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ABSTRACT We demonstrate the wetting behavior control of
polymer surfaces doped with photochromic molecules by modi-
fying the surface patterning features introduced by soft molding
lithography. Such surfaces enhance their hydrophilicity upon
UV irradiation due to conversion of the non-polar spiropy-
ran dopant molecules to their polar merocyanine isomers. The
process is reversed upon visible light irradiation. By chang-
ing the topological parameters of the introduced pattern, one
achieves surface tuning from hydrophobic to hydrophilic sit-
uations. The difference for the contact angles between UV-
and green-irradiated surfaces may become significantly higher
than for the flat surfaces, for the specific patterning parameters
analyzed.

PACS 42.62.-b; 68.08.Bc; 83.50.Uv; 42.70.Jk; 42.70.Gi

1 Introduction

The fabrication and understanding of smart sur-
faces with reversible and controlled wetting properties, re-
sponsive to external stimuli [1-6], can enhance the func-
tionality of many systems relevant for controllable drug de-
livery [7], actuators [8], microfluidic devices [9], and self-
cleaning surfaces [10]. In this work, we examine the effect
of micropatterning on the wettability of smart surfaces of
polymers incorporating photochromic molecules, and its re-
versible modification upon alternating UV and visible irradi-
ation. We demonstrate the possibility of tuning a patterned
surface from very hydrophobic to hydrophilic by changing its
structural characteristics, and we present the control of the
water contact angle differences between UV and visible light
irradiated samples by manipulating the patterning parameters.

In previous works we demonstrated that polymers incor-
porating photochromic spiropyran (SP) molecules exhibit re-
versible wettability changes in response to the external stimu-
lus of light [11-13]. This behavior is due to the light-induced
transformations of the dopant molecule. The SP molecule is
colorless and non-polar, but, after absorption of UV photons,
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is converted to its colored and polar isomeric merocyanine
(MC) form. The conversion occurs due to the photochemical
cleavage of the C—O bond in the SP ring and the consequent
ring opening [14], as demonstrated in Fig. 1. This isomer-
ization process is reversible, with the MC being converted
back to the SP upon irradiation with visible light [15]. The
photochromic molecules undergo the reversible isomerization
process even when incorporated within macromolecular ma-
trices [16—18], interchanging between the non-polar SP and
the polar MC form. This change induces an overall change
in the polarity of their host polymers [19,20], thus modify-
ing also their surface polarity. As a result, the surfaces exhibit
enhanced hydrophilicity after UV irradiation and enhanced
hydrophobicity after visible light irradiation [11, 12]. Con-
currently, the host matrices also respond to the light-induced
photochromic transformations by reversibly changing their
macroscopic dimensions [21]. In particular, after the first UV
irradiation pulses, the formed MC stereoisomers tend to ag-
gregate reducing the MC partial molar volume. Consequently,
short scale motion of the polymer chains occurs in order to di-
minish the density fluctuations in the samples, and this leads
to the macroscopic reduction of the dimensions of the ma-
trix. The dimensions are recovered upon visible irradiation
due the return of the MC molecules to the initial SP form,
which does not form aggregates. Thus, the polymer chains are
forced to return to their initial positions [21]. This property
plays a crucial role in the wetting characteristics of structured
polymer-spiropyran surfaces, by changing the dimensions of
the structured features and, subsequently, the overall surface
topography [11].

2 Experimental details

The samples consist of poly(ethyl methacrylate)-
co-poly(methyl acrylate), P(EMA)-co-P(MA), with average
MW ~ 100000 (Aldrich) and glass transition temperature
T, = 48 °C, and photochromic molecules 1’,3’-dihydro-1',3’,
3/-trimethyl-6-nitrospiro(2H- 1-benzopyran-2,2’-2H-indole),
commonly referred as 6-NO, BIPS, used as an additive at
10 wt. %. The flat films were prepared by spin coating toluene
solutions on glass substrates. The patterning of their surface
was achieved using soft molding [22], a powerful technique
to pattern organic materials [23]. Three elastomeric replicas,



Applied Physics A — Materials Science & Processing

uv

Green

fabricated starting by three symmetric master gratings with
periods of 1.3, 28.0, and 180.0 wm, were positioned onto the
spin coated SP-polymer films under their own weight at 50 °C.
After a few minutes the patterns were faithfully transferred on
the films and the replicas were peeled off. During the pattern-
ing procedure the temperature of the samples should always
be kept close to 50 °C, since it was observed that, as the tem-
perature increases well above the T, of the system, the doped
photochromic molecules tend to migrate out of the polymer
matrix and move onto the replicas. The exact parameters of
the prepared patterned samples were established using atomic
force and scanning electron microscopy.

