

recent study has shown that the copolymer structure
becomes rather blocky by varying the type of polymer-
ization from solution to emulsion.3¢

The uniformity of the copolymer composition also
depends on the monomer feeding conditions. In semi-
continuous emulsion polymerization, the monomers
added show instantaneous conversion under the mono-
mer-starved condition. If the comonomer mixture is
completely polymerized immediately upon entering the
reactor, then the copolymer formed must have the same
overall composition as that of the comonomer mixture
added. Thus, it is possible to produce copolymers of
relatively uniform composition.3” The different monomer
feeding conditions produce significant effects on the
surface properties of resulting polymers even in the case
of solution copolymerization of fluorocarbon and hydro-
carbon comonomers. For example, at a given weight
percent of perfluoroalkyl methacrylate in the polymer,
the single shot feeding of monomer mixture produces
the higher water and n-hexadecane contact angles
compared with continuous feeding. According to Thomas
et al., the difference in surface properties can be
explained by considering polymer architecture.?® The
single shot feeding of monomer mixture results in more
blocky polymers, and thus, the perfluoroalkyl groups
from several polymer chains are able to form domains
of appreciable surface area fractions.

The surface segregation of —CF3 terminal groups at
the interface, which is the main reason for the hydro-
phobicity of polymers containing perfluoroalkyl groups,
is also influenced by various effects such as chain length,
blockiness, and degree of incorporation of the fluorinated
monomer. On the basis of the DSC and WAXD results,
the fluorinated copolymer latex particles considered in
the present study can be assumed to have random
structure macroscopically, but it can be also assumed
that there is a noticeable difference in polymer archi-
tecture depending on the preparation method. Conse-
quently, it is expected that the polymer architecture,
for instance the blockiness by leading to microphase
separation of the bulk, affects surface properties of latex
films as discussed in the following section.

Surface Properties of Latex Films. Figure 3 shows
the water and diiodomethane contact angles on the films
of latex particles prepared by batch and semicontinuous
emulsion polymerizations. In addition, the n-hexadecane
contact angles are also included as an index of oleopho-
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bicity. As expected, the contact angles of wetting liquids
are enhanced initially with increasing the amount of FA
in the copolymers. That is, both the hydrophobicity and
oleophobicity are improved by incorporating hepta-
decafluorodecyl groups into the latex films. There is no
further increase of contact angles when the FA fraction
exceeds about 50 wt %.

The surface free energy of solid can be calculated from
the contact angles of two wetting liquids having known
values of polar (y?) and dispersive (y4) components of
surface energy as follows:3?

yp(1 + cos 6) = 2(;/2;/%)1/2 + 2(3/53/{)”2 @))
In this semiempirical equation, subscripts L and s refer
to the wetting liquid and the solid, respectively, and 6
is the contact angle of a sessile droplet in the equilib-
rium state. The surface energy, y, is defined as the
summation of the polar and dispersive components.
While water (y§. = 21.7 mN/m, y® = 51.8 mN/m at 22
°C) and diiodomethane (y§ = 48.1 mN/m, y? = 1.3 mN/
m) have been used generally to estimate y® and y?, it is
also possible to use one n-alkane as a wetting liquid.1?
We used n-hexadecane (yi = 27.6 mN/m, ¥ = 0 mN/m)
as an apolar wetting liquid.

Given in Table 2 are the polar and dispersive com-
ponents and surface free energy of the latex films
calculated from geometric mean approximation in eq 1.
In the present study, since the latex particles were
prepared from emulsion polymerization, surfactant
molecules resided in the films inevitably. The presence
of the surfactant molecules at the air/solid interface is
able to influence the surface properties, for instance,
through the surface solubilization of wetting liquids.°
As mentioned previously, to remove surfactant, the
surface properties of latex films were examined after
rinsing with water and reannealing, and thus, the effect
of surfactant segregated on the surface was assumed
to be negligible. It was confirmed by comparing mea-
sured surface energies of homopolymer latex films with
literature values. The surface free energy of PFA
estimated from water and diiodomethane as wetting
liquids is 8.5 mN/m, as shown in Table 2. This value is
slightly higher than the surface energy measured on the
surface where the —CF3 groups are regularly aligned
and hexagonally packed*! and is consistent with 7—10
mN/m reported in the literature on the PFA surface
prepared from solution polymerization.!342 The success-
ful removal of surfactant molecules was also confirmed
from XPS measurements. There was no sign of Ny at
least in the outmost layer of the latex films.

