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Superhydrophobic surfaces with different dynamic wettabilities,
such as water repellent or water adhesive, have attracted
increasing interest recently.[1–8] The lotus leaf, with ultrahigh
water contact angle (CA) and low sliding angle (SA), is widely
known as a model superhydrophobic surface because of its
self-cleaning property. Although superhydrophobic surfaces with
high SA cannot be self-cleaning, they have many other potential
applications, such as in the field of microfluidic control
systems.[9–15] Superhydrophobic surfaces that can ‘‘pin’’ liquid
droplets have been demonstrated for no-loss microdroplet
transfer or trance-liquid reactors.[16–22] It is known that super-
hydrophobicity is effective for obtaining a small liquid interfacial
contact area (ICA), at least for water-based liquids, which
significantly reduces the mass loss in microdroplet transfer.[23] To
construct more dense and complicated microfluidic devices, the
integration of superhydrophobicity and reversible switching of
water mobility would be desirable.

If a certain liquid is preferred, it would be better to optimize the
substrate rather than modifying the liquid. A change of either the
substrate’s chemistry or its morphology can affect the liquid
droplet mobility.[24–30] However, tuning themobility of pure water
droplets on superhydrophobic surfaces has so far been demon-
strated only on different samples.[31,32] It still remains a great
challenge to reversibly control water droplet mobility on the same
surface, which requires the precise coordination of surface
chemistry response and surface roughness.
Here, we report on a versatile strategy that can reversibly control
the mobility of spherical microdroplets of water on the same
surface from rollable (SA�908) to pinned (water droplet does not
move at any tilt angle, even when the substrate is turned upside
down) by temperature. Unlike previous reports on CA switchable
surfaces,[33,34] this study is about water mobility switching, and
furthermore, the static CAs before and after switching are all in the
superhydrophobic range. The superhydrophobic surface with
switchable water mobility is prepared by simply spin-coating a
side-chain liquid crystal polymer (SCLCP), PDMS-4OCB, on an
optimized rough silicon wafer. The molecular structure of
PDMS-4OCB is illustrated in Scheme1. It consists of hydrophobic
methyl groups and relatively hydrophilic butyloxy biphenylcarbo-
nitrile groups both attached to the polysiloxane main chain.
PDMS-4OCB is a liquid crystal SmA phase at room temperature
(23 8C), and undergoes a phase transition fromSmA to isotropic at
74.6 8C[35] (see also the Supporting Information). The mobility
switching of the water droplet is thought to be due to the abrupt
change of molecular chain adaptability corresponding to the
SCLCP phase transition and the coordination of the surface
roughness.

On a flat PDMS-4OCB film, when the temperature increases
from 23 8C to 75 8C (just above the phase transition point), the CA
of a 3mL water droplet changes from 92.48� 1.88 to 89.38� 0.88
(Fig. 1a). It is proposed that such a surface wettability change
corresponds to a discontinuous change of the interfacial
interaction caused by the (liquid) crystal-to-isotropic phase
transition.[34,36–38] The mechanism is illustrated as Figure 1b.
At the topmost surface of the as-prepared PDMS-4OCB film, the
groups toward the air should mainly be the hydrophobic methyl
groups.[34–38] In the SmAphase, the mobility of polymer chains is
Scheme 1. The molecular formula of PDMS-4OCB.
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Figure 1. a) The water CA switching between 92.48� 1.88 at 23 8C and 89.38� 0.88 at 75 8C on
flat PDMS-4OCB film. b) The proposed conformation rearrangement upon the phase transition
corresponding to the CA switching.

Figure 2. In situ AFM images of the a) height and b) phase of PDMS-4OCB
film at 23 8C, and of the c) height and d) phase of the film at 75 8C. The
scanning size of all four images is 10mm� 10mm.
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rather low, and the molecular conformation
cannot be changed by the contact of the test
liquid. When the temperature increases to or
above the isotropic phase transition point, the
molecular chains’ mobility becomes much
greater. When a water droplet is deposited on
the surface, the molecular chains can quickly
undergo a self-adaptive process so that the
more-hydrophilic groups turn towards the
water to minimize the interfacial energy, thus
the water CA decreases.

