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ABSTRACT: Superhydrophobic and superamphiphobic toward superoleo- Plasma Micro-Nanotextured, Superhydrophobic and
Superamphiphobic Polymeric Surfaces

phobic polymeric surfaces of polymethyl methacrylate (PMMA), polyether
ether ketone (PEEK), and polydimethyl siloxane (PDMS) are fabricated in a
two-step process: (1) plasma texturing (i.e., ion-enhanced plasma etching with
simultaneous roughening), with varying plasma chemistry depending on the
polymer, and subsequently (2) grafting of self-assembled perfluorododecyltri-
chlorosilane monolayers (SAMs). Depending on the absence or not of an etch
mask (i.e, colloidal microparticle self-assembly on it), random or ordered
hierarchical micro-nanotexturing can be obtained. We demonstrate that stable
organic monolayers can be grafted onto all these textured polymeric surfaces.
After the monolayer deposition, the initially hydrophilic polymeric surfaces
become superamphiphobic with static contact angles for water and oils >153°,
for hexadecane >142°, and hysteresis <10° for all surfaces. This approach thus
provides a simple and generic method to obtain superamphiphobicity on polymers toward superoleophobicity. Hydrolytic and
hexadecane immersion tests prove that superamphiphobicity is stable for more than 14 days. We also perform nanoscratch and
post nanoscratch tests to prove the scratch resistance of both the texture and the SAM and demonstrate lower coefficient of
friction of the SAM compared to the uncoated surface. Scanning electron microscope observation after the nanoscratch tests
confirms the scratch resistance of the surfaces.

KEYWORDS: superamphiphobic polymers, superoleophobicity, plasma micro-nanotexturing, hydrolytic stability,
scratch resistant polymeric surfaces, solvent resistant polymers, perfluorinated monolayers on polymers

1. INTRODUCTION development of “smart” multifunctional devices and systems
(MEMS/NEMS).5*°

Although there are superhydrophobic surfaces obtained with
micronanostructured materials having an initial contact angle
less than 90° (on a flat surface), metastable superamphiphobic
surfaces require both (a) chemical surface modification using
low-surface energy molecules,">"* and (b) well-designed
topography with re-entrant curvature structures with prede-
signed spacing, height, and undercut profile.'*~"” Zhao et al."”

A major goal of surface and coating research is to design and
fabricate surfaces with special antiwetting properties, which
repel not only water,' > but also oils or even lower surface
energy liquids (amphiphobicity (both, water + oil repellant),
oleophobicity (oil repellant), omniphobicity (all-repellant) are
terms used in the literature to describe the phenomenon).* The
term superoleophobicity is commonly used when a surface

exhibits high contact angle >150° and low hysteresis <10 for analyzed the effect of structure shape, spacing, and height in the
low surface tension liquids such as alkanes (i.e., hexadecane).’ resulting wetting properties. Tuteja et al.* designed a re-entrant
Nanostructuring as well as chemical modification of polymeric curvature geometry using fluorinated polyhedral oligomeric
surfaces using low surface energy organic layers have been silsesquioxane (POSS) as a coating material to obtain a CA for
extensively applied toward this goal not only for open surfaces,

but also in microfluidics."® Such “smart” modified polymers Received: January 7, 2014

display a significant potential for a range of biomedical Accepted:  April 21, 2014

applications, in microcontact printing,” and facilitate the further Published: April 21, 2014
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Figure 1. Two-step approach to obtain superamphiphobic surfaces via plasma-induced texturing and follow-up reaction with FDTS (CLSiCH,CH,-

CIOFZI)'

hexadecane of ~150°. However, fabrication by this method is
labor intensive and expensive. Recently, many new methods to
fabricate amphiphobic/superamphiphobic surfaces are found in
the literature that follow either stochastic or biomimetic
bottom-up approaches,'® or microfabrication top-down ap-
proaches.”” Typically, these methods are done on silicon or
other hard substrates,”’ and little work can be found on
superamphiphobic polymeric substrates. A recent review paper
that includes all the progress made on superoleophobic
polymers”” stresses the need for a simple generic fabrication
method that can be applied in almost any polymeric substrate
(PDMS, PMMA, PEEK, and PS) with consistent results. In the
current paper, we will demonstrate the development of
precisely such a method.

A facile method to obtain superamphiphobic polymeric
surfaces is to nanotexture polymers randomly by the use of a
plasma, and subsequently deposit a fluorocarbon plasma
coating.” To fabricate ordered, hierarchical topographies,
Ellinas et al. showed that colloidal lithography followed by
plasma texturing of the polymer and fluorocarbon plasma
deposition can be used’* This yields a repellant PMMA
surface, exhibiting 168°, 153°, and 134° static CAs for water,
diiodomethane, and soya oil, and hysteresis 2°, 9°, and 15°,
respectively. However, the static contact angle measured with
hexadecane was ‘only’ 101°, due to the nonminimized surface
energy of the C,F; plasma coating. This example showed that
while plasma treatment is a generic technique toward
superoleophobicity of polymeric surfaces, further improve-
ments are required in order to obtain also high CAs toward low
surface tension liquids.

In contrast to disordered fluorocarbon coatings with typical
surface energy values of 18.5 mN/m (the surface energy for
polytetrafluoroethylene (Teflon)),® much lower surface
energies (down to 5.6 mN/m) have been reported for ordered,
perfluorinated monolayers, e.g, on Si(111) surfaces.">*® To
make use of this feature, perfluoroalkyl monolayers*” have been
used for superoleophobic Si-containing inorganic surfa-
ces'”?”?% or polymers.**?!

An insufficient coating stability and durability usually limits
the successful commercial application of superhydrophobic/
superamphiphobic surfaces. Recent studies of superhydropho-
bic/superoleophobic surfaces have focused on the stability
against capillary forces present at wetting and drying,*>**
abrasion resistance by sand blasting®® or wear cycles of
fabrics®* and other characterization techniques.”> The nano-
scratch test is another well-established method to characterize
the scratch resistance and the wear resistance of various surfaces
or coatings,>**” and was recently applied to randomly plasma-
nanotextured PMMA surfaces with a plasma-deposited
fluorocarbon coating.*®

In the current paper, we combine for the first time plasma-
induced texturing of polymeric surfaces with a covalently
attached perfluorinated monolayer (see Figure 1). The resulting
data show that superamphiphobicity can be produced on
polymeric surfaces using a simple and generic technology
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suitable for most polymers. The resulting stochastic or ordered
surfaces are characterized in detail by IR spectroscopy and XPS
analysis. Static CAs and hysteresis are measured for a variety of
liquids, ranging from water to hexadecane and soya oil, not just
for freshly prepared samples, but also after prolonged (>14
days) immersion in water or hexadecane, demonstrating for the
first time the high hydrolytic and solvent immersion stability. In
addition, water immersion tests are reported for up to 40 days.
Furthermore, newly designed nanoscratch experiments are
presented probing the texture and the monolayer, which show
the scratch resistance of the textured surface and of the FDTS
monolayer coating.

