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Micellization and the Surface Hydrophobicity
of Amphiphilic Poly(vinylphenol)-block-
Polystyrene Block Copolymers
Pao-Hsaing Tung, Shiao-Wei Kuo,*Shih-Chien Chan, Chih-Hao Hsu,
Chih-Feng Wang, Feng-Chih Chang*
The self-assembly of PVPh-b-PS in different solvents was studied. Upon replacing toluene by
THF as the solvent, themorphology of the resulting aggregates change from core-shell spheres,
rod-like micelles and vesicles to onion-like aggregates. With increasing block copolymer
concentration, morphologies such as honey-
comb-like films, surfaces of aggregated large
porous spheres, or pincushion-like spheres
with protruding tubular vesicle aggregates
are observed. These surface-patterned films
show significantly enhanced hydrophobicity.
The results suggest that a superhydrophobic
behavior can be achieved, with a maximum
contact angle of 1588, by using the pincushion-
like micellar structure.
Introduction

The design of highly ordered supramolecular architectures

in solution and superhydrophobic thin film surfaces has

attracted considerable attention in the past decade
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because of their great advantage in both basic research

and industrial applications. Micellar nanostructures have

been used, for instance, as drug carriers in delivery

system[1–3] or as templates for nanotechnology.[4,5] In

addition, the superhydrophobic surface thin films with

water repellency also have wide applications in daily life

as well as in industrial process.[6,7]

Amphiphilic block copolymers dissolved in a selective

solvent for one block can exhibit complex self-assembling

behavior of supramolecular structures such as spheres,

cylinders, lamellae, vesicles, and other mesoscopic aggre-

gates.[8–12] These micelles are generally pictured as

nano-objects with two concentric regions: a core consist-

ing of an insoluble part of amphiphilic block copolymers,

and a corona of soluble part swollen in the selective

solvent. The block copolymer micellar systems are more
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stable than low molecular weight surfactant micelles due

to the presence of a long chain of insoluble part of

amphiphilic block copolymers, and additionally amphi-

philic block copolymermicelles can be further stabilized by

crosslinking the latter. Two types of micelles can be

distinguished in block copolymer solutions: one is star-like

micelles and the other is crew-cut aggregates. Star-like

micelles are also called ‘‘long-hair’’, which are formed by

block copolymers with relatively long corona, but

short core blocks. Based on our knowledge, star-like

micelles from block copolymers in solution are generally

spherical, but still only a few are non-spherical star-like

micelles.[13–16] On the contrary, crew-cut micelles repre-

sent a new type of aggregates and more complex

morphologies than star-like micelles, which have received

much attention in recent years.[17–20] They are formed by

highly asymmetric block copolymers, where the insoluble

core is bulky and has much longer chains than the soluble

forming blocks. Usually, stable crew-cut aggregates can be

prepared in a solvent mixture either by direct dissolution

or by dissolving first the copolymer in a good solvent for

both blocks and then adding the poor solvent in one of the

blocks of the copolymer. This kind of morphology is

influenced by many variables, such as the initial

copolymer concentration in solution, the nature of the

common solvent, the type and concentration of added ions

(such as salt, acid, or base), the amount of selective solvent,

because the micellar morphologies are mainly controlled

by a force balance between the stretching of the core

forming blocks, the interfacial energy between the core

and the outside solvent, and the repulsive interaction

among corona chains.[19]

Micellar aggregates can be formed as fractured struc-

tures or highly ordered architecture on the surface, which

display special water repellency.[21–23] Surface wettability

is governed by both the chemical composition and the

surface structure.[24–27] Increase in the surface roughness

of hydrophobic materials can dramatically enhance the

surface water repellency. Usually, a superhydrophobic

surface is defined as having awater contact angle (CA) over

1508. In nature, the lotus-leaf is a well-known example of

superhydrophobic surface with micro–nano two-length

scale hierarchical structure even without any particularly

low surface energy materials. As a result, many previous

works have reported the superhydrophobic surface by

mimicking natural lotus-like micro-nano-binary structure

(MNBS).[21] However, it is still important and remains a

challenge to practice the application of a superhydropho-

bic surface in a large area.

