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’ INTRODUCTION

In recent years the need for materials with tailored properties
for specific applications has led to the synthesis of polymeric
nanocomposites, which frequently exhibit a combination of the
properties of the individual components, although improve-
ments can occasionally be achieved. These materials are very
useful in fields where the ability to modify and control the surface
wettability is highly required, such as in biotechnological applica-
tions where different surface hydrophilicity/hydrophobicity
characteristics are needed,1�7 in the investigation of protein/
surface interaction necessitating the realization of surface wett-
ability gradient,8 and in microfluidic devices with driving flow.9

Versatile approaches, including appropriate external stimuli,
are frequently used for the realization of smart materials with
controlled and switchable surface wettability.10,11 Light is one of
the most important external stimuli,12�14 and for this purpose
several semiconductor oxides such as TiO2, SnO2, ZnO, and
V2O5 are used, which increase their hydrophilicity upon UV
irradiation and recover their initial wettability characteristics after
dark or vacuum storage.15�20 Recently, we presented a strategy
to realize nanocomposite materials, using oleic acid-capped

titanium dioxide (TiO2) nanorods (NRs) as nanofillers in a
PMMA matrix, with tailored surface properties and reversible
surface wettability. By irradiating adjacent surface areas of
the films with UV light for different time intervals, we realized
paths of increasing hydrophilicity, which led to directional and
spontaneous water drop movement on the nanocomposites
surface.21

Here we propose another method to modify and precisely
control the surface wettability of a nanocomposite by changing
the substrate and the number of photopolymerized layers realized.
The photopolymerized nanocomposite films are composed of
TiO2NRs in a polystyrene (PS)matrix, while glass and silicon are
used as substrates. The substrates were chosen because of their
different wettability characteristics, which strongly affect the
interaction with the hydrophilic TiO2 NRs. In particular, the
NRs show a preferential interaction with the glass compared to
the silicon substrates due to the higher hydrophilicity of the
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ABSTRACT: Single-layered photopolymerized nanocomposite films of poly-
styrene and TiO2 nanorods change their wetting characteristics from hydro-
phobic to hydrophilic when deposited on substrates with decreasing
hydrophilicity. Interestingly, the addition of a second photopolymerized layer
causes a swapping in the wettability, so that the final samples result converted
from hydrophobic to hydrophilic or vice versa. The wettability characteristics
continue to be swapped as the number of photopolymerized layers increases. In
fact, odd-layered samples show the same wetting behavior as single-layered ones,
while even-layered samples have the same surface characteristics as double-
layered ones. Analytical surface studies demonstrate that all samples, indepen-
dently of the number of layers, have similar low roughness, and that the wettability swap is due to the different concentration of the
nanocomposites constituents on the samples surface. Particularly, the different interactions between the hydrophilic TiO2 nanorods
and the underlying layer lead to different amounts of nanorods exposed on the nanocomposites surface.Moreover, due to the unique
property of TiO2 to reversibly increase its wettability upon UV irradiation and subsequent storage, the wetting characteristics of the
multilayered nanocomposites can be tuned in a reversible manner. In this way, a combination of substrate, number of
photopolymerized layers, and external UV light stimulus can be used in order to precisely control the surface wettability properties
of nanocomposite films, opening the way to a vast number of potential applications in microfluidics, protein assays, and cell growth.
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former. As a consequence, when glass substrate is used, a lower
number of NRs is exposed on the surface of the nanocomposite
films, making themmore hydrophobic than the ones prepared on
silicon substrate. The situation is reversed when a second layer of
nanocomposite solution is deposited over the first one and
photopolymerized, since the interactions of the NRs with the
underlying layer switch. By subsequent additions of successive
nanocomposite layers, the wettability of the photopolymerized
surface continues to swap. A detailed study of the surface
morphology proves that this interesting behavior is exclusively
related to the attractive or repulsive forces between the nano-
composite components and the underlying surface and is in-
dependent of the surface roughness, which is characterized by
similar low mean values in all samples. Finally, taking advantage
of the switchable wettability properties of the TiO2 NRs
upon UV irradiation,22,23 we demonstrate the possibility to
increase the initial wettability of the samples in a reversible
manner using cycles of UV light and vacuum storage. The
concentration of the NRs on the surface of the different samples,
prepared with the layer-by-layer technique, determines the
changes in the contact angle values before and after the
irradiation.

