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ABSTRACT We report a novel approach for the design of switchable surfaces using hydrophobic wax films with incorporated
hydrophilic particles. It was found that native and 3-aminopropyltriethoxysilane-modified 200 nm large silica particles almost
completely immerse in wax after annealing in dry environment above wax melting point. On the other hand, the degree of particles
immersion in wax decreases after annealing in aqueous environment. The surface properties of the particle-wax films are, therefore,
switched between hydrophobic and hydrophilic states after annealing in air and in water, respectively. The hydrophilicity/hydrophibicity
can be frozen by the cooling below the wax melting point. We also demonstrated possibility to produce hydrophilic/hydrophobic

pattern on wax-particle films using local heating.
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INTRODUCTION
urfaces with switchable/adaptive behavior (1—8) are

of growing interest for the design of microfluidic

devices (9—11), sensors (12—15), functional coatings
(16—19), logical devices (20), and for biotechnological ap-
plications (21 —25). To date, stimuli-responsive surface were
designed mainly using self-assembled monolayers, polymer
brushes (26), or using metal oxides (27). Exposure to envi-
ronmental stimuli (solvent, pH, temperature, and light) of
these materials changes composition in the topmost layer
that affects their surface properties including adhesion,
friction and wetting.

Recently, it was found that switching range of wetting
properties of stimuli-responsive surfaces could be dramati-
cally increased using rough substrates. According to equa-
tions of Wenzel (28—30) and Cassie (29, 31), roughness
“enhances” intrinsic wetting properties of materials and
makes hydrophilic/hydrophobic materials even more hy-
drophilic/hydrophobic, respectively. Using this principle,
Minko et al., for example, fabricated mixed hydrophobic—
hydrophilic brushes grafted to rough substrates, which
demonstrate very broad switching range between absolute
wetting (water contact angle is close to 0°) and ultrahydro-
phobicity (water contact angle is more then 150°) (17). On
the other hand, surface roughness and therefore wetting
properties of composite hydrogels can be switched by
deformation (18).

Here we suggest a novel approach for the design of
surfaces where both chemical composition and roughness
can be switched by external stimuli. The approach is based
on use of hydrophilic particles deposited on a surface of
hydrophobic oil, whose melting point is slightly higher than
the ambient temperature (e.g., wax). The degree of particle
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FIGURE 1. Scheme of switching of wax-particle surfaces. The hy-
drophilic particles are mixed with wax. Annealing in water and in
air changes depth of immersion of the particles in oil layer that
switches properties of the layer between hydrophilic and hydro-
phobic states.

immersion in the molten wax layer is determined by the
interfacial forces, which depend on environment - dry or
aqueous. Therefore, roughness as well as hydrophobicity/
hydrophilicity of the particle-wax surface can be reversibly
switched by applying dry and aqueous media. Moreover,
obtained morphologies can be “frozen” by cooling down
below wax melting point.

EXPERIMENTAL SECTION

Preparation of Silica Particles. Silica particles (200 nm) were
prepared by two-step synthesis according procedure described
inref 32. In brief, 1.5 mL of tetraethyl orthosilicate (TEOS) was
added to a mixture of 50 mL of ethanol and 3 mL of saturated
ammonia solution (28—30%) was added 1.5 mL tetraethyl
orthosilicate (TEOS). The solution was mixed by magnetic stirrer
(700 rpm) for 18 h. Resulting suspension was used for a further
growth reaction. In second step, in a mixture of 25 mL of the
suspension, 175 mL of ethanol, and 12 mL of ammonia (28 —
30%) was added 6 mL of TEOS. The solution was stirred (800
rpm) for 24 h. Particles were centrifuged and then rinsed with
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ethanol several times followed by drying under a vacuum at 60
°C (2 h). The size of the silica particles and the polydispersity
were controlled by SEM after each of the steps (ca. 100 nm after
the first step, ca. 200 nm after the second step).