Besides the conformation change of the
molecular chains, a change in surface rough-
ness may also occur and contribute to the
wettability change upon phase transition.
However, this point has been ignored in
previous research.[34–37] Tomeasure the rough-
ness change, in situ atomic force microscopy
(AFM) observations of PDMS-4OCB film at
23 8C and 75 8C were carried out; both topo-
graphic and phase images are shown in
Figure 2. The film is generally flat with
micropapillae (Fig. 2a). The mean thickness
of the film at 23 8C is 21.0� 1.7 nm. When the
temperature increases to 75 8C, the film swells
and the mean thickness increases to
35.4� 1.7 nm. Some new papillae appear at
75 8Cwith ca. 1mmdiameter and 20 nm height
(Fig. 2c), but in terms of the average roughness
analysis (box Ra), the change is not pronounced. The average
roughness is11.2 nmat23 8Cand12.4 nmat75 8C(seeSupporting
Information, Figs. S4a,b).

Furthermore, the phase images, Figure 2b,d, reveal that the
film is of layered structure at 23 8C (clearly shown on the papillae,
Fig. S4c, Supporting Information). The repeat layer distance
(3.5� 0.4 nm) is identical with that of the PDMS-4OCB SmA
phase.[39] The layered structure disappears at 75 8C. This indicates
that the isotropic phase transition occurs, which is consistent with
the differential scanning calorimetry (DSC) and polarizing optical
microscopy (POM) measurements (see Supporting Information,
Figs. S2 and S3).

The CA change on the flat PDMS-4OCB upon phase transition
is only about 38 or even ambiguous (Fig. 1a). This is because the
polarity difference of the molecular groups is limited and the
roughness change is slight.

It has been reported that the synergy of micrometer- and
nanometer-scale roughness may enlarge the CA and CA response
range. To obtain a superhydrophobic surface, roughness has to
be involved, but at the same time, the CA response range has to be
confined to keep all CAs in the superhydrophobic range.
Patterned surfaces with six different pattern sizes were adopted
in the experiments (see the Experimental section for more details
of fabrication). The rough substrates were silicon wafers with
square-arrayed square posts. The post’s size was constant with an
area of 10mm� 10mm and a height of 30mm. The typical
morphology of the rough surfaces is illustrated in Figure 3a,b.
Different roughness was obtained by varying the spacing between
the posts. The samples were labeled S1–S6, with spacing 40, 30,
20, 15, 10, and 5mm, respectively. CAs and SAs were then
heim 4255
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Figure 3. a) Schematic illustration of the main parameters of the square-arrayed square posts.
The post width dpost¼ 10mm, and the height h of posts for all substrates is 30mm. For S1–S6, the
spacings between two nearest posts dgroove are 40, 30, 20, 15, 10, and 5mm, respectively.
b) Typical SEM image of the PDMS-4OCB modified rough surface, which is S4. c,d) Results of
measurements of CA and SA on the PDMS-4OCBmodified surfaces with different dgroove at 23 8C
(filled squares) and 75 8C (empty squares). Insets 1–3 in c) are representative profiles of a water
droplet on the surfaces. In (d), the data of SA> 908 (droplet pinned) are represented by points in
square brackets. The vertical arrows denote the mobility change of the water droplet on the same
sample.
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measured at 23 8C and 75 8C (Fig. 3c,d). The results of CA and SA
response on these rough surfaces hold some surprises.

At 23 8C, the water CAs on S1–S6 are all enhanced to
superhydrophobic level by the roughness (Fig. 3c).On the surfaces
of S1 and S2, we obtained enhanced CA response around the
phase transition temperature with the obvious collapse of CAs to
less than 1208 at 75 8C. However, that is what we need to avoid, so
as to keep the droplet’s spherical shape and small ICA. In
contrast, CAs are almost unchanged in the superhydrophobic
range on S3, S4, S5, and S6 at 75 8C. Further microscopic
side-view observations show that the droplets on S3–S6 are in
different superhydrophobic states compared to those at 23 8C,
and this may lead to different droplet mobility.

