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ABSTRACT: Preparation of superhydrophobic silica-based
surfaces via sol-gel process by adding polyethylene glycol
(PEG) polymer into the precursor solution has been devel-
oped. Surface roughness of the films was obtained by remov-
ing the organic polymer at 500°C and then the hydrophobic
groups bonded onto the films were obtained by self-assem-
bly modification with a monolayer. Characteristic properties
of the as-prepared films were analyzed by contact angle
measurements, scanning electron microscopy, atomic force
microscopy, UV-vis scanning spectrophotometer, and X-ray
photoelectron spectrophotometer. The experimental parame-
ters were varied by the type of silane species, the R ratio, the
hydrolysis time of the precursor solution, the molecular
weight of PEG, the pH value of mixing solution, and the dif-

ferent reagents for modification. The results showed that op-
timum ratio of TEOS/H,O/ethanol in the sol-gel process for
precursor solution was set to 1/10/4. The better contact
angles of the films can be obtained by the acid catalyst reac-
tion, especially the pH value of mixing solution was adjusted
to 0. When the as-prepared rough films were modified with
(tridecafluoro-1,1,2,2-tetrahydrooctyl) dimethylchlorosilane
(TECS), the contact angle of the film can be promoted to
150.4°, and the transmittance of the films in the visible
light region was greater than 94.5%. © 2007 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 107: 1530-1538, 2008

Key words: polyethylene glycol; superhydrophobic sur-
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INTRODUCTION

Hydrophilic and hydrophobic surfaces are governed
by both surface roughness and chemical composi-
tion. One of the famous phenomena was lotus leaf.
“Lotus Effect” has its marvelous properties that pos-
sess superhydrophobic surfaces, with a water contact
angle (CA) greater than 150°, and self-cleaning phe-
nomenon. In general, the contact angles can be
enhanced in two dominated elements from lotus leaf
structure: One is low surface energy materials
(chemical method) and the other is roughness (geo-
metrical method)."™ Conventionally, for the hydro-
philic materials, in order to form the superhydro-
phobic films, modification of surface chemistry is
always in conjunction with enhancement of the sur-
face roughness.

As for low surface energy substances, fluorine is
the most effective element because of its small
atomic radius and its electronegativity which is the
largest among all atoms, so that a covalent bond
could be formed with carbon in order to generate
low surface energy of the surface.” This chemical
modification leads to an increase in the contact angle
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of water drop, with a maximum value of approxi-
mately 120° as reported for smooth CFs-terminated
surfaces.**® The superhydrophobic films with
fluorinated-copolymer have been prepared in our
laboratory.” Hare et al.'” reported that the surface
free energy of the substituted group in the polymer
backbone increased in the order of —CF; < —CF,H
< —CF,— < —CHj3; < —CH,—. Therefore, with flu-
oro and methyl groups terminated surfaces, the
hydrophobic property of the surfaces can be en-
hanced greatly.

Superhydrophobic silica-based films had been pre-
pared by organic/inorganic hybrid method via sol-
gel process.”!'™'* The hybrid films were easily pre-
pared by this method and the rough surfaces with
hydrophilic property can be generated after decom-
posing the polymer phase at high temperature. Poly-
ethylene glycol (PEG) polymer was chosen here
because it was easily to form hydrogen bonding
with the silanol group and/or form C—0O—Si cova-
lent bonds with the silica network.'””™'® Finally,
hydrophobic property of the surfaces can be
acquired by introducing the low surface energy sub-
stances to form a strong chemical bond onto the
surfaces of the films." In previous study of our labo-
ratory,” superhydrophobic thin films have been pre-
pared by PEG-silica hybrid solution to increase the
surface roughness, but the transmittance of the films
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was very low. It was because that the thin films pre-
pared with multilayers by the above solution which
was affected the transmittance of the films greatly.
However, the high contact angles of films with one-
layer coating have been prepared by PPG-silica
hybrid solution in another study.*! To increase the
transmittance of the films with one-layer coating, the
preparation condition of PEG-silica hybrid solution
should be reconsidered carefully. In this study, the
type of silane species, the R ratio, the hydrolysis
time of the precursor solution, the molecular weight
of PEG, the pH value of mixing solution, and the
different reagents for modification were discussed.

