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We demonstrate the enhancement of the wetting properties of smart photochromic surfaces by a
specifically developed, gentle interferometric patterning employing green light. We realized
photochromic gratings with 2.5—-10.0 um period by a blend consisting of a green-curable matrix
and spiropyran molecules. The structured surfaces exhibit photocontrolled and reversible
wettability, and enhanced hydrophilicity with respect to the native substrates. The dynamics of
liquid spreading onto the gratings was also investigated, and the wetting behavior analyzed
according to Wenzel’s [Ind. Eng. Chem. 28, 988 (1936)] model for rough surfaces. These results
indicate switchable gratings as promising functional components for microfluidics and modulation,
and green-light interferometry as a reliable lithographic method for patterning organics without

degradation or photochemical reactions. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2198509]

The wettability of solid surfaces by a liquid is a well-
known physical phenomenon, governed by both the chemical
and the geometrical surface characteristics.' Many studies
have investigated the wetting behavior of a liquid onto arti-
ficial superhydrophobic surfaces,”™ whose topology mimics
the leaves of the lotus plant (Nelumbo nucifera1 ) and the
wings of some insects (Pflatoda claripennis“). Moreover,
different methods are reported for producing smart surfaces,
able to change reversibly their wettability in response to a
variety of external stimuli, such as light irradiation,lz’13 elec-
tric fields,"*" and thermal'® and chemical changes.17 These
are particularly appealing for the realization of reversible
switches with tunable wettability.'®

Recently, photochromic spiropyrans were employed in
the realization of photosensitive surfaces, that change revers-
ibly their physical and chemical properties by the use of the
light.lz’]9 Photochromism is a reversible transformation of a
chemical species, induced by electromagnetic radiation, be-
tween two forms having different absorption spectra.20 The
corresponding reversible effects on dipole moment, surface
energy, refractive index, and volume have numerous promis-
ing applications in switchin%21 devices for three-dimensional
(3D) optical memories,”> modulators,”  holographic
recording,24 microfluidics, photoswitches of protein
activity,25 and actuators.”® For these reasons, lithographic ap-
proaches able to structure photochromic molecules, enabling
their integration within functional devices without deteriora-
tion of their properties, are strongly desired.

In this letter, we demonstrate the enhancement of the
wetting properties of smart photochromic surfaces by a spe-
cifically developed, gentle interferometric patterning em-
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ploying green light. We realized photochromic gratings with
a period in the range of 2.5-10.0 wm by structuring a suit-
able blend consisting of a green-curable matrix and spiropy-
rans, exhibiting photocontrolled and reversible wettability,
and enhanced hydrophilicity (contact angle reduced by more
than 20%).

A highly coherent, cw Nd: YVO, (yttrium vanadate) la-
ser (A=532 nm) was used for generating interferometric
gratings [Fig. 1(a)]. As target organic films we employed
optimized polymeric blends consisting of 1’,3’-dihydro-
1',3",3'-trimethyl-6-nitrospiro [2H-1-benzopyran-2,2’-
(2H)-indole] (6-NO,-BIPS) in a photopolymerizable mate-
rial with absorption maximum at 530 nm.””?’ The 6-NO,-
BIPS is initially in a closed, colorless, and nonpolar spiro-
form [Fig. 1(b)]. The absorption of ultraviolet (UV) radiation
induces the photochemical cleavage of the C—O bond in the
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FIG. 1. (Color online) (a) Scheme of the interferometric setup. Reversible
transformations between (b) the closed and (c) the open form of the photo-
chromic molecule (6-NO,-BIPS and MC, respectively), by irradiation with
UV and green light.
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FIG. 2. (Color online) Planar view of the 2.5 um period grating imaged by
atomic force microscopy.

spiropyran ring, i.e., the conversion into its isomeric open
form, the highly polar frans-merocyanine [MC, Fig. 1(c)].”°
This absorbs at visible wavelengths. The photoconversion is
reversible: the open (closed) form switches to the closed
(open) one by absorbing green (UV) light. The used photo-
polymerizable system consisted of three components,
namely, (i) a sensitizer dye, the eosin Y
(27,4",5",7'-tetrabromofluorescein disoltium salt), (ii) an
amine molecule, methyldiethanolamine (MDEA), and (iii)
pentaerythritol triacrylate (PETIA). The photopolymerization
reaction is initiated through a radical-based process.2 In par-
ticular, eosin Y and MDEA are involved in the radical for-
mation. Once the sensitizing dye absorbs the visible radia-
tion, the amine can be oxidized by the triplet state of the dye,
thus allowing the PETTA monomer to cross link.

The films were spin cast at 3000 rpm for 2 min onto
glass substrates. The resulting layer was completely cured by
exposing it to 1.0 W laser beam for 20 s, and another blend
film was then deposited on the top. Then, the sample was
exposed to the two interfering beams (5 s at 0.4 W), thus
producing one-dimensional (1D) patterns, with 2.5, 5.0, and
10.0 wm periods (A) onto the second layer, according to the
well-known expression A=N\/2n sin(a/2), where n and «
indicate the refractive index of the organic blend and the
interference angle, respectively. The use of two superim-
posed layers allowed us to obtain textured surfaces with the
same surface energy, both in the grooves and on the relief
features. After exposure, the sample was washed in a bath of
de-ionized water for 4 h, in order to completely develop the
grating, and dried by a nitrogen flux. The wettability switch-
ing of our gratings was checked by alternately exposing them
by a XeCl laser operating at 308 nm (50 pulses of 30 ns at a
fluence of 40+1 mJ/cm?, Lambda Physik EMG201MSC),
and by a Nd:YAG (yttrium aluminum garnet) laser, operating
at 532 nm (100 pulses of 5 ns at 47+1 mJ/cm?, B. M. In-
dustries, series 5000).