Generally, there are two wettability states when a liquid droplet
settles on a hydrophobic surface: the composite state and the
wetted state.[23–25] It is reported that there are energy barriers that
prevent the transition between the two states.[40–44] Experimen-
tally, the wettability states can be distinguished bywhether there is
light between the liquid and the substrate in a microscopic side
view.[9,40] The SA is mainly governed by the ICA and the
three-phase contact line (TCL).[10–15] In addition, the detailed
contactmode at theTCL can alsomake the SAdifferent.[40–42] Even
when the CAs are the same, the ICA and TCL for droplets in
different wettability states can be quite different.

At 23 8C, on all these rough surfaces, the water droplets are in
the superhydrophobic composite state. From S1 to S6, with the
decrease of dgroove, the post density increases. If CA remains the
same, the ICA and TCL both increase. (Actually, the CA decreases
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhe
but by less than 28, which also leads to an
increase of TCL.) As a result, with decreasing
dgroove, the SA gradually increases from 258 to
more than 908 (Fig. 3d). The water droplets are
rollable on S1, S2, S3, and S4, but pinned on S5
and S6.

At 75 8C, the SmA-to-isotropic phase transi-
tion occurs. For the same sample, the
water–SCLCP interfacial interaction greatly
increases, owing to the polymer chain self-
adaptability, which consequently lowers the
energy barrier of the wettability state transi-
tion. The microscopic side view observations
show that the droplets are all in wetted states,
and the water droplet is pinned on all the six
rough surfaces (Fig. 3d). The water droplets on
S1 and S2 collapse, accompanied by state
transition from composite state to wetted state,
and the TCL moves in both the horizontal and
perpendicular directions. The dramatically
increased ICA and TCL make the droplet no
longer rollable. On S3, S4, S5, and S6, the
superhydrophobic CAs are almost unchanged,
but the droplets are in a superhydrophobic
wetted state at 75 8C instead of the composite
state at 23 8C. There is no evident TCL
movement in the horizontal direction, but
perpendicular movement of TCL occurs, with
water penetrating into the microgrooves. At a
certain CA, the ICA and TCL are larger in the
wetted state than in the composite state for the
same sample, which leads to higher SA. Consequently, the
mobility of the superhydrophobic droplets substantially changes
from rollable to pinned on S3 and S4. On S5 and S6 at either 23 8C
or 75 8C, the water droplets are pinned, so the phase transition
effect cannot be reflected in their SA change.

In addition, at 23 8C, when the water droplet is softly deposited
on S3, it is in a persistent superhydrophobic composite state, but
immediately after rolling, the droplet collapses. During rolling,
there is a momentum. If the sum of the droplet’s self-gravity and
the momentum is greater than the energy barrier, the wettability
state transition will occur. The spherical shape of the water
droplet on S4 is quite stable. This may be explained by the effect
of morphology on the energy barrier.[41,42] So the reversible
switching of a superhydrophobic droplet between rollable and
pinned by temperature is demonstrated further on S4 (Fig. 4).
While CAs of the water droplets remain in the superhydrophobic
range at both 23 8C and 75 8C, a sudden switching of droplet
mobility from rollable (SA ca. 758) to pinned occurs with the
phase transition. The inset in Figure 4a shows that the droplet
was still pinned on the surface even when the substrate was
turned upside down. The enlarged pictures in Figure 4b show
that the spherical water droplet is in the composite state at 23 8C
and in the wetted state at 75 8C.

