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A  multi-functional  polymer  film  with  high  hydrophobicity  and  transparency  was  formed  by  simple  casting
of  a  polycarbonate  solution  onto  a substrate  having  micro-scale  roughness.  The high  hydrophobicity  was
heat-resistant,  which  can  be retained  up  to 390 ◦C. The  polymer  film  may  have  potentially  wide-ranging
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applications  in industry  and  high  technology.
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Functional materials with multiple useful properties are
ecoming increasingly desirable for applications under various
nvironmental conditions (Min, Jiang, & Jiang, 2008; Schottner,
001; Zhang, Li, Sun, & Shen, 2008). Superhydrophobicity is one
f the most important properties of some solid materials that
ave micro-/nano-morphological roughness, and has anti-wetting
nd self-cleaning applications (Dong, Liu, & Li, 2012; Sun, Feng,
ao, & Jiang, 2005; Yang, Jin, Liu, & Jiang, 2013). Thermal sta-
ility is another important feature for materials utilized in the
erospace industry (Deng et al., 2013; Honda, Yamamoto, & Tezuka,
013; Njuguna & Pielichowski, 2003). However, the combina-
ion of both these valuable properties is rarely found in light
nd moldable polymers, which are desirable in mechanical engi-

eering. Metals and ceramics that have high heat-resistance are
eavy and not moldable (Cha et al., 2013; Fei, Chen, & Lin,
014; Lin, Chen, Fei, Liu, & Zhang, 2013). Aromatic polyimides are

∗ Corresponding author. Fax: +86 10 82621396.
∗∗ Corresponding author at: Beijing National Laboratory for Molecular Sciences
BNLMS), Key Laboratory of Organic Solids, Institute of Chemistry, Chinese Academy
f  Sciences, Beijing 100190, China. Fax: +86 10 82621396.

E-mail addresses: jizhu@nanoctr.cn (J. Zhu), jianglei@iccas.ac.cn (L. Jiang).
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eat-resistant polymers that also exhibit many useful proper-
ies such as chemical resistance, low flammability, and excellent

echanical properties. However, they have poor anti-wetting
roperties due to the presence of hydrophilic imide groups (Le &
hung, 2014; Tsuda, 2013). Fluoro-organic polymers have emerged
s new heat-resistant materials that also have low surface energies.
mphiphobic polymer coatings with heat resistance up to 300 ◦C
ave been reported, but these fluorine-containing materials cannot
e used because of toxicity to humans and the environment (Seitz,
ineberg, Zuniga, & Ojima, 2013; Wang et al., 2014). Therefore, eco-

ogically and biologically safe coatings having both excellent water
epellency and thermal resistance are urgently needed for numer-
us applications in the aerospace and food industries (Schmidt,
994). Here, a polycarbonate coating, formed by a simple dip-
oating method, is shown to exhibit simultaneous hydrophobicity
nd high temperature durability. In addition, it is very transpar-
nt to visible light, and is environmentally friendly. Thus, this new
aterial may  have extensive applications ranging from industry to

aily life.
xperimental

The synthesis of the polycarbonate has been reported previously
Nishiguchi & Tokuda, 1995). Briefly, 24.9 g of deionized water
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Fig. 1. Molecular structure and sample of the polycarbonate.

nd 1.64 g of aqueous sodium hydroxide solution (48.5 w/w%)
ere placed into a reflux condenser, and nitrogen gas was

ubbled through the solution for 30 min  to de-oxygenate it.
hen 0.005 g of hydrosulfite was added, and 2.71 g of 2,2-bis(4-
ydroxyphenyl)hexafluoropropane (99.98% purity) and 0.314 g of
,9-bis(4-hydroxyphenyl)fluorene (99.8% purity) were dissolved in
he solution. Then 26.7 g of methylene chloride was added, and
.04 g of phosgene was bubbled into the solution at 14–16 ◦C, fol-

owed by about 60 min  of stirring. To this was added 0.56 g of
queous sodium hydroxide solution (48.5 w/w%) and 0.067 g of p-
ert-butylphenol, and the solution was stirred for emulsification.
inally, 0.002 g of triethylamine was added, followed by stirring
t 30 ◦C for 2 h. The polymer product has a molecular weight of
pproximately 300,000. Fig. 1 shows the sample of this polycarbo-
ate prepared together with its molecular structure.

To prepare polycarbonate coatings, the polymer was  dissolved
1 mg/mL) in 1,2-dichloroethane and was strongly stirred for 1 h to
nsure complete dissolution. The polymer solution was then spread
nto silicon substrates and dried in a clean-room atmosphere.

