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ABSTRACT: We have successfully prepared unique inor-
ganic−organic hybrid materials that demonstrate excellent
transparency and dewettability toward various alkane liquids
(n-hexadecane, n-dodecane and n-decane) without relying on
conventional surface roughening and perfluorination. Such
coatings were made using a novel family of hybrid materials
generated by substituting carboxylic acids, with a range of alkyl
chain lengths (CH3(CH2)x−2COOH where x = total carbon
number, i.e., 10, 12, 14, 16, 18, 22, or 24, into zirconium (Zr)
tetra-propoxide complexes. This precursor was then mixed
with acetic acid and spincast to produce transparent thin Zr-
carboxylic acid (ZrCAx) hybrid films using a nonhydrolytic
sol−gel process. Fourier transform infrared spectroscopy
provided proof of Zr−O−Zr network formation in the films upon casting and also followed changes to the physical nature
(liquid-like or solid-like) of the alkyl chain assemblies depending upon alkyl chain length. X-ray diffractometry revealed that the
hybrid films prepared using the longer chain carboxylic acids (ZrCAx≥18) spontaneously self-assembled into lamella structures
with d-spacings ranging from 29.5 to 32.7 Angstroms, depending on the length of the alkyl chain. On the other hand the
remaining films (ZrCAx<18) showed no such ordering. Moreover, the dynamic dewetting behavior of our hybrid films with alkane
liquids was also strongly affected by alkyl chain length. ZrCAx films with x = 12, 14, and 16 showed the best dynamic
oleophobicity among the seven hybrid films. In particular, small volume alkane droplets (5 μL) could be easily set in motion to
move across and off ZrCA14 film surfaces without pinning at low tilt angles (∼6°).
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■ INTRODUCTION

Coatings that easily dewet liquids from their surfaces have
many varied and useful applications including providing self-
cleaning properties, corrosion protection, and in the production
of food packaging and antifingerprint displays.1−8 The purpose
of such materials is to prevent liquid droplets from adhering or
pinning to a surface and consequently allowing easy dewetting,
for instance permitting even a small droplet to slide across and
off a slightly inclined surface as a result of gravity alone.
Traditionally, the design of easy-dewetting surfaces has focused
on producing surfaces with an extremely high (≥150°) static
contact angle (CA), with such surfaces commonly classified as
“superhydrophobic” or “superoleophobic”, for aqueous or
organic liquids respectively.9 The preoccupation with creating
surfaces which have high static CAs might be attributable to the
frequent citation of lotus leaves or water strider’s leg as model
examples of superhydrophobic surfaces which easily dewet
water.3,10−12 The repeated referral to these and other natural
superhydrophobic surfaces as archetypes of easy-dewetting
materials perhaps led to the presumption that if a surface

exhibits a smaller liquid−solid contact area than another
surface, it will therefore require a smaller tilt angle (TA) to
facilitate droplet dewetting. However, CA hysteresis has
recently been cited as a better method of judging the
dewettability of a surface (where CA hysteresis (Δθ) =
advancing CA (θA) − receding CA (θR) or Δθcos = cos θR − cos
θA).

13−16

α γ θ θ= = −F mg kwsin (cos cos )LV R A (1)

Equation 1 describes the gravitational force required to initiate
drop movement across a tilted solid surface as being dependent
on CA hysteresis, where m is the mass of the drop, g is the
gravitational constant, α is the substrate TA, k is a constant that
depends on drop shape, w is the width of the drop, and γLV is
the liquid−vapor surface tension. An easy-dewetting surface will
therefore have a very low CA hysteresis and TA (<10°) for a
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small volume droplet (3−10 μL), jointly termed dynamic
dewettability.
Although the creation of superhydrophobic surfaces has

received widespread attention and credible success,17−20 the
production of superoleophobic surfaces has proven significantly
more difficult and challenging, in part because of the very low
surface tension of some alkane liquids. The construction of
superoleophobic surfaces has typically followed a very similar
approach to that of their superhydrophobic counterparts, often
employing both engineered surface micro/nanostructures and
subsequent surface perfluorination to induce high static CAs.9

These two features are used to promote the creation of a Cassie
state for the droplet,2,21−23 and to lower the surface energy of
the material24 respectively, which collectively decreases the
overall solid−liquid interaction. Although fairly successful, there
are a number of drawbacks to this approach. For instance, the
use of prominent topographical features on a surface typically
yields inferior robustness, low transparency, a susceptibility for
droplet pinning to occur, and poor dewettability for low surface
tension liquids.2,9,25 There have also been concerns raised about
the effects of long-chain perfluorinated compounds (LCPFCs)
on human health and the environment. For instance, some
LCPFCs commonly used in dewettable surfaces have been
recently listed as persistent organic pollutants.26−28 In response
to these shortcomings, calls have been made for new surfaces
showing highly dewetting properties toward alkane liquids
without relying on such conventional physical and chemical
treatments.
In contrast to such topographically modified (high static CA)

surfaces, there have only been a few reports of flat/smooth
surfaces showing low CA hysteresis and TAs against alkane
liquids. Such surfaces typically possess a similar physical nature
(liquidlike) generated by the use of the specific molecular
structures (branched29,30 or ring-shaped molecules31) or
reduced packing density through shortened reaction times.32

