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ABSTRACT: Nanocomposite films of superhydrophobic sur-
face are fabricated from the dispersion of unmodified carbon
nanotubes (CNTs) and hydrophobic poly(isobutylene)−amine
(PIB−amine). The PIB−amine prepared from the amidation of
poly(isobutylene)-succinic anhydride and poly(oxypropylene)−
amines is essential for dispersing the originally entangled CNTs
into the debundled CNTs as observed by TEM. A robust CNTs/
epoxy nanocomposite film with high dimensional stability is made
by subsequent curing with epoxy resin. The self-standing film
exhibits a superhydrophobic property, with water droplet
contact angle > 152° due to the CNTs controlled alignment
on the surface forming micrometer-size plateaus, as observed
by SEM. The preparation of PIB−amine/CNTs dispersion
and subsequently curing into a superhydrophobic CNTs/epoxy film is relatively simple and can potentially be applied to large
surface coating.
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1. INTRODUCTION

A superhydrophobic surface with water repellent and stain
free properties exists on the leaves of many plants.1 The
criteria for a superhydrophobic surface is having a water con-
tact angle higher than 150°. Many efforts to create such a film
surface have been made because of the potentials for industrial
applications.2 Various surface properties, for instance, snow
sticking, contamination, oxidation, and electric current con-
duction, can be controlled by technique mimicking nature.3

The unusual wetting characteristics of a superhydrophobic
surface are governed by both chemical composition and
geometric microstructure of the surface.4 Creating local geom-
etric roughness and tailoring its size distribution are the
most important issues besides the introduction of a hydro-
phobic component on the material surface. The superhydro-
phobic surfaces can be generated by two approaches,5 nano-
material self-assembling into suitable domain size and
modifying an existing rough surface to reduce its surface
free energy. The top-down approach encompasses the litho-
graphic and template-based techniques,6 CNTs/polymer
composite coatings,7−9 and plasma treatment of surface.10 The
bottom-up technique involves mostly the unit self-assembly
such as chemical bath deposition (CBD),11 chemical vapor
deposition (CVD),12 and layer-by-layer deposition via elec-
trochemical,13 colloidal,14 sol−gel,15 and chemical synthe-
ses.16 However, these fabrication methods generally involve

tedious procedures, and some are energy intensive for large
surface applications.
Nanomaterials, such as clay17,18 and CNTs,19,20 are utilized as

a rough template for tailoring surface roughness. However,
dispersing the inherently agglomerated CNTs into debundled
units21,22 is still a challenging task and more so for the self-
assembly of dispersed CNTs in the bottom-up procedure.
The CNTs solvation in organic mediums is generally unsatis-
factory at high concentration due to its lengthy tubular shape
that tends to entangle and aggregate into lumps. Covalent
bonding methods including surface oxidation into functional
derivatives23,24 and noncovalent interaction by polymer
wrapping have been well-documented.25,26 Noncovalent
methods are preferred because of the nondestruction of CNT
structure and integrity.
In this paper, we report the use of an amphiphilic polyamine to

enable the dispersion of unmodified CNTs and subsequent
curing with epoxy to form superhydrophobic films. The poly-
amine was prepared from the amidation of the available
poly(isobutylene)−succinic anhydride (PIB-SA) which is
the main constituent for the surface hydrophobicity.27,28 The
CNTs wrapped by the polar tethering functionalities of the
polyamine with hydrophobic PIB alkyls tend to generate a
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controlled size and shape of roughness.29,30 The presence of PIB
alkyls is essential for providing a steric hindrance when dispersing
CNTs in solvent and forming ultimate hydrophobic surface after
curing with epoxy resin. Therefore, the superhydrophobicity of
the films relied on the combination of roughness and chemical
composition which were provided by CNTs aggregation and
hydrophobic PIB copolymer. The formation of a large and facile
process is unprecedented for not involving the functionalized
CNTs or fluorinated alkyl hydropholes.

2. EXPERIMENTAL SECTION
2.1. Materials. Carbon nanotubes (CNTs) were supplied by

Seedchem Company Pty., Ltd., and prepared from chemical vapor
deposition. The CNTs are 95% pure and contain 5% catalyst (Fe, Co,
and Ni). The dimension of CNTs is 40−60 nm in diameter and 0.5−
10 μm in length. Polyisobutylene-g-succinic anhydride (PIB-SA) with
molecular weight (Mw) of 950 was obtained from Chevron Corp.
Poly(oxypropylene)−amines (POP−amines), triamines of Mw = 440
(abbreviated as T403), were purchased from Huntsman Chemical Co.
Diglycidyl ether of bisphenol A (DGEBA, trade name as BE-188) with
an epoxy equivalent weight (EEW) of 188 was obtained from Chang
Chun Chemical Co., Taiwan.

