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This study focuses on the preparation of superhydrophobic films by crosslinkable polymer material-
Poly(methyl methacrylate-butyl acrylate-hydroxyethyl methacrylate)-b-Poly(perfluorohexylethyl
methacrylate) (P (MMA-BA-HEMA)-b-PFMA) with a simple one-step casting process. Nanoscale micelle
particles with core-shell structure was obtained by dissolving the polymer and curing agent in the mix-
ture of acetone and 1H, 1H, 5H octafluoropentyl-1,1,2,2 tetrafluoroethyl ether (FHT). Superhydrophobic
films were fabricated by casting the micelle solution on the glass slides. By controlling the polymer
concentration and acetone/FHT volume ratio, superhydrophobic polymer film with water contact angle
of 153.2+2.1° and sliding angle of 4° was obtained. By introducing a curing agent into the micelle
solution, mechanical properties of the films can be improved. The adhension grade and hardness of
the crosslinked superhydrophobic films reached 2 grade and 3H, respectively. The hydrophobicity is
attributed to the synergistic effect of micro-submicro-nano-meter scale roughness by nanoscale micelle
particles and low surface energy of fluoropolymer. This procedure makes it possible for widespread
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applications of superhydrophobic film due to its simplicity and practicability.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Superhydrophobic surfaces, defined as surfaces with a water
contact angle (WCA) larger than 150° and low contact angle hys-
teresis, have attracted considerable attentions in recent years [1].
This type of surface has been widely used in applications includ-
ing antifogging, self-cleaning, anticorrosion, water harvesting, etc.
[2-4].1t has been revealed that a peculiar topology based on micro-
and nanoscopic surface roughness combined with the hydrophobic
properties of its epicuticular wax is a prerequisite for superhy-
drophobic film [5]. Considerable efforts have been focused on the
development of superhydrophobic surfaces through the design of
proper roughness. Various approaches, based on sol-gel [5-8], the
sublimation of aluminum acetylacetonate [9], lithography [10],
spinning [11], chemical etching [12] and others [13-15] were
reported.
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Among these methods, polymer film casting, such as fluori-
nated copolymer [16] and polystyrene [11], have been proved to
be a scalable methodology. For example, block copolymer were
used to prepared superhydrophobic films through phase separation
to form surface with variable morphology [17]. Xie et al. pre-
pared a superhydrophobic surface by casting a micelle solution of
the diblock copolymer of polypropylene-b-poly(methyl methacry-
late), under an ambient atmosphere [18,19]. Deepak and Asha
revealed that a polymer possessing both bulky units and polar
structures as side chains could self-organize when a certain amount
of water was added to the polymer solution for phase separa-
tion [20]. In our previous study, a block copolymer-poly(methyl
methacrylate-butyl methacrylate-hydroxyethyl methacrylate)-b-
Poly(perfluorohexylethyl methacrylate) (P (MMA-BMA-HEMA )-b-
PFMA) was used to fabricate hydrophobic surfaces [21]. However,
major challenge remains in developing scalable methodologies that
enable superhydrophobic coatings on versatile substrates with a
combination of strong mechanical and chemical stability, etc. [22].

In this paper, we prepared a crosslinked superhy-
drophobic surface with good mechanical performance. A
fluorinated block copolymer, poly(methyl methacrylate-butyl
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acrylate-hydroxyethyl methacrylate)-b-poly(perfluorohexylethyl
methacrylate) (P(MMA-BA-HEMA)-b-PFMA) was synthesized
using a typical ATRP method. By mixing this copolymer in acetone
and 1H, 1H, 5H octafluoropentyl-1,1,2,2-tetrafluoroethyl ether
(FHT), micelles with core-shell structure was obtained. The micelle
was cast onto clean glass to prepare superhydrophobic film by
self-assembly of the fluorinated block copolymer. Curing agent of
tolulene diisocyanate (L75) was introduced into micelle solution
to improve the adhesion and hardness of film through crosslinking
reaction between hydroxyl groups of the fluorinated block copoly-
mer and -NCO groups of L75. The superhydrophobic films improve
mechanical performance that satisfies practical application (e.g.
self-cleaning) and have good potential application prospects.

