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Extensive research on the preparation of superhydrophobic
surfaces has been reported in the past decade, ranging from
basic research to practical applications. Such surfaces usually
exhibit water contact angles (CAs) larger than 1508. However,
studies on superoleophobic surfaces, on which nonpolar (NP)
liquid droplets (in particular, small volumes ca. 3–5 mL) that
have appreciably low surface tensions (LSTs) can easily roll
across and off, and which have a minimum tilt angle (TA) for
droplet motion of less than 108,[1–3] are rare, despite of the
practical advantages they offer. It is very challenging to
fabricate surfaces that strongly promote dewetting of NP
liquids, such as n-hexadecane and n-dodecane, because of
their LSTs (glv = 27.5 and 25.4 dyncm�1 at 20 8C, respec-
tively[4]). When most superhydrophobic surfaces encounter
such NP-LST liquids, they exhibit Wenzel wetting behavior:
the liquid droplet sticks to the surface and does not roll off or
dewet at any TA (poor dynamic oleophobicity).[5] Although
textured surfaces with low surface energy usually maintain
high advancing CAs (qA), when the high-surface-tension
(HST) liquid is replaced with a NP-LST one, receding CAs
(qR) are greatly decreased, which results in marked increases
in CA hysteresis values (Dq = qA�qR). However, a few
reports have described the formation of superoleophobic
surfaces that are capable of preserving the excellent mobility
of NP-LST liquid droplets.[2, 3] Tuteja et al.[2] successfully
fabricated perfluorinated patterned surfaces with a qA value
of more than 1508 and TA = 158 for a 10 mL drop of n-octane
(glv = 21.8 dyncm�1 at 20 8C[4]). Zhang and Seeger[3] also
prepared a superoleophobic surface consisting of CF3-termi-
nated oxidized-silicone nanofilaments with topographical
features similar to the “perfectly hydrophobic surface”
reported by Gao and McCarthy.[6a] In that case, the minimum
TAs needed for movement of 5 mL droplets of NP-LST
liquids, such as n-decane (glv = 23.8 dyn cm�1 at 20 8C[4]) and n-
hexadecane, was only approximately 2–58.[3] For the prepara-

tion of surfaces with such excellent dynamic oleophobicity,
Zhang and Seeger[3] emphasized the necessity of producing
weak interactions between the NP-LST droplets and the
substrate surfaces.

In contrast to such topographically modified surfaces,
there have only been a few reports of flat or smooth surfaces
with a low CA hysteresis value for both HST and NP-LST
liquids. Proper control of both the molecular architecture
(branched or ring-shaped molecules) and the physical nature
of the modified surface (liquid-like surface that results from
high mobility of functional groups in the surface-tethered
molecules) are required to realize excellent dynamic dewet-
ting behavior and to allow HST/NP-LST liquid droplets to
easily dewet from the surface at low TAs, independent of the
magnitude of the CA (this is a practical definition of
“ultralyophobic”).[6b] Fadeev and McCarthy[7] and several
other groups[8] have previously reported ultralyophobic
smooth surfaces that have only approximately 18 CA
hysteresis for water and approximately 28 for n-hexadecane.
Another unique smooth surface that is based on a similar
concept has also been reported very recently by Wong et al.[9]

They employed nano/microstructured substrates infused with
thick noncovalently bound liquid films of lubricating per-
fluorinated fluids, and successfully demonstrated excellent
dynamic dewetting behavior with various probe liquids that
are not miscible with the entrapped liquids. Regardless of
surface topography, the surface tension of the probe liquid,
and the magnitude of the CA, liquid drops on surfaces that
have low CA hysteresis values can move easily and need only
low TAs to roll off ultralyophobic surfaces in all cases.

