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A simple electrostatic self-assembly technique was used to

fabricate a photo-switched azobenzene monolayer, on which

superhydrophobicity and a large reversible CA change could be

realized.

It is known that the photo-switched trans and cis isomers of

azobenzene correspond to different dipole moments and surface

wettability. Ichimura et al. reported light-driven motion of liquids

on a flat substrate surface modified with photochromic azobenzene

units prepared by the chemisorption self-assembly technique.1 By

the same technique, Brittain and co-workers prepared another

kind of azobenzene monolayer, on which the observed change of

contact angle (CA) is less than 10u after ultraviolet (UV)

irradiation.2 Feng et al. fabricated an azobenzene polymer film

through Langmuir–Blodgett (LB) technique, on which the change

of CA is about 10u.3 Although the wettability of azobenzene has

attracted great attention, the change of water CA of azobenzene so

far reported is limited, almost no more than 10u. Meanwhile,

comparing with the chemisorption and LB technique, electrostatic

layer-by-layer self-assembly has been considered as a simple,

versatile, and effective technique for fabrication of ultra thin

organic films by alternately dipping substrates into dilute solutions

of cationic and anionic polyelectrolytes.4 Rubner et al. have

fabricated superhydrophobic (CA larger than 150u) polyelectrolyte

multilayers through electrostatic self-assembly by coating the

highly textured multilayer surface with a semifluorinated silane.5 In

this communication, a superhydrophobic electrostatic self-assem-

bly azobenzene monolayer is described in which the introduction

of roughness structures on the substrate surface results in a large

reversible change of wettability (the change of water CA about

66u) after UV and visible (Vis) irradiation.

Azobenzene polyelectrolytes are suitable materials for fabrica-

tion of ultra thin organic films through electrostatic self-assembly

technology.4b,c Poly{2-[4-phenylazophenoxy] ethyl acrylate-co-

acrylic acid} (PPAPE, the ratio of azobenzene unit to acrylic acid

unit is 1:1) and poly (diallyldimethylammonium chloride) (PDAC)

were used as polyanion and polycation in this work, respectively.

An effective electrostatic self-assembly manner was demonstrated

by UV-Vis absorption spectra. The reversible surface wettability

on the electrostatic azobenzene monolayer was studied through

measuring the water CA. On a flat silicon substrate, the CA

change of the monolayer was only about 2u, reversible between

78.3 ¡ 1.5u and 76.4 ¡ 1.3u after UV (365 nm) and Vis (494 nm)

irradiation, as shown in Fig. 1a and 1b. The photo-switched

wettability is a reflection of the change in the dipole moment of the

azobenzene unit upon trans to cis isomerization. The change of the

UV-Vis absorption spectra of azobenzene monolayer upon UV

and Vis irradiation is shown in Fig. 1c. The azobenzene

polyelectrolyte PPAPE exhibited its absorption maxima at about

343 nm and a weak band at about 440 nm, which were related to
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Fig. 1 (a) and (b) The shapes of water drops on a photo-responsive

monolayer with flat silicon substrate upon UV and Vis irradiation. (c) UV-

Vis absorption spectra of azobenzene monolayer as prepared (curve A),

after UV light irradiation (curve B) and then after Vis light irradiation

(curve C). (d) The trans and cis structures of azobenzene upon UV and Vis

irradiation.
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p–p* and n–p* transition bands of the trans azobenzene,

respectively (curve A). Upon UV light irradiation, the intensity

of p–p* transition band at 343 nm decreased and that of n–p*

transition band at 440 nm increased (curve B), indicating the trans

isomerized to the cis. After Vis irradiation, the cis recovered to the

trans (curve C). The structure change between trans and cis of

the azobenzene upon UV and Vis irradiation is shown in Fig. 1d.

The trans has a small dipole moment and a low surface free energy

exhibiting a higher water CA, while the cis-form possesses a higher

dipole moment and surface free energy exhibiting a lower water

CA. Photo-irradiation on the monolayer with UV light will

transform the trans-rich surface to a polar cis-rich surface, which

can be reversed by Vis light irradiation. Modifying the chemical

structure of the azobenzene, e.g. its substitution and its spacer

groups to the main chain, could influence the CA change, since a

large change in dipole moment and the high surface density of the

azobenzene unit can increase the CA change produced by

photoirradiation.6 Since the trans to cis isomer can be cycled by

UV and Vis irradiation, the CA change can be adjusted reversibly

by light irradiation.