2. Experimental
2.1. Synthesis of the fluorinated block copolymer

P(MMA-BA-HEMA)-b-PFMA was obtained from macro-initiator
(P(MMA-BA-HEMA)-Br) and FMA according to the procedure out-
lined in Scheme 1. Firstly, a typical ATRP was carried out as follows.
A mixture of MMA (2.00 g, 20 mmol), BA (10.14 g, 30 mmol), HEMA
(1.3 g, 10 mmol), ligand (PMDETA) and solvent (xylene, dimethyl-
formamide (DMF) or cyclohexanone) was added to a 50 mL Schlenk
flask equipped with a rubber septum and a stirring bar, and
degassed by three freeze-pump-thaw cycles. Then CuCl (0.3 mmol)
and CuCl, (if necessary) were added to the mixture. The system was
again degassed by three freeze-pump-thaw cycles and sealed with
a septum. The initiator (EBiB or EBP) was then added. The flask was
placed in an oil bath maintained at the desired temperature [23].
The sample was diluted in acetone and filtered through a small
plug of Al,03. Then the solvent was evaporated at room tempera-
ture. Secondly, a mixture of macroinitiator (2 g, ~0.1 mmol), FMA
(2.1g, ~4mmol), ligand (PMDETA) and solvent (cyclohexanone)
was added to a 50 mL Schlenk flask equipped with a rubber sep-
tum and a stirring bar. After repeating the above steps, the product,
P(MMA-BA-HEMA)-FMA, was prepared.

2.2. Preparation of superhydrophobic surfaces

P(MMA-BA-HEMA)-b-PFMA (0.04g) was dissolved slowly in
0.015 mL acetone under ultrasonic environment. Then the mixture
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was admixed in succession with 0.04 g L75 and 0.7 mL FHT, and was
sonicated to accelerate the dissolution. The solution was directly
cast-coated on a clean tin surface and then dried in an ambient
environment.

2.3. Characterization

Shape and size of micelle particles were measured by transmis-
sion electron microscopy (TEM) (JEM-100CXII). The morphologies
of the films were examined by scanning electron microscope (SEM)
supplied by LEO (LEO 1530VP). An atomic force microscopy (AFM)

(Dimension CSPM2000) was used to investigate the topography of

thin film on glass. Images were acquired under ambient conditions
in tapping mode using a Nanoprobe cantilever. Contact angle for
water (WCA) and slide angle (SA) were measured with an OCA15
contact angle goniometer (Dataphysics Co., Germany). Each WCA
and SA value was averaged from five measurements made at dif-
ferent positions of the film surface.

2.4. Test method of basic performances of superhydrophobic film

Analysis of adhesion grade was conducted according to adhesive
attraction test methods in GB/T9286-1998 [14,15]. According to
this standard, the blade is used to cut the film to make a lattice
pattern on the film, with the number of both horizontal and vertical
cuts being 6 in every cutting graph. The result is grade 0 when the
cut line is smooth and no lattice drops off. The test was executed at
least three times on one sample.

Hardness of the film was also examined with the pencils of dif-
ferent hardness going substantially parallel to the major axes of
the test specimen. We carried out the experiment according to the
Chinese national standard of GBT 6739-2006.

3. Results and discussion

The synthetic route of the copolymers is shown in Scheme 1.
Chemical structures of the final products were verified by FTIR
(Fig. 1) and 'H NMR (Fig. 2). Fig. 1(a) shows the characteristic
absorption peak located at 1446 cm~! represents the CH; group
in MMA [24]. The peaks at 2932cm~! and 2854cm~! are due to
stretching vibration of -CH3 and -CH, in HEMA, BA and FMA.
The appearance of a wide absorption at 3435cm™! is stretching
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Scheme 1. The procedure for preparing fluorinated block copolymer.
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Fig.1. FT-IR spectra of block copolymer (a) P(MMA-BMA-HEMA)-Br and (b) P(MMA-
BMA-HEMA)-b-PFMA.