2. EXPERIMENTAL SECTION

2.1. Materials. Optically transparent 2-mm-thick PMMA plates
were purchased from IRPEN (Spain), and opaque gray 1.S-mm-thick
PEEK plates from RTP Company (USA). Both were cleaned using
isopropyl alcohol (IPA) and deionized (DI) water prior to plasma
processing. PDMS prepolymer was mixed with its curing agent and a
thickness of ~15—20 ym was coated on silicon wafer. 1H,1H,2H,2H-
Perfluorododecyltrichlorosilane (FDTS, 97%, Aldrich) was used as
received. Cyclohexane CHROMASOLYV Plus, for HPLC, >99.9% was
purchased from Aldrich. Polysterene spheres of 1 and 3 ym diameter
were purchased from microParticles GmbH and used as described
elsewhere.***’

2.2. Plasma-Induced Texturing of Polymers. Plasma processes
were performed in the Micromachining Etching Tool (MET) from
Alcatel at NCSR Demokritos, equipped with a helicon source (at 13.56
MHz) providing RF power up to 2000 W. Typical values for the O,
plasma used in the texturing of organic polymers were 1900 W, 0.75
Pa, 100 sccm, —100 V bias voltage, 15 °C. Surfaces after O, plasma
treatment became amphiphilic. The same reactor was also used for the
inorganic polymer texturing using SF chemistry at conditions 1900 W,
1.33 Pa, 172 sccm, 15 °C, —100 V bias voltage. Texturing is mainly
formed due to the anisotropic etching conditions and the simultaneous
codeposition of minute amounts of alumina molecules sputtered from
the alumina helicon reactor dome (surface Al concentration after
etching is 1—-10% depending on the etching time).** Alumina is
unetchable in oxygen or SF4 plasmas, and when present in trace
amounts, it initiates the formation of “nanograss’like structures
locally, which grow gradually higher since alumina preferentially sticks
to the protruding parts of the topography, causing a roughness
instability, as discussed in detail elsewhere.*" The same texture and
thus the same wettability is observed in samples that are processed on
different dates over a period of several years with less than 10%
variability. In fact, monitoring the texturing time needed to obtain CA
larger than 150° and hysteresis less than 10° (this time in our case is 1
min) and monitoring the etching rate are good indicators for process
and morphology repeatability or plasma reactor failures.*>**~** Similar
texturing results have also been observed by other authors.***” For
long plasma treatments, the resulting filamental nanostructures are not
mechanically stable. To stabilize the PEEK and PMMA surfaces before
hydrophobization, the surfaces were immersed into water and upon
drying the nanofilaments coalesced in shorter, more compact
hierarchical microhills, due to capillary forces. Wetted—dried surfaces
are mechanically stable and described elsewhere.”®> PDMS surfaces are
stabilized during the silanization step, and there is no need for water
immersion (see Supporting Information Figure S3 and section 3.2.3).
To produce ordered hierarchical surfaces, polystyrene microspheres
are spin-coated on polymer surfaces resulting in hexagonally packed
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microsphere arrays. The same plasma processes as before are
performed, followed by a short isotropic oxygen plasma etching step
to produce undercut profiles, as described in detail elsewhere.”* These
surfaces do not need additional water-immersion stabilization.

All the fabricated surfaces exhibited re-entrant-like curvature,
because of the randomly curved microhills (PMMA, PEEK), the
undercut produced in the interface of the PS particle and PMMA in
the ordered pillars, or the bent filamental topography of PDMS after
grafting (see also SI Figure S3).

2.3. Substrate Reactivation. Since the plasma texturing took
place in Athens, and the follow-up SAM preparation was always
performed in Wageningen several weeks later, a brief air plasma
reactivation of the surface was necessary in order to regenerate OH or
COOH groups lost due to aging.** To this aim, a polymeric substrate
was placed in the plasma reaction chamber (PDC-002 (plasma
cleaner) PDC-FMG-2 (plasmaFlo), Harrick Scientific Products, Inc.
Ossining, NY). The reaction chamber was pumped down to less than
(1.2 £ 0.2) X 107 mbar prior to the introduction of air plasma. Pieces
of polymeric substrates were placed in the plasma cleaner and oxidized
for 2 min with 0.3 SCFH air flow, 29.6 W power, at 300 mTorr
pressure.

2.4. SAM Preparation. Polymeric substrates were degreased by
immersion for 2 min in an ultrasonic bath containing ethanol, and then
allowed to dry in a stream of argon, and reactivated in the plasma as
described in section 2.3. Immediately after removal from the plasma
cleaner these activated substrates were immersed for 60 min in a
solution of 1 mM FDTS in cyclohexane, thoroughly rinsed with
cyclohexane and dried in a stream of dry argon. Evidence for the
successful surface modification was obtained from a detailed surface
characterization.

2.5. Contact Angle Measurements. Contact angle analysis was
performed with a Kriiss DSA 100 Contact Analyzer System. Static
contact angle were measured using typically 5 uL droplets. Advancing
and receding angles were measured as the droplet volume was
continuously increased and decreased, to estimate contact angle
hysteresis. The contact angle was determined with the software suite
and via graphical fitting of the contact tangents method-2 (polynomial
method) in the captured image. Both approaches gave the same
nominal value, typically within 1°, and always within +2°. For each
sample, at a minimum, four different readings in different spots on the
surface were recorded.

2.6. Surface Characterization. An X-ray photoelectron spec-
trometer (XPS; JEOL JPS-9200 photoelectron spectrometer) was
used, with a monochromatized Al Ka X-ray source operated at 12 kV
and 20 mA. Photoelectrons were collected at a takeoff angle of 80°
relative to the sample surface. Wide-scan survey spectra were acquired
using a analyzer pass energy of 100 eV and a step size of 1 eV. To
avoid any surface charging of the polymer surface, a charge neutralizer
was employed at a setting of 5.1 A and 2.8 V. Atomic and mass
percentages were calculated from the areas of representative elemental
peaks using the library of relative sensitivity factors provided by the
manufacturer. After a linear-type background subtraction, the raw
spectra were fitted using nonlinear least-squares fitting program
adopting Gaussian—Lorentzian peak shapes for all the peaks. The
atomic compositions were evaluated using sensitivity factors as
provided by Casa XPS v 2.3.15 software.