Surface wettability is not only governed by chemical structure

but also by surface geometrical structure.7 To investigate

wettability of the monolayer on rough substrate, we prepared a

rough surface introducing geometrical structures with patterned

square pillars on a flat silicon wafer, 20 mm high, 10 mm long and

with spacing of 5, 10, 15, 20, 30, 40, 50, 60 mm between the silicon

pillars (Fig. 2a) by photolithography and the inductive coupling

plasma deep etching technique,8 and fabricated electrostatic self-

assembly azobenzene monolayer on the rough substrate. For the

rough films, it was noticed that the wettability and wettability

change of the azobenzene monolayer under UV and Vis

irradiation greatly depended on the geometrical structure of silicon

surface. Fig. 2b shows the relationships between the water CA on

the monolayer in trans and cis states and the pillar spacing, D.

Under the trans state, the water CAs increased from 78.3 ¡ 1.5u
for a flat substrate (as denoted by pillar spacing of ‘) to 80.1 ¡

1.7u (D 5 60 mm), 92.6 ¡ 1.6u (50 mm), and to 152.6 ¡ 1.9u
(40 mm), and then the surface kept at a superhydrophobic state

when the pillar spacings decreased to 30, 20, 15, 10, and 5 mm,

respectively. After UV irradiation, the CAs under cis states all

decreased for their dipole moments increased and the changes were

different with the pillar spacings, which were about 2u (flat

substrate), 6u (60 mm), 7u (50 mm), 66u (40 mm), 51u (30 mm), 40u

(20 mm), 34u (15 mm), 28u (10 mm), and 19u (5 mm). These results

indicate that superhydrophobic surface and a great photo-

switching between superhydrophobicity and hydrophobicity can

be realized when the pillar spacing is properly selected. Surfaces

exhibiting a water contact angle h . 65u are defined as

hydrophobic surfaces by detecting attractive force using surface

force apparatus and ancillary techniques.9 The trans and cis

monolayers on a flat substrate were both hydrophobic and the

hydrophobicity of the trans was a little higher than that of the cis

for their different dipole moments. The micropillars on the

patterned silicon increase surface roughness, and air can be present

in the microgrooves leading to an increase of the air/water interface

and thus to a more hydrophobic surface. The micropillars when

spacing decreased to 40 mm or shorter distances made the trans

monolayer superhydrophobic (CAs were all about 150u), while the

cis monolayer increased its hydrophobicity gradually with decrease

of pillar spacing instead of becoming superhydrophobic because of

its higher dipole moment and weaker hydrophobicity.

Compared with the change of CA on the flat films (only

about 2u), a large change of CA, about 66u on 40 mm pillar spacing

silicon substrate, was induced on the rough substrate by UV

irradiation. The roughness can enhance the wettability switching of

responsive materials under external stimuli, as has been also

observed from thermal-responsive polymer PNIPAAm,10 photo-

responsive ZnO,11 spiropyran,12 and two-level structured self-

adaptive surfaces,13 while the photo-switched wettability on an

electrostatic self-assembly monolayer has not been reported as far

as we know. Fig. 3a and 3b show the shapes of water drop on the

monolayer on 40 mm pillar spacing silicon substrate upon photo-

irradiation. The CA on the prime monolayer was 152.6 ¡ 1.9u,

Fig. 2 (a) Scanning electron microscopy images of silicon substrates with

well-defined quadrate micropillar array with pillar spacings of 5, 10, 15,

20 mm. (b) The variation of water CA of a photo-responsive monolayer on

a patterned substrate with pillar spacing: m represent CA on the

monolayer as prepared (trans isomer); n represent CA after UV

irradiation (cis isomer).