vibration of OH, indicating the existence of HEMA. The peaks at
496cm~1,1237cm~1,1724cm~1,2977 cm~! are due to the charac-
teristic absorption of C-Br, -O-C-0, -C=0, and -CH3. This suggests
that the sample is the macro-initiator synthesized by MMA, HEMA
and BA. The disappearance of the peak at 1640cm~! indicates
that no free monomer exists in the sample. Comparing Fig. 1(b)
with Fig. 1(a), the first interest region lies between 1500 cm™!
and 1000cm~! of the FT-IR spectrum (b), which is dominated
by bands associated with motions of the CF, group at 1260 cm™!
(va(CFy)+1(CF;))and 1160 cm~"! (vs(CF,) +d(CF3))[25]. In addition,
the band at 1220cm™! is attributed to stretching and bending
of the carbon skeleton of the fluorocarbon helix. The second
interest region is that between 600 and 800 cm~!. The first peak at
750 cm~! is due to the CF3 group. The others are two medium bands
at 666 and 711 cm~1, resulting from a combination of rocking and
wagging vibrations of the CF, group. It indicates that the synthetic
product is the block polymer of P (MMA-BA-HEMA)-PFMA.

Fig. 2(a) and (b) are the 'H NMR spectra of macromolecular ini-
tiator and fluorinated block copolymer. It can be seen from Fig. 2(b)
that the peak at 3.61 ppm is attached to the ~-OCH3 from MMA. The
protons of the ~-OCH,- are in the low field 3.94 and 3.85 ppm (peak
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Fig. 2. "H NMR spectra of block copolymer (a) P(IMMA-BMA-HEMA)-b-PFMA, (b)
P(MMA-BMA-HEMA)-Br.

Table 1
Formulas of samples obtained with mixed solvent.
Sample Fluorinated block L75(g) Acetone FHT(wL) Drying
copolymer (g) (L) temperature (°C)
A 0.04 0.02 0 700 20
B 0.04 0.02 10 690 20
C 0.04 0.02 20 680 20
D 0.04 0.02 30 670 20
E 0.04 0.02 40 660 20
F 0.04 0.02 700 0 20
G 0.04 0 30 670 20
H 0.04 0.03 30 670 20

b, c and d) in BA and HEMA [26]. The protons at 4.43 ppm (peak e)
and 2.35 ppm (peak f) are assigned to the ~-OCH,- and -CH,- in
FMA. Compared to Fig. 2(a), the existence of the new peak e and f
confirmed the successful synthesis of fluorinated block copolymer.

We also investigated that influence of solvents on film property,
since solvents are demonstrated to seriously affect film formation
process, wettability and mechanical performances of films [27].
Formula and performances of films obtained under different sol-
vents are shown in Table 1 and Table 2. SEM images of the films
and TEM images of the micelles are shown in Fig. 3 and Fig. 4.

When FHT was selected as solvent (sample A, Table 2), the WCA,
hardness and adhesion grade of the film were 109.5+3.1°, 1H and
3 grade, respectively. This is because the FHT is a poor solvent
for P(MMA-BA-HEMA) blocks, PFMA blocks and L75, there is no
phase separation among polymers and no formation of micelles
with core-shell structure when FHT is used as solvent and were
only single-structure nanoparticles with an average diameter of
10-50 nm in solution (Fig. 3a). So the films obtained were smooth
(Fig. 4a). Furthermore, the hydroxyl groups can hardly react with
NCO groups in L75 because of the inhomogeneous mixing of block
copolymer and L75, leading to a poor mechanical property.

The WCAs of Sample B, Sample C, Sample D and Sample E were
118.44+2.3°, 128.2+1.8°, 153.2+2.1°, and 128.5+2.9°, respec-
tively. A small amount of microscale particles were formed when
the content of acetone was relatively low (Fig. 4b and c). This is
because FHT is a poor solvent for PFMA, acetone is a good solvent
for P(MMA-BA-HEMA) and L75 and an insoluble solvent for PFMA.
In mixed solvent with FHT as main solvent, a small quantity of ace-
tone is beneficial for phase separation of block P (MMA-BA-HEMA)
and PFMA to form micelle with core-shell structure. The chains
of the PFMA will shrink and condense around P (MMA-BA-HEMA)
cores, which contribute to film surface migration of PFMA rather
than interpenetrating into neighboring multimolecular during the
process of film formation. This results in the increase of roughness
and decrease of surface energy of the film surface. Furthermore,
the higher content of acetone is, the easier core-shell structure of
micelle could be formed, and the higher WCA is.

The film of sample D exhibited medium mechanical properties
(3H hardness, 2 grade adhesion) and high WCA of 153.2 +2.1°, and
the SA of this rough surface is ultra-low about 4°. This is because
micelle particles with obvious core-shell structure were formed in

Table 2
Basic performances of copolymer films.