Like mechanical approaches, such as nanoimprint3 "and
soft lithoglraphy,32 our green-light holography offers the cru-

04 (a) 04 (b) 04 (c)

03 03 03 "
5

0.2 0.2 0.2

0.1 0.1 0.1

0.1 0.2 0.3 0.4 0.5 06 0.7

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.1 0.2 0.3 0.4 0.5 06 0.7
cm cm cm

FIG. 3. Digital images of a water droplet placed on the patterned area
collected after (a) 25 min for the 2.5 z2m period grating, (h) 8¢ min for the
5.0 um period one, and (c) 115 min for the 10.0 um period one.
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FIG. 4. Spreading dynamics of 3 ul water droplet over the realized gratings:
(a) A=10.0 wm, (b) A=5.0 um, and (c) A=2.5 um. The black circles rep-
resent the experimental data, whereas the solid line is the fitting curve ac-
cording to a power law.

cial advantage of structuring organic layers and realizing
high-quality structures (Fig. 2) without degradation of the
active medium during patterning. The optical properties of
the photosensitive PETIA solution, and especially the ab-
sorption peak at 530 nm, are ideal for blending with spiro-
pyrans, which are transparent at this wavelength. Hence, dur-
ing interferometry only the sensitizer dye absorbs,
inducing the photopolymerization of the monomer, whereas
6-NO,-BIPS remains in the closed form without undergoing
chemical modifications.

The realized patterns were first employed to investigate
the influence of the topography on the wettability of the
spiropyran (SP)/PETIA surfaces. For a droplet placed on a
smooth flat substrate, the wetting properties are governed by
the balance of the three interfacial tensions (solid vapor, ysy,
solid liquid, yg, and liquid vapor, y;y) at the contact line, or
equivalently, of the surface free energies for unit interfacial
area, according to Young’s law: y;y cos Oy=ysy— ¥s1, Where
0y is the contact angle. Topographical structuring alters the
interfacial free energies, and the resulting contact angle 6y, is
often related to 6y by Wenzel’s equation: cos fy=r cos 0y,2
where r>1 is the roughness factor, namely, the ratio of the
actual area of a rough surface to the geometric projected
area. According to Wenzel’s model, the local geometry in-
duces a decrement (increment) of the observed contact angle
on a textured area, if the contact angle value for the smooth
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FIG. 5. Contact angle values (25 min after drop deposition) for three UV-
green irradiation cycles on a 2.5 um period grating.

surface is smaller (larger) than 90°. We measured for a flat
sample a value of the contact angle of (55+3)°, higher than
those onto the textured regions: (43+3)° for the 10.0 um
period, (42+3)° for the 5.0 um one, and (42+3)° for the
2.5 um one (Fig. 3). This is in agreement with Wenzel’s
theory.

In order to achieve a deeper insight into the wettability
properties of our gratings, we investigated the temporal dy-
namics of the deposited drops. Evolution of the liquid
spreading on very hydrophilic surfaces is usually described
by Tanner’s equation:™> > @ (r+C)™, where C and n are
constants. The temporal dynamics of the drop spreading onto
our gratings is well described by a Tanner law, with n equal
to 0.4+0.2 for A=10 wm and A=5 um, and 0.7+0.1 for
A=2.5 pm (Fig. 4). The value of the exponent depends on
the local topography, increasing upon increasing the surface
roughness, i.e., upon decreasing the grating period. We con-
clude that the presence of the periodic corrugations strongly
enhances the wettability of the SP/PETIA surfaces, inducing
an increment of the hydrophilicity. Moreover, we observed
that for the smallest period grating, @ reaches its stability
condition more rapidly. This is an important indication for
the design of fast commutating surface with switchable
wettability.

We exploited the presence of the preserved photo-
chromic molecules to induce controlled switching of the wet-
ting properties in the realized gratings. The variation of the
contact angle value during three subsequent UV-green cycles
on the 2.5 um period grating is displayed in Fig. 5. The
enhancement of the hydrophilic properties of the patterned
surface upon UV irradiation, resulting in the decrease of
the contact angle by 5°-9°, is due to the conversion of
6-NO,-BIPS to polar MC.*® When the photoconversion to
MC occurs, the solid-vapor interface tension increases and
the sample surface becomes more hydrophilic. The green
irradiation, instead, converts the molecules back to the initial
form, and an increase of the contact angle up to 12° is ob-
served. However, the SP/PETIA system did not photoconvert
back completely, the resulting hydrophobicity being there-
fore increased, with an increment of # of about 8° with re-
spect to the initial value. We attribute this effect to the fact
that the green pulses as well as the UV pulses induced a
further polymerization of the PETIA matrix (highly sensitive
at 532 nm and at the UV wavelengths), enhancing the mo-
lecular steric hindrance and thus reducing the efficiency of
photoconversion.

In conclusion, we demonstrated the realization of smart
photochromic gratings hosting the molecuies, 6-ING,-BiFS,

Appl. Phys. Lett. 88, 203124 (2006)

by function-preserving green-light holography. The surfaces
exhibit reversible, photocontrollable changes of the wetting
properties, and enhancement hydrophilicity (with a contact
angle decrease of more than 20%) with respect to native
substrates. These results indicate switchable gratings as
promising functional components for microfluidic and modu-
lation applications.
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