Attenuated total reflectance infrared (ATR-IR) spectra were
collected with an @@ ALPHA-P Bruker equipped with an exchangeable
QuickSnap sampling and platinum ATR single reflection diamond
ATR module. All spectra were built up from 150 scans (resolution: 1
cm™"), and referenced to a clean plasma-activated polymer surface.

2.7. Hydrolytic and Hexadecane Immersion Stability Tests
of the Monolayers. We carried out the water stability experiments
by placing the modified polymer surfaces inside a tailormade glass
beaker, which has two connections, one for fresh deionized (DI) water
2000 mL/day (25 °C), and another for draining (see circulating water
bath Figure S4 in Supporting Information). Samples remained in the
bath for a predetermined period, and then were removed for contact
angle measurement. In all cases, the surfaces were rinsed with fresh
deionized water and ethanol, dried in a flow of dry argon, and
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subjected to vacuum (~10 mbar) for 30 min before the CA was
measured. Water, soya oil, and hexadecane CA and hysteresis were
measured. Samples were then returned to the same circulating water
bath for monitoring of the stability for a longer period. In the case of
hexadecane immersion, hexadecane was continuously agitated at 25
rpm using an incubator shaker and temperature was again kept
constant at 25 °C.

2.8. Scratch Resistance Characterization Using Various
Nanoscratch Protocols. A nanoindentation system was used to
evaluate the scratch resistance of textured surfaces and to measure the
coefficient of friction (CoF). The CoF is obtained as the ratio of the
recorded lateral force over the applied normal load. All measurements
have been performed with the standard three-side pyramidal Berkovich
probe, with an average radius of curvature of about 100 nm. The
indenter is a diamond with elastic modulus 1140 GPa and Poisson
ratio 0.07. More details about the system used and the corresponding
analysis of the data have been reported elsewhere.***

Two scratch experimental protocols were used: One duplicate
scratch with steady load, and another single scratch with an increasing
load. Both comprise three main segments, namely, prescan, scratch,
and postscan. Prescan and postscan under a very small load (1 xN)
were conducted to get an image of the surface profile before and after
the scratch, respectively.

During the steady load scratch experiment, the indenter follows the
loading protocol presented in Figure 2. At the beginning, a small load

75

()

Normal Load (uN)

30 40 50

Time (sec)

0 10 20 60

Figure 2. Scratch and postscratch load protocol: (1) preload, (2)
constant load stage (for various maximum loads 10—100 xN), and (3)
unloading. Different colors represent different applied loads: dark cyan
corresponds to 70 uN, blue to 62 uN, red to 52 uN, and black to 47
UN.

of 35 uN is applied for 10 s, then the load is increased to the preferred
value for approximately 40 s, and finally it is decreased again to 35 uN
for another 5 s. The length of the scratches was 10 pm, and thus a
typical scan speed was approximately 10 ym/min. A scratch cycle
consists of two passes following the same protocol along the same
motion path (i.e., a scratch and a post scratch over the same line) The
reason for doing a duplicate scratch test over the same path is to
evaluate the endurance of the coating and structures in two
consecutive, repeated wear cycles. Each scratch experiment was
repeated 3 times over different regions of the sample spaced 20 ym
apart. Scratch tests were performed for various loading rates, constant
maximum applied loads between 10 and 100 kN, and sliding speeds.
We note that this scratch protocol is designed to probe the scratch
resistance of the coating as well as the texture by using a constant force
and thus gives complementary information to the nanoindentation
tests performed before.*®

The second protocol comprised a longer scratch (40 um) with
increasing load from 0 to 100 xN, resulting in increased penetration. It
was done to explore the effect of increasing load on the structure
stability. The selection of the maximum load was dictated from the
penetration depth (continuously monitored during the scratch), and
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from the maximum stresses developed compared to the strength of the
material. Indeed, the maximum penetration depth was chosen to be
less than ~850 nm to make sure that the tip does not go deeper than
the height of the microstructures. The maximum stresses should be
below the elastic modulus/yield strength of the material, and/or
critical loads: Indeed, when a load is applied on a micropillar, pillar
destruction, bending, or buckling may occur. For a given pillar
geometry (e.g.,, diameter ~300 nm and height ~1000 nm, see Figure
Sa), we calculated the maximum vertical stress caused by a 80 uN load
to be approximately 1.1 GPa, well below PMMA elastic modulus
Epulk pvmvia ~5-6 GPa. In addition, the maximum bending stress at the
base of the same pillar during the nanoscratch experiments due to a
horizontal force of 40 N (assuming a coefficient of friction of 0.5 and
a vertical load of 80 uN) is approximately 2.6 GPa also below
Epuik pvnia ~5.6 GPa. Finally, the critical buckling load for this PMMA
pillar was calculated approximately 100 uN, dictating our choise of
maximum load. Details about the theoretical formulas used for the
calculations of the bending stress, and critical buckling force has been
reported elsewhere.*

3. RESULTS AND DISCUSSION

3.1. Perfluorododecyltrichlorosilane Monolayer on
Flat Polymer Surfaces. Flat fluorinated polymer surfaces
were for PMMA, PEEK, and PDMS surfaces obtained by a few
minutes of (low-pressure) air plasma activation of the polymers,
directly followed by reacting the oxidized (—OH, —CHO, and
—COOH functionalized) surfaces for 1 h with a solution of
FDTS (1 mM, dry cyclohexane). In the remainder of the text,
we consider as flat a surface that is not textured, and is only
activated for a few minutes by air plasma, but has NOT been
treated in the high-density plasma reactor. Such a brief
treatment typically yielded the formation of a flat fluorinated
monolayer upon a single immersion in a FDTS solution, as
indicated below.