To further confirm the driving force of the switch, the
temperature dependence of SAwas alsomeasured on S4 (Fig. 4c).
There is almost no SA change from 23 8C to 65 8C. The sharp
increase of SA only occurs near the phase transition point, which
clearly indicates the interdependence of the phase transition and
im Adv. Mater. 2009, 21, 4254–4258
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Figure 4. a) The reversible switching of the water droplet mobility from rollable to pinned
corresponding to the temperature change from 23 8C (left, SA¼ 758� 38) to 75 8C (right, the
inset shows that the droplet sticks on the surface even when the substrate is turned upside
down). b) At 23 8C, the water droplet is in the superhydrophobic composite state; at 75 8C, it is in
the superhydrophobic wetted state. c) SAs on sample S4 at different temperatures. The curve
shows an abrupt change of SA near the SmA-to-isotropic phase transition temperature of the
PDMS-4OCB. d) 20 cycles measurements of water droplet mobility switching between 23 8C and
75 8C. At 23 8C, the water droplet is rollable (filled squares). At 75 8C, the water droplet is pinned
(empty squares).
the switching of SA. Similar measurements were also conducted
on other superhydrophobic surfaces without a phase transition
(see Supporting Information, Fig. S5 and Table S3), and no
obvious SA change could be observed in the temperature range of
Adv. Mater. 2009, 21, 4254–4258 � 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
23–75 8C (see Supporting Information, Fig.
S6). The SA on S4 recovers to 758 when the
substrate is cooled down to room temperature.
The reversible switching of the water droplet
mobility from rollable to pinned was demon-
strated by at least 20 cycles of measurement
(Fig. 4d) on S4 with a square area of 0.5 cm2.
Further enhancement of the film response and
reversibility needs to be addressed in the
future.

In conclusion, thermally reversible switch-
ing of the mobility of a 3mLwater droplet from
rollable to pinned on a superhydrophobic
surface has been demonstrated by spin-coating
SCLCP solution on an optimized rough silicon
wafer. Precise coordination of the roughness
and the interfacial chemistry response that
reversibly changes the ICA and TCL is
essential to obtain the mobility switching. It
can be easily extended to other stimu-
li-responsive materials and broadens the
possible applications. This strategy shows
promising potential applications in the con-
struction of smart no-loss microdroplet trans-
fer devices, microreactor devices, etc.
Experimental

Materials: PDMS-4OCB was synthesized and
purified according to the literature [35,45,46]. The
IR spectrum, DSC, and POM results are shown in the
Supporting Information. The micrometer-post-array
silicon wafers with different roughness were prepared
by photolithography and an inductively coupled
plasma deep-etching technique [33,34].

Preparation of SCLCP Thin Films: PDMS-4OCB
solution (1wt% in acetone) was spin-coated
(Chemat spin coater KW-4A) on silicon wafers under
500 rpm (3 s) then 2000–3500 rpm (30 s). The
as-prepared samples were then annealed at 75 8C
for 1 h and stored in a clean box.

Characterization: The scanning electron micro-
scopy (SEM) images were obtained by an environ-
ment SEM (Hitachi S-3000 at 5 kV). AFM tapping-
mode images were acquired using an atomic force
microscope (NanoScope IIIa MultiMode, Veeco
Instruments) equipped with a high-temperature
heating accessory. The set-point amplitude ratio
was adjusted to be 0.7–0.9. Si tips (TESP, Digital
Instruments) with a resonance frequency of approxi-
mately 300 kHz and a spring constant of about 40N
m�1 were used. Water CAs and SAs were measured
on a contact angle system OCA20 (DataPhysics,
Germany). Because the water droplet size can affect
both CA and SA [9], the droplet size should be chosen
so that all the results are comparable, and,
furthermore, can demonstrate the droplet mobility
switching while maintaining the spherical shape of
the droplet. By a primary optimization of the droplet size, 3mL was chosen
in all measurements (see Supporting Information, Table S2). The average
CA and SA values were obtained by measuring the same sample at least in
five different positions. The experimental errors of CA and SA are less than
�28 and �38, respectively. The temperature was controlled by an electrical
heim 4257
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temperature control chamber (TEC400, Germany) and samples were
equilibrated at the measuring temperature for at least 5min.
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