Herein, we report an approach, not only to achieve
excellent dynamic dewettability for both HST/NP-LST liq-
uids, but also to realize thermoresponsive control of the ease
of droplet motion for typical probe liquids. Our principle is
simple and effective, and is based on the chemical, rheolog-
ical, and physical properties of smooth, polymer-melt brush
films of linear, low molecular weight (MW) poly(dimethyl-
siloxane) (PDMS). In contrast to previous reports, our
technique offers several clear practical advantages: first,
neither surface roughening nor perfluorination is necessary;
second, adhesion between the brush films and the substrates is
covalent and stable; third, HST and NP-LST as well as
immiscible and miscible probe liquids can be applied; fourth,
our technique is applicable to a wide variety of substrates (as
well as Si); and finally, simply heating the substrate can induce
pronounced transitions in the dynamic dewetting behavior.
The distinguishing aspect of this method is that the properties
of PDMS that are utilized to control surface dewettability are
physical, not chemical. By taking advantage of these merits,
we can achieve excellent dynamic dewettability for NP-LST
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liquids on PDMS brush films, despite the polymer surfaces
being statically oleophilic as a result of the methyl groups on
the siloxane backbone. Such nonperfluorinated surfaces have
also been in demand recently because the chemical and
physical effects of perfluorinated compounds on human
health as well as the environment have been viewed with
suspicion lately.[10] Until now, reports of surfaces that are
designed for stimuli-responsive (solvent,[11] UV-light,[12]

heat,[13] electric fields,[14] and so on) wettability or dewett-
ability have been confined to water and only to static
situations (a liquid droplet is fixed to a horizontal surface)
without consideration for altering the dynamic dewettability
(tailoring the ease of droplet motion or minimum tilt angle
that is required for droplet movement). Such surface modi-
fications have focused on the changes in surface energy
through molecular conformational rearrangements by a spe-
cific stimulus to alter only static CAs on the surfaces.
Furthermore, neither control of the dynamic dewetting
behavior of NP-LST liquids or surfaces which have thermor-
esponsive dynamic behavior for any liquid has been well
established. Better understanding and control of such
dynamic and thermoresponsive behaviors of liquids with
LSTs and HSTs is greatly desirable for the design and
preparation of potentially useful functional surfaces.

In this study, vinyl-terminated PDMS (MW = 6000) was
grafted to the Si-H moieties of a 1,3,5,7-tetramethylcyclote-
trasiloxane (D4

H)-derived monomeric layer on oxidized Si
(SiSiO

2) surfaces[8b] through Pt-catalyzed hydrosilylation.[15]

After the formation of the 0.5 nm-thick D4
H-monomeric

layer covalently bound to the SiSiO
2 surfaces, the hydrophilic

SiSiO
2 surface became ultralyophobic, with a low CA hysteresis

value for water (qA/qR = 1068/1058 and Dq = 18) and n-
hexadecane (qA/qR = 338/318 and Dq = 28).[8b] Without the Pt
catalyst, PDMS was not grafted to the D4

H-monomeric layer,
as confirmed by CA analysis and ellipsometry (data not
shown). As shown by X-ray photoelectron spectroscopy
(XPS) and infrared reflection absorption spectroscopy (IR-
RAS), the PDMS brush film undoubtedly formed in the
presence of the Pt catalyst (see Section S1 in the Supporting
Information). The grafting of the PDMS to the Si-H surface
moieties produced extremely smooth, defect-free, 3.0 nm-
thick brush films with a root mean square roughness (Rrms) of
only 0.374 nm (Figure S2 in the Supporting Information,).
Thus, the dynamic dewettability of the PDMS surface is not
influenced by surface morphology and is determined only by
the chemical and physical properties of the surface. Accord-
ing to the estimated grafting and reduced tethering density
(S) values of 0.292 chainsnm�2 and S = 1.798, respectively,
the PDMS brush film is considered to be in the “mushroom-
to-brush” transition regime.[16a]