All of which produce excellent dynamic dewetting behavior,
allowing alkane liquid droplets to easily dewet from the surface
at low TAs, independent of the CA magnitude. Liquid-like
surface properties typically arise when surface-tethered func-
tional groups have a high degree of freedom to move and be
flexible, allowing probe droplets in contact with them to
experience very low energy barriers between metastable states,
resulting in the formation of low CA hysteresis surfaces.33

McCarthy’s group reported that silicon surfaces treated with
various silanizing agents, such as Cl(SiMe2O)nSiMe2Cl (n = 0−
3 ) , ( M e 3 S i O ) 3 S i C H 2 C H 2 S i ( M e ) 2 C l , a n d
(Me3SiO)2SiMeCH2CH2Si(Me)2Cl, showed low static CAs
and Δθ (1−4°) for n-hexadecane (θA/θR = ∼36°/∼35°, ∼38°/
∼36°, and ∼30°/∼26°, respectively).29 We have since reported
that low Δθ (2−3°) surfaces for n-hexadecane (θA/θR = ∼31−
33°/∼28−31°) could also be prepared using monolayers
consisting of cyclic organosilanes not only on silicon substrates
but also on other substrates, including oxidized aluminum and
titanium.31 Besides these monolayer-covered surfaces, it has
been reported that alkylmethyldichlorosilanes (RMeSiCl2,
where R = CH3, C4H9, and C6H13) formed oligomeric layers
on silicon substrates from the vapor phase and exhibited low
static CAs and Δθ for n-hexadecane (θA/θR = 36°/34°, 18°/
14°, and 15°/10°, respectively).34 The use of polymer brush
films for the purpose of controlling the dynamic dewettability
has also been identified very recently. Krumpfer et al. reported
that Δθ for n-hexadecane was small (2−6°) for thin
poly(dimethylsiloxane) (PDMS) brush films consisting of

very low molecular weight (MW) polymers (MW 2000).35 In
this case, dynamic CA values for n-hexadecane depended on the
preparation conditions and substrates, and were typically θA/θR
= ∼35−37°/∼29−35°. The authors then prepared a series of
PDMS brush films with different MWs.36,37 These surfaces
were all smooth and nonperfluorinated and exhibited excellent
dynamic dewettability, while also displaying an oleophilic
nature. For instance, a 3 μL droplet of n-decane has been
shown to totally dewet a smooth PDMS brush surface with low
CA hysteresis (MW 6000, θA/θR = 14.1°/14°, static CA of 14°)
at a TA of only 1° above horizontal. Such an extremely low TA
for small volume droplets of alkane liquids, to the best of the
author’s knowledge, has not been realized by any perfluorinated
or superoleophobic surfaces. This is clear evidence that
beneficial interactions between the probe liquid and the surface
are more practically important than the maximum achievable
static CA. In this case, we expect that the surface tethered
PDMS chains interact with polar and nonpolar alkane liquids in
a very different way, repelling polar liquids while becoming
reversibly solvated and swollen by nonpolar alkane liquids. The
mutual affinity of the alkane liquids and the PDMS chains
causes the formation of a “blended liquid−liquid interface”
containing a highly fluid layer of PDMS chains. This alters the
physical nature of the surface because of the relatively high
mobility of the swollen polymer chains when compared to
nonswollen PDMS brush films, resulting in excellent dynamic
dewettability for alkane liquids. Alternatively, polar liquids like
water experience mutual hydrophobic repulsion at the surface
and a distinctly liquid−solid interaction, producing higher static
CAs in addition to higher Δθ and TAs than nonpolar liquids.
The underlying importance of these findings was that instead of
using textured surfaces and perfluorinated compounds designed
to increase the repulsion between a surface and a liquid, it is
possible to get exceptional dewettability by enhancing the
mutual interaction.
In spite of such monolayer- or polymer-covered surfaces