3.1.1. Characterization of the Modified Flat Surfaces: XPS
and IR. To characterize in detail the variation in the surface
chemistry of the substrates—untreated, air plasma-activated,
and FDTS-grafted flat PDMS, PMMA, and PEEK substrates—
they were analyzed by X-ray photoelectron spectroscopy
(XPS). The XPS-based elemental analysis showed a decrease
in the carbon composition at the surface after plasma activation
and a clear increase of the oxygen content. This confirms the
surface oxidation of the substrates. At this stage, no visible F
signal is present on any of the polymers. Upon subsequent
grafting of FDTS, fluorine appears in the XPS data in line with
monolayer attachment (see Table 1, and Supporting
Information Figure S1). The percentage of Si on PDMS
substrates before and after plasma treatment remains
approximately the same, while upon grafting of FDTS it is
slightly decreased, in line with the formation of a signal-
attenuating overlayer, ie., the fluorinated monolayer (see
Supporting Information Figure S1). These data are analogous
to data in the literature.*’

Peak-fitted narrow-scan Cls spectra of FDTS-modified
PEEK, PDMS, and PMMA are shown in Figure 3ace. A
large shift (typically on the order of several eV) toward higher
binding energies was typically observed in these XPS
measurements due to surface charging of the polymer surfaces
during the analysis. Therefore, all measurements required the
use of a charge neutralizer, and the spectra were calibrated
afterward by setting the major C—C/C—H peak at 285.0 eV
(PDMS and PMMA) and 284.7 eV (PEEK).>'

The composition of all three modified surfaces was also
confirmed in more detail by narrow scan Cls XPS measure-
ments. The deconvolution of the Cls signal for the FDTS-
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Table 1. XPS-Based Elemental Composition” of Untreated,
Plasma-Activated, and FDTS-Grafted Flat PMMA, PDMS,
and PEEK Substrates”

substrate PMMA PDMS PEEK
Untreated

%C 743 (71.5) 465 (50) 87.6 (86.4)

%0 25.7 (28.5) 24.6 (25) 12.4 (13.6)

%Si - 289 (25) -
Plasma-Activated

%C 65.9 18.5 79.7

%0 34.1 52.1 20.3

%Si 29.4
FDTS Grafted

%C 54.3 24.9 55.2

%0 11.1 25.5 9.3

%Si 3.0 18.0 1.8

%F 31.6 31.1 33.8

“See for survey scan XPS spectra the Supporting Information (Figure
S1). YTheoretical composition of untreated substrates is shown in
parentheses.

functionalized PEEK revealed the contributions of seven main
carbon signals. The main Cls signal is centered at 284.7 eV and
was assigned to the contribution of aromatic C—C bonds
together with C=C and Si—C carbon atoms. The chemical
shifts relative to this peak were quoted in parenthesis. The
contributions of Cls electrons from C—O groups and CH,—
CF, at 286.2 eV (AE = 1.5 eV) were too close together to be
resolved and therefore were summed together. The peak at
287.2 eV (AE = 2.5 V) was attributed to carbonyl carbon,
while the small component at 289.2 eV is a characteristic
shakeup satellite due to the 7-7* transitions in aromatic groups.
The signals and their corresponding percentage with high
binding energies were assigned to the CF,—CH, at 290.7 eV
(AE = 6.0 eV), CF, at 291.8 eV (AE = 7.1 V), and terminal
-CF; groups at 294.0 eV (AE = 9.3 eV) (Figure 3a). The
relative concentrations (%) of the peaks for FDTS-grafted
PEEK are (C—H/C=C, Si—C) 48.2%, CH,—CF, 3.6%, and
C—0 16.5%, the m-7* shakeup satellite 1.9%, CF,—CH, 2.9%,
CF,—CF,,; 23.7%, and the CF; 3.1%.

For FDTS-modified PDMS, the Cls XPS spectrum was
deconvoluted into five components (Figure 3c), with the
chemical shift relative to the (C—H/C—C, Si—C) contribution
and their percentage quoted in parentheses. Hydrocarbon C
atoms (C—H/C—C, Si—C) were found at 285.0 eV (AE = 0
eV, 37.3%), CH,—CF, at 286.6 eV (AE = 1.6 eV, 5.3%), CF,—
CH, at 291.2 eV (AE = 6.2 eV, 5.7%), CF,—CF, 5 at 292.0 eV
(AE = 7.0 eV, 45.9%), and the terminal CF; moieties at 294.1
eV (AE = 9.1 eV, 5.7%), as shown in Figure 3b.

The Cls deconvoluted spectrum of the FDTS-grafted
PMMA substrate in Figure 3e represent the contributions of
the Cls electrons from hydrocarbon (C—C/C—H and Si—C)
at a binding energy of 285.0 eV (AE = 0 eV, 47.4%), with a-
shifted carbon (C—C=0) and the CH,—CF, contributions
summed together and found at 286.4 eV (AE = 1.4 eV, 14.6%).
The methoxy group contribution is found at 287.5 eV (AE =
2.5 eV, 5.7%), while the carbonyl carbon in the ester group has
a binding energy of 290.0 eV (AE = 5.0 eV, 6.2%). The
components at 291.0 eV (AE = 6.0 eV, 2.8%), 292.0 eV (AE =
7.0 €V, 20.7%), and 2942 eV (AE = 9.2 eV, 2.6%) were
assigned to the CF,—CH,, CF,—CF,; and CF; groups,
respectively.
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Figure 3. Peak-fitted Cls and Si2p XPS spectra of FDTS-modified PEEK (a and b), PDMS (c and d), and PMMA (e and f).

To estimate the relative coverage of these monolayers, one
can compare the contribution of the clearly distinguishable
contribution of the CF; group (one of the 12 C atoms of
FDTS) with signals characteristic of the polymer. If one of
those CF; groups would be bound per polymer repeat unit on
the surface (5 C for PMMA, 2 C for PDMS, and 19 C for
PEEK), then the CF; peak would constitute 5.8% on PMMA,
7.1% on PDMS, and 3.2% on PEEK. In fact, the CF;
contributions amount to 2.6% on PMMA, 5.7% on PDMS,
and 3.1% on PEEK. This implies a somewhat denser monolayer
formation on PDMS and PEEK than on PMMA.

To confirm the presence of Si—O, Si—C, and O-Si—O
bonds, the Si2p XPS peak was deconvoluted (Figure 3b,d,f)
into two components at 102.7 eV (Si—C) and 104.6 eV (Si—
O), respectively, in accordance with the incorporation of a
silane on the PEEK and PMMA interfaces (Figure 3b and f,
respectively). The experimental ratios of these two components
(Si—O and Si—C) are 3.1:1, in close agreement with the
theoretical ratio of 3:1. The deconvoluted Si2p XPS peak of
FDTS-grafted PDMS revealed three contributions (Figure 2d).
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They were assigned to O—Si—O Si atoms at 105.0 eV, Si—O at
103 eV, and Si—C at 102.7 eV. The XPS narrow scans of the
O1s and Fls regions further supported the successfully grafted
polymer substrates (see Supporting Information, Figure S1).