’EXPERIMENTAL SECTION

Materials. All chemicals were used as received. Styrene (ST, 99.9%
purity) was purchased from Sigma-Aldrich. The photoinitiator (PI)
IRGACURE 1700 (25% bis(2,6-dimethoxybenzoyl) 2,4,4-trimethylpen-
tylphosphine oxide, 75% 2-hydroxy-2-methyl-1-phenylpropan-1-one
(DAROCUR 1173)) was purchased from Ciba SpecialChem. The
toluene solutions of oleic acid-capped TiO2 NRs with a mean length
of 20 nm and an average diameter of 3 nm was prepared as described
elsewhere.24 1 cm � 1 cm glass microscope slides (Forlab, Carlo Erba)
and bilapped polished silicon wafers (Okmetic) were used as substrates.
All solvents used were purchased from Carlo Erba Reagenti.
Nanocomposite Preparation by Photopolymerization. So-

lutions of ST, TiO2 NRs, and PI in toluene were prepared so as to obtain
concentrations of 94, 5, and 1 wt %, respectively. All the solutions were
stirred and left under dark for several minutes to equilibrate. The first
layer of the samples was prepared by spin-coating 200 μL of the above-
mentioned solutions on glass or silicon substrates at 1000 rpm for 20 s.
Then, to obtain the nanocomposite coating, the samples were irradiated
with the third harmonic of a pulsed Nd:YAG laser (Quanta-Ray GCR-
190, Spectra Physics), with an energy density of 10.5 mJ cm�2 (λ =
355 nm, pulse duration = 4�6 ns, repetition rate = 10 Hz) for different
times depending on the substrate. For the subsequent layers, 40 μL of
the above-mentioned solution was added by drop-casting onto the
previously photopolymerized layer. After the photopolymerization, the
samples were washed 3 times with methanol to remove unreacted
monomers and PI and then dried in ambient dark condition for 2 days, in
order to achieve a complete solvent evaporation. Independent experi-
ments have demonstrated that after the 2 days storage period the
photopolymerized samples have stable water contact angles.
Photoirradiation and Storage Processes for Reversible

Wettability Changes. To enhance the hydrophilicity of the photo-
polymerized nanocomposite films due to the TiO2NRs exposed on their
surface, we irradiated the prepared films for 90 min with a pulsed Nd:
YAG laser at 355 nm, (energy density of 7 mJ cm�2, repetition rate of
10 Hz, pulse duration of 4�6 ns). We achieved the complete recovery of
the initial wettability of the films by placing them in vacuum under dark
conditions at a pressure of 3 � 10�3 mbar for 150 h.

Characterization of Samples. Values of light transmitted
through samples formed on glass and reflected by samples formed on
silicon were measured using a pyroelectric joulemeter (QE25, Gentec-e).

Atomic force microscopy (AFM) study was performed for all samples
using a JPKNanoWizard II system (JPK Instruments). The images were
acquired in tapping mode, working in air in a vibration-insulated
environment. Single-beam silicon cantilevers coated with aluminum
on the reflective side (type AC160TS, Olympus), with typical elastic
constant of 40 N m�1 and nominal tip radii of less than 10 nm, were
used. The drive frequency was∼300 kHz, and the scan rate was between
0.2 and 1.0 Hz. Height was collected simultaneously with the amplitude
and phase signals in both trace and retrace directions.

Adhesion force measurements were carried out in water with a JPK
NanoWizard II AFM system (JPK Instruments). Soft V-shaped Si3N4

cantilevers with a nominal spring constant of 0.06 N m�1 were used
(NPG, Bruker). The gold-coated AFM tips were functionalized with
OH-terminated thiols (11-mercapto-1-undecanol). For each sample, the
adhesion force values were obtained analyzing 400 points on four
different areas.

X-ray photoelectron spectroscopy (XPS) analysis was performed to
determine the chemical composition of the nanocomposite surface
layers. The measurements were performed in a SPECS XRC-1000
(SPECS LAB GmbH, Berlin) system equipped with two ultrahigh-
vacuum (UHV) chambers: one for sample preparation and one for
sample analysis. A Mg KR radiation source with an energy of 1253.6 eV
was employed. The charge-up of binding energy (BE) values was
referenced to the C1 peak at 285.6 eV as an internal standard. The
number of scans and the surface of the examined samples remained the
same, so that the intensity of the obtained peaks can be directly
compared.