2.2. Synthesis of PIB−Amine Copolymer. Synthesis of PIB−
amine copolymer is described as follows: to a three-necked and round-
bottomed flask, equipped with a mechanical stirrer, T403 (0.44 g,
1 mmol) was charged, followed by the dropwise addition of PIB-SA
(0.95 g, 1 mmol) in THF (50 mL). Under constant stirring, the
mixture was maintained at 25 °C for 3 h. The product of NH2/MA at
3:1 molar ratio was prepared and abbreviated as PIB−amine. The
PIB−amine copolymer was analyzed by Fourier transform infrared
(FT-IR) spectra. The characteristic absorptions at 1552 cm−1 and
1647 cm−1 were obtained for amidoacid functionalities. The molecular
weight was measured by using gel permeation chromatography (GPC)
and showed the average molecular weight of 3338Mw and polydispersity
of 1.40.

2.3. CNTs Dispersion by PIB−Amine Copolymer and Epoxy
Cured Films. An example of CNTs dispersion by copolymer is
described below; CNTs (0.1 g) were dispersed in THF (10 g) with
PIB−amine copolymer (0.05 g, 0.036 mmol) as dispersant, under an
ultrasonic vibrator (LEO-1502) that was operated at 150 W and
40 kHz for CNTs dispersion. After ultrasonic vibration, the PIB−
amine/CNTs was prepared by drop-casting PIB−amine/CNTs
solution on glass substrate (20 × 70 mm) and then drying in a
vacuum oven at 80 °C for 1 h. Another example of preparing PIB−
amine/CNTs epoxy film is described below; the PIB−amine/CNTs
(0.1 g/0.05 g) in THF solution were dispersed in DGEBA (0.025 g,

Scheme 1. Synthesis of PIB−Amine Dispersant from Amidation of PIB-SA with T403 Tri-Amine

Table 1. Water-Droplet Contact Angles and Physical Properties of the Films with and without CNTs Films

temperature (°C)d

weight fraction
(w/w)

contact angle
(±1°)

contact angle
hysteresis (±1°)a

sheet resistance
(Ω/sq)b hardnessc

75 wt %
retention

50 wt %
retention

25 wt %
retention

PIB−amine/CNTs 1/4 152° 55 <2 B
1/2 158° 7.3° 78 <2 B 352 396 422
2/1 144° 87 <2 B
4/1 118° 241 <2 B

PIB−amine 1/0 109° 7.3° <2 B 308 366 401
pristine CNTs 0/1 119° 1.2° 17 <2 B 681 710 734
PIB−amine/epoxye 100° 7.2° 2 H 348 380 406
PIB−amine/CNTs epoxye 152° 7.2° 3 H 347 381 410
aInclined angle = 20°. bMeasured by using a four-point probe for electric surface resistance. cPencil hardness. dMeasured by TGA from 100 to
800 °C heating profile at 10 °C/min in N2.

e1:1 equivalent ratio of epoxide/NH.
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0.071 mmol), at a 1/1 equivalent weight ratio of epoxide/N−H. The
mixtures were drop-cast on glass substrate and programmed at 80,
120, and 150 °C each for 1 h.

2.4. Characterization and Instruments. Fourier transform
infrared spectroscopy (FT-IR) was recorded on a Perkin-Elmer Spec-
trumOne FT-IR Spectrometer in the range of 4000−400 cm−1. Samples
were prepared by dissolving in THF and evaporating into a thin film on a
KBr plate. Transmission electron microscopy (TEM) was performed on
a Zeiss EM 902A, operated at 120 kV. The dispersions of copolymer/
CNTs in THF at 0.001 wt % was dropped onto a carbon-coated copper
grid and dried at ambient temperature. Scanning electronic microscopy
(SEM) was performed on a Zeiss EM 902A, operated at 80 kV. The
samples were prepared by dropping a small amount of the PIB−amine/
CNTs dispersions on a clean glass surface, followed by a dehydration
oven step at 60 °C for 2 h. The samples were then fixed on a SEM holderFigure 1. FT-IR spectrum of PIB−amine copolymer.