The successful formation of an FDTS overlay was also
confirmed by IR spectroscopy (see Supporting Information,
Figure SS). This revealed the appearance of not only
characteristic C—H stretching vibrations (especially clear on
PMMA), but also characteristic C—F absorptions in the 1130—
1250 cm™ region.52

3.1.2. Wettability of Flat Untreated, Plasma-Activated,
and FDTS-Grafted Polymer Surfaces. Contact angle (CA)
measurements are sensitive indicators of the surface properties
of a monolayer. The obtained monolayers on flat surfaces were
analyzed with static CA measurements and a variety of test
liquids, namely, water (y;, = 72.1 mN m™), soya oil, and
hexadecane. Low-surface-tension liquids such as hexadecane
(7 = 27.5 mN/m) and soya oil (y;, = 34.1 mN/m) were
chosen as probe liquids to observe the oleophobicity on the
surface. Data for all relevant samples are summarized in Table
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2. Before modification, these surfaces were thoroughly rinsed in
pentane and dried in an argon stream. The native PDMS had a

Table 2. Static Contact Angle and Hysteresis Data on Flat
PMMA, PDMS, and PEEK before and after Silanization®

PMMA PDMS PEEK
bare surface (water) 60° 114° 82°
soon after air plasma activation 40° 25° 25°

(water)
After Silanization
water 125° (15°) 123 (17°)  119° (18°)
soya oil 90° 87° 92°
hexadecane 75° 76° 76°

“Hysteresis is shown in parentheses; experimental error: +2°.

water CA of 114°, while water contact angles of 82° and 60°
were found for native PEEK and PMMA, respectively. Upon
plasma-activation, these values drop to <40° which confirms
the formation of hydroxyl and carboxyl groups. After
silanization, the water contact angles increased, to 125° for
PMMA, 123° for PDMS, and 119° for PEEK. Such values are in
line with the attachment of a fluorinated monolayer,'¥*%337%
imply the presence of weak dipole—dipole interactions between
the CF; terminus and water molecules and are slightly
increased from the small nanoroughness created during the
plasma activation step (see AFM images in Supporting
Information Figure S2). In comparison, a PTFE surface
displays a lower static water CA (typically ~115°),°® mainly
because the CF, groups are less capable of reducing the surface
energy than CF, groups.”” The lower polarizability of fluorine
compared to hydrogen leads to weak van der Waals interactions
among the CFj terminus and polar water molecules.">*** The

differences between the different polymer surfaces are
attributed to the effects of differences in the AFM-observed
surface roughness PMMA, 1.7 nm; PDMS, 6.7; and PEEK, 5.5
nm (AFM images of the surfaces before, after the air plasma
activation, and after the grafting are shown in Figure S2 of the
Supporting Information). The degree to which the polymer is
swelled by cyclohexane, ie., the solvent in which the FDTS
attachment takes place, which affects the degree of fluorination.
After coating with FDTS, the polymer surfaces became

repellent to soya oil and water, and contact angles for
hexadecane became >75° for all surfaces.

These high contact angle values for the flat surfaces can be
attributed to the high amount of CF; present on surfaces after
the grafting with FDTS, combined with the excellent adhesion
of the coating and the slight increase of the nanoroughness
during the activation step compared to flat silicon surface that
exhibits water static contact angle of 120°."

This excellent and conformal attachment of FDTS to our
surfaces is highlighted from XPS data that show a high amount
of CF, present (section 3.1.1), and from the CoF (coefficient of
friction) data shown in section 3.3.3, which highlight that the
coating is not detached or delaminated after the scratch
experiments.

3.2. Wettability of Textured Polymer Surfaces. In this
section, we discuss the superhydrophobic and superamphipho-
bic properties of the polymeric surfaces that were textured in a
hierarchical manner—either randomly or in an ordered
fashion—using plasma-induced texturing (see section
2.2.),2%*%* and subsequently coated with a perfluorosilane-
based monolayer.

3.2.1. Random Textured PMMA and PEEK Surfaces.
Oxygen plasma etching was used to micro-nanotexturize
PMMA and PEEK surfaces, yleldlng a high-aspect-ratio,
random re-entrant-like topography.*® However, this topography
is not stable upon immersion in water and drying, and
eventually yields coalesced microhills.>® Figure 4 shows PEEK
and PMMA surfaces after texturing with O, plasma for 20 min,
immersion in water, drying, and subsequent plasma-induced
reactivation and grafting by FDTS. The PMMA surface is
affected during silane modification (swells slightly in cyclo-
hexane), yielding small changes in the morphology, and is
probably accompanied by penetration of monolayer-forming
silanes into the swelled polymer. In contrast, PEEK is not
attacked by cyclohexane.

The dynamic contact angle measurements on the re-entrant-
like micro-nanotextured PMMA and PEEK after 20 min O,
plasma treatment and subsequent FDTS grafting are provided
in Table 3. This represents a significant improvement
compared to plasma-deposited fluorocarbon coatings (using
C,Fg plasma®®). The findings of the current study are consistent
and competltlve to superoleophoblc surfaces reported in the
literature;” Li et al. % fabricated fluorocarbon grafted cellulose

Figure 4. SEM images of micro-nanotextured, water-immersed, and dried PEEK (right) and PMMA (left) surfaces after perfluorosilane modification
in cyclohexane (70° tilted). Curved, negatively sloped microhills are produced after texturing and grafting of the polymeric surfaces.
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Table 3. Static, Advancing, Receding Contact Angles and
Hysteresis (all in degrees) for Water, Soya Oil, and
Hexadecane on Silane-Modified, Hierarchical Randomly
Rough Surfaces of PMMA and PEEK*

PMMA 20 min PEEK 20 min
liquid contact angle O, plasma O, plasma
water (yy =721 mN  static 167° 168°
m™) adv/rec (hyster) 168°/166° (2°) 168°/)166°
(2°
soya oil (]l/lv =341 static 157° 159°
mN m adv/rec (hyster)  157°/153° (4°) 159°/145°
(14°)
hexadecane (y;, = static 142° 138°
27.5 mN m™)) o /120 o/1ar0
. adv/rec (hyster)  145°/13S 142°/131
(10°) (11°)

“S uL liquid, uncertainty in static CA, +2°; receding CA, +5°.

that exhibited hexadecane CA 152°. High static and low
hysteresis angles for all the tested liquids are attributed to the
random, curved, negatively sloped microhill topography
produced after texturing and grafting.