EXPERIMENTAL
Materials

Tetraethoxysilane (TEOS, reagent grade), methyltrie-
thoxysilane (MTEOS, reagent grade), and dimethyl-
diethoxysilane (DMDEOS, reagent grade) were all
purchased from Shin-Etsu Chemical, Japan. Polyeth-
ylene glycol (PEG, molecular weight was 200, 400,
1000, 2000, 4000, 6000, 12,000, and 20,000, reagent
grade) was all obtained from First, Taiwan.
1,1,1,3,3,3-Hexamethyldisilazane (HMDS) was pur-
chased from Lancaster. (Tridecafluoro-1,1,2,2-tetrahy-
drooctyl)-dimethylchlorosilane (TFCS) was pur-
chased from GELEST Inc. Other reagents were as
follows: hydrochloric acid (HCl) (Merck, reagent
grade), ethanol (EtOH) (ECHO, reagent grade).

Sample preparation

There were two types of solutions prepared in
advance. One was precursor solution prepared from
mixtures with the molar composition, 1TEOS:4H,O
(pH = 2):4EtOH and then reacted at 60°C. Another
was PEG solution with the different molecular
weight of 200, 400, 1000, 2000, 4000, 6000, 12,000,
and 20,000, was prepared by mixing with 50% PEG
in ethanol solution. Further, the mixing solution was
prepared by mixing above two solutions (the weight
ratio of PEG solution to precursor solution was set
to 3) which heated at 60°C for 2 min and then cooled
at 18°C for 1 min. The other precursor solutions with
MTEOS and DMDEOS were also prepared by using
the same method as above condition. Finally, the dif-
ferent pH value of mixing solution was to adjust to
0,1, 2,6, and 8.

Preparation of thin films

The substrates, slide glasses were vacuum-locked
during the spin-coating process. A chemical sub-
strate cleaning procedure was ultrasonicated for 30
min with HCl (0.1N), NaOH (0.1N), deionized water,
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Scheme 1 Schematic of the procedure on the preparation
of superhydrophobic films.

and iso-propylalcohol, respectively. The uniform
films were prepared at a spinning rate of 4500 rpm
for 15 s with spraying the mixing solution onto the
clean substrates. In all cases, hybrid films were
reacted at 250°C for 2 h and then raised the tempera-
ture to 500°C for 2 h. The surface chemistry of the
films was modified with self-assembly monolayer by
two methods: One was using HMDS solution which
prepared by dissolving HMDS in toluene and the
concentration of it was 10 wt %. The self-assembly
time and temperature of the solution was 6 h and
110°C, respectively. The other was immersed with
10% TECS in ethanol solution for 1 day and then dry
at 60°C for 1 h. The whole procedure of preparation
of superhydrophobic thin films was sketched in
Scheme 1.

Instrumentation

Surface morphologies of the films were observed
under scanning electron microscopy (SEM, Hitachi
5-4200) and the variation of roughness was analyzed
by atomic force microscopy (AFM, Seiko SPA400)
with tapping mode. Water contact angles of pre-
pared films were measured using manual contact
angle goniometer (Kyowa interface sciences CA-D)
as follows: water droplet was gently placed onto the
films and the average value measured over five dif-
ferent locations for each sample was taken. By
applying the 6/2 method and regulating the droplet
size to about 20 scale and observed through the eye-
piece; the difference between average contact angle
and five different located contact angles was *=2° in
this study. The optical transmittance was determined
by UV-vis scanning spectrophotometer (JASCO V-
530). The composition of the treated surfaces was
studied by X-ray photoelectron spectroscopy (XPS,
VG Sigma Probe).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 TGA result of PEG polymers.