The silicon substrates were initially cleaned in an ultrasonic bath
or 5 min  in ethanol and acetone, sequentially, and then treated
ith hot sulfuric acid (Ma,  Liu, Xu, & Cui, 2005). The clean, pure

ilicon substrates were dried under nitrogen.
Water contact angles (CAs) were measured with an OCA20

pparatus (DataPhysics, Germany) at saturated humidity. Thermo-
ravimetric analysis (TGA) result was performed with a Pyris 1 TGA
Perkin-Elmer).

esults and discussion

TGA of the synthesized polymer was performed a heating rate
f 10 ◦C/min (Fig. 2), and indicated that the polycarbonate had a
ery high thermal stability up to 400 ◦C. At temperatures greater
han 400 ◦C, the polymer started to steadily decompose and dis-
layed a 10% weight loss at 463.2 ◦C. As a polymer having a melting
oint higher than 300 ◦C, this polycarbonate should therefore be
efined as heat-resistant. Furthermore, it should be considered as
 breakthrough in the field of heat-resistant polymers, which has
een dominated by aromatic polyamides for decades.

The polycarbonate film was obtained by casting the polymer
olution onto a clean silicon substrate (both rough and flat). The

i
e
4

ig. 2. Thermogravimetric analysis of the polycarbonate, exhibiting excellent sta-
ility up to 400 ◦C.

ettability of the film was  examined by measuring water contact
ngles (CAs) with 2-�L water droplets at five different positions on
he surface. The average value on flat substrates was (86.9 ± 1.1)◦,
hich is hydrophobic; in comparison, clean silicon substrates were
ydrophilic with CAs less than 20◦. Thus the polycarbonate modi-
ed the substrate by making it hydrophobic. The thermal stability
f the hydrophobicity was investigated by annealing the polymer
lm at a series of temperatures in the range 20–450 ◦C (Fig. 3).
he annealing was  performed in air in a muffle furnace, with a
eating rate of 10 ◦C/min, and the temperature was maintained

or 6 h before cooling to room temperature. The CA remained sta-
le at 87.6◦ from 20 ◦C to almost 400 ◦C. After annealing at 400 ◦C,
he CA of the film decreased to 57.3◦; thus the polymer began to
ignificantly lose its hydrophobicity. Relative to the TGA data for
he bulk polymer discussed above, the polycarbonate film was  also
hermally stable up to about 400 ◦C, before it began to decompose
lightly. Thus the thermal stability and the hydrophobicity both
ecrease around the same temperatures. Although the polymer
nly lost 5% of its weight at 400 ◦C, the hydrophobicity completely
isappeared. Therefore, tiny changes in the chemical composition
an lead to dramatic differences in wettability.

It has been shown theoretically and experimentally that sur-
ace roughness can enhance hydrophobicity (Feng et al., 2004;
akajima, Fujishima, Hashimoto, & Watanabe, 1999). The relation-

hip of the contact angle for a coated film on a rough substrate (�r)
ith that for the same film on a flat substrate (�) can be expressed as

Bormashenko, 2011; Koishi, Yasuoka, Fujikawa, Ebisuzaki, & Zeng,
009; Marmur, 2004):

os �r = f1 cos � − f2, (1)

here f1 and f2 are the fractions of rough substrate and air in contact
ith water respectively (i.e.,  f1 + f2 = 1). Thus, for a hydrophobic

oated film, increasing f2 increases �r to a more hydrophobic state;
n contrast, for a hydrophilic coated film, increasing f2 decreases �r

o a more hydrophilic state. The CA of the polycarbonate film on a
at substrate is about 80◦ for pure water, indicating a hydropho-
ic film (the new hydrophilic/hydrophobic boundary is about 65◦)
Bhushan, Wang, & Maali, 2009; Zhao, Moore, & Beebe, 2001), while
he polymer film on a substrate with micro scale roughness had a
uperhydrophobic CA of (156.4 ± 3.1)◦.
The transmittance of the polymer film was examined by casting
t onto a quartz substrate. As shown in Fig. 4, the polymer film
xhibited high transmission (>90%) of light over the visible range
00–800 nm.  Meanwhile, the same film had a hydrophobic CA of
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Fig. 3. Polycarbonate films on (a) a rough Si substrate, and on (b) a smooth Si substrat
function of annealing temperatures in the range of 20–400 ◦C.
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and super-oleophilic coating mesh film for the separation of oil and water.
Fig. 4. UV–vis transmission spectrum of the polycarbonate film.

90.4◦, almost the same as that for a film coated on the flat silicon
ubstrate.

onclusions
With a simple spin-coating process, an environmentally
afe polycarbonate film with high hydrophobicity, thermal sta-
ility, and visible light transmittance was prepared. Such a

H

e. (c) Contact angles of polycarbonate films on smooth and rough substrates as a

ultifunctional coating could be widely applied in aerospace and
ood industries.
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