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Thermo-responsive wettability via surface
roughness change on polymer-coated titanate
nanorod brushes toward fast and multi-directional
droplet transportt
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A novel approach for thermo-responsive wettability has been accomplished by surface roughness change
induced by thermal expansion of paraffin coated on titanate nanostructures. The surface exhibits thermo-
responsive and reversible wettabilty change in a hydrophobic regime; the surface shows
superhydrophobicity with contact angles of ~157° below 50 °C and ~118° above 50 °C due to
a decrease of surface roughness caused by thermally-expanded paraffin at higher temperatures.
Reversible wettability change of ~40° of a contact angle allows for fast and multi-directional droplet
transport. The present approach affords a versatile selection of materials and wide variety of contact

angles, promoting both scientific advancement and technology innovation in the field of smart surfaces.

A smart surface with stimuli-responsive wettability is of great
importance for various applications including self-cleaning, oil/
separation, motion, droplet microfluidics,
biochemical analysis and drug delivery.'” In general, such
smart surfaces can be achieved by the use of responsive mole-
cules or polymers that can reversibly switch their chemical
transformation and polarity® by external stimuli such as light,”
pH,*® electric field," magnetic field," and temperature.***?
Among them, a thermo-responsive smart surface has aroused
paramount interest as temperature is the most common and
facile stimulus for practical applications.’**” Poly(N-iso-
propylacrylamide) (PNIPAAm), that shows a lower critical solu-
tion temperature (LCST) phase transition at about 32-33 °C, has
been typically used to fabricate thermo-responsive smart
surfaces. The polymer chains are hydrated to become swelling
states in water below LCST, and dehydrated to become compact
structures when it is heated up above LCST. An increase of
temperature causes a change of chemical interaction (hydrogen
bonding interaction) at a surface/water interface to being
weaken, resulting in the change of surface wettability from
a hydrophilic state to a hydrophobic state. As similarly to the
PNIPAAm based thermo-responsive smart surface, most of
thermo-responsive  smart exhibit a  higher
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hydrophobicity at higher temperatures because chemical
interaction (e.g., hydrogen bonding interaction) between poly-
mer and water becomes weaker. Although reversibly regulated
surface wettability from a hydrophobic state to a hydrophilic
state with increasing temperature has been recently reported by
using upper critical solution temperature-type (UCST-type)
polymers, there is still few reports on the fabrication of such
surface. It is rather difficult to achieve polymers being hydro-
philic at higher temperatures.** Apart from thermo-responsive
smart surface, there is another important issue to be dis-
cussed from a scientific perspective for the stimuli-responsive
wettability. Most of stimuli-responsive wettability demon-
strated so far exclusively rely on the use of chemical trans-
formation of responsive polymers."* From a technological
perspective, chemical interaction change at a surface/water
interface might affect components in liquid, that would cause
problems in some applications such as micro-fluidic control
and drug delivery. To explore the fabrication protocol of stimuli-
responsive wettability based on a novel approach will promote
scientific advancement and technology innovation in the field
of smart surfaces.

In the present study, we report a novel concept for thermo-
responsive wettability, that exploits surface roughness change
induced by thermal expansion of polymers on nanostructured
inorganic substrates (Fig. 1). According to Wenzel and Cassie-
Baxter models, the surface wettability for water is determined by
not only chemical interaction at a surface/water interface but
also surface roughness.®>* When the chemical interaction is
constant, a decrease of surface roughness leads to reduced
hydrophobicity (in the case of Young contact angle, the water
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Fig. 1 (a) A concept of the present study for thermo-responsive
wettability induced by surface roughness change. (b) A droplet trans-
port by spatially heating the substrate at around room temperature
where the temperature gradient of several degrees induces a droplet
motion from a cooler part to a hotter part.