RESULTS AND DISCUSSION

In this study, the silica-PEG hybrid mixing solution
was prepared by mixing precursor solution (inor-
ganic part) and PEG solution (organic part). The
above mixing solution was further reacted to form
silica-PEG network with PEG—C—O—Si covalent
and/or PEG—OHesOH—Si— hydrogen bonds
form.”>** Chen studied PEG/SiO, hybrid materials
via sol-gel process by DSC showed that with
increasing PEG weight fraction of hybrid materials,
there were many PEG rich domains in the hybrid
materials.?* Therefore, after casting the solution onto
the substrates, surface roughness was enhanced by
decomposition of PEG at high temperature. The
TGA results of PEG polymers with different molecu-
lar weight were shown in Figure 1. The curve of
PEG was shifted to higher temperature region with
increasing the molecular weight of PEG, implying
that the decomposition rate of higher molecular
weight of PEG was slower than that of the lower
molecular weight. In addition, the weight loss of
PEG polymer had been almost finished before 500°C.
Therefore, the temperature of removing PEG poly-
mer from the films was set to 500°C that made sure
only inorganic materials was existed on the surfaces
and the structures of the network on the films was
not destroyed.

To investigate the preparation conditions on the
films, the silane species, the R ratio, the hydrolysis
time of the precursor solution, the molecular weight
of PEG, the pH value of mixing solution, and the
different reagents for modification were discussed.

Silane species

There were three kinds of silane for preparation in
this research. The effect of the contact angles of the
films prepared by different parameters in the sol-gel
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process was shown in Table I. When compared with
the sample numbers 1, 2, and 3, it was indicated that
the contact angles of the films prepared by TEOS was
higher than that by MTEOS and DMDEOQOS. It was
considered that there were four functional groups in
the TEOS structures to become hydroxyl groups after
hydrolysis reaction and then to form network in the
hybrid materials after polycondensation reaction, so
the dense and rough structures can be acquired after
the decomposition of PEG polymer at high tempera-
ture. On the other hand, when the films were pre-
pared by MTEOS or DMDEOQOS silanes, there were
three hydroxyl and one methyl groups in the MTEOS
structure and two hydroxyl and two methyl groups
in the DMDEOQOS structure after completely hydrolysis
reaction, respectively. Therefore, the crosslinking den-
sity of the hybrid materials prepared by MTEOS and
DMDEOS was less than that by TEOS. The same
result was also reported by Dahmouche et al*® In
addition, the methyl groups of MTEOS and DMDEOS
on the films were decomposed to become hydroxyl
group and PEG polymer was also almost completely
decomposed when the temperature was increased to
400°C, then the rough surfaces of the films were eas-
ily destroyed to become the smooth surfaces by
further condensation of these hydroxyl groups. As
mentioned earlier, the TEOS silane was chosen as
inorganic part to prepare the film.

The R value

The R value in the sol-gel process means the molar
ratio of water to alkoxide and this ratio also influen-
ces the reaction rate greatly. The stoichiometric R
value for complete hydrolysis is 4 as show below:*

Si(OEt), + 4H,0 — Si(OH), + 4EtOH

On comparing with the sample numbers 1, 4, and 6
as shown in Table I, the different R value (4, 6, and
10) in the sol-gel process exhibited the different

TABLE I
The Preparation Conditions and Characteristics
of the Films

Runno. Silane® R® Reaction time (h) Contact angle (°)

1 TEOS 4 4 123.9
2 MTEOS 4 4 122

3 DMDEOS 4 4 106.9
4 TEOS 6 4 124.1
5 TEOS 10 2 123.8
6 TEOS 10 4 127.7
7 TEOS 10 6 120.3
8 TEOS 10 8 119.8

? Silane:H,O(pH = 2):EtOH = 1:4:4; the hydrolysis reac-
tion at 60°C for 4 h.
b R was the mole ratio of H,O/silane.