Table 1 shows that our PDMS brush surface has a low CA
hysteresis value for both HST (water and diiodomethane) and
NP-LST (n-hexadecane and n-dodecane) probe liquids at
room temperature (25 8C). Although it has been previously
reported that PDMS brush films consisting of low-MW
PDMS (MW< 2000) have a low CA hysteresis value for
water,[16b] the reason for this unique dynamic behavior has not
yet been clearly identified, especially for NP-LST liquids. It
has been noted that the “lenses” that water drops form on

thicker films of silicone oils contribute to the CA hysteresis of
those surfaces.[16b] The unique droplet dewetting behavior for
all liquids in this study is considered to be related to the high
mobility of the chains in the polymer-melt brush film, which
results in a film with an excellent liquid-like nature. Our brush
film has such rheological properties because PDMS is a liquid
polymer melt at room temperature (the glass transition
temperature (Tg) of PDMS is �127 8C[17c,d]). In fact, the low-
MW PDMS polymer used in this study has a bulk viscosity of
100 cSt at 25 8C as reported by the manufacturer, which is
similar to that of olive oil. By placing a water/diidomethane
droplet on the liquid polymer-brush surface, the surface–
probe liquid interface can be described as a “discrete liquid–
liquid interface” (Figure 1a), which is similar to that between
bulk oil and water phases. As a result of this unique interface,
our surface has highly-desirable low CA hysteresis values for
HST liquids (Dq = 4.68 and 4.88 for water and diiodomethane,
respectively). This is in significant contrast with the typical
“solid–liquid interface” and the resulting higher CA hyste-

Table 1: Variation of dynamic CAs (qA/qR), CA hysteresis (Dq), and TAs of
probe liquids (3 mL) with different surface tensions (g) on the PDMS
brush surface before and after heating.

Probe liquid g

[dyn cm�1][a]
T
[8C]

qA/qR

[8]
Dq

[8]
D(Dq)
[8]

TA
[8]

Water 72.8 25 108.8/104.2 4.6 �2.5 18.7
70 112.8/110.7 2.1 —[b]

CH2I2 50.8 25 72.7/67.9 4.8 �4.1 9.7
70 69.2/68.5 0.7 5.0

C16H34 27.5 25 34.5/32.5 2.0 �1.7 5.0
70 27.8/27.5 0.3 2.2

C12H26 25.4 25 21.4/19.3 2.1 �1.3 3.8
70 16.6/15.8 0.8 1.8

[a] At 20 8C (from reference [4]). [b] TA could not be accurately measured
as a result of fast evaporation of the small droplet upon heating the
substrate.

Figure 1. Illustration of two different types of “liquid–liquid interfaces”
between the probe liquids and the PDMS brush-film surfaces.
a) PDMS is insoluble in HST liquids, therefore, a “discrete liquid–
liquid interface” is likely to form when such a liquid droplet is placed
on the polymer brush film. b) As NP-LST liquids can dissolve PDMS,
the polymer brush film is likely to be swollen by such a probe liquid,
and a “blended liquid–liquid interface” is likely to be formed.
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resis values that result from conventional surface-modifica-
tion methods.[1–3, 5–7, 11–14, 18,19]

Our surface also has statically oleophilic properties (qS =

338), which indicates strong interactions between the NP-LST
liquids and the sample surface. However, both CA hysteresis
values (Dq = 2.08 and 2.18 for n-hexadecane and n-dodecane,
respectively) and TAs (5.08 and 3.88 for 3 mL droplets of n-
hexadecane and n-dodecane, respectively) were very small,
which is in marked contrast with previous results.[5] The
dynamic dewetting behavior of NP-LST liquid droplets (both
CA hysteresis and TA) on conventional oleophilic surfaces is
generally worse.[5] As highlighted by Zhang and Seeger,[3]