contact angle (CA) at the perfectly flat and rigid surface, higher
than 90°), while opposite trend is observed for the hydrophilic
surface. This indicates that the stimuli-responsive surface
wettability could be realized by changing only surface rough-
ness without any change on the chemical interaction. To this
end, we have prepared paraffin-coated inorganic nano-
structures where paraffin, that shows around 10% thermal
expansion with melting, contributes to surface roughness
change by heating and the inorganic (titanate) nanostructures
provide a homogeneously rough surface. Paraffin has been
widely employed in a linear actuator device “wax motors” as it
shows a drastic change on volume by heating/cooling.*** In
a case of the present paraffin-coated inorganic nanostructures,
the surface shows high hydrophobicity at low temperature
(room temperature). While, at high temperature paraffin
partially fills up the gap between the nanostructures by
a thermal expansion, resulting in reduced hydrophobicity due
to a decrease of surface roughness (Fig. 1a). In the present
system, the chemical interaction at a surface/water interface
remains unchanged upon heating because paraffin, that is an
alkane with a chemical formula C,;H,,.,, exhibits no chemical
transformation. The surface wettability can be reversibly
controlled only by a change of surface roughness. In addition,
the paraffin-coated inorganic nanostructures can afford
a droplet transport by partially heating the substrate at room
temperature where the temperature gradient induces a droplet
motion from an unheated point to a heated point by a wetta-
bility gradient (Fig. 1b). Partial heating at room temperature is
relatively simple and uncomplicated and requires less energy
compared to partial cooling of a heated substrate. Furthermore,
this novel system, that is unaccompanied by a change of
chemical interaction at a surface/water interface, allows for
a droplet transport without any change of the chemical
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component of the droplet; in droplet transport systems that rely
on chemical transformation of responsive materials, the change
on surface chemical properties might affect components in
a droplet (e.g., trapping ionic species on the surface).
Vertically-aligned titanate nanorods on a titanium plate
(TNR brush) were employed as inorganic nanostructures, that
was prepared according to the previously reported proce-
dure.”**® The surface of TNR brush was modified with octyl-
trimethoxysilane (OTMS) by chemical vapor deposition in order
to improve a chemical interaction with paraffin. Then, paraffin
(melting point at 42-44 °C) dissolved in isooctane was spin-
coated on the OTMS-modified TNR brush to obtain a paraffin-
coated TNR brush (hereafter the sample is denoted as
paraffin/TNR brush). The pristine TNR brush exhibited super-
hydrophilicity with a CA of ~0° due to the high surface rough-
ness by the nanostructures of hydrophilic titanate. In contrast,
the OTMS-modified TNR brush and paraffin/TNR brush showed
superhydrophobicity with CAs above 150°, indicating the
successful OTMS modification and paraffin coating with
maintaining the surface nanostructures. The OTMS modifica-
tion and the paraffin-coating were also confirmed by Fourier-
transform infrared spectroscopy (FT-IR) (see Fig. S17). Fig. 2a
exhibits a scanning electron microscope (SEM) image of the
paraffin/TNR brush. A comparison with SEM images of the
pristine TNR brush confirms a homogeneous coating of paraffin
with ~23 nm in thickness on the surface of TNR brush (Fig. 2b
and see Fig. S2}). The wettability of the paraffin/TNR brush was
investigated at different substrate temperatures (Fig. 2¢). The
temperature of substrate was monitored by an infrared ther-
mography camera. As shown in the Fig. 2c, the paraffin/TNR
brush exhibited superhydrophobicity with a CA of ~157°
below 50 °C and the surface drastically changed to a less
hydrophobic state with a CA of ~118° above 50 °C. The change
of wettability was reversible at lower/higher temperature than
50 °C (Fig. 2d). The temperature failure of nanoscale and
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Fig. 2 Cross-sectional SEM image (a) and the corresponding illus-
tration (b) of the paraffin/TNR brush. (c) Temperature-dependence of
the CAs on the paraffin/TNR brush, OTMS-modified TNR brush and the
paraffin-coated flat surface. (d) Reversible change of wettability (CA)
on the paraffin/TNR brush at 33 °C (black) and 60 °C (red).
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macroscale structures was not observed in this temperature
range (Fig. S3 and S$4f). It should be mentioned that the
wettability of paraffin-coated flat surface (paraffin-coated glass)
nearly unchanged at different temperatures (the small change
of wettability is presumably due to the formation of a lubricant-
infused surface by phase-transition of paraffin.>*-**). This indi-
cates that surface chemical properties of paraffin remain
unchanged upon heating. If the surface chemical properties are
changed by heating, an obvious change of wettability should be
observed on a flat surface. For instance, the CAs on a flat surface
coated with PNIPAAm change from ~63° to ~94° at higher
temperature than LCST (around 32 °C).*> The OTMS-modified
TNR brush, that is uncoated with paraffin, also exhibited the
same CA irrespective of substrate temperature. Consequently,
the drastic change of wettability for the paraffin/TNR brush is
attributed to surface roughness change accompanied by phase-
transition of paraffin by heating/cooling, while the surface
chemical properties remain unchanged. The thermal expansion
of paraffin on the TNR brush resulted in a decrease of surface
roughness of the paraffin/TNR brush, which makes the surface
less hydrophobic above 50 °C. Indeed, a decrease of surface
roughness at higher temperature was observed by atomic force
microscope (AFM) investigations (see Fig. S5T). The transition
temperature of 50 °C was slightly higher than the melting point
of paraffin (42-44 °C), that is presumably because the accurate
temperature of the paraffin coating is lower than the tempera-
ture of the substrate due to a large paraffin/air interfacial area.
Most of stimuli-responsive wettability reported so far rely on
changes of surface chemical properties of materials induced by
external stimuli.»*® The results shown here clearly demonstrate
the fabrication of thermo-responsive wettability by surface
roughness change accompanied by phase-transition of paraffin.