FABRICATION OF SUPERHYDROPHOBIC SILICA-BASED SURFACES 1533

results of contact angles. It was indicated that the
contact angles of films prepared by the ratio of 10
was higher than that of 4 and 6, meanwhile, the con-
tact angles of films prepared by the ratio of 4 and 6
seem to the same. It was considered that the hydro-
lysis rate was increased with increasing R value
because of the raised reactant concentration.
Although less water can be used since the condensa-
tion reaction leads to production of water,”’ the par-
tial hydrolysis of TEOS precursor could lead to
uncompleted reaction. So, the lower R value was
resulted in more smooth surfaces because of the less
crosslink of polycondensation reaction. On a con-
trary, increasing the R value which generally pro-
motes hydrolysis reaction, large amount of water is
effectively diluted and promoted gel time increas-
ingly.” In addition, the volume of hybrid materials
was also increased to easily prepare the rough surfa-
ces because the large amount of water was evapo-
rated. Therefore, the R value of 10 was favored for
next-up experimental stages.

The hydrolysis time of the silane precursors

In a typical sol-gel process, the precursor is accompa-
nied with a series of hydrolysis and polycondensation
reactions to form a colloidal suspension. Therefore,
with the time goes pass, gelation occurs when links
form between silica sol particles.”” It was considered
that with increasing the hydrolysis time of precursors,
the viscosity of solutions became higher so that the
coating films could be influenced. To investigate this
effect, the contact angles of the films prepared by dif-
ferent hydrolysis time of the precursor solutions as
sample numbers 5, 6, 7, and 8 in Table I. With
increasing the hydrolysis time of precursor solutions
from 2 to 8 h, the hydrolysis time of 4 h was exhib-
ited an excellent result, which has contact angle of
the film of 127.7°, was higher than others. It was con-
sidered that the higher viscosity of precursors
resulted from long-time of reaction and the surface
roughness could be promoted. But the more homoge-
nous coatings were due to lower viscosity of mixing
solution and the smoother surfaces could be acquired.
Therefore, four hour was a suitable hydrolysis time to
prepare the films with higher contact angles.

Molecular weight of PEG polymers

The roughness of the films was obtained by the
decomposition of PEG at high temperature, so mo-
lecular weight of PEG polymer in the sol-gel process
were very important to be discussed. Effect of con-
tact angles of the films on these factors were shown
in Figure 2. The contact angles of the films were
increased with increasing the molecular weight of
PEG polymer from 200 to 12,000, but the contact

130 - |
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oo b e ey
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000

Molecular weight of PEG polymer

Figure 2 Contact angles of the films prepared by the dif-
ferent molecular weight of PEG polymer, 200, 400, 1000,
2000, 4000, 6000, 12,000 and 20,000.

angles of the films prepared by the molecular weight
of 20,000 was dropped rapidly. It was considered that
there were many PEG rich domains in the hybrid
materials with increasing the molecular weight of
PEG. After decomposition of PEG at high tempera-
ture, surface roughness can be enhanced -easily
because of phase separation phenomenon. But for too
higher molecular weight of PEG polymer (e.g. MW =
20,000), it was easily leaded to the viscosity of mixing
solutions become too high, so the unhomogeneous
coatings were easy to obtain. Therefore, when the
decomposition of as-prepared films was occurred, the
surfaces of the films were easily destroyed. When
compared with the molecular weight of 6000 and
12,000, the contact angles of the films were almost
near 130°. It was an excellent data for further study to
prepare superhydrophobic surfaces.

Adjustment of contact angles with
different pH value

In general, condensation reaction of sol-gel process
was quite slow when the pH value was about 2 (the
point of zero charge (PZC) where the surface charge
is zero; isoelectric point (IEP)), implying that the gel
time was very long.?® The rate coefficient of conden-
sation is lowest when pH = IEP.* It was because
that the reaction mechanism changes from the attack
of neutral silanol on the protonated silanol (pH <
IEP) to the attack of deprotonated silanol on the neu-
tral silanol (pH > IEP) as shown below:*

= Si—OH, "+ = Si—OH
— =Si—0—Si = +H;0" (pH < IEP)

=S5i—O + = Si—OH
— = Si—0—S5i = +OH"™ (pH > IEP)

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Contact Angles of the Films Were Prepared by the
PEG6000 and PEG12000 Polymer with Adjusting
Different pH Value of Mixing Solution

Molecular
weight of
Reaction PEG Contact
Run no.? R time© (h) polymer pHd angle (%)
9 10 4 6000 0 139.2
10 1 130.7
11 2 124.5
12 6 124.9
13 8 129.1
14 12,000 0 147.4
15 1 128.3
16 2 126.5
17 6 128.2
18 8 130.2

? TEOS:H,O(pH = 2):EtOH=1:10:4.