The effect of surface solubilization on the surface
energy measurement can be appreciated by selecting
n-hexadecane as a wetting liquid.!34? As can be found
in Table 2, the surface energy of PFA estimated from
water and n-hexadecane contact angles is 11.2 mN/m.
It is well-known that the low molecular weight n-alkane
is usually adsorbed or solubilized on the surface. This
is problematic especially in the determination of the
critical surface tension by Zisman’s plot since the
spreading pressure, which is neglected generally, is
influenced greatly by dissolution of wetting liquid. In
the case of higher molecular weight n-alkane, such as
n-hexadecane, it has been accepted that the dissolution
effect is negligible. However, our measurement exhib-
ited that there is some difference in the estimated
surface energies of PFA latex films depending on the
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Table 2. Surface Energies of Latex Films Estimated from Eq 1

water/diiodomethane pair

water/n-hexadecane pair

¢ (mN/m) ? (mN/m) vs (mN/m) 74 (mN/m) ? (mN/m) 75 (mN/m)
PFA 7.8 0.7 8.5 10.9 0.3 11.2
PTFEMA 18.9 46 23.5 22.5 3.5 26.0
B-15 11.1 2.4 13.5 16.9 1.0 17.9
B-30 8.9 15 10.4 12.1 0.8 12.9
B-50 8.0 0.7 8.7 12.1 0.2 12.3
B-75 8.0 0.7 8.7 11.9 0.2 12.1
SC-15 10.7 4.3 15.0 15.8 2.5 18.3
SC-30 8.7 1.3 10.0 12.2 0.6 12.8
SC-50 8.6 1.1 9.7 11.5 0.5 12.0
SC-75 8.0 1.0 9.0 11.6 0.4 12.0

wetting liquids, and this might reflect the influence of
the spreading pressure, which is far from the current
research scope.

The surface energy of PTFEMA homopolymer latex
films is 23.5—26.0 mN/m depending on the selection of
wetting liquids, much higher than that of PFA latex
film. The surface energy of copolymer latex films
decreases monotonically as increasing the FA fraction
in the latex particles up to 50 wt %. Further reduction
of surface energy is not observed with FA fraction. In
many cases, the surface energy of random copolymers
is linearly proportional to the molar fraction of their
monomer units. However, the surface energy of copoly-
mers containing fluorinated monomers is varied in a
nonlinear way, that is, a small fraction of fluorinated
monomers induces a significant reduction of surface
energy mainly due to the surface segregation of fluori-
nated portion of the polymer chains. It can be also found
in Figure 3 that there is no considerable difference in
surface energies between latex films prepared from
different polymerization methods.

While the water contact angle has been commonly
used as a criterion for the hydrophobicity of the surface,
this alone is insufficient for the evaluation of the sliding
behavior of water droplets on surfaces. In some applica-
tion fields, the removal of liquid droplets on the surface
by rolling off or sliding down is more important rather
than the hydrophobicity itself. The sliding angles of
water and n-hexadecane droplets on the PFA and
PTFEMA homopolymer latex films are represented in
Figure 4a as a function of droplet volume. As observed
previously, the PFA homopolymer latex film is more
hydrophobic and oleophobic than PTFEMA on the basis
of the contact angle measurements. However, the sliding
behavior of liquid droplets is almost the same on two
latex films. The sliding angles of water droplets on the
PTFEMA surface are even consistently lower than those
on the PFA surface. n-Hexadecane droplets are more
easily slide down on the PFA surface, but the difference
is not significant. The solid line included in the plot
stands for the literature value measured on the PFA
homopolymer film prepared by solution polymeriza-
tion,3 which is in good agreement with our result.