In this paper, we will report micellization behavior

and water repellency of an amphiphilic block copolymer

of poly(vinylphenol)-block-polystyrene (PVPh-b-PS). The

aggregates of the diblock copolymer were dissolved in

THF solution with various copolymer concentrations
Macromol. Chem. Phys. 2007, 208, 1823–1831
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(2–50 mg �mL�1), and selective toluene solvent was added

to induce aggregation of the PVPh block. When the initial

copolymer concentration is highly concentrated, various

complexed morphologies can be observed including

nanoscaled crew-cut aggregates,[28] mesoscaled structures

of honeycomb-patterned and pincushion-like aggregates.

In this study, the wettability of copolymer films contain-

ing various contents of the crew-cut aggregates by

adjusting the toluene content is investigated.
Experimental Part

Materials

Styrene (Aldrich, 99%) and 4-tert-butoxystyrene monomers (tBOS,

Aldrich, 99%) were distilled from finely ground CaH2 before use.

Sec-butyllithium (Acros, 1.3 M in cyclohexane) was used as the

initiator for anionic polymerization. Tetrahydrofuran (THF), which

was used as polymerization solvent for anionic polymerization,

was purified by distillation under argon from the red solution

obtained by diphenylhexyllithium (produced by the reaction of

1,1-diphenylethylene and BuLi).
Synthesis of a Block Copolymer

The poly(4-tert-butoxystyrene)-block-polystyrene (PtBOS-b-PS)

diblock copolymer was synthesized by sequential living anionic

polymerization under inert atmosphere[29] in THF at �78 8C using

1.3 M sec-butyllithium in cyclohexane as the initiator. The tBOS

monomer was polymerized first for 2 h, and an aliquot of the

poly(tBOS) sample was withdrawn for analysis after termination

with degassedmethanol. The styrenemonomerwas then added to

the reactor and the reaction was terminated with degassed

methanol after 2 h. The resulting PtBOS-b-PS diblock copolymer

product was dissolved in dioxane and then a ten-fold excess of

concentrated HCl was added to the solution. The hydrolysis

reaction was carried out overnight at 85 8C under argon atmo-

sphere and the resultant product was precipitated in a methanol/

water mixture (2:8, v/v).[30] After neutralization with 10 wt.-%

NaOH solution to a pH value of 6–7, the crude copolymer product

wasfiltered, followedby twodissolved (THF)/precipitate (methanol/

water) cycles and finally purified by the Soxhlet extraction with

water for 72 h before being dried under vacuum at 80 8C. The
chemical mechanism to synthesize the PVPh-b-PS diblock

copolymer is shown in Scheme 1.
Micellization Procedures

The crew-cut aggregates with PS coronas and PVPh cores were

obtained by a dialysis method. The block copolymer (2 mg �mL�1)

was first dissolved in THF,which is a good solvent suitable for both

copolymer blocks. Subsequently, a given volume of toluene was

added gradually into the polymer THF solution with stirring.

Toluene is a non-solvent for the PVPh block. The presence of

micelles was indicated by the appearance of turbidity in the

solution. The toluene addition was continued until the desired
DOI: 10.1002/macp.200700078
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Scheme 1. Synthesis of PVPh-b-PS copolymer by anionic polymerization.
concentration had been reached and the THF was removed by

dialysis against toluene.
Preparation of a Superhydrophobic Surface

A honeycomb structure and superhydrophobic surface consisted

of PVPh cores and PS coronas were obtained by dissolving the

block copolymer in THF at room temperature under stirring

overnight and then slowly adding the desired amount of toluene

content. The copolymer solution (20 mg �mL�1) was dropped on a

cleaned glass substrate under humid air (�60 wt.-% at room

temperature). After evaporation of the solvent, the morphology of

the film was observed by SEM analyses.
Characterization

Molecular weight and molecular weight distribution were

determined through gel permeation chromatography (GPC) using

aWaters 510 HPLC equippedwith a 410 differential refractometer,

an RI detector, and a UV detector. Three Ultrastyragel columns

(100, 500, and 103 Å) were connected in series and the THF was

used as the eluent at the flow rate of 0.6 mL �min�1 and at 35 8C.
The molecular weight calibration curve was obtained using

polystyrene standards. 1H NMR and 13C NMR spectra were

obtained using an INOVA 500 instrument; chloroform-d and

1,4-dioxane-d8 were used as solvents. Infrared spectrum was
Macromol. Chem. Phys. 2007, 208, 1823–1831
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recorded at 25 8C with a Nicolet AVATAR 320 FTIR Spectrometer

using polymer film cast onto a KBr pellet from THF solution.