offering excellent dynamic dewetting behavior, there are
however requirements for further improvement to the
mechanical properties of these approaches, such as hardness
and durability, before widespread use becomes practical. For
example, these films are generally very thin (<3 nm), therefore
surface dewettability is markedly influenced by substrate surface
morphology.38 Consequently, highly dewettable films with
transparency and sufficient thicknesses so as to remove the
need for substrate flatness control are greatly required. To
address these challenges, sol−gel based inorganic−organic
hybrid films have recently been found to satisfy many of the
required qualities, especially the well-documented Si-organic
family of materials. Such hybrid films have provided highly
transparent and smooth surfaces, regardless of the flatness of
the substrate due to the thickness of the coatings (>500 nm),
with reasonable adhesive properties to the underlying
substrate.39,40 Unfortunately, with the exception of our recent
report,39 the use of such sol−gel hybrid coatings for the
purpose of controlling dynamic hydrophobicity/oleophobicity
has been rarely seen. In particular, fundamental studies of
surface wetting/dewetting properties of other inorganic−
organic sol−gel hybrid systems have not been reported in
detail. Thus, the authors paid attention to zirconium (Zr)-based
hybrid materials because they are one of the most widely
employed protective materials, notably zirconia (ZrO2) or
yttria-stabilized zirconia (YSZ) ceramics which are well
renowned for their high hardness and durability to wear and
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chemical attack. However, such oxide surfaces are generally
hydrophilic, oleophilic and possess poor dewettability.41 The
materials presented for the first time in this article are smooth,
transparent Zr-organic hybrid films that demonstrate excellent
dynamic dewetting behavior for various low surface tension
alkane liquids. Previous common uses of Zr-based hybrid
materials have predominantly been limited to use as precursors
in the production of mesoporous ZrO2 through hydration and
subsequent elimination of the organic content by calcination.42

In this study, we used anhydrous, noncalcined Zr-based
inorganic−organic hybrids to provide highly dewettable,
smooth, and transparent films.
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In the present study, we employed zirconium tetra-propoxide
(ZTP, Zr(OCH2CH2CH3)4) 70 wt % in isopropanol (IPA), in
the production of a Zr-carboxylic acid (ZrCAx) hybrid (x =
total carbon number in the carboxylic acid). ZTP is a common
Zr-alkoxide reagent used in a variety of processes, most notably
the production of numerous zirconium complexes due to the
short residence time and rapid ligand exchange experienced by
the Zr-bound propoxide groups at room temperature, which
provides an easy route for ligand substitution. In the presence
of moisture, ZTP undergoes almost instant hydrolysis forming
Zr-hydroxide (Zr(OH)4) gels, however this can usually be
prevented by addition of acetic acid (AA), which reversibly
attaches to the Zr(IV) center, binding more strongly than
propoxide or hydroxyl groups.43 As a result, ZTP-AA mixtures
are stable enough to be added to aqueous solutions indefinitely
without hydroxide formation (eq 2). Solvent evaporation

during film casting causes ZTP-AA sol−gels to lose acetate
groups and undergo Zr-hydroxide formation, with metal-bound
propoxides and acetates replaced with hydroxyl groups (eq 3),
which in turn undergo polymeric condensation with other Zr
species forming an expansive Zr−O−Zr network during
calcination.43−45 Alteration of this system to include carboxylic
acid substituted ZTP meant that AA addition was no longer
able to provided protection from hydrolysis, addition of water
rapidly causing hydroxide gel formation. To overcome these
complications, a nonhydrolytic sol−gel process was instead
used, in which Zr−O−Zr network formation occurs using a
direct condensation reactions between Zr(IV)-bound propoxide
and carboxylate groups, yielding a carboxylate ester as a
coproduct (eqs 4-6).46,47 Nonhydrolytic sol−gel synthesis
routes are relatively poorly explored in comparison to the
hydrolytic sol−gel processes. The nonhydrolytic method
provides some advantages over traditional hydrolytic routes
including the ability to incorporate water sensitive molecules
and compounds that contain large hydrophobic groups.
However, despite the advantages that the nonhydrolytic sol−
gel approach offers to the production of hybrid materials with
large organic components, it has only rarely been used in the
fabrication of functional surfaces. Overall, monocarboxylated
t r i p r o p o x i d e Z r ( I V ) c o m p l e x e s ( Z r -
(RCOO)−(CH3CH2CH2O)3

−, where RCH3(CH2)x−2)
were initially prepared, and then mixed with AA to create a
transitory bicarboxylated bipropoxide Zr(IV) complex (eq 4),
which was able to undergo hetero- and homocondensation (eqs
5 and 6, respectively) and generate an extensive Zr−O−Zr
network.
During the characterization of this hybrid, we have

particularly focused on the effects the carboxylic acid carbon
chain length had on the optical properties, film structures, and
dynamic dewetting behavior (Δθcos and TAs) of the resulting
films toward polar (water, as a control) and nonpolar alkane (n-
hexadecane, n-dodecane, and n-decane) liquids. Differences in
the final dynamic dewetting behavior of the samples are
discussed in terms of the surface chemical and physical
properties. In this study the minimum achievable Δθcos and
TAs rather than maximum static CAs exhibited by alkane
liquids on hybrid film surfaces are considered the most
important practical parameters by which the final oleophobic
dewetting properties of the material were evaluated.