® R was the mole ratio of H,O/TEOS.

¢ The hydrolysis reaction at 60°C for 4 h.

4 Adjusting the different pH value of mixing solution.

To increase the phase separation of silica, increas-
ing and decreasing the pH value (far away from 2)
were the method to accelerate the condensation reac-
tion and shorten the gel time. Effect of the contact
angles of the films prepared with different pH value
of mixing solution on the different molecular weight
of PEG polymers was shown in Table II. For both
molecular weight of 6000 and 12,000, it was all indi-
cated that the contact angles of the films were
decreased and then increased with increasing the
pH value of mixing solution from 0 to 8. The contact
angles of the films was lowest when the pH value of
the mixing solution was 2, but the others (pH =0, 1,
6, 8) were greater than it. It was considered that
with increasing and decreasing the pH value of mix-
ing solution, the phase separation was occurred eas-
ily so that the surface roughness was promoted.
Besides, the contact angles of the films prepared by
acid (pH = 0, 1) conditions was almost greater than
that by base (pH = 6, 8) conditions. In the sol-gel
process, formation of linear structures was easily
occurred by the acid catalyst reaction, but monolithic
gels were appeared® because of base catalyst condi-
tion. Therefore, the more homogenous and dense
thin films can be obtained by decreasing the pH
value to acid condition than that by increasing the
pH value to base condition. It was because that
the linear structures of SiO, can be deposited onto
the surfaces easily and homogenously. When the pH
value of mixing solution was 0, the excellent contact
angles of the films can be obtained. It was indicated
that the molecular weight of 12,000 was 147.4° and
that of 6000 was 139.2° as shown in Table II. There-
fore, the better contact angles of the films can be
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Figure 3 3D AFM images on the surfaces of the films pre-
pared by the PEG12000 polymer and TEOS with adjusting
different pH value of mixing solution. (a) pH = 0, Ra =
82.79 nm, (b) pH = 1, Ra = 39.02 nm, (c) pH = 2, Ra =
23.86 nm, (d) pH = 6, Ra = 36.46 nm, (e) pH = 8, Ra =
34.17 nm. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 4 SEM images on the surfaces of the films prepared by the PEG12000 polymer and TEOS with adjusting different
pH value of mixing solution. (a) pH = 0, (b) pH = 1, (c) pH = 2, (d) pH = 6, (e) pH = 8.

obtained easily when the pH value of mixing solu-
tion was adjusted to 0. It was concluded that the bet-
ter contact angles of the films can be prepared by
acid condition, especially the pH value was 0.

To realize the relationship between contact angle
and pH value of mixing solution, surface morphol-
ogy and microstructures were measured by AFM
and SEM with PPG molecular weight of 12,000.
From the AFM image as shown in Figure 3, the
surface roughness was decreased first and then
increased with increasing the pH value of mixing so-
lution from 0 to 8. It was indicated that the rough-
ness degree was biggest at the Ra was 82.79 nm
when the pH value of mixing solution was 0 as
shown in Figure 3(a), implying that the more rough
surfaces were appeared so that the data of contact
angles was highest. And then the minimum was
appeared when the pH value of mixing solution was
2 as shown in Figure 3(c), implying that the contact
angles of the films was dropped greatly at this point.
With increasing the pH value of mixing solution
from 2 to 8, the roughness was increased gradually
as shown in Figure 3(d,e). It was leaded to increase
the contact angles of films. From the SEM images as
shown in Figure 4, the microstructures of the surfa-
ces can be acquired from the microscopic view when
the pH value of mixing solution was from 0 to 8. It
was indicated that the quite rough and dense surfa-
ces was obtained when the pH value of mixing solu-
tion was 0 as shown in Figure 4(a), therefore, the
contact angle of the film was the biggest one, 147.4°.
In addition, the porous and rough composition was
combined with the more linear structures of SiO, at
this time. With increasing the pH value of mixing
solution to 1 as shown in Figure 4(b), the dense