The sliding behavior of liquid droplets on an inclined
surface can be analyzed by taking into account the
capillary force retaining droplet. After some mathemati-
cal manipulations, Carre and Shanahan** proposed the
following relationship between the volume of liquid
droplet V; and sliding angle o;

V2 sin o, =
6:7°
t# + 3)

1/3 'yL
——(cos 6y — cos 6,) = K(const) (2)
ng R A

in which p is the density of the droplet, g is the gravity,
and ¢ = tan(6/2). It can be clearly seen that the sliding
angle is related to not only the static contact angle but
also the contact angle hysteresis describing the differ-
ence between advancing (65) and receding (6r) contact
angles. Since the right-hand side of the equation is a
constant for a given liquid/solid system, the product V;#3
sin a; should be constant for a given system. As shown
in Figure 4b, the constancy of V;%3 sin q; as a function
of V; is clearly observed within experimental errors.

In Figure 5, the sliding angles of water droplets on
the homopolymer films prepared by different film-
forming methods are depicted. The preparation method
does not alter the sliding angle of water droplets. The
constancy of V;%3 sin q; is preserved in all cases. It can
be confirmed again that the surfactant molecules were
removed successfully from latex films.

The sliding angles of a 40 ul. water droplet on the
copolymer latex films are shown in Figure 6. Interest-
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Figure 4. (a) Sliding angles of water (circles) and n-hexade-
cane (squares) droplets and (b) K (= V;#3 sin o) as a function
of droplet volume (V;) on the latex films prepared from
heptadecafluorodecyl acrylate (filled symbols) and 2,2,2-tri-
fluoroethyl methacrylate (open symbols) homopolymers. (b) K
=4.50 £+ 0.40 and 3.93 £ 0.22 for the water droplets and K =
1.10 £+ 0.14 and 1.33 £ 0.16 for the n-hexadecane droplets on
the heptadecafluorodecyl acrylate and 2,2,2-trifluoroethyl
methacrylate homopolymer latex films, respectively. The solid
line in (a) stands for the literature data for the sliding angle
of water droplets on FA homopolymer film produced from
solvent casting.?
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Figure 5. (a) Sliding angles and (b) K (= V;#3 sin o;) as a
function of droplet volume (V;) of water droplets on the
heptadecafluorodecyl acrylate (circles) and 2,2,2-trifluoroethyl
methacrylate (squares) homopolymer films prepared from latex
particles (filled symbols) and solvent-casting (open symbols).
(b) K = 4.50 £+ 0.40 and 4.35 + 0.43 for the heptadecafluoro-
decyl acrylate films and K = 3.93 + 0.22 and 4.23 + 0.20 for
the 2,2,2-trifluoroethyl methacrylate homopolymer films pre-
pared from latex particles and solvent casting, respectively.
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Figure 6. Sliding angles of 40 uL. water droplets on the
heptadecafluorodecyl acrylate/2,2,2-trifluoroethyl methacrylate
copolymer latex films as a function of FA wt %. Open and filled
symbols stand for the latex films prepared from semicontinu-
ous and batch emulsion polymerizations, respectively.

ingly, it is not advantageous to introduce heptadeca-
fluorodecyl groups into the latex films from the view-
point of sliding angle of water droplets unlike the
hydrophobicity. The water contact angle increased so
that the surface energy decreased with FA fraction in
the copolymers up to 50 wt % as represented in Figure
3. However, the sliding angle of water droplets increases
on the contrary as decreasing surface energy of latex
films and exhibits a maximum when the FA fraction is
about 30 wt %. In other words, the incorporation of FA
into the copolymers makes the latex film more hydro-
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Figure 7. F;/Cys atomic ratio determined by XPS experiments
as a function of FA wt % in the latex particles. Open and filled
symbols stand for the latex films prepared from the semicon-
tinuous and batch emulsion polymerizations. The solid line
denotes the theoretical atomic ratio estimated from monomer
compositions.

phobic but the removal of water droplets on the surface
more difficult. Further increasing of FA fraction is not
effective to reduce surface energy but sliding angle of
water. Another thing to note is that the sliding angles
of water droplets are much lower on the latex films
prepared from semicontinuous emulsion polymerization,
although the surface energies are almost the same
regardless of the copolymerization methods.