there are only a limited number of surfaces on which droplets
of NP-LST liquids can easily dewet and roll off. Such
a phenomenon generally appears only when the surface has
superoleophobic properties and has CAs larger than 1508.
The unique dynamic dewetting behavior of NP-LST liquid
droplets on our surface is believed to originate in the affinity
between the probe liquids and PDMS brush surface, as both
NP-LST liquids are good solvents of bulk PDMS. We
confirmed the solubility of PDMS in these NP-LST probe
liquids and easily prepared transparent 25 wt% solutions of
PDMS. Thus, we believe that the n-hexadecane and n-
dodecane droplets most likely swelled and plasticized the
PDMS brush film,[20] thereby significantly increasing the
mobility of the polymer chain. This swelling results in the
enhancement of the liquid-like properties of the film and
suppresses the terminal relaxation time.[17] In contrast to the
HST probe liquids and their formation of a discrete liquid–
liquid interface on the PDMS brush surface (see above), the
NP-LST probe liquids are considered to interact preferen-
tially with PDMS by taking advantage of their mutual
miscibility to form a “blended liquid–liquid interface” (Fig-
ure 1b). The resulting dynamic dewettability of PDMS brush
films undoubtedly originates from the miscibility or solubility
of the polymer with the NP-LST liquids. Therefore, the CA
hysteresis values of n-hexadecane and n-dodecane were lower
than those of water and diidomethane. Furthermore, despite
good mutual miscibility between the probe liquid and PDMS,
the probe liquid did not leave any tracks as it moved across
the surface. In most cases, NP-LST liquids tend to stick to
surfaces and have relatively high TAs (158), even when drops
with a larger volume (10 mL) are employed.[2] The ease of the
movement of NP-LST liquid droplets on our smooth PDMS
brush surface seems to be the same as that of the specially-
roughened surface reported by Zhang and Seeger,[3] despite
the obvious differences in surface morphology and chemistry.

Finally, the chemistry and physical nature of our polymer
brush-film surface allowed for enhancement of the mobility of
HST/NP-LST liquid droplets by moderate heating of the
surface. At 70 8C, significant decreases in the CA hysteresis
values were detected for all four probe liquids (Table 1). This
clearly demonstrates that our PDMS surface exhibits ther-
moresponsive dynamic dewettability for all liquid droplets.
As a liquid polymer, PDMS exhibits lower viscosity with
increasing temperature.[17] This physical property is shared by
other molten polymer melts above their respective Tg.

[17c,d] By
increasing the temperature from 25 8C to 70 8C, the liquidity
of the bulk molten polymer is visibly altered to more closely

resemble water. The viscosity-temperature coefficient (VTC)
of PDMS is approximately 0.6 (as reported by the manufac-
turer), which indicates a 60 % decrease in the viscosity of the
polymer between 38 8C and 99 8C.[17b] As Laup and Goedel[21]

reported that the rheological properties of liquid polymer
melts extend from the bulk to the brush film, we expect that
the mobility of PDMS chains in the brush film also increases
with increasing temperature. This assumption is indirectly
confirmed by the decrease in CA hysteresis values for all four
probe liquids (Table 1). Decreases in the CA hysteresis values
for the PDMS brush-film surface ranged from 1.38 for n-
dodecane and 1.78 for n-hexadecane to 2.58 for water and 4.18
for diiodomethane. This represents declines of 62 %, 85 %,
54%, and 85 % in CA hysteresis values, respectively. For HST
liquids, the motion of such droplets was improved because of
the significant increase in the PDMS chain mobility at higher
temperatures. It has been argued that the origin of CA
hysteresis is pinning of the contact line of the liquid droplet on
the surface, which hinders its motion and results in a lower
qR value.[19] It seems that by increasing the mobility of the
polymer chains by heating the brush film, the pinning of the
receding contact line by the molten polymer brush film was
significantly reduced, which allows the simultaneous increase
in the qR values and a decrease in the CA hysteresis values.
On the other hand, for the NP-LST liquids, slight decreases in
qA/qR values were detected upon heating (Table 1). This
indicates a greater interaction between the probe liquids
and the polymer brush film, most likely through increased
solubility or miscibility of PDMS in the probe liquids.[17c,d, 20]

Nonetheless, as the CA hysteresis values decrease overall as
a result of heating the substrate, the TAs for 3 mL drops of n-
hexadecane and n-dodecane also decrease considerably, from
5.08 and 3.88 at 25 8C, to 2.28 and 1.88, respectively, at 70 8C,
despite the surface exhibiting a statically oleophilic property!
IR-RAS spectra of the PDMS brush film that were acquired
at 25 8C and 70 8C displayed near-perfect overlap, which
confirms that heating did not cause changes in the chemical
conformational of PDMS (Figure S1 in the Supporting
Information). Whereas the NP-LST probe liquids might
interact with the D4