Measurements of the apparent water contact angle (WCA) were
carried out with a KSV CAM200 instrument. Distilled water was used as
the liquid for these tests and was dispensed using a microsyringe. The
typical drop volume was around 1 μL. For each sample the contact angle
value was obtained as an average of six measurements recorded on
different adjacent areas of the surface.

In order to characterize the hysteresis of the samples, the advancing
and receding contact angles, θadv

h and θrec
h , respectively, were mea-

sured by using both the classical method, increasing and decreasing
the drop volume, and by placing a water drop on the sample surface
and tilting it until the droplet begins to slide. The magnitude of the

Figure 1. Comparison between the number of photons absorbed by
films realized on glass and silicon substrates over time.
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hysteresis effect (Δθh) was evaluated considering the difference
between the advancing and the receding contact angles, Δθh =
θadv
h � θrec

h . For this calculation, we considered the mean values of
six different measurements performed on each surface, using a drop
with a starting volume of 4 μL.

’RESULTS AND DISCUSSION

Single-Layered Nanocomposite Films. Nanocomposite
films of PS/TiO2 NRs are produced by photopolymerization
of homogeneous solutions of TiO2 NRs in ST, deposited on
different substrates. As the TEM analysis demonstrates (Sup-
porting Information, Figure S1), the NRs stay well separated in
the solutions, without forming aggregates, which would even-
tually lead to inhomogeneous films. The final thickness (450 (
50 nm) of the nanocomposite films on glass and silicon sub-
strates is obtained after 50 and 30 min of irradiation, respectively.
FT-IR spectra of the photopolymerized films confirm comple-
tion of photopolymerization at the aforementioned times (Sup-
porting Information, Figures S2 and S3). The difference in the
polymerization times for samples on glass and silicon can be
attributed to the different optical properties of the two substrates.
In particular, the transparent glass transmits all the photons that
do not react with the deposited layer, whereas the silicon reflects
them, forcing them to interact again with the material. In order to
verify this assumption, we estimated the number of photons
absorbed by the samples deposited onto the two different
substrates (Figure 1). We used the light transmitted or reflected
from the samples on glass or silicon, respectively, after different
irradiation times, and the analytical calculation, together with a
simple model describing the photopolymerization process, is
presented in the Supporting Information (Figures S4 and S5). As
Figure 1 demonstrates, samples on glass and silicon absorb the
same number of photons after different irradiation times. Speci-
fically, they absorb ∼180 � 1018 photons at the end of their
photopolymerization process, that is, after 30 min for the silicon
and after 50 min for the glass, showing that the process is faster
on silicon due to the reflection phenomenon. Further irradiation
of the samples on both substrates does not change the number of
absorbed photons, confirming that the process is terminated at
the above-mentioned times.

Apart from the different times needed for the photopolymer-
ization of the nanocomposites onto the two different substrates,
they also exhibit diverse surface wettability characteristics. In-
deed, as shown in Figure 2, nanocomposite films realized on
silicon (Figure 2b) are more hydrophilic (WCA = 79( 2�) than
those prepared on glass (94 ( 2�) (Figure 2a). Moreover, as
expected from the literature,25�29 the hysteresis value of the
hydrophilic samples on silicon (Δθ = 18�) is higher than the
value of the hydrophobic samples on glass (Δθ = 8�).
The wettability of the surfaces can be affected by both the

chemical composition of the material and its surface roughness.
In order to justify the wettability difference between photopoly-
merized samples on glass and silicon, we evaluated both para-
meters. The AFM analysis presented in Figure 3 demonstrates
that the coatings realized on the two substrates used do not show
any significant differences in their topography. The mean values
of their surface roughness are quite low, 1.5 ( 0.2 and 1.8 (
0.2 nm when glass and silicon substrates are used, respectively,

Figure 2. WCA and contact angle hysteresis measurements performed on the first layer of photopolymerized PS/TiO2 NRs nanocomposite films on
(1) glass and (2) silicon substrates. In all the images, frame (a) shows the apparent contact angle (θ), frame (b) shows the advancing contact angle (θadv),
measured by increasing the drop volume, frame (c) shows the receding contact angle (θrec) measured by decreasing the drop volume, and frame (d)
shows the drop on a tilted area, with the front contact angle being θadv and the rear contact angle being θrec. In particular, the sample on glass has an
advancing contact angle of θadv = 97 ( 2� and a receding contact angle θrec = 89 ( 2�, whereas the sample on silicon has an advancing contact angle
θadv = 83 ( 2� and a receding contact angle θrec = 65 ( 2�.

