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We demonstrate a simple vapor-phase fabrication of self-

assembled perpendicular organic nanoneedles on various sub-

strates to generate superhydrophobic surfaces on them.

Wettability is a very important property of surfaces that

strongly depends on both surface chemical composition and

geometrical microstructure.1 Superhydrophobic surfaces with

a water contact angle (CA) larger than 1501 have attracted

extensive attention because of their potential applications in

self-cleaning surfaces, microfluidic devices, and other impor-

tant industrial processes.2 It is well-known that superhydro-

phobic surfaces can be fabricated by carrying out nanoscale

surface roughening followed by specific chemical modification

with materials with low surface free energy such as fluorinated

or silicon compounds.3 Various techniques have been applied

to the fabrication of superhydrophobic surfaces, such as

plasma etching,4 colloidal assembly,5 electrospinning,6 sol–gel

processing,7 chemical vapor deposition,8 electrodeposition,9

and anodic oxidation.10 However, most of these approaches

require special equipment and complicated process control.

Very recently, Nakano et al. demonstrated a simple one-step

method for the fabrication of superhydrophobic surfaces that

used a self-assembly process in the solution phase.11 A super-

hydrophobic surface with a water CA of 1541 was easily

prepared via the formation of a three-dimensional (3D) net-

work of a long perfluoroalkyl-based organogelator by imple-

menting a simple film-casting method.

In general, the wetting of rough surfaces can be explained

with one of two models. A homogeneous wetting model is used

when the liquid completely penetrates the fine roughness

morphology,12a and a heterogeneous wetting model is used

when the liquid does not fill the crevices of the rough surface,

because air is trapped underneath the liquid inside the rough

morphology.12b It is widely known that heterogeneous wetting

surfaces exhibit higher CAs than homogeneous wetting sur-

faces.13 According to the heterogeneous wetting model, the

optimal CA arises when the surface is covered with perpendi-

cular fine nanoneedles.

In this study, we demonstrated the simple and facile vapor-

phase fabrication of a superhydrophobic surface consisting of

perpendicular organic nanoneedles produced by using p-con-
jugated organic molecules with extremely strong self-assembly

tendencies. To the best of our knowledge, this is the first report

of the perpendicular growth of a one-dimensional (1D)

organic nanostructure on a substrate surface by using a simple

physical vapor deposition (PVD) method. Yao et al. have

previously reported the growth of crystalline nanowires of

small organic molecules with the absorbent-assisted PVD

method,14 which is essentially an epitaxial process and is thus

different from our self-assembly process. Our process is carried

out in the vapor-phase, and does not require any absorbents,

templates, epitaxial surfaces, post treatment or catalysts.

As a promising candidate for a vapor-phase self-assembling

molecule, we selected 1-cyano-trans-1,2-bis-(30,50-bis-trifluoro-

methyl-biphenyl)ethylene (CN-TFMBE, Scheme 1), which has

been shown to have a strong tendency to form nanowires in

solution.15a The self-assembly of CN-TFMBE arises from the

combined effects of the strong p–p stacking interactions of its

rigid rod-like aromatic segments and the supplementary inter-

molecular interactions of the four CF3 units, which result in

uniaxial nanowire growth.15a Interestingly, it has also been

shown that remarkable fluorescence enhancement is achieved

in these unidirectional aggregates due to aggregation-induced

enhanced emission (AIEE).15 Based on these considerations,

we attempted to use CN-TFMBE for self-assembled nano-

needle formation in the vapor-phase.

Fig. 1 shows the morphologies and the water CAs of as-

prepared films of CN-TFMBE nanoneedles for various film

thicknesses. Note that the CA increases as the length and

number of CN-TFMBE nanoneedles increase. When the

evaporated film thickness is less than 50 nm, no needle-shaped

aggregate is observed on the silicon substrate. At this thick-

ness, there is negligible hydrophobicity, with a water contact

angle of 861. A closer inspection of the field emission scanning

electron microscopy (FE-SEM) image in Fig. 1a reveals that

the CN-TFMBE nanoscale ribbon consists of spherical nano-

particles (see the photo in the inset in Fig. 1a). Some of these

particles are likely to be stacked on the surface, and act as

seeds for the growth of the nanoneedles.

As the thickness of the vapor deposited CN-TFMBE film is

increased to 500 nm, relatively longer ribbon-shaped

Scheme 1 Molecular structure of CN-TFMBE.
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aggregates with an average width of 250 nm start to grow

sparsely on the substrate (Fig. 1b). These self-assembled

ribbon-shaped aggregates appear to be similar to inorganic

nanowires grown with the epitaxial growth method.16 How-

ever, the growth of these CN-TFMBE nanoneedles does not

require a catalyst or template, in contrast to the vapor-phase

epitaxial method.17

With increases in the film thickness from 50 nm to 8 mm, the

needle-shaped nanostructures become more upright and the

number of needles increases. At the same time, the CA

increases markedly up to 1571 and sliding angle less than 41

(the advancing water contact angle: 158.21; the receding water

contact angle: 155.91). In this superhydrophobic surface, pine-

needle-shaped CN-TFMBE covers the whole surface of the

substrate uniformly and compactly (Fig. 1d).