■ EXPERIMENTAL SECTION
Materials. Isopropanol (IPA) and stearic acid were purchased from

Wako Pure Chemicals, while behenic and lignoceric acids were
purchased from Sigma-Aldrich. Zirconium tetra-propoxide 70 wt.% in
isopropanol (ZTP), decanoic, lauric, myristic, palmitic, and glacial
acetic acids were all purchased from Tokyo Chemical Industries Co.,
Ltd. All chemicals were used as received without further purification.

Preparation of Zirconium-Carboxylic Acid Hybrid Films.
Zirconium-carboxylic acid (ZrCAx; where x = the total carbon number
of the carboxylic acid, e.g., 10, 12, 14, 16, 18, 22, or 24) hybrid films
were prepared using a sol−gel route by first mixing ZTP (10 mL) with
a carboxylic acid (0.02 M) in a dry N2 atmosphere at 70 °C. When the
carboxylic acid was fully dissolved and had been allowed to stir for a
further 5 min, the open vial was sealed into a screw cap PTFE vessel
and then placed in an oven and maintained at 150 °C overnight. Upon
removal from the oven, the vial was placed uncovered in an oven
maintained at 80 °C for 6 h to remove excess unligated IPA. Glacial
acetic acid (30 μL per milliliter of ZrCAx) was then added to the
ZrCAX with stirring on a hot plate kept at 80 °C; after 2 min, IPA was
added at a ratio of 1: 14 by volume (ZrCAx: IPA). The precursor was
then instantly spin-cast (at 600 rpm for 5 s followed by 1000 rpm for
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10 s) onto UV-Ozone cleaned glass slides (28 × 48 mm2) and single
sided Si [100] wafers (15 × 15 mm2) which had been heated to 80 °C.
After coating the samples were dried on a hot plate at 70 °C for 10
min and then cured at 100 °C for 1 h.
Characterization. CA measurements were performed with a

Kyowa Interface Science CA-X contact angle instrument. Static CA
(θS), θA and θR were collected using Milli-Q water (1 × 10−18 Ω/cm),
n-hexadecane, n-dodecane, and n-decane at room temperature (∼25
°C). θS was measured by gently placing a drop of the probe liquid (3
μL) on the horizontal surface. θA and θR were measured as probe
liquid was added and withdrawn from the drop, respectively. CAs were
gathered at 5 different locations on each surface. θS, θA, and θR
reported are the averages of the 5 values gathered. All measurements
were taken at ambient conditions unless otherwise stated, values for
each sample were in the range of ±2°. The minimum substrate TA
required to set a 5 μL droplet of alkane liquid and 60 μL droplet of
water in motion was measured using a Sigma Koki Shot-102 tilt angle
stage controlled using a Sigma Koki SGSP-60YAW-OB controller and
was taken as an average of at least 5 measurements at different
locations on 3 separately prepared samples. The thicknesses of ZrCAx
hybrid films were measured using a stylus profiler (Veeco Dektak 6M).
X-ray diffraction (XRD) patterns were taken using a Rigaku RINT
2100 diffractometer with monochromated Fe−Kα radiation over the
range 2−16° 2θ. Fourier transform infrared (FT-IR) spectra were
attained with an Agilent, Digilab FTS-7000 spectrometer. Final spectra
were an average of 256 measurements. The transparencies of the
samples were measured using a Varian Cary 5000 UV−vis-NIR
spectrometer over a range of 400−800 nm. The morphology of the
samples was observed by a Park Systems XE-100 atomic force
microscope (AFM) with a Si probe (Park Systems, 910M-NCHR;
spring constant = 42 N/m and response frequency of 330 kHz) in
noncontact mode, a JEOL JSM-7100F field-emission scanning electron
microscope (FE-SEM) and a Kosaka ET-350 stylus profilometer. In
the last case, each sample was measured 3 times and the results
averaged. The Meyer hardness of the samples was estimated using an
instrumented indentation microscope fitted with a Berkovich-type
pyramidal diamond indenter (25°).

