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ABSTRACT

The design of hydrophobic surfaces requires a material which has a low solid surface tension
and a simple fabrication process for anchoring and controlling the surface morphology. A
generic method for spontaneous formation of robust instability patterns is proposed through
the hydrosilylation of fluoroalkene bearing dangling chains, Ry = Cg¢F3(CH,)3-, with soft
polymethylhydrosiloxane (PMHS) spin-coated gel polymer (0.8 pum thick) using Karstedt
catalyst. These patterns were easily formed by irreversible swelling reaction due to the
attachment of layer to various substrates. The buckling instability was created by two
different approaches for a gel layer bound: to a rigid silicon wafer substrate (A) and to a soft
non-swelling silicone elastomer foundation (B). The observations of grafted R-PMHS films
in the swollen state by microscopy revealed two distinct permanent patterns onto various
substrates dot-like (A) / or wrinkle (B) of wavelength (A = 0.4—0.7 um) / or (A = 4-7 um).
The elastic moduli ratios of film/substrate were determined using PeakForce Quantitative
Nanomechanical Mapping. The characteristic wavelengths (1) of the patterns for the systems
(A) and (B) were quantitatively estimated in relation with the thickness of the top layer. A
diversity of wrinkle morphologies can be achieved by grafting different side chains on pristine
PMHS films. The water contact angle (WCA) hysteresis of fluorinated chain (Ry) was
enhanced upon roughening the surfaces giving highly hydrophobic surface properties for
water with static/hysteresis WCA of 136°/74° in the resulting wrinkle (B) and 119°/41° in
dot-like (A) of lower roughness. The hydrophobic properties of grafted films on (A) with
various mixtures of hexyl/fluoroalkyl chains were characterized by static CA: WCA
104°-119°, ethylene glycol CA 80°-96° and n-hexadecane CA 17°—61. A very low surface

energy of 15 mN/m for R-PMHS was found on the smoother dot-like pattern.
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1. Introduction

Fluoropolymer-based systems are well-known for their ability to influence the surface
properties of a material such as wettability, adhesion, friction, thermostability and they have
many applications' in self-cleaning,>> water pollution,® water and oil repellent fabrics,”?
microfluidic devices acting as barrier coating to organic solvent,” surface increasing
hydrophobicity of silicone elastomers,!®!! anti-icing,'” anti-fogging!®> and moulding.'*
Fluorinated surface is an obvious choice for hydrophobic applications due to their ultra-low
surface energy.®!3-17 The wetting at solid and liquid interfaces is governed by surface
chemistry and surface roughness.!® A number of artificial superhydrophobic microstructured
surfaces has been fabricated and functionalized to increase hydrophobicity either by trapping
air at solid interface!®?? or by infusing a lubricant liquid to create a repelling liquid
interface.?>25 The most commonly used surface coupling reagents are trichloro and triethoxy
fluoroalkyl functional silanes,?®*’ fluorosilicones bearing reactive group for surface

modification!”?® and fluoroalkyl polyhedral oligomeric silsesquioxane (F-POSS).?’

There are different ways to prepare hydrophobic rough surface!® consisting to roughen the
low-surface-energy material or to modify the rough surface of substrate with low-surface
energy modifier through covalent bonding to afford stable structure. The spontaneous
wrinkled formation on polymer surfaces®*3! is also one other route for producing
superhydrophobic surfaces’? in combination with low-surface energy materials.>> The
wrinkled formation, in particular, is a strategy which has been developed to produce
microstructured surface in the submicrometer range3437 using bilayers system composed of a
rigid layer anchored on a soft plastic substrate. Such artificial wrinkling is generally based on

elastic surface instabilities and buckling effect®® due to compressive stress in soft crosslinked

ACS Paragon Plus Environment



oNOYTULT D WN =

Langmuir

polymer including hydrogel materials,>**° solvent-responsive films>*>4 and elastomers.>>>7
By taking advantage of this phenomena, wrinkling of soft polymer surfaces and other
alternatives have been developed to fabricate buckled structures involving various
strategies’®>®  mostly consisting in swelling, drying, heating or mechanical
stretching/compression. Permanent wrinkling pattern can be achieved and stabilized through
diffusion and polymerization of reactive liquid monomers by silane infusion based wrinkling
in poly(2-hydroxyethyl methacrylate) (PHEMA).>* Other methods have been described to
obtain spontaneous robust patterns associating the very low surface energy of fluorinated
polymer and self-wrinkling. Photopolymerizable fluoropolymer films>*-! on rigid substrates,
or fluoropolymer (CF,) soft skin layer obtained by CHF; plasma treatment®23 were used to

produce wrinkles.