structures were still appeared so that the contact
angles of the films was still high. With increasing
the pH value of mixing solution to 2 as shown in
Figure 4(c), the quite plate and smooth surfaces can
be obtained resulted in decreasing the contact angles
of the films. When the pH value of mixing solution
was increased from 2 to 8 as shown in Figure 4(d,e),
the dense and rough structures was appeared again
so the surface roughness was also leaded to increase
the contact angles of the films. Therefore, it can be
concluded that the contact angles of the films were
promoted greatly when the pH value of mixing solu-
tion was 0 from the data of SEM and AFM.

In the sol-gel process, acid catalysis causes faster
hydrolysis of TEOS and the morphology of the prod-
uct is weakly branched. On the contrary, faster con-
densation occurs in a basic catalytic system and the
morphology of the product is of particle type. Hence
the morphology of the silica will influence the prop-
erties of the hybrid materials. Furthermore, the
roughness of films also increased accompanied with
the degree of phase separation increased. Therefore,
linear structures of silica were formed under the

TABLE III
Contact Angle of the Film Prepared by the Surface
Modification of Different Self-Assembly Substance

Contact angle (°)

Run no.  Hydrophobic substance =~ PEG6000  PEG12000
19 HMDS? 139.2 147 .4
20 TFCS" 144.2 150.4

@ Reflux with 10 wt % HMDS solution at 110°C for 8 h.
® Immersion with 10 wt % TFCS solution at 60°C for 1
day.

Journal of Applied Polymer Science DOI 10.1002/app
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(b)

Figure 5 Image of water drop on the surfaces of the films prepared by the TEOS and PEG12000 polymer with two differ-
ent modified method, (a) reflux with HMDS solution and (b) immersion with TFCS solution.

condition of pH < 2 and produced the homogenous
organic/inorganic hybrid material. After pyrolysis
process, the continuous porous surface was formed
then the higher roughness and contact angle of film
was also obtained. In the contrary, dense particle
structure of silica and a little nonhomogeneous
hybrid material were formed when pH > 2 so that
the rough surface become a little noncontinuous af-
ter pyrolysis process. Finally, the roughness and con-
tact angle of films under base condition were smaller
than acid.

What the passage made clear at once was indi-
cated that the contact angles of the films were lowest
when the pH value of mixing solution was 2. How-
ever, the contact angles of the films were increased
when the pH value was far away 2, especially the
pH value was 0.

The different reagents for modification

From the above data, the better results can be
obtained by using proper ratio of precursor solution
(TEOS:H20:EtOH = 1:10:4), the molecular weight of
PEG polymer (6000 and 12,000), and the pH value of
mixing solution (pH = 0). It was indicated that the
contact angle of 147.4° can be prepared by modifica-
tion of HMDS. Herein, hydrophobic substituent
groups were replaced in order to increase the contact
angles of the films. TFCS with fluoro-terminated
groups was the lower surface energy materials than
methyl-terminated groups of HMDS. Therefore, the
monolayer of hydrophobic substances was modified
by immersion with TFCS for 1 day.”’ The results
were shown in Table III. When the films were pre-
pared by TEOS and PEG12000, the contact angles of
the films prepared by the modification of HMDS
was 147.4° but that of TFCS was promote to 150.4°.
It was due to the fluoro-groups increased the hydro-
phobic property of the surfaces. The pictures of
water drop on the films with different method of
modification were shown in Figure 5. The superhy-