The CN-TFMBE nanoneedles have diameters in the range

250 to 500 nm, with lengths up to B8 mm with rather sharp

tips. It is noteworthy that the tips of the nanoneedles are very

strongly fluorescent, which is due to AIEE effect.15 (see ESIw).
The self-assembled vertical nanoneedle surface could be

fabricated on various substrates with different surface energy

under the same fabrication condition. Originally, substrates

such as glass, silicon, PMMA coated- and perfluoropolymer

(Cytop)19 coated-silicon substrates have different contact an-

gles at 42, 50, 67 and 1061, respectively. However, after the

vertical organic nanoneedles were deposited on them, all of

them showed exactly the same CAs (1511 at 5 mm film

thickness) and surface morphology as shown in Fig. 2

(see ESIw).
To better evaluate the effects of the vertical alignment of the

nanoneedles on the formation of the superhydrophobic sur-

face, we also fabricated a 3D CN-TFMBE nanowire-covered

surface with the solution self-assembly method. This CN-

TFMBE xerogel-coated surface was prepared with the method

reported in a previous communication.15a To prepare the 3D

network films, the CN-TFMBE was well dissolved in 1,2-

dichloroethane (0.6 wt/vol%) by gentle heating (60–70 1C),

and then the warmed solution was spread out on the silicon

substrate without any difficulty. After approximately 1 min,

the solution on the silicon substrate turned into an organogel.

Then, slow evaporation of the residual solvent within the

organogel provided the xerogel coating on the silicon sub-

strate. As shown in Fig. 3b, many fibrillar aggregates with

diameters of 100 to 700 nm are present, and are entangled with

each other resulting in a 3D network structure. This xerogel

film has a smooth surface and is somewhat hydrophobic: the

CA is 1241. It is known that the hydrophobicity of a surface

can be enhanced by carrying out a chemical modification that

lowers the surface energy. However, this approach has certain

limitations. Chemical modification results in an increase in the

water CA, with a maximum value of approximately 1201

reported for smooth CF3-terminated surfaces.3,18 Clearly, the

morphology of the coated xerogel film is totally different to

that of the perpendicular nanoneedles surface prepared with

the PVD method and shown in Fig. 3a at the same magnifica-

tion.

By comparing Fig. 3a and b, it can be seen that the presence

of nanometre scale surface roughness strongly influences the

wetting behavior of water on the surface of the CN-TFMBE

evaporated film. The properties of CN-TFMBE make it

suitable for fabricating superhydrophobic surfaces in the form

of arrays of pillars, with CAs in excess of 1501 possible. The

needle-shaped morphology produces trapping of air compo-

nents within the surface, which results in an increase in the

water CA according to Cassie’s law.12b The CA of the needle-

shaped nanostructure surface is 1571, i.e., it is a superhydro-

phobic surface.

In general, a superhydrophobic surface can be fabricated by

controlling both its chemistry and modifying its geometrical

Fig. 1 SEM images of vapor deposited CN-TFMBE surfaces for

various film thicknesses: (a) 50 nm, (b) 500 nm, (c) 1.9 mm, (d) 8.0 mm.

The insets show images of water droplets (10 mL) on the vapor

deposited CN-TFMBE films.

Fig. 2 Water contact angles before (a–d) and after (e–h) the deposi-

tion of perpendicular nanoneedles on different substrates; (a) glass, (b)

Si, (c) poly(methyl methacrylate) on Si and (d) perfluoropolymer on Si,

respectivly. (e–h) CN-TFMBE coated surfaces on (a–d), respectively.

Fig. 3 Surface morphology and water contact angle of CN-TFMBE

films prepared with (a) the simple vapor-phase deposition method, and

(b) the solution self-assembly method.
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roughness. In our simple PVD method, superhydrophobicity

is achieved by the simultaneous control of the chemical

composition and the geometrical morphology. It is clear that

the CN-TFMBE aggregates exhibit unidirectional growth due

to their excellent self-assembly tendencies in both the vacuum

deposition and solution self-assembly processes.

In conclusion, we have demonstrated a one-step fabrication

method for preparing superhydrophobic surfaces with a sim-

ple vapor deposition process. The superhydrophobic surface

consists of vertically grown needle-like aggregates of simple

p-conjugated CN-TFMBE molecules. These materials are

potentially very useful in industrial applications.
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21, 9143–9148.