■ RESULTS AND DISCUSSION
Film Appearance. ZrCAx hybrid films were fabricated

according to the process illustrated in Figure 1. Stylus profiling
estimated the thickness of the hybrid films to be between 410−
1110 nm, with the longer alkyl chain ZrCAx hybrids generally
producing a thicker coating due to the higher viscosity of the
precursor solutions. All precursor solutions and hybrid films
were highly transparent and colorless (Figure 2). UV−vis
spectra confirmed that all ZrCA10−24 hybrid films cast onto glass
slides absorbed on average only 0.95% more light in the visible
spectrum (400−800 nm) than the glass slide alone, and showed

no preferential absorption regions (see Figure S-1 in the
Supporting Information).
Such excellent transparency was no doubt aided by the highly

smooth, and generally defect-free surface of the hybrid films.
AFM measurements revealed that the surfaces of all of the
cured hybrid films on Si substrates were consistently very
smooth, containing no cracks or defects. AFM measurements
found that the average root-mean-squared roughness (Rrms) of
each sample was in the range of 0.208−0.345 nm for a 3 × 3
μm2 section across the entire range of surfaces (see Table S-2 in
Supporting Information for details). In fact, the surfaces were
almost as smooth as the bare Si substrate (Rrms = 0.2 nm). FE-
SEM observation of relatively large areas of the samples
revealed smooth, nondescript surfaces and no large-scale
defects on any samples of ZrCA10−22 with only a small amount
of surface contamination by adventitious particles. However,
the ZrCA24 hybrid surface exhibited some peeling away of small
areas of the topmost layer of the film possibly caused by
shrinkage during drying (Figure 3) although this did not
noticeably reduce the transparency. Stylus profilometry was also
used to estimate the Rrms of identical samples. The results (see
Table S-2 in the Supporting Information for details) revealed
that our sample surfaces appeared to be considerably smooth
over a large area (about 3 mm stroke). Profilometry Rrms values
of the surfaces were estimated to be in the range of 9.7 and 54.6
nm with no prominent trend over a range of samples
(ZrCA10−24). Profilometry results, although larger than those
estimated by AFM images, can still be considered very smooth.
Such differences in Rrms values are likely a result of the striations
formed by spin coating, which were detectable only to the

Figure 1. Schematic illustration showing the synthetic steps taken during the formation of ZrCAx hybrid films.

Figure 2. Optical photograph of our ZrCAx hybrid films on glass
slides. All samples were highly transparent and colorless.
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larger area measurements and not caused by intrinsic surface
roughness.48

FT-IR. Figure 4 shows IR transmission spectra of a typical
hybrid (ZrCA12) film before (a) and after (b) curing at 100 °C
for 1 h. The uncured film is shown by spectrum (a) in which
significant IR absorption bands can be seen at ∼1560 cm−1 and
∼1450 cm−1 that are assigned to the vasym(COO

−) and
vsym(COO

−) stretching vibrations of carboxylic acids, respec-
tively. The other major absorption bands, centered at ∼2924
cm−1 and ∼2855 cm−1, are assigned to vasym(CH2) and
vsym(CH2) stretching vibrations, respectively. It is well-known
that the position of the vasym(CH2) band is highly dependent on
the conformational ordering of the alkyl chains. For instance,
the vasym(CH2) absorption for highly packed and therefore
solid-like alkyl-chains is generally centered below 2920 cm−1,
whereas alkyl chains that have a lower packing density and
therefore a more flexible and liquid-like nature typically absorbs
at higher wavenumbers (see Figure S-3 in the Supporting
Information for peak positions). The vasym(CH2) peak positions
gradually moved from 2925.5 cm−1 to 2919.5 cm−1 as the alkyl
chain length of the hybrid film increased from ZrCA10 to
ZrCA24, representing a significant change to the physical nature
of the hybrid films from liquid-like to solid-like as the alkyl
chain length increases. This change was attributed to the longer
alkyl chains in the films causing greater mutual inhibition of
movement by colliding more with neighboring chains, resulting
in a more solidlike surface. The effect of this physical change on
film dewettability is further discussed later. In addition, this
spectrum shows peaks at around 1740 cm−1 and 1176 cm−1

corresponding to the v(CO) and v(CO) vibrations of an
ester, respectively. A coproduct of nonhydrolytic condensation,
the presence of esters in the films is evidence that Zr−O−Zr
bond formation had occurred. Furthermore, the low nucleo-
philicity of esters compared to water reduces the chance of any
Zr−O−Zr bond breaking cleavage reactions, often seen in
hydrolytic condensation reactions (eqs 5 and 6).
After curing of the films at 100 °C for 1 h, the two ester

absorption bands completely vanish, while the former four
bands still remained, as shown in spectrum b. This implies that

the esters were likely only acting as solvents, and that all of the
carboxylic acids remained bound to the Zr centers in the cured
films. Additionally, in both spectra the characteristic peaks of
Zr−O−Zr bonds at ∼460 cm−1 and Zr−O bonds at 653 cm−1

and 618 cm−1 were prominent. Significantly, the absorption
intensities corresponding to the Zr−O−Zr bonds increased
relative to those of the Zr−O bonds during curing, (a) to (b),
indicating promotion of Zr−O−Zr cross-linking in the matrix
during curing and not only in the sol−gel. The increased Zr−
O−Zr network growth resulted in a film that upon application
of IPA, ester solvents or short chain alkane liquids remained
solid, resisting resolvation.