Transmission electronmicroscopy (TEM) imageswere obtained by

using a JEOL JEM-2000EXII instrument operated at 120 kV. The

TEM sample was deposited from micellar solution onto a

carbon-coated copper grid. After drying, the samples were stained

with RuO4. The CA of the polymer sample was measured at 25 8C
using a Krüss GH-100 goniometry interfaced with image-capture

software by injecting a 5 mL liquid drop.

Results and Discussion

Synthesis of PVPh-b-PS Copolymer by Anionic
Polymerization

The block copolymer, PVPh-b-PS, with a total molecular

weight (Mn) of 18 500 g �mol�1 with narrow molecular

weight distribution (PDI¼ 1.13) was designed and pre-

pared by sequential living anionic polymerization and

subsequent hydrolytic deprotection (the protected

PtBOS-b-PS block copolymer obtained after polymeriza-

tion). This diblock copolymer system has been investigated

previously,[31–33] living anionic polymerization of the

protected hydroxystyrene[30–35] and styrene[31–33,36]

monomers is also well documented. In general, in order

to obtain a monodisperse PVPh block, it is necessary to

protect the hydroxyl group prior to polymerization to
www.mcp-journal.de 1825
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Figure 1. 1H NMR spectra of PtBOS-b-PS in CDCl3 (a) before and (c) after hydrolysis.
13C NMR spectra of PVPh-b-PS in 1,4-dioxane-d8 (b) before and (d) after hydrolysis.
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avoid the termination of the living chain

end. Various protecting groups, includ-

ing tert-butyl ether[30,32,33] and tert-

butyldimethylsilyl[31] groups have been

used for hydroxyl group protection during

anionic polymerization. In this study, the

tert-butyl ether protected monomer was

used because of its simple hydrolysis and

ready availability.

The complete elimination of the pro-

tective groups and the regeneration of the

phenolic hydroxyl group are verified by
1H and 13C NMR spectroscopy. Figure 1(A)

and 1(B) display typical 1H NMR spectra of

the diblock copolymers recorded before

and after deprotection. A chemical shift at

1.29 ppm corresponds to the tert-butyl

group of the PtBOS-b-PS copolymer (in

chloroform-d). This peak (1.29 ppm) corre-

sponding to the tert-butyl group essen-

tially disappears in the hydrolyzed block

copolymer; only polymer backbone pro-

tons appear in the chemical shift region of

1–2 ppm. In addition, a peak (7.9 ppm)

corresponding to the proton of the hydro-

xyl group appears after the hydrolysis

reaction. The signal of the quarternary

carbon atoms of the tert-butyl group in

the PtBOS segment is located at 78.0

ppm[37] [Figure 1(C)]. After the hydrolysis

reaction, no signal remains for the tert-

butyl group at 78 ppm, indicating that the

hydrolysis reaction is completed.

Figure 1(D) displays the 13C NMR spectra

of the PVPh-b-PS copolymer. The FTIR

spectrum of PVPh-b-PS (Figure 2) shows

a broad peak at 3 450 cm�1, indicating the

presence of the OH group after deprotec-

tion. The composition of the PVPh-b-PS

block copolymer was determined from the

relative intensities of the aromatic ring

and the hydroxyl group of the VPh units

in the 1H NMR spectrum. The signals due

to the aromatic protons and the hydroxyl

group were observed at 6.3–7.2 and

7.7–7.9 ppm, respectively.[32,33] and the
1H NMR spectrum revealed a composition

of 79 wt.-% PVPh.
Crew-Cut Micelles of PVPh-b-PS in THF/Toluene

The block copolymer micelle solution was prepared by

adding the desirable amount of toluene slowly into the
Macromol. Chem. Phys. 2007, 208, 1823–1831
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THF solutionwhile stirring. Toluene is a fair solvent for the

short length of PS block, but a non-solvent or precipitant

for the long length of the PVPh block. Under this condition,

the resulting micelles are expected to consist of a mildly

solvent-swollen PVPh core surrounded by a corona of PS
DOI: 10.1002/macp.200700078
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Figure 2. IR spectra of (a) PtBOS-b-PS and (b) PVPh-b-PS at room
temperature.
blocks. Figure 3 shows various morphologies formed by

