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During the past few years, a great number of nanostruc-
tured materials have appeared mainly due to the development
of new synthetic methods as well as characterization and
manipulation techniques.1 One of the most interesting and
promising issue regarding nanostructures is their use in
composite materials. The challenge is to enrich bulk materials
such as polymers and organic or inorganic solids with
advanced optical, magnetic, electrical, mechanical, and other
properties derived from the incorporation of nanomaterials.2

A large chapter in nanoscience pertains to carbon nano-
tubes (CNTs) and their organic derivatives, which show
exciting new physicochemical properties, thermal stability,
and large surface area.3 Numerous organic reactions have
been applied in order to make CNTs more attractive in
various areas of nanotechnology.4 The 1,3-dipolar cycload-
dition of azomethine ylides, which has been broadly utilized
in the fullerene field,5 has been already applied in CNTs with
seminal results. The main advantage of this established
reaction is the easy attachment of substituted pyrrolidine rings
to the sidewalls of the nanotubes. In this way, reconstructed
materials with customized properties can be obtained. For
this purpose, a specific functionalized aldehyde and an amino

acid are combined, leading to 2-substituted pyrrolidine
moieties attached on the sidewalls of CNTs. This sort of
combination has previously resulted in functionalized CNTs
that formed stable solutions in organic solvents,6 or have
been used in polymer composites,6b medicinal applications,6c

drug delivery,7 and energy conversion.8

On the other hand, superhydrophobicity9 plays an impor-
tant role in many technological applications including
biotechnology, medical devices, waterproof and self-cleaning
coatings, lubrication, microfluidics, and stain-resistant fin-
ishes.10 Superhydrophobicity is obtained by a combination
of low surface energy and high roughness. The first factor
is referred to the chemical composition of the surface and
the second to the morphology.11 Foremost among others,
perfluoro compounds are best known to bring dramatic
changes in the wetting behavior of a surface, and thus lending
excellent superhydrophobic properties.

In this report, the synthesis and characterization of
superhydrophobic functionalized CNTs as well their implica-
tion in the wetting properties of polymers or textiles are
described. In this instance, a perfluoroalkylsilane coating is
employed to alter the surface properties of the nanotubes.
In recent reports, perfluoroalkylsilanes have been utilized to
lend superhydrophobicity to vertically grown CNT thin
films.12 Nevertheless, the fixed nature of the nanotubes in
the film strictly confines any further potential use in a wealth
of applications. In contrast, the present method can be applied
to any kind of CNTs, leading to powder hybrids that can be
easily handled in various processes (mixing, blending,
dispersion, or impregnation).

In a typical procedure, purchased multiwall CNTs (Ald-
rich, 95+ %) were first oxidized by piranhas solution to
create enough -OH and -COOH groups on the surface.13

Following, the oxidized nanotubes were used as the substrate
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for the 1,3-cycloaddition reaction with the 3,4-dihydroxy-
benzaldehyde/N-methyl glycine couple for the additional
incorporation of pending dihydroxyphenyl groups (Scheme
1). This two-step treatment ensures a high concentration of
pending oxygen-containing groups on the surface prior
fixation of the perfluoroalkylsilane in a compelling manner.
On the basis of thermogravimetric analysis, the precursor
contains one dihydroxy phenyl group per 80–100 carbon
atoms. In the last step, perfluoro-octadecyl-triethoxy silane
reacted with these surface exposed centers to eventually form
a dense coating around the nanotubes through Si-O-C
covalent bridges (Scheme 1). Experimental details are given
in the Supporting Information.

The as-perfluorinated CNTs showed an apparent dispers-
ability in DMF or hexafluoroisopropanol (about 2 mg mL-1)
and a distinct superhydrophobic character (Figure 1). In
particular, a colored water droplet (methylene blue-dyed) was
placed on a film of neat superhydrophobic CNTs and formed
a contact angle of 170°. This angle is much higher than 150°,

i.e., the superhydrophobicity onset.14 For comparison, su-
perhydrophobic silica nanoparticles exhibit contact angles
between 150 and 165°.15 The droplet was removed com-
pletely with a roll off angle lower than 5°. We suggest that
the following two factors determine the superhydrophobic
character of the hybrid: (i) the high surface roughness due
to void spaces between the randomly orientated, interwoven
nanotubes; (ii) the dense surface coverage of the nanotubes
by the perfluoroalkyl groups that in turn induces a low
surface enegy. Note that surface oxidation of the pristine
MWNT by piranhas solution and subsequent bonding of the
prefluoroalkyl silane also gave a hybrid material; however,
the contact angle was found less than 150°, i.e the corre-
sponding film was simply hydrophobic. This discrepancy is
ascribed to the smaller oxygen content of the nanotubes and
in turn to the less efficient surface coverage by the silane.
These properties could be valuable in applications dealing
with water repellent surfaces.