Figure 3. AFM images (height data) of the first layer of nanocompo-
sites realized on (a) glass and (b) silicon substrate. Scan size = 5 μm, z
range = 20 nm.
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almost equal considering also the experimental error. Hence, the
corresponding difference in the surface roughness is too small to
be associated with the wettability difference observed between
the two samples.
Consequently, we assume that the wettability difference

between nanocomposites on glass and on silicon can be attributed
exclusively to the different chemical composition of their sur-
face. Moreover, since the starting solution is the same, the
surfaces of the prepared nanocomposites can be affected only
by possible differences in the relative distribution of the
solution constituents throughout the sample, eventually result-
ing in different percentages of TiO2 NRs and polymer exposed
on the films surface. These percentages for nanocomposites
prepared on glass and silicon can be calculated using the following
equations:

%NRs � θNRs þ%PS � θPS ¼ θNC ð1Þ

%NRs þ%PS ¼ 1 ð2Þ
where %NRs is the percentage of NRs and %PS the percentage of
PS exposed on the surface of the photopolymerized films, θNRs
and θPS are the contact angles measured on films of pure TiO2

and pure PS (72 ( 2� and 95 ( 2�, respectively, with the
hydrophilic character of the NRs being attributed mainly to their
surfactant-free areas), and θNC is the apparent WCA experimen-
tally measured on the nanocomposite coatings surface. By
solving the two equations, we found that the percentages of
NRs exposed on the surfaces of single-layered films prepared on
silicon and on glass are 69.6% and 5.0%, respectively. In order to
verify that samples prepared on silicon substrates have a higher
amount of NRs exposed on their surface compared to samples
formed on glass substrates, we performed AFM analysis with tips
functionalized with hydrophilic molecules, which interact differ-
ently with theNRs and the polymer due to the differences in their
wettability. Indeed, the more hydrophilic are the examined
surfaces, the larger is the adhesion force between them and the
tips. For the presented surfaces, the adhesion force is lower
between the tip and the polymer than between the tip and the
NRs, since, as aforementioned, PS (WCA = 95 ( 2�) is more
hydrophobic than the TiO2 NRs (WCA = 72 ( 2�). In the
histograms presented in Figure 4a, it is clearly demonstrated that
the adhesion force values are higher between the AFM tips and
the nanocomposites on silicon (mean force∼2.5 nN) than those
between the tips and the nanocomposites on glass (mean force
∼0.5 nN). Therefore, we can safely assume that a bigger number
of TiO2 NRs is exposed on the surface of the nanocomposite
films prepared on silicon compared to those prepared on glass,
supporting our previous calculations following eqs 1 and 2.
The diverse amount of NRs exposed on the surface of the

nanocomposite films photopolymerized on the two substrates is
further confirmed through XPS measurements. Figure 4b shows
XPS peaks typical for the TiO2,

30,31 i.e., the Ti 2p peak (with two
components, the Ti 2p1/2 at 465 eV and the Ti 2p3/2 at 460 eV)
and the O 1s peak (at 530 eV), in addition to the C 1s peak (at
285 eV), which could be due to the presence of both the polymer
and the oleic acid surfactant of the NRs. The two presented
spectra have different peak intensities due to the different
number of NRs exposed on the surface of the examined
samples,30 with the peaks being higher when silicon substrate
is used, indicating a bigger TiO2 NRs quantity on these samples
surface compared to samples prepared on glass.