H-derived monolayer beneath the PDMS
film, the monolayer itself does not have any thermorespon-
sive dynamic dewetting properties. Furthermore, although
there are obvious changes in the viscosity and surface tension
of the probe liquids upon heating from 25 8C to 70 8C, such
effects on the dynamic dewettability were deemed negligibly
small (see Section S2 in the Supporting Information). We thus
conclude that the liquid-like nature of polymer melt PDMS
brush films and the rheological properties that accompany its
molten state are the key factors in the preparation of smooth,
nonperfluorinated surfaces with tunable thermoresponsive
dynamic dewetting behavior of liquid droplets, regardless of
the liquid surface tension.

In summary, by employing PDMS brush films that consist
of low-MW polymer chains, we have successfully demon-
strated a controllable, dynamic dewetting behavior (CA
hysteresis and TAs) of both HST and NP-LST liquid droplets.
Our results offer clear evidence that the chemical, physical,
and rheological properties of smooth PDMS brush films play
key roles in the dynamic behavior of various probe liquids; in
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particular, the thermal effect on increasing the ease of motion
of liquid droplets on the surface is truly remarkable. The
principles we have demonstrated in this study are simple and
effective, and provide a new technique for further fundamen-
tal scientific studies on the dynamic dewettability of a wide
range of liquids, and the industrial applications thereof.

Experimental Section
Materials: 1,3,5,7-tetramethylcyclotetrasiloxane (D4

H), Karstedt�s
catalyst (2.1–2.4% Pt in xylene) and vinyl-terminated poly(dimeth-
ylsiloxane) (PDMS) polymer were purchased from Gelest Inc. and
used as received. The PDMS polymer had a number-averaged MW of
6000 and viscosity of 100 cSt, as reported by the manufacturer.
Hexane (96 +%, GC) and acetone (99.5 +%, GC) were purchased
from Wako Inc. and used as received. Silicon (Si) wafer substrates
(10 � 10 � 0.5 mm3) were cut from n-type Si(1,0,0) wafers, and cleaned
by UV/ozone treatment.

Grafting PDMS to the Si wafer: The cleaned Si wafer samples
were exposed to D4

H vapor in closed, 60 cm3 PFA block digestion
vessels (Savillex) in a N2 atmosphere with less than 10% relative
humidity for 3 days at 80 8C.[8b] Each sample was rinsed with hexane,
acetone, and water, in that order, to remove physisorbed D4

H. The
D4

H-covered samples were immediately placed in glass scintillation
vials and submerged in solutions of 20 vol% vinyl-terminated PDMS
in hexane, with Karstedt�s catalyst (ten parts per million Pt). Pt-
catalyzed hydrosilylation was generally carried out for 3 days at 50 8C.
The samples were then rinsed with copious amounts of hexane,
acetone, and water, in that order, to remove unreacted bulk PDMS.

Characterization: CA measurements were performed with a CA
goniometer (Kyowa Interface Science, CA-X). The qA and qR values
were collected in Milli-Q water (10�18 Wcm�1) at room temperature
(ca. 25 8C) as the probe liquid (ca. 3 mL) was added and withdrawn
from the drop, respectively. The CA data (qA and qR values) were
determined by averaging the values measured at three different
locations on each surface. All values for each sample were in the
range of � 28. Minimum TAs that were needed to set probe-liquid
droplets (3 mL) in motion on the substrate were measured by using
a tilt-angle meter (Kyowa Interface Science) at three different
locations on each surface. All values for each sample were in the
range of � 0.28. The substrates were heated by using a custom-made
ceramic sample stage connected to a programmable temperature
controller. The thermocouple was attached to the corner of the
sample surface. Film thicknesses were determined by ellipsometry
(Philips, PZ2000 equipped with a He-Ne laser (632.8 nm) with its
incident angle fixed at 708). The morphology of the samples was
observed by atomic force microscope (AFM, XE-100, Park Systems)
with a Si probe (Park Systems, 910M-NCHR; spring constant =
42 Nm�1 and response frequency of 330 kHz) in tapping mode.
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