Film Structures. XRD revealed that some of the ZrCAX
hybrid films possess multilayered nanostructures before curing,
which was confirmed by the presence of strong, sharp, and
regular diffraction peaks (Figure 5a). Zr phosphate and Zr
phosphonates are well-known to possess layered struc-
tures;49−51 however highly lamella Zr-carboxylic acid hybrids
are previously unknown. Such materials are more commonly
associated with mesoporous structures, which have long been
exploited in the production of high surface area and functional
ZrO2 materials. Of the ZrCAX hybrid films produced, only
those with longer chain alkyl groups (ZrCA18, 22, and 24)
demonstrated the lamella structure (see Figure S-4 in the
Supporting Information). Subsequent d-spacing calculations
gave the interlayer distance as 29.5, 30.4, and 32.7 Å,
respectively. The d-spacings are much smaller than might be
expected for bilayers because straight chain C18, C22, and C24
carboxylic acid groups theoretically measure 22.5, 27.5, and
30.0 Å, respectively, when fully extended in an all-trans
configuration. Considering the layer thicknesses and the
solidlike (closely packed) nature of these long alkyl chain-
containing groups (see Figure S-3 in the Supporting
Information), the interlayer region of the hybrid was assumed
to consist of interdigitated monomolecular alkyl chains.52−54

As mentioned in the previous section, the ZrCAx films
became more solid and stable as a result of Zr−O−Zr bonding
after curing at 100 °C for 1 h. However, the well-ordered
periodic lamellar structures of the film distorted significantly
during the 60 min thermal treatment, even at 60 °C, and were
completely collapsed at 100 °C, as shown in Figure 5. In
addition, according to the FT-IR data, the thermal treatment
effectively promoted the anhydrolytic condensation reactions
simultaneously in the Zr matrices. However, considering the
actual hardness data of the samples, at present their mechanical
properties are insufficient for many practical applications. Even
after thermal treatment, area sensing indentation tests revealed
the Meyer hardness of the film to be ∼200 MPa. XPS
investigations provided an explanation of this low hardness
revealing that a considerable amount of carbon (71.7−85.9 at
%) is present in the topmost region of the sample close to the
surface (data not shown), leading to the poor scratch resistance
and surface hardness observed. However, adhesion between our
hybrid films and the glass slides was very stable even after cross-
cutting and boiling water (90 °C) treatment for 45 min. No
peeling of the films was observed after ten repetitions of a
standard 3M Scotch-tape peeling test.55,56

In spite of our hybrid films having such excellent adhesion,
the dynamic oleophobicity of the surfaces was unstable upon
submersion in hot water (70 °C, see Figure S-5 in the
Supporting Information). n-Hexadecane displayed small
decreases in θS and θA, but θR decreased sharply after only 2

Figure 3. Typical FE-SEM image of a ZrCA24 hybrid film surface.
Morphologies like this image were partially observed over the entire
area of the topmost layer.
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min submersion, becoming completely wetted after 5 min
submersion.
Film Dewettability. Figure 6 clearly indicates that our

ZrCAx hybrid films (x = 10−24) were all hydrophobic but
oleophilic, displaying low static CAs (<30°) for alkane probe
liquids, with little variation across the full range of hybrid films.
As a result of the decreasing surface tension, the profile of the
liquid droplets and the resulting static CAs decreases from
water to n-decane. However, despite such low static CAs, in a
dynamic situation the resulting surfaces exhibited excellent
dewettability (Figure 7 and Table 1), with small volume alkane
liquid droplets sliding off the surface at very low TAs (see
Movie S-6 in the Supporting Information). The ZrCA14 surface
possessed the best dynamic dewettability properties, exhibiting
Δθcos of 0.028, 0.015, and 0.004; and TAs of 6.25, 4.2, and
2.95°, for n-hexadecane, n-dodecane, and n-decane, respectively.
This is comparable to conventional flat perfluorinated surfaces

(e.g., TA ∼ 5° for 5 μL of n-hexadecane on Teflon AF1600)
and nonflat perfluorinated superoleophobic surfaces with static
CAs >160° (e.g., TA = 5.3° for 5 μL for n-decane on
nanofilament surface).2

Such unusual dynamic dewetting behavior of our ZrCAx film
surfaces toward alkane liquids cannot be explained simply by
the different chemistry of the surface functional groups, because
they are all similar carboxylic acids with straight alkyl chains.
Additionally, the smooth surfaces and film structures (lamella
or amorphous) are expected to have little if any influence on
the dewettability. Thus, we believe that the physical properties
(solidlike or liquidlike) of the alkyl chains in the film surface
must be responsible for the differences in the observed dynamic
dewettability. As described in the previous section, FT-IR
spectroscopy (see Figure S-3 in the Supporting Information)
displays a clear shift in the position of the vasym(CH2) vibration
to lower wavenumbers as the length of the alkyl chain increases.