6. (a) M. Ma, R. M. Hill, J. L. Lowery, S. V. Fridrikh and
G. C. Rutledge, Langmuir, 2005, 21, 5549–5554; (b) L. Jiang,
Y. Zhao and J. Zhai, Angew. Chem., Int. Ed., 2004, 43, 4338–4341;
(c) K. Acatay, E. Simsek, C. Ow-Yang and Y. Z. Menceloglu,
Angew. Chem., Int. Ed., 2004, 43, 5210–5213.

7. (a) A. Nakajima, A. Fujishima, K. Hashimoto and T. Watanabe,
Adv. Mater., 1999, 11, 1365–1368; (b) N. J. Shirtcliffe, G.
McHale, M. I. Newton and C. C. Perry, Langmuir, 2003, 19,
5626–5631.

8. (a) K. K. S. Lau, J. Bico, K. B. K Teo, M. Chhowalla, G. A.
J. Amaratunga, W. I. Milne, G. H. McKinley and K. K. Gleason,
Nano Lett., 2003, 3, 1701–1705; (b) M. Ma, Y. Mao, M. Gupta,
K. K. Gleason and G. C. Rutledge,Macromolecules, 2005, 38(23),
9742–9748; (c) H. Liu, L. Feng, J. Zhai, L. Jiang and D. Zhu,
Langmuir, 2004, 20, 5659–5661.

9. (a) X. Zhang, F. Shi, X. Yu, H. Liu, Y. Fu, Z. Wang, L. Jiang and
X. Li, J. Am. Chem. Soc., 2004, 126, 3064–3065; (b) N.
Zhao, F. Shi, Z. Wang and X. Zhang, Langmuir, 2005, 21,
4713–4716.

10. (a) K. Tsujii, T. Yamamoto, T. Onda and S. Shibuichi, Angew.
Chem., Int. Ed. Engl., 1997, 36, 1011–1012; (b) M. Thieme,
R. Frenzel, S. Schmidt, F. Simon, A. Hennig, H. Worch,
K. Lunkwitz and D. Scharnweber, Adv. Eng. Mater., 2001, 3(9),
691–695.

11. M. Yamanaka, K. Sada, M. Miyata, K. Hanabusa and
K. Nakano, Chem. Commun., 2006, 2248–2250.

12. (a) R. N. Wenzel, Ind. Eng. Chem. Res., 1936, 28, 988–994; (b) A.
B. D. Cassie and S. Baxter, Trans. Faraday Soc., 1944, 40,
546–561.

13. (a) N. A. Patankar, Langmuir, 2003, 19, 1249–1253; (b) B. He,
N. A. Patankar and J. Lee, Langmuir, 2003, 19, 4999–5003.

14. Y. S. Zhao, D. B. Xiao, W. S. Yang, A. D. Peng and J. N. Yao,
Chem. Mater., 2006, 18, 2302–2306.

15. (a) B.-K. An, D.-S. Lee, J.-S. Lee, Y.-S. Park, H.-S. Song and
S. Y. Park, J. Am. Chem. Soc., 2004, 126, 10232–10233;
(b) B.-K. An, S.-K. Kwon, S.-D. Jung and S. Y. Park, J. Am.
Chem. Soc., 2002, 124, 14410–14415; (c) J. Luo, Z. Xie, J. W.
Y. Lam, L. Cheng, H. Chen, C. Qiu, H. S. Kwok, X. Zhan, Y. Liu,
D. Zhu and B. Z. Tang, Chem. Commun., 2001, 1740–1741.

16. R. Liu, A. A. Vertegel, E. W. Bohannan, T. A. Sorenson and
J. A. Switzer, Chem. Mater., 2001, 13, 508–5123.

17. Y. Xia, P. Yang, Y. Sun, Y. Wu, B. Mayers, B. Gates, Y. Yin,
F. Kim and H. Yan, Adv. Mater., 2003, 15, 353–389.

18. (a) S. R. Coulson, I. Woodward, J. P. S. Badyal, S. A. Brewer and
C. Willis, J. Phys. Chem. B, 2000, 104, 8836–8840;
(b) S. Veeramasuneni, J. Drelich, J. D. Miller and G. Yamauchi,
Prog. Org. Coat., 1997, 31, 265–270; (c) T. Nishino, M. Meguro,
K. Nakamae, M. Matsushita and Y. Ueda, Langmuir, 1999, 15,
4321–4323.

19. (a) S.-Y. Park, S. N. Chvalun and J. Blackwell, Macromolecules,
1997, 30, 6814–6818; (b) T. C. Merkel and L. G. Toy, Macro-
molecules, 2006, 39, 7591–7600.

3000 | Chem. Commun., 2008, 2998–3000 This journal is �c The Royal Society of Chemistry 2008