The attachment of the perfluoroalkyl groups on the surface
of the nanotubes was unveiled by FT-IR spectroscopy (Figure
2).

The intense band at 1212 cm-1 is attributed to the
stretching vibration of C-F bonds whereas the bands at 1148

(14) Nakajima, A.; Hashimoto, K.; Watanabe, T. Langmuir 2000, 16, 7044–
7047.

(15) (a) Ming, W.; Wu, D.; van Benthem, R.; de With, G. Nano Lett. 2005,
5, 2298–2301. (b) Bravo, J.; Zhai, L.; Wu, Z.; Cohen, R. E.; Rubner,
M. F. Langmuir 2007, 23, 7293–8. (c) Hikita, M.; Tanaka, K.;
Nakamura, T.; Kajiyama, T.; Takahara, A. Langmuir 2005, 21, 7299–
7302.

Scheme 1. Synthesis Steps for the Perfluorinated CNTsa

a Note that the starting nanotubes have been oxidized with piranha
solution before the cycloaddition step.

Figure 1. Left: stable colloidal solution of superhydrophobic functionalized
CNTs in hexafluoroisopropanol. Right: a colored water droplet on a film of
neat perfluorinated carbon nanotubes (diameter ∼2 mm). The film was obtained
by casting and evaporating the left solution over a glass surface.

Figure 2. FT-IR spectrum of the perfluorinated CNTs (top). The TEM image
depicts a surface coated carbon nanotube (bottom).
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and 1065 cm-1 are characteristic for the formation of
Si-O-C bonds. According to TGA, the perfluorinated
derivative contains 30% w/w CNTs and 70% w/w organics.
Taking into consideration that the organic content is by a
large margin attributed to the attached perfluoroalkyl chains,
then the particular composition corresponds to a dense
surface coverage of silane molecules per carbon atoms.
Indeed, TEM study revealed a dense surface coating around
the nanotubes thereby signaling the formation of a core–shell
type hybrid (Figure 2).

A notable change in the wetting behavior of polymers or
textiles was observed upon incorporation of the superhy-
drophobic CNT adduct. More specifically, an amount of the
CNT derivative was dispersed in hexafluoro-isopropanol
forming a stable black colloid. A small portion of this colloid
was then added in a solution of polymethylmethacrylate
(PMMA) in acetic acid. The clear mixture was spread on a
glass slide and air-dried forming an optically transparent,
slightly gray superhydrophobic film with no signs of phase
separation (Figure 3). The contact angle of a dyed water
droplet was 152°. In contrast, the contact angle of the same
droplet on a neat PMMA film was 30°, showing the

hydrophilic nature of the polymer. In this case, the perflu-
orinated MWNT residing near the surface contribute to the
roughness and low energy of the film’s surface.

In another example, the same solution of superhydrophobic
CNTs in hexafluoroisopropanol was used to impregnate a
piece of a cotton textile (Figure 4). As a result, the cotton
textile became strongly superhydrophobic, with the contact
angle of a dyed water droplet being 170°. The droplet was
totally removed with a roll off angle less than 5° leaving
the textile completely dry. The cotton textile is hydrophilic
in nature albeit its intrinsic surface roughness. However,
when the perfluorinated MWNT are absorbed at the external
surface of the textile, further roughness and low surface
energy are achieved.

In summary, superhydrophobic multiwall CNTs were
derived in a three-step procedure that comprises oxidation,
1,3-cycloaddition and silylation with a perfluoroalkylsilane.
Incorporation of these nanotubes in polymers or textiles in
small proportions significantly altered their wetting behavior
and rendered them superhydrophobic.
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Figure 3. Top: an optically transparent, superhydrophobic PMMA composite
film. Bottom, left: side-view of a colored droplet on neat PMMA film.
Bottom, right: side-view of the same droplet over the superhydrophobic
composite film (diameter ∼2 mm).

Figure 4. Collared water droplet (diameter ∼2 mm) over a superhydrophobic
cotton textile after its coating with perfluorinated MWNTs.
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