Journal of Applied Polymer Science DOI 10.1002/app

drophobic thin films can be prepared when the
rough surfaces were modified by TFCS. On the other
hand, the transmittance of the films in the visible
light region with the wave length from 400 to 800
nm was shown in Figure 6. It was indicated that the
transmittance of the films prepared by TEOS and
PEG6000 was almost 100% but that by TEOS and
PEG12000 was greater than 94.5%. It was considered
that only one-layer coatings could affect and increase
the transmittance of the films. Therefore, the films
contained superhydrophobic and transparent proper-
ties simultaneously can be prepared by using TEOS
and PEG12000, meanwhile, surface modification was
perfect for using fluoro-terminated groups of TFCS.
To confirm the existence of substituent groups on
the outermost layer of the as-prepared thin films,
XPS spectrum was obtained to study as shown in
Figure 7. The result showed that C 1s spectrum of
the rough surfaces with treatment of HMDS as shown
in Figure 7(a). The single peak centered at 284.6 eV
supported that modification had successfully

T(%)

[ —— PEG6000
97 - v S PEG12000
T
95 |
94 N 1 L 1 L 1 L
400 500 600 700 800

Wavelength(nm)

Figure 6 Transmittance of the films prepared by the two
different molecular weight of PEG polymer with modifica-
tion of TFCS, which was detected with visible light wave-
length range from 400 to 800 nm.
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Figure 7 XPS spectrum of as-prepared thin film. (a) C 1s
of the film was modified by HMDS and (b) CF; of the film
was modified by TFCS.

introduced hydrophobic groups onto the rough sur-
faces. But for realizing the existence of fluorine con-
taining groups of TFCS onto the surfaces, a least-
square curve fitting program was used for splitting
into several subpeaks of functional groups. A typical
splitting of C 1s spectrum was shown in Figure 7(b).
The peaks in the spectrum can be ascribed to CF,
groups at 292.8 eV and 290.8 eV, in addition, CF;
groups at 294.6 eV.>* Therefore, the surface modifica-
tion indeed contained the fluoro-terminated groups.

CONCLUSIONS

Hydrophilic silica-based surfaces have been pre-
pared by a hybridization of TEOS and PEG polymer
with suitable conditions and then the surface rough-
ness was promoted by removing PEG polymer from
the films. For precursor solution (the sol-gel pro-
cess): the type of silane species was set to TEOS, the
R ratio was set to 10, and the hydrolysis time was
set to 4. But for PEG polymer, the better contact

angles of the films can be prepared by the molecular
weight of 12,000. In addition, the contact angles of
the films were varied by the pH value of mixing so-
lution from 0 to 8, but the better result was appeared
when the pH value was adjusted to 0. For the above
optimum condition, the contact angles of as-
prepared rough films were modified by two ways:
one was refluxed with HMDS for 6 h and the other
was immersed with TFCS for 1 day. The results
showed that the contact angles of the films modified
by HMDS (methyl groups) were 147.4°, but that
modified by TFCS (fluoro groups) was promoted to
150.4°. When the films contained the superhydro-
phobic property, the transmittance of the films in the
visible light region was greater than 94.5% at the
same time.