Modification of Silica Particles by 3-Aminopropyltriethoxy-
silane (APS). Dry silica particles (0,2 g) were added to a solution
0.8 mL of APS in 5 mL of ethanol for 3 h. To remove unreacted
APS the particles were rinsed and centrifuged five times in
ethanol. Finally, APS modified silica particles were dried under
vacuum at 60 °C (2 h).

Preparation of Colloidosomes and Wax-Particle Films. The
colloidosomes were prepared by following procedure. Native
or APS-modified particles (100 mg) were dispersed in chloro-
form (10 mL) at room temperature. Then paraffin wax (2 g, mp
58 — 62 °C) were added, the system was heated up to 60 °C
and sonicated 15 min. Hot water (40 mL) was added after
evaporation of chloroform. Mixture was stirred and after 30 min
rapidly cooled. Colloidosomes were filtered out and dried in the
vacuum oven (40 °C, 15 mbar) during 12 h. Wax-particle films
were prepared by melting of colloidosomes on the surface of
water.

Scanning Electron (SEM) and Atomic force (AFM) Micros-
copy. All SEM micrographs were acquired on an environmental
scanning electron microscope (ESEM, Philips XL-30), (DSM 982
Gemini, ZEISS, Germany) operating at 50 kV in the secondary
electron (SE) mode. AFM studies were performed with a Di-
mension 3100 (Digital Instruments, Inc., Santa Barbara, CA)
microscope. Tapping mode was used to map the film morphol-
ogy at ambient conditions.

Contact Angle Measurements. Advancing and receding
water contact angles were measured by the sessile drop method
using a conventional drop shape analysis technique (Krtiss DSA
10, Hamburg, Germany). Deionized reagent grade water was
used for contact angle measurements. Liquid droplets (10-uL)
were dropped carefully onto the sample surface, and the
average value of 5 measurements, made at different positions
of the same sample, was adopted as the average values of
contact angles of the substrates. The error of the mean contact
angle values, calculated as the standard deviation, did not
exceed 2 and 3°. All contact angle measurements were carried
out at 24 £ 0.5 °C and relative humidity of 40 & 3 %, which
were kept constant.

RESULTS AND DISCUSSIONS
In our work, we investigated behavior of native and

3-aminopropyltriethoxysilane (APS)-modified 200 nm large
silica particles on the wax surface. First, we tested the effect
of gravity. We melted wax-native silica particle colloido-
somes, which were prepares as described in ref 33, on the
upper surface of horizontally positioned silica wafer as well
as on a similar wafer, which was turned over. The particles
were almost completely immersed in wax in both cases as
it was revealed by AFM (results are not shown). Therefore,
we conclude that gravity does not influence the degree of
particle immersion in wax. In agreement with experimental
results, theoretical calculations predict that interfacial forces
acting on 200 nm large particles are on the order of 1 X
107" N that dramatically exceed the gravity force, which is
estimated to be in order of 1 x 107" N.

Second, we investigated behavior silica particle on the
surface of wax in aqueous and dry environment. The films
were prepared by melting of wax-particle colloidosomes on
the water surface. One side (upper one) is therefore annealed
in dry conditions and another side (lower one) is annealed
in aqueous environment. We found that both native and
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Table 1. Experimentally Measured Values of
Contact Angles at Different Flat Interfaces

hexadecane
water contact contact
interface angle (deg) interface angle (deg)
APS—water—air 70 SiO,—hexadecane—water 0
SiO,—water—air 43 SiO—hexadecane—water 154
wax—water—air 107 APS—hexadecane—air 0
APS—hexadecane—water 122

APS-modified silica particles almost completely immersed
into wax at the wax-air interface. On the other hand, both
sorts of particles were found to be only slightly immersed
in wax at the water-wax interface. The height of the particle
cap above the wax surface normalized to the particle radius
(h*) is slightly different, h* = 1.3 and h* = 1.1, respectively.
This ratio is in good qualitative correlation with previously
obtained results (33) as well as with our estimation based
on contact angle data (Table 1) using formula h* =1 — cos
@arorwater 34y The quantitative difference between experi-
mental and predicated values can be explained by the
intrinsic roughness of the particles and the difference be-
tween advancing and receding contact angles of wax on
particle surface.