To explain the variation in the surface content of TiO2 NRs
between films prepared on glass and those prepared on silicon,
we consider the different hydrophilicity of the two substrates. In
particular, the WCA values measured on our substrates are 40(
1� for glass and 80( 1� for silicon.32 Since, as already mentioned
above, the TiO2 NRs have a more hydrophilic character than the
ST, they are expected to interact better, through hydrophilic
forces, with glass than with silicon. As a consequence, the NRs
tend to move far from the silicon substrate toward the samples
surface, whereas they stay close to the glass substrate due to the
higher chemical affinity. The result is that a higher amount of
NRs is exposed on the nanocomposites surface when they are
prepared on silicon than when they are prepared on glass, and
thus, water drops experience smaller contact angles and stronger
adhesion in the former case than in the latter, as demonstrated by
our experimental findings.
Double-LayeredNanocomposite Films.The casting of extra

ST/PI/TiO2 solution onto the previously photopolymerized
layer, and its subsequent photopolymerization, either on glass
or silicon substrate, creates a double-layered film of total thick-
ness 950 ( 50 nm after extra 50 and 30 min of UV irradiation,
respectively. The second layer shows reversed wetting character-
istics with respect to the first layer. Indeed, as demonstrated in
Figure 5, the double-layered films on glass haveWCA of 82( 2�,
lower than the one measured on the corresponding films on
silicon (93 ( 2�). Interestingly, the WCA of the double-layered

Figure 4. (a) Adhesion force peaks distribution in single-layered
photopolymerized PS/TiO2 nanocomposites on silicon and glass sub-
strates. (b) Normalized XPS spectra of single-layered photopolymerized
PS/TiO2 samples on glass and silicon substrates, showing different peaks
intensities due to the diverse surface composition.
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films on glass is very similar to the one of the single-layered films
on silicon, whereas the WCA of the double-layered films on
silicon is very close to the one of the single-layered films on glass.
As expected,25�29 the hysteresis value of the more hydrophilic
samples on glass is higher (Δθ = 18�) than the value of the more
hydrophobic samples on silicon (Δθ = 7�), and they are both
similar, but reversed, compared to the values found for the single-
layered samples. To explain the different wetting characteristics
between the double-layered samples on glass and silicon, we
examined their topography and their chemical composition, as
already presented for the single-layered samples.
The AFM topography study (Figure 6) demonstrates that the

surface roughness is identical and very low for all double-layered
samples, independently of their substrates (the mean values are
1.7 ( 0.2 and 1.6 ( 0.2 nm for samples on glass and silicon
substrates, respectively), excluding the possibility to associate
it with the surface wettability differences shown in Figure 5.
Therefore, as for the single-layered nanocomposites, we can

safely assume that the wettability and hysteresis differences
between double-layered nanocomposites on glass and on
silicon can be attributed exclusively to the different content
of TiO2 NRs on their surface. By using eqs 1 and 2, we cal-
culated that the percentages of NRs exposed on the surface

Figure 5. WCA and contact angle hysteresis measurements performed on the second layer of photopolymerized PS/TiO2NRs nanocomposite films on
(1) glass and (2) silicon substrates. In all the images, frame (a) shows the apparent contact angle (θ), frame (b) shows the advancing contact angle (θadv),
measured by increasing the drop volume, frame (c) shows the receding contact angle (θrec) measured by decreasing the drop volume, and frame (d)
shows the drop on a tilted area, with the front contact angle being θadv and the rear contact angle being θrec. In particular, the sample on glass
has an advancing contact angle θadv = 85( 2� and a receding contact angle θrec = 67( 2�, whereas the sample on silicon has an advancing contact angle
θadv = 95 ( 2� and a receding contact angle θrec = 88 ( 2�.

Figure 6. AFM images (height data) of double-layered samples realized
on (a) glass and (b) silicon substrate. Scan size = 5 μm, z range = 20 nm.