3.2.2. Ordered Hierarchical Micronanotextured PMMA
Surface. Figure 5 shows SEM images of uniform, mushroom-
like micropillars produced on PMMA by the combination of
colloidal lithography using PS particles and plasma etching as
described before.** These mushroom-like re-entrant micro-
pillars do not display any coalescence after immersion in water
or silane solvent solution for 1 h. High-resolution SEM images
of surfaces show the same morphology before and after
silanization (see Supporting Information Figure S3).

The contact angle results are shown in Table 4 for FDTS-
modified, ordered (using both 1 and 3 ym PS particles) PMMA
surfaces. In addition, this table presents the comparison with
contact angles from our previously reported work® (in
brackets) using the same re-entrant topography with the C,Fg
plasma-deposited layer (film thickness 30 nm). In all cases the
current CAs with water, soya oil, or hexadecane are higher to
significantly higher than previous results. This highlights the
efficient functionalization with FDTS, which results in a high

Table 4. Contact Angle Measurements for Water, Soya Oil,
and Hexadecane on Silane-Modified Hierarchical Ordered
PMMA Surfaces with PS Microparticles”

1 ym PS on PMMA
(Figure 4a) 1 min 30 s

3 um PS on PMMA
(Figure 4b) 4 min 30 s

contact (anisotropic) +30s (anisotropic) +
liquid angle (isotropic) 1 min 30 s gi)sotropic)

water static 166° [165°] 167° [168°]

adv/rec  168°/166° (2°) [<2°]  168°/164° (4°) [<5°]
soya oil static 153° [125°] 154° [134°]

adv/rec  159°/152° (7°) 157°/150° (7°) [>15°]
hexadecane  static 140° [96°] 142° [101°]

adv/rec  142°/133° (9°) [>30°] 143°/133° (10°) [>30°]

“Hysteresis is shown in parenthesis for adv/rec measurements. 5 yL
liquid, uncertainty in static CA, +2°%; receding CA, +5°. Note: The
corresponding contact angles and hysteresis when a plasma-deposited
fluorocarbon layer was used instead of the current FDTS grafting are
shown in [square brackets], to reveal the improvement using the
FDTS monolayer compared to ref 24.

local CF; density concentration that yields a superhydrophobic
material with a low surface energy.

The contact angle hysteresis values are for water <4°, for
soya oil ~7°, and for hexadecane ~10°. Such values indicate a
Cassie or impregnating Cassie state. Water and soya oil drops
(5 L) roll off easily from these surfaces, by tilting only ~1° for
water and <8° for soya oil. The rolling-off movements were
captured in videos (see Supporting Information).

We used the same optimized topography with our recent
work™ to highlight the improvement in the CA due to the
different coating used. This improvement is probably caused by
the higher CF; amount present in the FDTS coating compared
to the plasma deposited C,Fgy, and a better adhesion and
conformal deposition of the FDTS coating (see also sections
3.1.1 for XPS and IR and section 3.3.3 for the CoF of the FDTS
coating).

3.2.3. Random Textured PDMS Surfaces. SF; plasma
etching was used to texture PDMS surfaces, resulting in a
high aspect ratio topography. The resulting topography after 10

WUR-AUGER 20.0kV X7.000 WD 263mm

1pm

IMEL

Figure S. SEM images of PMMA surfaces (60° tilted) displaying the hierarchical, hexagonically ordered packed pillars obtained upon plasma etching
using (2) 1 ym and (b) 3 um polystyrene particles. Notice the undercut produced in both cases (re-entrant pillars) using the optimized process

proposed elsewhere.** CA for each case is shown in Table 4.
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Figure 6. SEM images of 10 min SF4 plasma-textured PDMS surfaces (a) before silanization and (b) after silanization.

min plasma processing is shown in Figure 6a. These surfaces
are not stable upon water immersion. However, a subsequent
silanization in cyclohexane is used for the stabilization of the
topography, yielding the surface in Figure 6b (see also
Supporting Information Figure S3). Similar results for the
stabilization of the topography have been also observed for
other polymer surfaces, and will be reported elsewhere.

The filamental topography produced after several minutes of
plasma texturing (section 2.5) enhances the resulting
oleophobicity. For example, the soya oil static contact angle
upon texturing for 10 min becomes 152°. PDMS exhibits
curved grass-like negatively sloped structures after the
silanization (Figure 6b), but the resulting surface is less
homogeneous than PMMA and PEEK. Notice the topography
differentiation before and after silanization: vertical pillars
(Figure 6a) bend upon grafting (Figure 6b), thus exhibiting the
advantageous negatively sloped profile needed for super-
amphiphobicity. As an overall result, fluorosilanized PDMS
exhibits a slightly lower CA with hexadecane than fluorosilan-
ized PMMA and PEEK, due to the observed surface
inhomogeneity, as indicated above. The static and advancing
contact angle and the hysteresis for water, soya oil, and
hexadecane are shown in Table S.

3.3. Scratch, Hydrolytic, and Hexadecane Resistance
of FDTS-Modified Polymeric Surfaces. For practical
applications of such monolayer-coated polymeric surfaces,
either in outdoor uses or inside microchannels, it is important
that both the surface morphology and the monolayer are stable

Table S. Static, Advancing, and Receding Contact Angles for
Water, Soya Oil, and Hexadecane on Perfluorosilane-
Modified Hierarchical Randomly Rough PDMS Surfaces (in
degrees)”

liquid contact angle PDMS 10 min SF¢ plasma
water static 167°
adv/rec 168°/165° (3°)
soya oil static 152°
adv/rec 157°/145° (12°)
hexadecane static 135°
adv/rec 142°/129° (13°)

“S uL liquid; uncertainty in static CA, +2°; receding CA, +5°.
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upon immersion in various probe liquids, as well as upon
application of mechanical forces due to scratching or water drag
forces. In the following sections, the surfaces are characterized
with respect to those two properties using hydrolytic and
hexadecane immersion stability tests and nanoscratch tests.

3.3.1. Hydrolytic and Hexadecane Immersion Stability
Test of FDTS Modified Flat Nonplasma Textured Surfaces. In
order to study the stability of the attached monolayers in
various liquids, monolayer-coated polymers were immersed in
continuously flowing deionized water and agitated hexadecane.
Contact angles for three probe liquids (namely, 1, water; 2,
soya oil; 3, hexadecane) were monitored for a period of two
weeks.

Figure 7 shows that all polymer surfaces exhibit good
hydrolytic and hexadecane stability. Contact angles for three
probing liquids, and hysteresis remain practically constant over
a period of two week immersion in water or in hexadecane.