Items WCA (°) Hardness Adhension grade
Sample A 109.5 + 3.1 1H 3 grade
Sample B 1184 + 2.3 1H 2 grade
Sample C 1282 + 1.8 2H 2 grade
Sample D 153.2 + 2.1 3H 2 grade
Sample E 1285 + 2.9 3H 1 grade
Sample F 115.1 £ 35 5H 0 grade
Sample G 128.6 + 1.8 H 2 grade
Sample H 132.7 £ 3.7 3H 2 grade
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Fig. 3. TEM images of copolymer solution with different acetone content: (a) Sample A; (b) Sample D; (c) Sample F.

mixed solvent and the diameters were about 50-300 nm (Fig. 3b).
The nanoscale micelle particles can aggregate to construct sur-
face with micro/nano-scale hierarchical structure (Fig. 4d). This
indicates that an appreciate amount of acetone contributes to the
formation of the micelle particles with core-shell structure and
improves the mechanical properties of the film.

The WCA of the film decreased to 128.5+2.9° and the film
exhibited better mechanical properties (hardness 3H and adhesion
1 grade) as acetone volume content further increased to 40/660
(sample E). This can be explained from the SEM image of Sample E
(Fig. 4e), which reveals no nanoscale structure on the micro-papilla
surface. It also can be seen from Table 2 that the mechanical prop-
erties of film increased with the acetone content. The reason is that
increase of acetone content is beneficial for deformation and aggre-
gation of micelles particles, and assists the reaction between OH
group and NCO group.

When only acetone was used as solvent (sample F), the hard-
ness and adhesion grade of the film were up to 5H and 0 grade,
where WCA was just 115.1 & 3.5°. This is because the acetone is a
good solvent for P (MMA-BA-HEMA) blocks and a non-solvent for
PFMA blocks, the micelles with P (MMA-BA-HEMA) blocks as shell
and PFMA blocks as core are easily formed in acetone, which can be
seen from Fig. 3c. However, the shell formed by P(MMA-BA-HEMA)
block is very thin due to chains of the P (MMA-BA-HEMA) blocks
stretching in acetone. It is helpful for aggregation and interpene-
tration between the micelle particles, leading to smooth surface.
Furthermore, the hydroxyl groups of P (MMA-BA-HEMA) block
copolymer are on the shell of the micelle and can easily react with

NCO group of L75. The crosslinking products restrict PFMA blocks
migration from the interior of the micelles to the surface. So the
film exhibited low WCA and good mechanical performances [17].

For sample G and H, which contains no and 0.03 g L75, the WCA
of film were only 128.6 4+ 1.8° and 132.7 4+ 3.7°, the hardness were
H and 3H, adhesion was all 2 grade. This is because the polarity
of L75 is similar to P (MMA-BA-HEMA) block, absence and exces-
sive content of L75 is bad for formation of core-shell structure of
micelle and that no crosslinking reaction between —OH and -NCO
or excessive content of L75, leading to low WCA and bad hardness.
It suggests that the ratio of acetone to FHT in the mixed solvent
and the binder L75 affect the film hydrophobicity and mechanical
property seriously.

The drying temperature dramatically affects evaporation rate of
solvent and migration rate of polymer chains, so as to the hydropho-
bicity and mechanical property. The WCA and mechanical property
of the films (sample D) at different drying temperature are shown
in Fig. 5. Fig. 5 shows that the WCA increased initially, and then
decreased with drying temperature. The WCA was up to maxi-
mum of 153.2 +2.1° when drying at 20 °C. This is because solvent
evaporation rate and phase separation rate were appropriate for
aggregation of micelles and formed a micro/nano scale binary hier-
archical structure at 20°C. However, when the film was dried at
10°C,the WCA wasjust 136 °C. The first reason is that from Clausius-
Clapeyron relation

Py L/1 1
=k (5 7) M
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Fig. 4. SEM images of copolymer films obtained with different mixed solution in copolymer solution: (a) Sample A; (b) Sample B; (c) Sample C; (d) Sample D; (e) Sample E;

(f) Sample F.
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Fig. 5. The relationship between WCA, adhension grade, hardness of the film and
temperature.