Figure 7. (a) Adhesion force peaks distribution in double-layered
photopolymerized PS/TiO2 on silicon and glass substrates. (b) Normal-
ized XPS spectra of double-layered photopolymerized PS/TiO2 on glass
and silicon substrates showing different peaks intensities due to diverse
surface composition.
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of double-layered samples on silicon and glass are 9.1% and
56.5%, respectively.
The above-mentioned calculations are supported by AFM

measurements performed with functionalized hydrophilic tips.
The histograms in Figure 7a demonstrate that the adhesion
forces between the double-layered nanocomposites and the AFM
tips are higher for the samples on glass than for the samples on
silicon substrates, verifying the increased hydrophilic character of
the former compared to the latter. Therefore, for the reasons
analyzed above, we can safely assume that a bigger number of
TiO2 NRs floats on the surface of the double-layered films when
they are prepared on glass than when they are prepared on
silicon. This assumption is further supported by the XPS
measurements presented in Figure 7b, since the Ti 2p and O
1s peaks, characteristic for TiO2, have increased intensity for
double-layered samples prepared on glass compared to those
prepared on silicon.
The increased number of TiO2 NRs exposed onto the surface

of the double-layered films prepared on glass with respect to
those prepared on silicon can be explained by assuming hydro-
philic interactions between the NRs of the second deposited
layer and those on the first photopolymerized one. Therefore,
considering the silicon substrate, the hydrophilic NRs of the
second layer migrate close to the underlying hydrophilic layer
due to increased attraction, leaving the styrene molecules ex-
posed on the surface. For the same reason, the hydrophilic NRs
float toward the surface when the second layer is deposited onto
the hydrophobic first layer photopolymerized on glass.

Finally, the comparison between XPS signals obtained from
single-layered and double-layered samples realized on the same
substrate are shown in Figure 8. This direct comparison demon-
strates that the intensity of the characteristic TiO2 peaks and,
thus, the TiO2 NRs concentration are smaller for the single-
layered nanocomposites compared to the double-layered ones
when they are prepared on glass, and the opposite when they are
prepared on silicon, confirming the swapping in the wettability
behavior of the films after the addition of the second layer.
Multilayered Nanocomposite Films. The wettability swap-

ping demonstrated above between the first and the second layer
of the nanocomposites continues as the number of photopoly-
merized layers realized is increased. In particular, odd-layered
samples demonstrate the same surface properties as single-
layered ones, and even-layered samples show the same wett-
ability properties as double-layered ones. In confirmation of this
assumption, we present samples with six and seven photopoly-
merized layers of PS/TiO2 NRs nanocomposite, on both silicon
and glass substrates.WCAmeasurements confirm that the sextuple-
layered samples, exactly as the double-layered ones, are more
hydrophobic when realized on silicon (WCA = 94 ( 2�) than
when realized on glass (WCA = 81 ( 2�). On the contrary, the
septuple-layered samples, as the single-layered ones, are more
hydrophilic when realized on silicon (WCA = 80 ( 2�) than
when realized on glass (WCA = 93 ( 2�), even though all of
them show the same low roughness mean values (Supporting
Information, Figures S6 and S7). The adhesion force values,

Figure 8. Normalized XPS spectra of single-layered and double-layered
photopolymerized PS/TiO2 samples on (a) glass and (b) silicon substrates.

Figure 9. Adhesion force peaks distribution in (a) sextuple-layered and
(b) septuple-layered photopolymerized PS/TiO2 films realized on both
glass and silicon substrate.
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extracted from AFM measurements with hydrophilic functio-
nalized tips and shown in Figure 9, confirm that sextuple-
layered samples realized on glass are more hydrophilic and,
thus, have higher force values compared to sextuple-layered
samples formed on glass (Figure 9a), whereas septuple-layered
samples on silicon have a higher hydrophilicity, and force
adhesion values, compared to septuple-layered samples formed
on glass (Figure 9b).
The presented “wettability swap” can be achieved exclusively

by photopolymerization of successively deposited layers. Indeed,
experiments conducted with solution of as-received PS polymer
with NRs in toluene deposited by spin-coating on glass and
silicon substrates show that the contact angle does not change
with the realization of successive layers.
UV-Induced Reversible Wettability Changes. In the nano-

scale, exactly as in the macroscale, TiO2 demonstrates the
attractive and extensively studied property of hydrophilicity
increase upon UV irradiation.33�36 Briefly, this behavior is due
to the oxygen vacancies that are created on the TiO2 surface upon
UV irradiation, resulting into the conversion of Ti4þ into Ti3þ

sites.36 These sites are favorable for dissociative adsorption of
atmospheric water molecules, leading to the formation of a highly
hydroxylated (hence hydrophilic) surface.36 This procedure is
reversible,34,36 since upon long-term storage (fewmonths) under
ambient dark conditions, or for an accelerated process, under
vacuum, the adsorbed hydroxyl groups can be removed and
eventually replaced by ambient oxygen, allowing the initial wettability