One of potential applications of the surfaces with reversibly
responsive wettability is a droplet transport.'®* Precise control
over the motion of tiny amount of droplets on a solid surface is
of importance in a variety of applications including biochemical
analysis,® droplet microfluidics,* self-cleaning,® and drug
delivery.*® To realize the droplet transport, a spatial gradient of
wettability on a surface is required to drive the droplet in which
the droplet can move toward the more wettable parts of the
surface. The wettability gradient force is expressed as

dcosf
dx

F = mR%>y

where R and v represent the base radius and surface tension of
the droplet, respectively. d cos 6/dx represents the spatial
gradient of wettability as # and x represent contact angle and the
length of the substrate.”** The paraffin/TNR brush exhibits
higher hydrophobicity with a CA of ~157° below 50 °C (at room
temperature), and at temperature above 50 °C the surface
drastically changes to a less hydrophobic state with a CA of
~118°. In this system, a droplet transport can be achieved by
a spatial heating of the paraffin/TNR brush at room temperature
as the temperature gradient applied on the substrate yields
a drastic wettability gradient at the point with around 50 °C; the
droplet moves toward spatially heating parts. Although uni-
directional droplet transport has been demonstrated on
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a static wettability gradient surface induced by systematic
variation of microscale structures (a surface roughness
gradient),” reversible change of wettability of the paraffin/TNR
brush allows for a multi-directional droplet transport using the
same sample repeatedly. To demonstrate a multi-directional
droplet transport, water droplets were dropped onto a posi-
tion where the substrate was spatially heated at temperature
higher than 50 °C (Fig. 3). Fig. 3a shows an experimental setup.
The back side of the paraffin/TNR brush was heated along the
red line. A temperature profile on the paraffin/TNR brush was
measured by an infrared thermography camera (Fig. 3b). As
observed in the temperature profile, temperature at the portion
in contact with the heater was about 52 °C and the temperature
gradient to surrounding was 1.5 °C mm™'. A water droplet (15
uL) was dripped 3 mm away from the heated part (a point
indicated by a blue pentagon) of which temperature was around
47 °C. Fig. 3c shows the snapshots of a droplet transport on the
paraffin/TNR brush. The water droplet moved rapidly to the
heated part at a velocity of ~18 mm s~ . Although the transport
velocity was lower than that reported on the PNIPAAm-grafted
structured PDMS,* the velocity of ~18 mm s~ observed on
the paraffin/TNR brush is still higher than those reported so far,
such as spindle knot structure coated with PNIPAAm (about 0.1
um s~ '), polymer-coated TiO, nanorods (a few um s ') and
photoisomerizable monolayer-coated SiO, (about 1 mm
s~ 1).384 The fast droplet transport is probably due to the fact
that the large contact angle changes with a temperature differ-
ence of a few degrees at around 50 °C; a large wettability
gradient force was generated by the large dcos f/dx on
a substrate with a temperature gradient. On the same substrate,
it is possible to transport the droplets in different directions
with almost same velocity by changing the location of heating
(Fig. 3d). As demonstrated here, water droplets can move to the
heated parts on the paraffin/TNR brush at room temperature.
By using same experimental set up, transport and interfusion of
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Fig. 3 Droplet transport on the paraffin/TNR brush. (a) Experimental
setup where the back side of the paraffin/TNR brush was heated along
the red line. The blue pentagon indicates the point where water
droplet (15 pul) falls. (b) A temperature profile on the paraffin/TNR brush
that was measured on the white bar of the image (a). The snapshots of
droplet transport on the paraffin/TNR brush in (c) the experimental
setup of (a) and (d) the different configuration where the heater was
45° rotated in a counter clockwise fashion.
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tiny amount of two droplets are also demonstrated (see
Fig. S61). Two different droplets moved to the heated part and
then merged together. On the tilted substrate, a collection of the
mixed droplet was also possible (see Fig. S7t). Although
extended transport distances are required for practical appli-
cations, this fast and multi-directional droplet transport system
based on surface roughness change is expected for the transport
of droplets containing rare molecules that are sensitive to
functional groups at the interface (e.g., biomolecules).'®3”*!

Conclusions

We demonstrated thermo-responsive wettability induced by
surface roughness change on titanate nanorod brushes that
were coated with paraffin (paraffin/TNR brush). The paraffin/
TNR brush exhibited thermo-responsive and reversible wetta-
bility change in a hydrophobic regime: superhydrophobicity
with a CA of ~157° below 50 °C, a less hydrophobic state with
a CA of ~118° above 50 °C. The reversible and large wettability
change was attributed to surface roughness change induced by
thermal expansion of paraffin accompanied by phase-
transition, while the surface chemical properties remained
unchanged. A spatial heating of the paraffin/TNR brush at room
temperature allowed for a fast and multi-directional droplet
transport owing to the reversible and large wettability change.
The present approach for the fabrication of a surface with
stimuli-responsive wettability based on the expansion of
paraffin will be applied to other substances that can change the
volume by external stimuli, which will promote scientific
advancement and technology innovation in the field of smart
surface.
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