this PVPh79-b-PS21 copolymer with the same initial

concentration of 2 mg �mL�1 in THF but different amounts

of the selective toluene solvent. When toluene content is

very low (0.1 mL), only spherical micelles are obtained as

shown in Figure 3(A). As the selective solvent content is

increased, themorphology of aggregates may change from

spheres, and rods to vesicles.[38] The role of the added

precipitant (toluene) on the morphology change can be

described to a change in the aggregation number, which in
Figure 3. TEM images of 2mg of PVPh79-b-PS21 in 1mL of THFwith vario
mL toluene, and (F) 2 mL.
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turn influences the core dimension and the degree of

stretching of the core-forming blocks. In our case, when the

added toluene is at 0.15 mL, the rod-like micelles coexist

with a small amount of spheres as shown in Figure 3(B). As

the toluene content is at 0.25 mL [Figure 3(C)], the

morphology of aggregates changes from rod-like micelles

to large compound rod micelles (LRCMs). On further

increasing the toluene content to 0.5 mL, vesicular

aggregates begin to form; however, most of the aggregates

still exist as LRCMs [Figure 3(D)]. The LRCMs have been

described previously[39] and the sizes of the LRCMs are

polydiperse resulting from kinetic control.[39] A mixture of

vesicular and onion-like particle morphology is formed at

1 mL of toluene content as shown in Figure 3(E). These

onion-like particles are in the form of a compact multi-

lamellar vesicular structure,[40] which do not have a sharp

contrast due to the poor selectivity stained by RuO4 on PS

and PVPh.When the toluene content is further increased to

2 mL, most of the aggregates transform into tubule and

LRCM, with many small vesicles seen in the background

[Figure 3(F)]. The relative low electron density of the

tubules can be distinguished by their hollow structures

from rods.

On the basis of the model by Shen and Eisenberg[38] the

morphology of the aggregate is influenced by the added

precipitant content and also by the initial copolymer

concentration.When the initial concentration ismore than

ten-fold of 20 mg �mL�1, more complicated morphologies

appear. We found that the initial concentration was 20mg
us toluene contents: (A) 0.1 mL, (B) 0.15mL, (C) 0.25mL, (D) 0.5mL, (E) 1

www.mcp-journal.de 1827
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Figure 4. (A) TEM images of 20 mg of PVPh79-b-PS21 copolymer in THF/toluene (1:0.1 v/v) and (B)
the honeycomb structure of PVPh79-b-PS21 copolymer in THF/toluene (1:0.1 v/v).
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PVPh79-b-PS21 in 1 mL of THF, and when 0.1 mL of toluene

was added a fascinating morphology was observed.

Figure 4(A) shows a TEMmorphology for the self-assembly

of PVPh79-b-PS21 solution, which consists mainly of a

perforated bilayer[41] and some vesicular aggregates

appear in Figure 4(A) (see arrows in the picture). The

formation of the perforated bilayer structure should

involve fast adhesive vesicular aggregate collisions by

a high concentrated condition and subsequently a fusion

and structural rearrangement of these contacting micelles.

Actually, the perforated bilayer structure,[41] and a

randomly perforated lamellar phase have also been

observed and discussed in PS-b-PAA (AA, acrylic acid)

solution.[41,42] Interestingly, these vesicular aggregates,

when they were cast onto solid substrates, spontaneously

convert into honeycomb structures. A solvent casting film

of the vesicular aggregate solution on the glass plate is

prepared under a moist airflow across the solution surface.

The film consists of a feature containing two-dimensional

hexagonal closed packing lattice of circular holes based on

SEM observation [Figure 4(B)]. Each building unit here

contains a uniform hexagonal framework and each hole

with diameter ca. 1 mm. Besides, the spherical shape of the

porous structure reflects the shape of template water

droplets. The observed honeycomb architecture is formed

by the ‘‘breath figures’’ method.[43–56] We also discuss the

honeycomb-like film’s surface wettability. The water CA of

the honeycomb-like film offers higher CA than the smooth

surface prepared in dry atmosphere.

Now, we know that the morphology is from spheres

to vesicles when the initial concentration is from 2 to

20 mg �mL�1 with the same 10 vol.-% toluene content.