to be recovered. Since, as demonstrated above, an odd number of
nanocomposite layers photopolymerized on silicon and an even
number of nanocomposite layers photopolymerized on glass
have increased TiO2 NRs content on their surface, the phenom-
enon of UV-induced increased hydrophilicity is expected to be
enhanced for the specific samples. As a representative example,
we present the results for single- and double-layered samples.
Indeed, Figure 10a shows the WCA decrease for single-layered
samples on silicon and glass (step 2) after UV laser irradiation for
90 min. This decrease is higher for the samples on silicon, with
the difference in WCA being ΔWCA = 26� (WCA after UV
becomes 53( 2�), compared to the decrease for the samples on
glass, which isΔWCA = 14� (WCA after UV becomes 79( 2�).
As expected, the higher WCA decrease of the samples realized on
silicon substrates is due to the higher number of the surface-
exposed NRs. Analogously, the hydrophilic character of the
double-layered systems is enhanced upon UV laser irradiation,
more for samples on glass than for samples on silicon
(Figure 10b). Indeed, the UV-induced change (step 2) of the
WCA isΔWCA= 27� for glass (postirradiationWCA = 55( 2�)
and ΔWCA = 17� for silicon (postirradiation WCA = 78 ( 2�).
The initial wettability of all samples is fully recovered after their
storage in vacuum for 150 h, and the demonstration for single-
and double-layered coatings is shown in step 3 of Figure 10a,b.
The accurate control of the change in the wetting properties of

the formed surfaces using UV laser irradiation, together with the
ability of defining the initial WCA of the films, can be essential for
the development of multifunctional devices, for microfluidics, or
for biological molecules and cells attachment and growth,
avoiding the use of complicated instrumentation and expensive
substrates and materials.

’CONCLUSIONS

We demonstrated a strategy to realize nanocomposite films
with tailored surface properties using photopolymerization of
solutions of styrene, photoinitiator, and TiO2 nanorods on
different substrates. It was found that all the examined films have
similar and low surface roughness and that the nanorods
distribution on the surface, and, thus, the surface wettability of
the resulting materials, depends exclusively on the interaction of
the nanorods with the underlying substrate. Specifically, it was
found that the first nanocomposite layer prepared on silicon
demonstrates a higher hydrophilicity compared to that prepared
on glass. With the addition of a second layer the wettability of the
films is reversed, resulting in films with a higher hydrophilicity
when formed on glass compared to those formed on silicon.
Successive additions of photopolymerizable layers continue to
swap the wettability characteristics. These systems show a
reversible change in their hydrophilicity upon UV irradiation
and vacuum storage cycles, with the magnitude of these changes
accurately defined by the number of nanorods exposed on the
samples surface, demonstrating, thus, an increased wettability
change when a higher amount of nanorods is exposed on the
films surface. The successful and easy realization of patterned
nanocomposite films with tunable and highly controlled wett-
ability characteristics, using two commonly exploited substrates,
versatile nanoparticles and widely commercially available mono-
mers, opens up the way for the incorporation of these nano-
composites into specific parts of systems and devices, such as cell
growth systems,37�39 microfluidic devices,21 etc.

Figure 10. WCA measurements performed on (a) single-layered and
(b) double-layered samples of photopolymerized PS/TiO2NRs films on
silicon (9) and glass substrates (b) (1) 48 h after their photopolym-
erization, (2) after subsequent UV laser irradiation for 90 min, and (3)
after 150 h of vacuum storage.
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bS Supporting Information. Figure S1, showing a TEM
image of the ST/PI/TiO2 solution before photopolymerization;
Figures S2 and S3, showing FT-IR spectra of photopolymerized
and as-received PS/TiO2 NRs samples, respectively; Figure S4,
showing a schematic representation of the light measurements;
Figure S5, showing a simple model of the photopolymerization
process; Figure S6, showing the WCA values of sextuple- and
septuple-layered samples, both on glass and silicon substrate; and
Figure S7, showing AFM images of sextuple- and septuple-
layered samples on glass and silicon substrates. This material is
available free of charge via the Internet at http://pubs.acs.org.
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