Drops of 3 pl of millipore water (18.2 ME) were used for
the contact angle measurements. After the measurement of the
initial contact angle, the drop was removed and the sample
was irradiated with 50 UV pulses of a XeCl laser, operating
at 308 nm, Tpuse ~ 30 ns, and fluence 20 mJ cm~2. The new
contact angle of a water drop was measured after the UV
irradiation. The sample was then again dried and irradiated
with 200 laser pulses of a Nd: YAG laser, operating at the sec-
ond harmonic, 532 nm, Tpyse ~ 5 18, and fluence 25 mJ cm™2.
A new water contact angle was measured after the green ir-
radiation, etc. The laser beams were overlapping onto the
surface of the samples at an area of 3.5 x 3.5 mm?. The num-
ber and the energy density of the UV laser pulses were chosen
after careful spectroscopic studies, so that complete conver-
sion of the SP molecules to their MC isomeric form is ensured.
Additional laser pulses do not influence the wetting of the sur-
faces any further.

3 Results and discussion

On each sample typically 5-8 irradiation cycles
can be performed with good reversibility in its wetting behav-
ior, since the photochromic molecules undergo degradative
photooxidation, which limits the lifetime of the system [24].
Usually degradative phenomena start to be evident after the
third cycle. Furthermore, statistically we observed an in-
creased possibility for different and random wetting behavior
of some samples upon the first irradiation cycle compared
to all the subsequent cycles. This can be explained by the
fact that possible internal stresses, accumulated in the ma-
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FIGURE 1 Spiropyran/merocyanine  isomers
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NO,

trix upon the preparation of the samples, are released dur-
ing the first irradiation cycle through rearrangement of the
polymer chains, which leads to the equilibrium conforma-
tion of the system [25]. The release of these stresses affects
the morphology and thus the wettability of the pattern sur-
faces. To exclude the parameters of the stresses and of the
degradation from the evaluation of the surface topological
parameters on the wetting properties of the surface we ex-
amine only the second and the third irradiation/wetting
cycles on the patterned samples. The periods of 1.3, 28.0,
and 180.0 um of the surface gratings used in this study
were confirmed by atomic force and scanning electron mi-
croscopy measurements. Typical patterned surfaces are pre-
sented in Fig. 2.

Contact angles differences of a few degrees can be mon-
itored between surfaces patterned with the same replica, due
to different imprinting quality. In Fig. 3a the mean values of
the contact angles are plotted of ten different samples for each
patterning period, and of at least ten flat samples. Moreover,
the average values of the contact angles of water drops on
aflat polymer surface without SP molecules are also presented
for comparison (continuous line). In this case laser irradiation
has no impact on the contact angles, since the light-induced
interconversions of the doped photochromic molecules are
exclusively responsible for the changes in the wetting proper-
ties. Figure 3a demonstrates that any patterning enhances the
hydrophobicity of the surfaces compared to the flat ones. This
behavior is described by the Cassie and Baxter model [26],
originally developed to describe the wettability of rough sur-
faces, where only partial wetting may occur due to the trap-
ping of air underneath the drop at the recessed regions of the
surfaces. In our case the pattern is nothing but an ordered
roughness, and the contact angle, 6, is an average between the
value on air (180°) and the value on the flat surface 6. Since
the drop is situated partially on air, the rough (patterned) sur-
face always exhibits an increased contact angle compared to
the corresponding flat surface. The model reads
cosb, = f(1+cos6)—1, (1)
where f < 1is the solid fraction of the surface in contact with
the liquid .
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FIGURE 2 Nanoimprinted gratings on the surfaces of a 10% SP-90%
P(EMA)-co-P(MA) samples shown by images of atomic force microscopy
(period of 28 wm) (a). The x and y axis are presented at a different scale. (b)
Scanning electron microscopy image of a cross section of a sample with a
180 pwm period

There are articles that question the general validity of the
Cassie—Baxter model, since they demonstrate that the contact
angles are determined by interactions of the liquid and the
solid at the three-phase contact line, and not at the interfacial
contact area within the contact perimeter [27, 28]. Neverthe-
less, the Cassie—Baxter model is valid when the structure of
the contact area reflects that of the contact line, which is the
case in our samples, where the structure uniformly continues
in and out of the drop area. Figure 3b demonstrates that the
differences in the surface wetting between alternating irra-
diations increase for decreasing period patterns. This cannot
be attributed to enhanced polarity differences between UV
and green-irradiated surfaces in the case of the small period
patterning since the surface chemistry is the same for all the
samples. Moreover, surface chemistry alterations should af-
fect more the samples with high period patterns, since in these
cases the drops are in contact with a greater percentage of the
solid surface. This is demonstrated by the increasing value
of the factor f of the Cassie—Baxter model as the period in-
creases; this is presented in Table 1.