where P is the pressure, R is the specific gas constant, L is the spe-
cific latent heat of the substance and T is Kelvin temperature, we
can know that ratio of acetone saturation vapor pressure at 20°C
to 10°C is 2.13 (based on 57 °C boiling point of acetone), which is
lower than that of FHT at 2.41 (based on 133 °C boiling point of
FHT). It means lower temperature has less effects on the relative
volatilization of acetone and it is beneficial for the evaporation of
acetone prior to FHT at 10 °C. The micelles lose core-shell structure
before deformation and aggregation due to the absence of acetone.
The other one is because low temperature is bad for the surface
migration of fluorine groups. When the drying temperature was
raised beyond 30°C, hydrophobicity of the films also dramatically
decreased. This phenomenon happens because the deformation
and migration of the copolymer chains is more serious at 30°C,
resulting in smooth surfaces.

As been shown in curve b and curve c of Fig. 5, the adhesion
grade and hardness increased with drying temperature and reached
the maximum at 0 grade and 5H when the drying temperature
was 80°C. This is because the reaction activity of L75 increases
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Fig. 6. AFM images of copolymer films obtained with different acetone content in copolymer solution: (a) Sample D; (b) Sample E.

with the temperature and reaches the highest at 80°C, and the
reaction degree between hydroxyl groups and isocyanate groups
is the highest at 80 °C. The mechanical properties decreased when
the drying temperature further increased, caused by the low reac-
tion degree between hydroxyl groups and isocyanate. According to
GB/T-9286-1998, the adhesion can meet the requirement in prac-
tical application when it is not lower than 2 grade [13]. Table 2
and Fig. 5 show that the superhydrophobic films with mechanical
properties satisfying practical application can be obtained when
the volume content of acetone is 30/670 in mixed solvent, with a
drying temperature of 20°C.

Surface roughness can be assessed by surface roughness factor
(r), which s the ratio of actual area of rough surface to the geometric
projected area. Two distinct models have been proposed to explain
this: the Wenzel model and the Cassie model. The Wenzel model
describes a roughness regime in which both advancing WCA and
WCA hysteresis (WCAH) increase as r increases (water penetrates
into the surface cavity). The Cassie model describes that, as r fur-
ther increases passing a critical level, the water receding angle also
increases dramatically (water does not penetrate into the surface
cavity; there is an air pocket between the water droplet and the
solid surface), thus minimizing the WCA. The surface morphology
of the sample D and sample E were observed using AFM as shown
in Fig. 6. The results of surface roughness factor (r, r=1+Sdr, Sdr
is surface area ratio, which is the ratio between the interfacial and
projected areas) was obtained from AFM software analyses. The
roughness factor of sample D and sample E are 1.33 and 1.21. The
Wenzel’s model is showed as follows:

cos6" =r cos 6 (2)

where 0% and 6 are the apparent WCA and the WCA of a flat
fluorinated surface, respectively. The apparent water contact angle
calculated from the Wenzel’s model (124.3° and 120.9°, based on
the 115.1° WCA of a flat fluorinated surface) is much lower than
experimental value obtained (153.2 4+ 2.1° and 128.2 4+ 1.8°) in this
work. This indicates that a composite surface may be formed to
allow air pockets to exist between the water droplet and the solid
surface. For a composite surface, water contact angle is described
by the Cassie-Baxter equation as follows:

cosbf =fcosO+f—1 (2)

where fis the area fraction of the solid in contact with the liquid.
The value of f was calculated to be 0.187. This result implies that
water did not penetrate the surface grooves on the films.

4. Conclusion

In summary, we have successfully prepared superhydropho-
bic surface by casting micelle particles of fluorinated crosslinkable
block copolymer and curing agent L75 in the mixture of acetone and
FHT. Our study shows that film hydrophobicity is affected by ratio
of acetone to FHT, as well as the content of L75 and drying temper-
ature. The introduction of a small quantity of acetone contributes
to the formation of micelle particles, where a core-shell structure
leads to a rough film. However, the excessive acetone makes the
size of micelle particles larger, resulting in a smooth surface of
the film. It is also found that mechanical properties of the film can
be improved by the addition of crosslinking curing agent L75. The
film with the highest superhydrophobicity in this study has a WCA
at 153.24+2.1° and sliding angle of 4° and improved mechanical
performance that satisfied practical application (e.g. self-cleaning).
The method developed in this paper is simple, low-cost and can
be extended to fabricate surface in large-area for practical applica-
tions.
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