References

1. Woodward, I.; Schofield, W. C. E.; Roucoules, V.; Badyal, ]J. P.
S. Langmuir 2003, 19, 3432.
2. Feng, X.; Feng, L.; Jin, M.; Zhai, J.; Jiang, L.; Zhu, D. ] Am
Chem Soc 2004, 126, 62.
3. Sun, T.; Wang, G.; Feng, L.; Liu, B.; Ma, Y,; Jiang, L.; Zhu, D.
Angew Chem Int Ed 2004, 43, 357.
4. Erbil, H. Y.; Demirel, A. L.; Avci, Y.; Mert, O. Science 2003,
299, 1377.
5. Shang, H. M.; Wang, Y.; Limmer, S. J.; Chou, T. P.; Takahashi,
K.; Cao, G. Z. Thin Solid Films 2005, 472, 37.
6. Coulson, S. R,; Woodward, I; Badyal, J. P. S.; Brewer, S. A,;
Willis, C. J Phys Chem B 2000, 104, 8836.
7. Chen, W,; Fadeev, A. Y.; Hsieh, M. C.; Oner, D.; Youngblood,
J.; McCarthy, T. J. Langmuir 1999, 15, 3395.
8. Nishino, T.; Meguro, M.; Nakamae, K.; Matsushita, M.; Ueda,
Y. Langmuir 1999, 15, 4321.
9. Chang, K. C,; Chen, H.; Huang, C. K.; Huang, S. 1. ] Appl
Polym Sci 2007, 104, 1646.
10. Hare, E. F.; Shafrin, E. G.; Zisman, W. A. ] Phys Chem 1954,
58, 236.
11. Shirtcliffe, N. J.; McHale, G.; Newton, M. L; Perry, C. C. Lang-
muir 2003, 19, 5626.
12. Satoh, K.; Nakazumi, H. J. Sol-Gel Sci Technol 2003, 27, 327.
13. Gu, Z. Z.; Uetsuka, H.; Takahashi, K.; Nakajima, R.; Onishi,
H.; Fujishima, A.; Sato, O. Angew Chem Int Ed 2003, 42, 894.
14. Song, X.; Zhai, ].; Wang, Y.; Jiang, L. ] Phys Chem B 2005, 109,
4048.
15. Higginbotham, C. P.; Browner, R. F.; Jenkins, J. D.; Rice, J. K.
Mater Lett 2003, 57, 3970.
16. Kuraoka, K.; Ueda, T.; Sato, M. ] Mater Sci 2005, 40, 3577.
17. Chen, W.; Feng, H.; He, D.; Ye, C. ] Appl Polym Sci 1998, 67,
139.
18. Agren, P.; Rosenholm, J. B. J. Colloid Interface Sci 1998, 204,
45.
19. Belyakova, L. A.; Varvarin, A. M. Colloids Surf A 1999, 154,
285.
20. Chang, K. C.; Chen, Y. K.; Chen, H. ] Appl Polym Sci 2007,
105, 1503.
21. Chang, K. C,; Chen, Y. K.; Chen, H. Surf Coat Technol 2007,
201, 9579.
22. Higginbotham, C. P.; Browner, R. F.; Jenkins, J. D.; Rice, J. K.
Mater Lett 2003, 57, 3970.
23. Kuraoka, K.; Ueda, T.; Sato, M. J. Mater Sci 2005, 40, 3577.
24. Chen, W.; Feng, H.; He, D.; Ye, C. ] Appl Polym Sci 1998, 67,
139.

Journal of Applied Polymer Science DOI 10.1002/app



1538

25. Agren, P.; Rosenholm, J. B. J Colloid Interface Sci 1998, 204,
45.

26. Dahmouche, K.; Santilli, C. V.; Lafontaine, E.; Judeinstein, P.;
Chaker, J. A. J. Sol-Gel Sci Technol 2000, 19, 429.

27. John, D. W.; Nico, A. J. M. S. Sol-Gel Materials Chemistry and
Applications; Academic Press: Singapore, 2001.

28. Brinker, C. J.; Scherer, G. W. Sol-Gel Science The Physics and
Chemistry of Sol-Gel Processing; Academic Press: New York,
1990.

Journal of Applied Polymer Science DOI 10.1002/app

29.

30.

31.

32.

CHANG, CHEN, AND CHEN

Pohl, E. R.; Osterholtz, F. D. In Molecular Characterization of
Composite Interfaces; Ishida, H.; Kuma, G., Eds.; Plenum:
New York, 1985; p 157.

Dong, H.; Brook, M. A, Brennan, D. Chem Mater 2005, 17,
2807.

Shang, H. M.; Wang, Y.; Limmer, S. J.; Chou, T. P.; Takahashi,
K.; Cao, G. Z. Thin Solid Films 2005, 472, 37.

Gu, G; Dang, H.; Zhang, Z.; Wu, Z. Appl Phys A 2006, 83,
131.