Therefore, the big differences in the contact angles in the
case of small period patterns are attributed to the shrinkage of
the protruding features upon UV irradiation [11,21], caused
by the mechanism mentioned in the introduction. Due to this
shrinkage the water drops penetrate deeper into the channels
of the patterned gratings increasing the fraction for the sur-
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FIGURE 3 (a) Average contact angle values of water drops situated on the
initial, the UV irradiated, and the green irradiated surfaces of 10% SP-90%
P(EMA)-co-P(MA) samples, flat (l) and patterned with periods of 1.3 pm
(¥), 28.0 um (A), and 180.0 um (@). (b) Average contact angle differences
between alternating irradiations for each patterning period and for the flat
samples

10000

Period 1.3 pm 28 pm 180 wm
Initial 0.68 0.88 0.94

UVl 0.80 0.94 0.96
GREEN1 0.66 0.89 0.91

Uuv2 0.81 0.94 0.95
GREEN2 0.68 0.91 0.94
TABLE 1 Factor f calculated by the Cassie—Baxter model for the three

differently patterned samples under different irradiation conditions

face that is wetted. This contraction influences much more the
contact angle of the samples with patterns with small period
because the drop lies on a greater number of patterned fea-
tures. It is calculated that the radius of the falling drop is 20
times larger than the size of each feature projected on the
plane of the interface in the case of the patterns with a 180 pm
period, about 140 times greater in the case of the patterns with
a28 pm period, and finally more that 2950 times greater in the
case of the patterns with a 1.3 pum period. Indeed, from the
value f in Table 1 it is clear that for patterning with a 180 pm
period gratings, the percentage of the surface that is wetted
changes slightly (1%—5%) between the alternating irradia-
tions. For the patterns with a period of 28.0 um, the fraction of
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FIGURE 4 Average contact angle values of water drops situated on the
initial, the UV irradiated, and the green-irradiated surfaces of (M) samples
patterned with a 180 wm period that exhibit partial and complete wetting
reversibly between the alternating irradiations; () flat samples
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the water in contact with the solid surface can increase up to
6% from the UV to the green-irradiated surfaces. Finally, for
the patterns with a period of 1.3 pm, the fraction of the fea-
tures that are wetted after UV irradiation can be up to 15%
higher that the one after green irradiation.

Interestingly, samples with a wide period and particularly
smooth sidewalls of the pattern (such as those obtained with
new masters; see Fig. 2b) result in a very good adhesion of the
drop even inside the grooves of the pattern, with little (or no)
air trapped under the drop. Such a condition was observed in
a few patterned samples of period 180 wm, which exhibited
a very interesting surface wetting behavior upon irradiation
cycles: before any irradiation or after green irradiation they
were partially wetted with contact angles higher than the ones
for flat samples. Nevertheless, after UV irradiation the water
contact angles were lower than the ones obtained on the flat
samples. Their mean contact angle values are demonstrated
in Fig. 4.

In these cases, after UV irradiation, we can assume
that complete wetting of the patterned surfaces occurs, and
therefore, the liquid—solid interfacial area is increased. Such
a situation is more appropriately described by the Wenzel
model [29], which predicts that when the contact angle of the
flat surface is 8 < 90° (like in our samples), and the water con-
tact angle of the rough (patterned) surface is lower than the
one of the flat surface. That is,

cosf, =rcosf, 2

where 6 is the contact angle on the flat surface of the same
nature and r is the surface roughness defined as the ratio of
the actual wetted surface over the surface as measured on
the plane of the interface (in general r > 1, and r = 1 for flat
surfaces).

Calculating the values of r from the Wenzel equation for
our samples after UV irradiation and substituting them in the
equation for the roughness r = (T +2d)/T, where d is the
depth of the grating and T its period, we estimate the depth
of the grooves ~ 5—12 wm for the gratings with 180.0 pm

period. Indeed, these values are in the range of the values
measured with scanning electron microscopy.

Such a switching behavior between partial and complete
wetting, which we achieve exclusively by light irradiation of
the surfaces, is of great interest for micro/nanofluidic appli-
cations, and it has been accomplished by other groups by
applying mechanical pressure on the drop [30]. The sam-
ples that exhibited this switching behavior were the ones with
a minimum surface micro-roughness within the patterned fea-
tures (one of them is shown in Fig. 2b). Further investigation
for stabilizing the patterning parameters of such samples is
in progress. This kind of samples can in principle exhibit
very large contact angle changes between alternating irradia-
tions by increasing the roughness parameter r in the Wenzel
model, i.e. increasing the depth of the grooves of the pat-
terned features, resulting in very low contact angles after UV
irradiation.

4 Conclusions

Summarizing, we presented the possibility to cre-
ate both hydrophobic and hydrophilic surfaces starting from
the same photochromic-polymeric sample by changing the
topological parameters of its surface features. Due to the pho-
tochromic transformations taking place upon alternating UV
and green irradiation, these surfaces can reversibly change
their wettability. By careful control of the surface topology
these changes can be fully controlled and tuned, even in such
a way that the surfaces can be partially or fully wetted in a re-
versible manner.
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