However, longer hydrolytic stability tests (40 days; see
Supporting Information) revealed that PEEK shows slightly
deteriorating stability compared to stable PMMA and PDMS.
We suspect that there are two main factors for the lower
stability of PEEK in the prolonged hydrolytic tests: First, it is
possible that not enough surface OH groups are generated by
the plasma reactivation step on this polymer. Second, it is
known that PEEK is not attacked by cyclohexane, while
PMMA®" and PDMS® are affected and probably slightly
swelled by the solvent. We thus expect that silanization of
PMMA and PDMS could extend a few nanometers from the
surface into the swollen layer. Further swelling will not happen,
since the multifunctional silylating agent causes cross-linking on
the surface. This surface-only swelling and silylation would
make that layer more stable in hydrolysis, by analogy to surface
silylation of photoresists, which become stable (unetchable) in
oxygen plasmas.*®

3.3.2. Hydrolytic and Hexadecane Immersion Stability
Test of FDTS Modified Plasma Textured Surfaces. Figure 8
presents the advancing and receding CAs of water, soya oil, and
hexadecane on perfluorosilane-modified, hierarchical, plasma-
textured surfaces immersed in two different liquids, water (red
bars) and hexadecane (green bars), for a period of two weeks.
Figure 8A shows hydrolytic and hexadecane immersion stability
for PMMA. The advancing and receding CAs for all probe
liquids changed very little upon immersion in water for 14 days.

dx.doi.org/10.1021/am5000432 | ACS Appl. Mater. Interfaces 2014, 6, 6510—6524
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Figure 7. Hydrolytic and hexadecane immersion stability tests for perfluorinated SAM on flat surfaces. Advancing (hatched red or green bar),
receding (filled red or green bar) CA, and hysteresis (black bar) are shown for water, soya oil, and hexadecane on flat nonplasma textured surfaces of
(A) PMMA, (B) PEEK, and (C) PDMS after immersion in water (red bars) and hexadecane (green bars).

Hysteresis for hexadecane increased only by 2—4°, moving
from just below to just above the threshold of 10° ie., at the
border of superamphiphobicity. Immersion in hexadecane
showed a similar trend for all liquids. Thus, the 20 min
textured PMMA surface shows a high resistance to both water

and hexa

drops. Thi
surface an
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decane immersion, demonstrating stable super-

hydrophobic and highly oleophobic properties for hexadecane

s implies that the SAM is well packed over the whole
d acts as a very good barrier to prevent water or
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Figure 8. Hydrolytic and hexadecane immersion stability tests of perfluorinated SAM on plasma textured polymeric surfaces. Advancing (hatched
red or green bar), receding (filled red or green bar) CA, and hysteresis (black bar) are shown for water, soya oil, and hexadecane on different plasma
textured polymeric surfaces: (A) 20 min plasma textured PMMA; (B) PMMA surfaces masked with 1 ym PS microparticles and plasma textured;
(C) 10 min plasma-textured PDMS. The ten degree hysteresis limit for superamphiphobicity is shown with dotted line.

Figure 8B shows hydrolytic and hexadecane immersion

hexadecane from damaging the Si—O—C bond that links the stability for ordered plasma-textured PMMA surfaces (using 1

monolayer to the substrate.

PS particles as etch masks) demonstrating stable super-
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amphiphobicity. The advancing and receding CAs for all probe
liquids practically did not change upon immersion in water for
14 days. Immersion in hexadecane showed a similar trend for all
liquids. Thus, the ordered hierarchical PMMA surface also
shows an excellent resistance to water and hexadecane
immersion, demonstrating stable superhydrophobicity and
superamphiphobicity. We suspect that the multiscale roughness
and the overhanging pillar shape slightly enhances amphipho-
bicity and stability compared to the randomly rough surfaces
allowing hysteresis to remain just below the border of 10°, i.e.,
remain superamphiphobic.

Figure 8C shows the hydrolytic and hexadecane immersion
stability for PDMS. This surface is at the border of
superamphiphobicity before immersion, and immersion tests
increase the hysteresis for those two liquids from 2° to 4°.
Thus, these surfaces maintain superhydrophobicity and
oleophobicity. In practice, PDMS retains its oleophobic and
superhydrophobic properties presented in Table S.

We note that we have also performed longer hydrolytic
stability tests (40 days) shown in Supporting Information
Figure S8. The tests show that with the exception of PEEK all
surfaces remain superhydrophobic with small changes in CA
and hysteresis.

3.3.3. FDTS Coating Wear Resistance. To investigate the
wear resistance of the FDTS-coated polymer surfaces, we first
performed scratch tests on 2 min O, textured PMMA surfaces.
These surfaces have enough topography to be superhydro-
phobic, but are not superamphiphobic.** Thus, they can give
information for both the conformality of the coating on a small
nanotexture, while being intermediate to the flat air plasma-
activated PMMA (section 3.1), and the very rough 20 min
textured PMMA. PMMA substrate was chosen due to the
optimum hydrolytic stability exhibited (Figures 7 and 8A,B).

The scratch test result (Figure 9) shows CoF values during
both the scratch and postscratch part of the cycle for the
FDTS-coated PMMA that are 50% lower than that for the
uncoated PMMA. The average CoF for the uncoated PMMA is
0.4 and becomes 0.2 after grafting with FDTS. Coeflicients are
identical in the scratch and postscratch part of the cycle,
implying that the coating is not detached or destroyed for loads

1,0 :
2min etched PMMA
0,91 80 pN normal load
0,81 = Scratch uncoated PMMA
0.7 o Post-scratch uncoated PMMA
! v Scratch FDTS coated PMMA

Post-scratch FDTS coated PMMA

-4 2 0 2
Scratch length (um)

Figure 9. Coefficient of friction as a function of scratch path, for 2 min
textured uncoated and FDTS coated PMMA samples. The load during
the scratch test is 80 uN. Notice the identical CoF in both cases during
scratch and postscratch (duplicate scratch on the same line) and the
lower CoF for FDTS coated samples.
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up to 80 uN. This also implies that the coating acts as lubricant
on the surface, an argument that is highlighted in the following
section.