Next, we theoretically and experimentally investigated
wetting properties of composite wax-particle surfaces. The
wetting properties of these surfaces are determined by
several parameters: hydrophilicity and surface roughness
provided by particles as well as hydrophobicity of wax.
Although there are many models, which may be used to
simulate wetting behavior of wax surfaces with particles, we
applied the Cassie—Baxter equation, eq 1. This choice is
justified by our recent experimental findings where we
demonstrated that the Cassie—Baxter equation provides the
best agreement with the experimental results for wetting
behavior on surfaces made of colloidal particles (34—36). For
simplicity, we considered only the case when the water
droplets collapsed on the surface. In this case, liquid com-
pletely fills the grooves between particle-collapsed drop. The
following modification of the Cassie—Baxter equation was
used

wax wax

cos® = r

water
particle’ particle cos © +

particle

(1 = ffiadcos O (1)

p wax

where cos OFiGe and cos OV are the intrinsic water
contact angles on the surfaces of particles and wax (Table
1, left column), respectively; faice = nTR3(2h* — h*?) is the
area fraction of particles on the surface of wax; rji¥iae =(2)/
(2 — h*) is roughness factor of particle cap above wax
surface; h* is normalized height of particle cap above wax
surface (Table 2, experimental values); OIL-"" s intrinsic
contact angle of wax on the particle surface in air or aqueous
environment (Table 1, right column); n = (\V)/(S) is the
number of particles (N) per areas (S); Nmax = (1)/(2\/3R§) is
maximum number density of particles on surface, which
corresponds to closely packed particles. Performed simula-
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FIGURE 2. Immersion of native silica particles into wax surface after annealing in air (upper panel), annealing in water (middle panel) and
annealing in air of the sample, which was preliminary annealed in water (lower panel). AFM (second from left column) and SEM (third from
left column) images of silica particles on wax surface. Height of the particle cap above wax surface after annealing in air, in water, and after
second annealing in air of native and APS-modified silica particles derived from AFM images (right plots).

Table 2. Experimentally Obtained and Estimated Degree of Immersion of Unmodified and APS-Modified Silica
Particles in Wax Depending on Environment

height of the particle cap above the wax surface normalized to the particle radius, h*

particles annealing conditions experimental experimental from ref 33 estimated using contact angles from Table 1
native air 0.1 0
water 1.3 1.8 1.9
APS-modified air 0 0
water 1.1 1.5 1.54
tions demonstrate that the native and APS-modified particle- philic and hydrophobic states increases with the density of
wax surfaces provide different wetting properties after particles on the surface (Figure 3a).
annealing on air and in water, and that the particle-wax Experimental investigation of the wetting properties on
surface is hydrophilic after annealing in water and is hydro- obtained wax-particle layers after annealing in different
phobic after annealing in air. The contrast between hydro- media was performed using water contact angle measure-
1204 a 20l b so,| |c aes| | d wax
o 100-N 100
o AN
D 80- \ ~ °
® R g
-05 \ ~ [@)]
g 1 \ NI
S \ g 60
8 401 £
= APS air
= = APSwater 8 40
204
—— Si0, air \
odl- = SiO, water Vo 20
00 02 04 06 08 10 0
surafce coverage air water air water air water

FIGURE 3. (a) Simulated and (b—d) experimentally obtained wetting properties of particle-wax surfaces after annealing in dry and aqueous
environment. (a) Simulated water contact angle on native (red lines) and APS-modified (blue lines) wax-particle surfaces after annealing in
air (solid lines) and in water (dashed lines) at different surface coverage of wax surface by the particles. Water advancing (blue) and receding
(red) contact angles after annealing in air and in water of (b) wax-silica particle surface; (c) wax-APS-modified silica particle surface; (d)
reference wax surface.
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FIGURE 4. Switching of advancing (blue) and receding (red) water
contact angles on (a) wax-silica particle and (b) wax-APS particle
surfaces after sequential annealing in water, in air, and in water
again.