In all experiments, the sliding droplets kept their
rounded shape without breakup. On the less hydropho-
bic surface where the contact angle is low, a sliding
droplet may deform into a cusped shape with tail from
a rounded shape.*> Eventually tiny droplets are released
behind the sliding main droplet by singularity similar
to Rayleigh instability observed in extending or relaxing
droplets. The resulting small droplets remain pinned
on an inclined surface. Thus, it is obvious that the
surface must be sufficiently hydrophobic in order to
remove the droplet completely by inclination of the
surface. As predicted in eq 2, for a given value of contact
angle hysteresis, it is true that the sliding angle
decreases as increasing advancing contact angle or,
equivalently, hydrophobicity of the surface.*6 However,
in real situations, the higher hydrophobicity does not
always ensure the lower sliding angle. A lot of excep-
tional results have been found mainly due to the fact
that the contact angle hysteresis is influenced by many
other causes such as surface roughness, chemical het-
erogeneity of the surface, mechanical irreversibility, and
molecular rearrangement at the surface.*’*8 In this
study, the chemical composition and roughness of latex
film surfaces are mainly considered.

The chemical composition of the outmost layer of latex
films measured with XPS experiments is represented
in Figure 7. Because of the surface segregation of
hydrophobic perfluoroalkyl groups, the F14/Ci; ratio is
not proportional to the FA fraction in copolymer latex
particles. In all cases, the ratio is higher than that of
theoretical value determined from monomer composi-
tion. Even in the homopolymer latex films, the fluorine
content is enhanced at the air/solid interface as observed
in previous research.#9=5! As can be found in Figure 7,
the small amount of FA induced rapid enhancement of
F1/Cjs ratio in the copolymers. The surface chemical



742 Ha et al.

Macromolecules, Vol. 38, No. 3, 2005

Figure 8. AFM images of latex films in tapping mode in 5 yum x 5 um area: (a) PTFEMA, (b) PFA, (¢) B-15, (d) B-30, (e) B-50,

(H B-75, (g) SC-15, (h) SC-30, (i) SC-50, and (j) SC-75.

composition of the latex films containing more than 50
wt % of FA becomes similar to that of PFA homopoly-
mer. The fluorine content is slightly higher on the latex
films prepared from batch emulsion polymerization. The
XPS results are coincident exactly with the surface
energy measurements. Therefore, it can be concluded
that the hydrophobicity and oleophobicity of the latex
films are governed by the fluorine content on the
surface. However, the XPS results do not provide any
explanation on the sliding behavior of the liquid droplets
on the latex films.

The surface roughness plays a significant role in
surface properties. In the case of hydrophobic surface,
the apparent water contact angle is enhanced by surface
roughness. The so-called “Lotus effect” is a well-known
example of the combined effect of hydrophobicity and
surface roughness.?? On that surface, the water contact
angle exceeds 150° while the contact angle hysteresis
remains small. As a consequence, the surface is almost
fully nonwettable, and the water droplet has a spherical
shape and rolls down on the inclined surface instead of
sliding down. Usually surface roughness of several tens
of nanometers is required to produce such a superhy-
drophobic surface. On the other hand, a slight increase
of surface roughness leads to larger contact angle
hysteresis, although the apparent contact angle in-
creases.

To explain the sliding behavior of water droplets
observed in Figure 6, the surface morphology and
roughness of the latex films were investigated by AFM.
In Figures 8 and 9, the surface morphology and root-
mean-square (RMS) roughness of latex films are shown.

Surface RMS roughness (nm)
o

0 20 40 60 80 100

FA wt%

Figure 9. Root-mean-square surface roughness measured
from AFM experiments in 5 yum x 5 um area as a function of
FA weight fraction in the copolymers. Open and filled symbols
represent the latex films prepared from semicontinuous and
batch emulsion polymerizations, respectively.