3.3.4. Scratch Resistance of the PS/PMMA Surfaces. Here,
we perform scratch tests on the 1 ym PS/PMMA ordered pillar
surface in order to test the wear of the micro-nanostructures
and the FDTS coating on them. The PS/PMMA pillar surface
was chosen due to its order compared to the random textured
surfaces, and due to its optimized wetting characteristics. Figure
10a shows an example of the CoF obtained from the scratch
and postscratch test on uncoated PS/PMMA samples for a 85
UN load. Notice that the tip starts sliding into and out of the
spacing between the micropillars, which results in a lower
friction when it slides in, and a higher friction when it travels
out in order to deform the micropillar.**** We note that the
Berkovich tip is a blunt tip with an opening angle of 76.9° and
65.3° and thus it is a not similar to a sharp AFM tip capable of
faithfully probing the topography of the interpillar space.
Despite the size of the tip, the tip motion yields a CoF
fluctuation that follows the shape of the surface morphology, as
presented in Figure 10a. Figure 10a also emphasizes the scratch
resistance of the ordered 1 ym PS/PMMA pillars during
duplicate scratching (i.e., scratch and postscratch). The pillars
are not destroyed by the tip motion during the scratch step, and
the fluctuation that follows the topography remains during the
postscratch for loads up to 85 uN. This behavior has also been
observed by Bo et al.,, who measured the CoF of microtextured
poly(dimethylsiloxane) at both microscale and macroscale.*®
This reversible behavior upon scratching of textured surfaces
has been attributed to the comparable size of the pillars to the
interpillar spacings.**® The scratch resistance of the pillars is in
agreement with approximate calculations referred to in section
2.8, which indicate that the Young modulus and the critical
buckling load of the pillars are not exceeded.

Figure 10b shows the nanoscratch test for the FDTS coated
PS/PMMA pillars. The CoF values for FDTS-coated PS/
PMMA are again 50% lower than the uncoated PS/PMMA
system, and they are similar in the scratch and postscratch part
of the cycle, highlighting again the excellent coating adhesion
onto the surface (see also section 3.3.3). In the FDTS-coated
PS/PMMA surface (Figure 10b) the tip motion yields a CoF
fluctuation that does not follow the shape of the pillar
geometry. This implies that the FDTS coating acts as lubricant
when deposited on the surface.

Recently, Zhao et al.'” suggested that the choice of the pillar
diameter to height ratio should depend on the application and
the compromise between structural and wetting stability.
Although this is generally accepted, careful structural design
and coating adhesion optimization can lead to surfaces, in
which wetting property optimization does not compromise
structural stability and scratch resistance. Indeed, we show that
the method developed in this work resulted in surfaces that are
scratch resistant and simultaneously hydrolytically and
hexadecane-immersion stable for a long period.

Average (of scratch and postscratch) CoF values for different
loads are shown in the Supporting Information (Figure S6).
Averaging the CoF data from both parts of the cycle (scratch
and postscratch) results in better visualization (fluctuation that
follows the topography) of the pillar shape and periodicity.

To further verify the scratch resistance of the structures, we
studied their morphology in the scratched area using SEM
imaging (see Figure 11). Nine 10-ym-long constant load
scratches (three for every load 40, 60, 80 4N) and two longer
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Figure 10. Coefficient of friction as a function of scratch path during scratch and postscratch: (a) for uncoated and (b) FDTS coated 1 yum PS/
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Figure 11. Top-down SEM images after the scratch test. (a) For constant loads of 40, 60, 80 uN. Only 80 uN scratches are observable, and show a
slight increase of the interpillar distance as the large tip pushes them aside. (b) For increasing load from 0 to 100 xN. Notice the increase in the
interpillar distance (as the load increases across the scratch) from 280 to 450 nm (yellow lines), that is followed by the analogous decrease in the

neighboring pillars from 280 to 190 nm (red lines).

(~40 pm) increasing load scratches were performed in a
premarked surface area (to facilitate scratch location with the
SEM if observable). Then, the samples were observed in SEM
in an effort to image possible surface damage from the
scratches.

As expected from the results about the CoF measurement,
structures were not detached or destroyed during the scratch
even after duplicate scratching. SEM images in Figure 11a show
that 80 uN scratches have only slightly pushed aside the pillars
and increased the interpillar distance due to the deeper
penetration of the large tip, while smaller load (40 and 60 yN)
scratches could not even be detected. Therefore, these smaller
loads do not affect the structures (see Figure 11). We
emphasize that this minimal interpillar distance increase has
no or minimal effect on the surface wettability when compared
with the usual dislocation defects that are present on the
sample surface after the colloidal self-assembly before any
scratch test. This minimal interpillar distance increase, when

6521

scratching with 85 yN, may be the cause of the slightly reduced
CoF shown in Figure 10 during the second scan; this reduction
of the CoF is almost at the border of the measurement error.

An increasing load scratch test was also done as described in
section 2.8 to help in understanding the effect of different loads
on the scratch resistance of the pillars. Figure 11b shows that
the interpillar distance increases as the load increases and the
tip penetrates deeper, but again no collapse or destruction or
buckling is observed up to 100 N load used in this study. We
want to emphasize that the maximum load we used (~100 uN)
corresponds to stresses of some GPa, which are below the
Young’s modulus, and below the critical buckling load of a pillar
confirming the theoretical calculations in section 2.8.

The nanomechanical tests presented above allowed us to
probe the scratch resistance of both the individual nanostruc-
tures on the polymer and their FDTS coating. We have seen
the range of scratch forces, which cause less damage compared
to the defects already existing on the surface itself. However,
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due to the limited area of the scratch, compared to the size of a
water drop, effects on the contact angle cannot be measured
with our test, although minimal are expected.

It is therefore difficult to convert our results to macro-
mechanical testing such as abrasion tests, where a large surface
is affected, and the effects on the contact angle are immediately
obvious. We plan to conduct such tests in the near future, and
compare the nano and micromechanical measurements.

4. CONCLUSIONS

We have developed a simple and generic method to produce
superhydrophobic and superamphiphobic toward superoleo-
phobic polymeric surfaces that display long-term stability in
water and hexadecane, and scratch resistance. Our approach
involves two steps: (1) hierarchical micro-nanotexturing of the
surfaces (PEEK, PMMA, and PDMS) by a plasma-etching
step—especially when plasma texturing is performed using as a
mask a self-assembled layer of monodisperse micrometer-sized
particles, this yields an ordered micro and nanotextured surface
structure—(2) grafting of these etched surfaces with a
perfluorosilane, which yields superamphiphobic polymeric
surfaces. Such surfaces display a long-term (14 days) hydro-
Iytic/hexadecane stability, as indicated by immersion measure-
ments in water and hexadecane. Longer hydrolytic stability tests
show stable superhydrophobic behavior for a period of >40
days. Furthermore, nanoscratch experimental results show the
excellent coating adhesion and good scratch resistance of the
ordered micro and nanotextured pillar structures. This simple
approach will allow the construction of a wide range of
superamphiphobic surfaces, which can be applied in MEMS,
microfluidics, (bio-) sensor devices, and outdoor applications.
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