Figure 4. FT-IR spectra of a typical hybrid (ZrCA12) film (a) before and (b) after curing for at 100 °C for 1 h.
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Although we cannot directly estimate the physical mobility of
the surface-tethered alkyl chains by FT-IR, it suggests that the
alkyl chain mobility was probably inhibited by mutual
interaction between neighboring alkyl chains, which became
greater as the chain length increased. Therefore, the overall
mobility of the alkyl chains is, unsurprisingly, decreased as the
chain length increased, enhancing the solidlike nature of the
surface. In addition, surface defects (for example, the ZrCA24

hybrid film surface shown in Figure 3) may also contribute to
CA hysteresis and help induce the “pinning effect” of the alkane
droplets to the surface. These both create a greater resistance to
motion of the advancing and receding contact lines. Hence the
dewettability of the longer chain hybrid films, in particular
ZrCA22, 24 films, toward alkane liquids became worse. On the

other hand, when the carbon number of the alkyl chain was as
small as 16, greater freedom of the alkyl chains may have
allowed the surface to exhibit significant liquid-like behavior.
The shorter alkyl chains provided less resistance to the motion
of contact lines of the probe liquids, resulting in lower CA
hysteresis and substrate TAs. However, this effect became
limited for ZrCAx hybrid films where x < 14, which
demonstrated a reduction in the average surface dewettability
for all alkane probe liquids.
To further validate our proposed mechanism, changes in

dynamic dewetting behavior of n-hexadecane on ZrCAx hybrid
films before and after heating to 70 °C were studied. At
elevated temperatures mutual interactions between neighboring
alkyl chains may decrease and in doing so even the more

Figure 5. XRD trace of the ZrCA24 hybrid film: (a) initial, and cured for 1 h at (b) 60, (c) 80, and (d) 100 °C, respectively. Initial hybrid film a
demonstrates a layered structure with an initial d-spacing of 32.7 Å (1.1 μm thick).

Figure 6. Static CAs versus total carbon number of the carboxylic acids for the 4 probe liquids.
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solidlike surfaces (carbon number >14) are expected to become
increasingly liquid-like. In fact, as Figure 8 clearly indicates, the
dynamic dewettability of our ZrCAx hybrid films toward alkane
liquids is strongly affected by substrate temperature. At room
temperature, for example, ZrCA14 films exhibited the lowest
Δθcos (0.028), whereas ZrCA24 film showed the highest
(0.078), with Δθcos steadily increasing as the alkyl chain length
increases. On the other hand, at 70 °C Δθcos reduced
significantly when the total carbon number was over 14,
becoming virtually constant and independent of the total
carbon number. Therefore, simply increasing the temperature
of the substrate can be concluded to impart a more liquidlike
character to the surfaces. Such thermosensitive dynamic
oleophobicity has recently been reported by the authors for
poly(dimethylsiloxane) (PDMS) brush film-covered surfaces.36

These results therefore provide further evidence that the
dynamic oleophobicity can be governed by controlling the
physical nature (solidlike or liquidlike) of functional groups in
the surface-tethered molecules.
It is well-known that the dewettability of perfluorinated

coatings typically becomes worse as the surface tension of the
probe liquids decrease; however the opposite phenomenon was

observed for the ZrCAx family of materials. Lower surface
tension probe liquids were able to easily slide off our ZrCAx
surfaces, particularly ZrCA14, at much lower TAs than water. As
the mutual affinity of the surface and the probe liquid increases,
the minimum required substrate TA decreases, indicating better
dynamic dewettability. The solubility of alkyl chains with alkane
liquids must also be taken into account because it will result in
the further enhancement of the liquidlike property of the
surface bound alkyl chains. The results point to the formation
of a “blended interface” between the probe liquid and the
surface tethered alkyl chains, similar but not as extensive as that
previously postulated by the authors.36,37 As a result, the lower
carbon number probe liquids are capable of greater solvent
interactions than those with higher carbon numbers (in the
present case n-decane and n-hexadecane, respectively). The
consequence was lower static CAs, Δθcos, and TAs for n-decane
rather than n-dodecane or n-hexadecane. Our results emphasize
the applicability of this material, as well as highlighting that
surface perfluorination is not always the best option when
creating highly dewettable materials, especially for low surface
tension liquids.