Meanwhile, the honeycomb-architectured films of
Macromol. Chem. Phys. 2007, 208, 1823–1831

2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
20 mg �mL�1 are obtained in a

higher humidity atmosphere. It is

very interesting to see what kinds

of aggregates morphologies will

be formed by increasing the

toluene content in the initially

high copolymer concentration

(20 mg �mL�1). Here, as the toluene

content reached 0.5 mL, the large

porous compound micelles were

formed as shown in Figure 5(A)

and as the added toluene was

further increased to 1 mL, these

aggregates became pincushion-

like micelles with a diameter of

up to 2 mm, while those porous

large compoundmicelleswere still

observed [Figure 5(C)]. Further-

more, the pincushion-like micelles

were formed when the precipitant

content was above 2 mL (toluene
content 67 vol.-%) [Figure 5(D)]. The pincushion-like sphere

micelles show a high polydispersity, and they cannot

possibly be primary spherical micelles due to decrease in

the rate of polymer chain exchange by high selective

solvent content (the mechanism is kinetic control).[39,57]

The diameters of the spheres formed are in the order of

several hundred nanometers to several micrometers as

shown by scanning electron microscopy. Figure 5(E)

provides an enlarged view of these pincushion-like sphere

micelles showing the spheres with protruding cylinders.

Figure 6 shows the TEM images of the solvent casting film

from the 20 mg �mL�1 solution containing 2 mL of toluene

and then dialyzed, frozen by large toluene molecules.

Figure 6(A) shows pincushion-like sphereswith protruding

tubular vesicles. At highermagnification, the image clearly

shows giant pincushion-like spheres consisting of numer-

ous nanotubules with an average diameter of ca. 72 nm

as shown in Figure 6(B). Thus, the observed giant spheres

have internal structural constituents in the form of

nano-sized tubular supermicelles. The sample was stained

by RuO4 is observed as a core-shell dark/light nanotube

with PS making up the shell and the PVPh the core as

shown in Figure 6(B).

Here, we are not only interested in the surface patterns

of PVPh79-b-PS21 films prepared frommicelle solution with

different initial concentrations or precipitant contents but

also the wettability of the resultant micropattern films.

The wettability of these films was investigated by

determining their water CAs. The smooth surface of

PVPh79-b-PS21 is only moderately hydrophobic with a

water CA ca. 908, while the PVPh79-b-PS21 micellar

aggregate films prepared in this work will enhance their

hydrophobicity because of the increase in the surface
DOI: 10.1002/macp.200700078
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Figure 5. SEM images of the crew-cut aggregates formed by 20 mg �mL�1 THF solution of
PVPh79-b-PS21, where the selective toluene solvent is (A) 0.5 mL, (B) enlarged view of A, (C) 1
mL, (D) 2mL, (E) enlarged view of an individual pincushion-likemicelle of (D), and (F) the CA
of a 5 mL water drop on a surface of (D) pincushion-like micelles.

Figure 6. TEM images of 20mg of PVPh79-b-PS21. The volume ratio of THF and toluene is 1:2.
(A) The sphere with protruding tubular vesicles (LCVMs or pincushion-like micelles) and (B)
enlarged image of the nanotubes shown in (A).

Macromol. Chem. Phys. 2007, 208, 1823–1831

� 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
roughness. The PVPh79-b-PS21 micelle

solution comprised an insoluble PVPh

core surrounded by a soluble PS shell

and was obtained by casting the

PVPh79-b-PS21 block copolymer micelle

solution onto clean glass substrates at

room temperature. In our case, in the

honeycomb-structured film of PVPh79-

b-PS21, the water CA was slightly

increased to 1078 from 928 without

toluene content due to the surface

concavities of the honeycomb pores

providing less polymer substrate.

Furthermore, the water CA on the

porous large compound micellar sur-

face film is ca. 123� 1.68. Figure 5(B)

shows the enlarged view of the porous

large compound micellar surface

images, together with optical micro-

graph (inset), indicating the corre-

sponding water CA of the film surface.