Depending on the FA fraction in the copolymers, the
surface morphology is varied significantly. At first, let
us consider the latex films prepared from batch emul-
sion polymerization (Figure 8c—f and filled symbols in
Figure 9). The addition of FA into the copolymers is
responsible for the formation of much rougher latex
films. The AFM image of B-30 is similar to microphase
separation observed usually in block copolymers or
immiscible polymer blends. Copolymer latex films con-
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taining more than 75 wt % of FA have similar surface
roughness with PFA homopolymer. Also, it can be found
that there is a large difference in surface morphology
and roughness between latex films prepared by batch
and semicontinuous emulsion polymerizations. The
surface roughness of the latex films exhibits the identi-
cal tendency with the sliding behavior of the water
droplets in cases of batch emulsion polymerization in
particular.

Unfortunately, it was hardly possible to control the
surface roughness and morphology separately in the
present study. Thus, it is not sure that the surface
roughness as small as 7 nm in RMS alone is a sufficient
condition to govern the sliding behavior of the liquid
droplets. Moreover, in the case of latex films prepared
from semicontinuous emulsion polymerization, the slid-
ing angles of the water droplet were altered considerably
by varying FA fraction in copolymers while the surface
roughness was not very much. As discussed briefly, the
architecture in copolymer chain can be influenced by
the polymerization procedure. Compared with semicon-
tinuous one, the batch emulsion polymerization seems
to produce rather blocky copolymers. The blockiness of
the copolymer chains should affect the microstructure
of the latex films and, thus, roughness of the films. This
is responsible for the higher sliding angle of water
droplet on the latex films prepared from batch emulsion
polymerizations despite the fact that the bulk and
surface compositions were almost the same in both
cases.

Considering homopolymer latex films, the difference
in surface roughness is only subtle, and the surface
structure is anticipated to be homogeneous relatively
compared with copolymer latex films. Thus, surface
roughness and heterogeneity might be less important
parameter to explain the nearly identical sliding be-
havior of liquid droplets on the homopolymer films
possessing different hydrophobicity. In that case, other
surface properties such as molecular interaction be-
tween surface and wetting liquid must be taken into
account.3?

Conclusions

A series of latex particles have been prepared by batch
and semicontinuous emulsion polymerizations of flu-
orinated monomers, heptadecafluorodecyl acrylate and
2,2,2-trifluoroethyl methacrylate. The bulk properties
such as thermal behavior and X-ray diffraction patterns
of resulting latex particles were studied to examine the
homogeneity of copolymer structure. Although there was
no indication of homopolymer formation, noticeable
differences in microstructure of copolymer chains were
found depending on the polymerization methods. The
batch emulsion polymerization seemed to produce the
latex particles with more blocky structure. Further
experiments were carried out to observe the effect of
polymer architecture on the surface properties of latex
films. The hydrophobicity and oleophobicity estimated
from static contact angle measurements of water and
n-hexadecane showed the same tendency with the
surface chemical composition measured from XPS. As
increasing the amount of heptadecafluorodecyl groups
in the latex films, the contact angles of wetting liquids
were increased, and consequently, surface energy was
reduced. The effect of heptadecafluorodecyl groups
incorporated into latex films was saturated when the
amount of FA was exceeded to 50 wt %. The polymer-
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ization method produced little effect on the hydropho-
bicity, oleophobicity, or fluorine atomic fraction at the
film surfaces. Sliding angles of water and n-hexadecane
were also measured on the latex films. Interestingly,
both the wetting liquids exhibited almost the same
sliding behavior on the homopolymer films despite
considerable differences in hydrophobicity and oleopho-
bicity. Compared with homopolymer latex films, higher
sliding angles of water droplet were observed in copoly-
mer latex films. The increase of water sliding angle was
much more considerable for the latex films prepared
from batch emulsion polymerization, wherein the sur-
face compositions of latex films were almost identical,
but the surface morphology and roughness were quite
different from latex films prepared from semicontinuous
emulsion polymerization.
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