■ CONCLUSIONS

A facile and reproducible strategy to prepare novel zirconium-
based hybrid films using a nonhydrolytic sol−gel process was
presented. Monocarboxylic acid substituted zirconium triprop-
oxide precursors, Zr(CH3(CH2)2O)3(CH3(CH2)x−2COO)
(ZrCAX) where x = 10, 12, 14, 16, 18, 22, 24, were first
synthesized and then spin-cast into uniform hybrid films,
undergoing direct condensation in the anhydrous mixture to
form a Zr−O−Zr network with the aid of acetic acid. After
curing all films were highly transparent, smooth and stable
against resolvation, with an average film thickness of 410 −
1100 nm. Some of the samples (ZrCAx≥18) displayed well-
ordered lamella structures, greatly depending on both alkyl
chain length of carboxylic acids and curing conditions. Dynamic
contact angle measurements confirmed that our film surfaces
exhibited unusual dynamic dewetting behavior toward three
low surface tension alkane liquids (n-hexadecane, n-dodecane,
and n-decane) even though the films displayed oleophilic
tendencies in static situations. We suspect this unusual wetting
behavior is related to both physical (solidlike or liquidlike)
properties of the alkyl chain assemblies and the mutual affinity
of the surface and the probe liquids. The longer alkyl chains (x
≥ 18) not only caused the formation of self-assembled, well-
ordered nanostructures but also imparted solid-like properties
to the surfaces and as such provided resistance to the motion of

Figure 7. Minimum substrate TAs required to set a 5 μL droplet of n-
hexadecane, n-dodecane, or n-decane in motion. This figure shows that
ZrCA14 possesses the best dynamic dewettability for these probe
liquids. (n-decane droplets did not completely dewet from
ZrCA22 and 24).

Table 1. θA/θR, Δθcos, and Substrate TAs for the 4 Probe Liquids on ZrCA10‑24 Hybrid Films

probe liquid (surface tension)

n-hexadecane (26.6 mN/m) n-dodecane (24.5 mN/m) n-decane (23.8 mN/m) water (72 mN/m)

sample name θA/θR (deg) Δθcos TA (deg) θA/θR (deg) Δθcos TA (deg) θA/θR (°) Δθcos TA (deg) θA/θR (deg) Δθcos TA (deg)a

ZrCA10 24.5/16.7 0.048 9.35 14.8/8.6 0.022 5.50 10.5/6.5 0.010 5.10 107/55.3 0.857 63.0
ZrCA12 22.7/17.3 0.032 7.25 14.8/10.4 0.017 4.50 8.3/5.5 0.006 3.55 109/41.7 1.064 62.0
ZrCA14 20.7/15.5 0.028 6.25 13.8/9.6 0.015 4.20 7.5/5.4 0.004 2.95 109/13.2 1.294 61.5
ZrCA16 21.9/16.0 0.033 8.45 14.5/9.9 0.016 4.85 8.8/5.0 0.008 3.45 108/15.0 1.274 61.0
ZrCA18 25.7/16.4 0.058 10.25 14.8/8.2 0.023 5.25 10.4/5.8 0.011 3.65 111/16.2 1.317 36.0
ZrCA22 23.1/11.7 0.059 13.75 14.2/7.2 0.022 7.08 N/A N/A N/A 113/92.9 0.356 19.5
ZrCA24 25.6/11.6 0.078 14.90 14.9/4.9 0.030 10.10 N/A N/A N/A 117/96.9 0.329 18.5

a60 μL droplets of water were used during TA measurements.
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contact lines of the probe liquids, resulting in a decrease of
dynamic oleophobicity. Among the seven ZrCAx films
fabricated in the present study, the ZrCA14 film surface was
found to demonstrate the lowest contact angle hysteresis and
tilt angles for all probe liquids (∼4° and ∼6° for n-hexadecane,
respectively) because of the liquidlike nature of the alkyl chains
at the surface. In addition, increasing the temperature of the
substrate to 70 °C also weakened interactions between
neighboring alkyl chains, resulting in a significant increase of
dynamic oleophobicity of longer alkyl chain (carbon number
>14)-derived hybrid films. CA measurements made using n-
hexadecane demonstrated that at elevated temperatures the
alkyl chain length had little or no effect on the dynamic
dewettability of the films. These results provided further
evidence that the physical nature (solidlike or liquidlike) of the
surface-tethered alkyl chains is the most defining factor in the
successful control of dynamic oleophobicity for smooth
surfaces. Such excellent dynamic dewetting properties of our
best sample are comparable to Teflon AF1600 and other
superoleophobic perfluorinated surfaces with static contact
angles >160° reported thus far.
These results provide important insight into the varied

applicability of our new hybrid materials for expanding and
improving the current catalogue of oleophobic/superoleopho-
bic coatings, and emphasize that conventional surface
perfluorination is not always the best way to design highly
dewettable surfaces for low surface tension liquids. We can
expect that our new findings offer an alternative approach for
the future production of oleophobic coatings without relying on
conventional surface structuring and perfluorination.
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