The porous large compound micellar

film has more surface roughness,

which provides more air gaps to

support the water droplet and conse-

quently enhanced surface hydropho-

bicity. Most interestingly, on further

increasing the toluene content to 67

vol.-% (2 mL of toluene content), the

pincushion-like micellar surface film

was formed and the pincushion-like

sphere micelles stacking randomly on

the surface made the roughness micro-

scaled. Outside the tubular vesicles

there are large spheres, which offer

nano-scaled roughness on the coating,

leading to the formation of hierarch-

ical micro-nanoscale binary struct-

ure with a water CA ca. 158� 0.58
[Figure 5(F)]. The superhydrophobic

property of the polymer surface and

the microstructured surface of a micel-

lar aggregate are similar to a natural

lotus leaf. A bionic micro–nanoscale

binary structure was also observed

at a still higher toluene content, e.g., at

75 vol.-%, the morphology of 3 mL of

toluene content is similar to 2 mL of

toluene content, for brevity not shown

here). If the difference in the aggre-

gates’ morphologies can be ascribed as

an effect of selective solvent content in

the copolymer solution, which induces

different surface hydrophobicities as
www.mcp-journal.de 1829
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Table 1. Summary of the structural parameters of micelles formed by PVPh79-b-PS21 copolymer in 20 mg �mL�1 THF solution under different
selective solvent (toluene) contents.

Selective solvent content Morphology CA

mL

0 – 92

0.1 honeycomb structure 107

0.5 porous large compound micellar surface film 123

1 porous large compoundRpincushion-like micellar surface film 140

2 pincushion-like micellar surface 158

3 pincushion-like micellar surface 158

1830 �
summarized in Table 1. We propose that CA of the

copolymerwas increased from 92 to 1588 by increasing the

surface roughness. These phenomena can be demon-

strated by Cassie’s and Baxter’s law[58]
Fig
ten

Macrom

2007
cosuc ¼ g1cosu1 þ g2cosu2 (1)
where u1 is the CA for component 1with an area fraction g1
and u2 is the CA for component 2 with an area fraction g2
present in the composite material. This equation takes on

special meaning when in a two-component system one

component is air with a CA of 1808. With cos(1808)¼�1,

the equation reduces to
cos uc ¼ g1ðcos u1 þ 1Þ � 1 (2)
which implies that with a small g1 and a large u1 it is

possible to create surfaces with a very large CA. When

surface morphologies changed from smooth surface to

honeycomb-structure and pincushion-like micellar struc-
ure 7. Water CAs of surface films by changing toluene con-
ts.

ol. Chem. Phys. 2007, 208, 1823–1831
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ture by adjusting the toluene content, water CA increased

from 92 to 107 and 1588, with total area of liquid/air

surface (g2) increased from 0 to 0.2 and 0.92 by Cassie’s and

Baxter’s law. From the honeycomb-structured film to the

MNBS micellar structure surfaces of PVPh79-b-PS21, the CA

is dramatically increased by changing the toluene content

as shown in Figure 7. In this study, we propose that the

superhydrophobic behavior can be achieved with the

maximum CA of 1588, by using the pincushion-like

micellar structure.
Conclusion

Several morphologies of crew-cut aggregates were pre-

pared from PVPh79-b-PS21 diblock copolymers in dilute and

concentrated solution including spheres, rods, vesicles,

onions, tubules, porous spheres, and pincushion-like

aggregates. The aggregate morphologies were controlled

by the preparation process, e.g., the selective solvent

content or initial concentration employed during the

aggregate formation. We found that the morphology

of the aggregates changes in direction from spheres

to rod-like micelles and then to vesicles or bilayers.

Generally, the influence of different initial concentrations

on PVPh79-b-PS21 solution is similar to different select-

ive solvent contents. The observation of these onion-like

aggregates, porous spheres, and the pincushion-like aggre-

gate structures from a diblock copolymer provides a

more difficult process of amphiphile self-assembly. We

were the first to investigate high concentrated micellar

solution casting onto solid matrixes, which can control the

specific surface pattern of the resulting block copolymer

film via changing the selective solvent content methods.

When the high concentrated vesicular micellar was cast

onto the glass plate under humid airflow, honeycomb-like

structures were spontaneously formed. However, as the

toluene content increases, porous spheres and pincushion-

like aggregates were observed. The honeycomb-structured
DOI: 10.1002/macp.200700078
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film and the microstructured surface have different values

of surface roughness; moreover, they provide different

water repellency. As a result, the degree of the hydro-

phobicity of the film could be adjusted by tuning the

different toluene contents at the same concentration of the

solution.
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