Fig. 3 (a) and (b) The shapes of water drops on photo-responsive

monolayer with patterned substrate of 40 mm pillar spacing upon UV and

Vis irradiation. (c) Reversible wettability transition of photo-responsive

monolayer by UV and Vis irradiation: e represent CA on a flat silicon

wafer; ¤ represent CA on a patterned substrate of 40 mm pillar spacing.
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after UV irradiation the CA changed to 86.8 ¡ 1.5u, and it came

back to the superhydrophobic state after Vis light irradiation. The

reversible switching had been repeated several times, and good

reversibility of the surface wettability was observed, shown in

Fig. 3c.

In conclusion, a simple electrostatic self-assembly technique was

used to fabricate a photo-switched azobenzene monolayer on flat

and rough substrates. Superhydrophobicity on the monolayer was

obtained by introducing geometrical structure (square pillars) on

substrate surface and a large reversible CA change of about 66u, 33

times larger than that on the flat film, was realized through UV

and Vis irradiation. The superhydrophobicity and large reversible

CA change reported here may open up new promising applications

of azobenzene, especially in manipulating micro-channels, micro-

total analysis systems, microfluidic devices and so on.14
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6 (a) C. Radüge, G. Papastavrou, D. G. Kurth and H. Morschmann, Eur.
Phy. J. E., 2003, 10, 103; (b) J. Y. Shin and N. L. Abbott, Langmuir,
1999, 15, 4404; (c) G. S. Kumar and D. C. Neckers, Chem. Rev., 1989,
89, 1915.

7 (a) A. B. D. Cassie and S. Baxter, Trans. Faraday Soc., 1944, 40, 546; (b)
R. N. Wenzel, Ind. Eng. Chem., 1936, 28, 988; (c) H. Y. Erbil,
A. L. Demirel, Y. Avci and O. Mert, Science, 2003, 299, 1377; (d)
T. J. Han, D. H. Lee, C. Y. Ryu and K. Cho, J. Am. Chem. Soc., 2004,
126, 4796.

8 (a) H. K. Wu, T. W. Odom and G. M. Whitesides, J. Am. Chem. Soc.,
2002, 124, 7288; (b) T. L. Sun, G. J. Wang, H. Liu, L. Feng, L. Jiang
and D. B. Zhu, J. Am. Chem. Soc., 2003, 125, 14996.

9 E. A. Vogler, Adv. Colloid Inteface Sci., 1998, 74, 69.
10 (a) T. L. Sun, G. J. Wang, L. Feng, B. Q. Liu, Y. M. Ma, L. Jiang and

D. B. Zhu, Angew. Chem. Int. Ed., 2004, 43, 357; (b) Q. Fu, G. V. R.
Rao, S. B. Basame, D. J. Keller, K. Artyushkova, J. E. Fulghum and
G. P. Lopez, J. Am. Chem. Soc., 2004, 126, 8904.

11 (a) X. J. Feng, L. Feng, M. H. Jin, J. Zhan, L. Jiang and D. B. Zhu,
J. Am. Chem. Soc., 2004, 126, 62; (b) H. Liu, L. Feng, J. Zhai, L. Jiang
and D. B. Zhu, Langmuir, 2004, 20, 5659.

12 R. Rosario, D. Gust, A. A. Garcia, M. Hayes, J. L. Taraci, T. Clement,
J. W. Dailey and S. T. Picraux, J. Phys. Chem. B, 2004, 108, 12640.

13 S. Minko, M. Muller, M. Motornov, M. Nitschke, K. Grundke and
M. Stamm, J. Am. Chem. Soc., 2003, 125, 3896.

14 (a) J. Lahann, S. Mitragotri, T. N. Tran, H. Kaido, J. Sundaram,
I. S. Choi, S. Hoffer, G. A. Somorjai and R. Langer, Science, 2003, 299,
371; (b) T. P. Russell, Science, 2002, 297, 964; (c) B. Zhao, J. S. Moore
and D. J. Beebe, Science., 2001, 291, 1023.

3552 | Chem. Commun., 2005, 3550–3552 This journal is � The Royal Society of Chemistry 2005

D
ow

nl
oa

de
d 

on
 1

7 
A

ug
us

t 2
01

1
Pu

bl
is

he
d 

on
 0

9 
Ju

ne
 2

00
5 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
50

44
79

K
View Online

http://dx.doi.org/10.1039/b504479k