Figure 2.TEMmicrographs of CNTs aggregation or fine dispersion (a and b) pristine CNTs, (c and d) PIB-SA/CNTs at 1:1 weight ratio, and (e and f)
PIB−amine/CNTs at 1:1 weight ratio.
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with conductive carbon paste and coated with a thin layer of Au prior to
measuring. Static contact angle measurements for water drops on films
were performed using a Kruss G10/DSA10 apparatus using the sessile
drop method. Measurements made at five different points on each
sample surface were averaged. AFMmeasurements were performed on a
Seiko SPI3800N, series SPA-400HV (Seiko Instruments) instrument.
The thermal analyses were analyzed by using thermal gravimetric
analysis (TGA), on a Perkin-Elmer Pyris 1 model, at a heating rate of
20 °C/min from 100 to 800 °C under a nitrogen flow. Pencil hardness
was measured according to the method of ASTM D 3363-74. The pH
environment effect of contact angle values was measured in the pH
range from 3 to 11. The background pH buffer solution from 3 to 4 was

adjusted byH3PO4 andKH2PO4, from 5 to 8 by KH2PO4 andNa2HPO4,
and from 9 to 11 by Na2HPO4 and Na3PO4, in each case at a
concentration of 0.1−0.2 M.

3. RESULTS AND DISCUSSION

3.1. Synthesis of PIB−Amine Copolymer. The syn-
thesis of copolymer involves the reaction of cyclic anhydride
and amine (−NH2) to generate an amide in the linking
site (in Scheme 1). The anhydride ring-opening reaction
is selective at ambient temperature. The compounds have
characteristic chemical moieties including a hydrophobic

Figure 3. SEM micrographs of roughness and contact angle image (inset): (a) pristine CNTs, (b) as-synthesized PIB−amine, and PIB−amine/CNTs
with weight ratios of (c) 1/4, (d) 1/2, (e) 2/1, and (f) 4/1.
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poly(oxypropylene) block, amine, carboxylic acid, and amide
functionalities. The polyamine reactions stated above were
confirmed by FT-IR analyses of PIB−amine (Figure 1). The
characteristic peaks of the anhydride at 1785 and 1858 cm−1,
while preserved on the spectrum of PIB-SA, disappear on
that of the PIB−amine series and the peaks of the amide
at 1552 and 1647 cm−1 preserved, suggesting a complete
anhydride ring-opening reaction between anhydride and
amine.
3.2. Observation of CNTs Dispersion by TEM. The PIB−

amine was applied for disperse CNTs in THF by ultrasonic
vibrator, and the dispersion was analyzed by TEM (Figure 2).
The TEM images revealed the pristine CNTs rendered
large aggregation and CNT bundles in a range of 1−5 μm.
Compared to the copolymers dispersion, the TEM images
revealed partial aggregation and fine dispersion for PIB-SA/
CNTs and PIB−amine/CNTs, respectively. Due to the
PIB−amine having one side with strong hydrophobic in-
teraction and another side with stacking attraction between
lone pair of amine group to CNTs surface, CNTs can be
dispersed homogeneously by PIB−amine through copolymer
wrapping.
3.3. Morphologies and Water Contact Angles of the

Polymer/CNTs Surfaces. To mimic nature’s lotus effect, the
weight ratio of PIB−amine/CNTs in the dispersion solution
used for drop-coating on glass substrate was reduced and the
corresponding contact angles measured with a contact angle
meter (Table 1). Figure 3 shows the SEM morphology and
the water contact angle (CA). As shown in Figure 3a, the

pristine CNTs have CA of 119° with individual CNTs
randomly entangled on the surface. On the other hand, Figure 3b
shows the as-synthesized PIB−amine has a smooth surface
without any roughness and it has a CA of 109°. In comparison,
the combination of PIB−amine/CNTs shows CA of 152°,
158°, 144°, and 118° at PIB−amine/CNTs weight ratios of
1/4, 1/2, 2/1, and 4/1, respectively. This is attributed to the
fact that the CNTs surface when coated with PIB−amine
caused changes in CNTs diameter, and at weight ratio of 1/2
resulted in an uneven surface with microscale roughness
(Figure 3d). These morphological features of the dispersion
coating are similar to that of the lotus surface micro-
structures,31 having a superhydrophobic property like that
of the lotus leaf self-cleaning property (see Supporting
Information Movie S1). The PIB−amine/CNTs surface
makes the water droplets move freely on the surface at a
very low slide angle.
The effects of the copolymer content on CA and sheet

resistance are further shown in Figure 4. The CA increased to a
maximum of 158° at PIB−amine/CNTs weight ratio of 1/2,
and after this optimal ratio, the CA decreased with increas-
ing PIB−amine content. Furthermore, there is more copoly-
mer coverage on the CNTs surface and the CNTs diameter
increased with increasing copolymer content. Due to the
surrounding copolymer, the sheet resistance increased with
increasing copolymer content. This result further confirmed
that the wettability of the CNTs surfaces can be controlled
by changing the weight ratio, leading to different structure
morphologies.