ments. We measured both advancing (0,4,) and receding
(®,¢) water contact angles. We found that the wax-particle
surfaces are more hydrophilic after annealing in water (@aqy
=60—70°, O, = 10—20°) then after annealing in air (@,qy
=100—110°, O, =90—95°, Figure 3b,c). Because of small
contact angle hysteresis, the water droplets are flexible on
the wax-particle surface annealed in air and can be removed
by slight shaking. On the other hand, the water droplets
remain strongly pinned to the wax-particle surface after
annealing in water. We performed a control experiment and
investigated wetting properties of wax without particles
annealed on air and in water. The wax surface becomes
slightly more hydrophilic after annealing in aqueous envi-
ronment, which is seen from the decrease of the receding
contact angle: ®,.. = 90° and O, = 70° after annealing in
air and in water, respectively (Figure 3d). The advancing
water contact angles on the wax surfaces annealed in dry
and aqueous environment are nearly the same: .4 =
100—105°. Therefore, we can conclude that the difference
in wetting properties of wax-particle surface annealed at
different conditions originates from the different degrees of
immersion of particles into wax surface.

We experimentally tested the possibility of reversibly
switching wetting properties of the particle-wax surfaces.
The hydrophilic wax-particle film, which was preliminary
annealed in water, was used for the switching experiments.
This film was then melted in dry state. We found that the
particle-wax film switches into hydrophobic state after an-
nealing in air (Figure 4). The second annealing in water
switches the surface back into the hydrophilic state (Figure
4). Further annealing in air and in water switches the layer
in hydrophilic and hydrophobic states, respectively. Thus,
the wax-particle layer demonstrates the fully reversible
switching of wetting properties after annealing in dry and
aqueous environment.

Finally, we demonstrated applicability of the developed
stimuli-responsive surfaces for hydrophilic—hydrophobic
patterning. We used the particle-wax film, which was pre-
liminary switched to hydrophilic state by annealing in water,

www.acsami.org

VOL. 2 « NO. 10 ® 2944-2948 « 2010

hydrophilic areas hydrophobic areas

FIGURE 5. Hydrophilic/hydrophobic patterning of APS-particle/wax
surface using heated needle. APS-particle/wax surface was switched
to hydrophilic state by annealing in aqueous environment. Applying
heated needle locally switches the surface into hydrophobic state.
Water (colored with rhodamine) selectively wets the hydrophilic
areas and is unable to wet the areas where the needle was applied
(white areas marked as hydrophobic).

and locally applied heat using a hot needle. The needle was
brought in the proximity to the surface with no direct contact
between them. As expected, the particle-wax surface locally
switches in hydrophobic state. In fact, we found that water
readily wets areas where no needle was applied (hydrophilic
areas), whereas water does not wet the areas where the
needle was applied (hydrophobic area). In this way, we can
write a structure into a sample surface.

CONCLUSIONS
We developed a novel approach for design of stimuli-

responsive surfaces. The approach is based on hydrophobic
waxy surfaces with incorporated hydrophilic particles. The
degree of particle immersion in liquid oil layer was demon-
strated to depend on environment (dry or aqueous). Thus,
roughness as well as hydrophobicity/hydrophilicity of the
particle-wax surface can be switched in dry and aqueous
environments as well as can be frozen by cooling down
below melting point of wax. We also demonstrated the
possibility to pattern wax-particle surfaces using locally
applied heat, for instance warm needle. Moreover, we
propose that the patterning can also be performed using
localized heating by laser beam. The developed approach
can find a broad application for design of switchable surfaces
for offset printing of pigments, proteins as well as cells.
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