3.4. Film Robustness with Epoxy Resin Modification.
For long-term durability application, antiscratching is important.
The copolymer/CNTs show weak mechanical property and can
easily be damaged by external force. The robustness of the
CNTs superhydrophobic surface improved significantly upon
incorporation of the epoxy resin as shown in Figures 5 and 6.
In Figure 7, the rough surface is shown for the epoxy cured
PIB−amine/CNTs at weight ratio of 1/2. The roughness at
averaged root-mean-square (RMS) of 56.9 nm is consistent
to the SEM observation in Figure 6. Specifically, the PIB−
amine not only can act as dispersants for CNTs to form a
stable CNTs/polymer suspension but is also a curing agent for
epoxy resin. The PIB−amine contains amine groups, which
can react with the epoxy group during the curing process.
While the amine termini interacting with CNTs surface
generate an aligned structure that consequently reacts with
added epoxy, the robust surface was tailored. The PIB−
amine/CNTs epoxy films have water CA of 152° and CAH of
ca. 7°. Furthermore, the prepared surfaces, when exposed to

Figure 4. Contact angle and sheet resistance as a function of different
weights of PIB−amine/CNTs.

Figure 5. Conceptual illustration of PIB−amine dispersed CNTs and cured with epoxy.
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air for several months or even immersed in a water bath,
remained essentially unchanged with the same water CA and
looked the same as the original pristine film (see Supporting
Information Movie S1).
In addition, the properties of thermal decompositions

of the films were analyzed by TGA (Table 1 and Supporting
Information Figure S1), showing the following trend of
stability: CNTs > PIB−amine/CNTs > PIB−amine/CNTs/
epoxy > PIB−amine/epoxy > PIB−amine. It is noted that
the addition of CNTs actually stabilized the polymer matrix.
Further, the film hardness increased with the CNTs addition
from 2 to 3 H. The enhancement is attributed to the CNTs
homogeneous interaction with the epoxy polymer matrix.
3.5. Effect of pH Value on Surface Contact Angles. To

evaluate the stability and durability of the superhydrophobic film,

the time-dependence and pH effect on the CA values were
further studied. As shown in Figure 8a, the time-dependence
of the CA values was evaluated and the results showed that the
CA of PIB−amine/CNTs and PIB−amine/CNTs epoxy films
remained essentially unchanged at >150°. This shows that the
superhydrophobic surfaces have long-term stability. In
contrast, the CA of the pristine CNTs film revealed a dramatic
decrease from an initial value of 119° to 75° within 1 h. In
Figure 8b, the CA results were maintained close to CA of 150°
and revealed only a slight change of CA on variation of pH.
This indicates that pH values of the aqueous solution have
little effect, implied that such superhydrophobic surface can be
used for not only pure water but also corrosive liquids, and
thus will greatly extend the industrial applications in all pH
environments.

Figure 6. SEM micrographs of CNTs appearance on film surface: (a and b) pristine CNTs, (c and d) PIB−amine/CNTs at 1/2 weight ratio, and
(e and f) PIB−amine/CNTs/epoxy.
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4. CONCLUSION
PIB−amine copolymer, consisting of hydrophobic alkyls and
multiple amine termini, was synthesized and used to disperse
CNTs in an organic medium. The amine associated CNTs
enabled the formation of a tailored roughness of epoxy surface on
glass substrate. The superhydrophobic surface can be fabricated
by varying the copolymer/CNTs weight ratio, and the
measurement of water contact angle up to 158° correlated well
to the SEM observed surface roughness of micrometer scale in
fiber-knitted lumps. The generated epoxy film was shown to be
stable against a harsh pH environment and long-term immersion

in water. The dual functionality of PIB-SA/POP−amines as a
dispersant for CNTs and reacting with epoxy is essential for
creating this robust surface. The uses of PIB-SA/POP−amines in
affecting CNTs dispersion in organic medium and reacting with
epoxy with tailored roughness provides a new avenue to form a
surface with self-cleaning and controlled functions, potentially
applicable for conductor and other optoelectronic devices.
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