We have recently reported the development of a simple and general method for the
preparation of functional coatings on solid supports with well-characterized functionalities
and surface properties for various applications.®*¢7 Functional poly(methylhydrosiloxane)
(PMHS), rich in Si—H groups, have been covalently anchored using sol-gel procedure giving
in one step soft elastomeric gel bound via SiOSi linkages.®® Sol-gel coating are advantageous
over silanization for modification of solid surface due to the high density and homogenous
film deposition. These Si—H functional layers were swollen by hydrosylilation grafting with
hydrocarbon side chains as measured by ellipsometry.® The phenomenon may have potential

in advanced micro-structuration of surface when the control of wetting properties is required.

The use of fluorinated compounds in combination with self-wrinkling induced by irreversible

swelling reaction of polymer surfaces was not described before. In this study, the grafting of
alkyl chains via hydrosilylation into crosslinked substrate bound PMHS films is proposed to

create robust wrinkled patterns. Silicone gel containing perfluoroalkyl moieties were prepared
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as powder by hydrolysis and polycondensation using trialkoxysilanes.®® The synthesis of
hybrid fluorinated silicones has been achieved in three steps by hydrosilylation, hydrolysis
and polycondensation yielding fluorinated polysiloxanes of high thermal stability.”
Fluorinated polysiloxane coatings with pendant fluoroalkyl side chains’»7> have been
synthesized by hydrosilylation of olefins onto linear PMHS (CH3HSi0),. We proposed here a
generic approach for permanent pattern creation originally using the driving force of the
swelling phenomena by grafting side chains into the surface-bound crosslinked PMHS top
surface (Figure 1). The introduction of hydrocarbon or fluorinated side chains by
functionalization can act as a ‘‘solvent casting’’ for the polymer backbones, which induces a
swollen structure where the polysiloxane segments become more extended in the
functionalized network. The surface attachment of the bottom of thin films on substrates is

also one of the keyfactor to obtain instability patterns due to swelling.

In this manuscript, permanent structured-surfaces on both silicon wafer and silicone elastomer
substrates were achieved in two steps by applying PMHS spin-coated films using sol-gel
process catalyzed by triflic acid, an efficient catalytic system for the polycondensation of
polyorganosiloxane,’ and in turn for the surface attachment on the films onto SiOH surface
groups of substrates. In the second step, the substrate-anchored PMHS coating was
functionalized in organic solvent by hydrosilylation of two molecules, 1H, 1H, 2H, 3H, 3H-
tridecafluoronon-1-ene and 1-hexene. Acetonitrile was used to overcome the swelling issues
of silicone elastomer substrates. We have chosen the preparation method for the engineering
of hydrophobic surfaces based on the microstructuration and have studied the pattern
formation resulting in buckling instability after grafting hydrocarbon or perfluoroalkyl chains.
The characteristic parameters of the microstructured films are highlighted by applying two
distinct physical approaches for films constrained on rigid or soft substrates. The molecular

features of the functionalized and structured polysiloxane films were characterized by X-ray
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Photoelectron Spectroscopy (XPS), Energy Dispersive X-ray (EDX) and infrared

spectroscopies. Their elastic mechanical properties and topography were examined by
PeakForce Quantitative Nanomechanical Mapping, while the wetting properties of the
patterned surfaces were characterized by water contact angle (WCA) hysteresis

measurements, and static CA in three solvents (water, ethylene glycol and n-hexadecane).

2. Material and Methods
2.1. Chemicals

Methyldiethoxysilane HSi(CH3)(OCH,CHj3),, triethoxysilane HSi(OCH,CHsj);, 1-hexene
CH;3(CH,);CH=CH,, triflic acid CF3SOsH and Karstedt catalyst [Pty(sym-
tetramethyldivinyldisiloxane);] (2-3 wt% Pt concentration in xylene) were purchased from
Sigma-Aldrich, and wused as received. [H, IH, 2H, 3H, 3H-tridecafluoronon-1-ene
C¢F3CH,CH=CH, was prepared via a two-step process.”* Briefly, perfluorohexyl iodide
CeF151 (Atofina, Pierre Bénite, France) was reacted with allyl acetate through a free-radical
reaction initiated with benzoyl peroxide followed by deiodoacetalization with activated zinc.
The allyl perfluorinated olefin was distilled under reduced pressure as a colorless liquid (b.p.
49-51 °C/24 mmHg). Purity assessment of the product was characterized by 'H and '°F NMR
spectroscopies. Allyl methoxy triethylene glycol ether CH;0O(CH,CH,0);CH,CH=CH, was
purchased from ABCR. Water for substrate cleaning was obtained from a Milli-Q water
purification apparatus (Millipore). All solvents, ethanol, methanol, isopropanol, toluene,
cyclohexane and acetonitrile, of synthesis grade purity, were purchased from Sigma-Aldrich.
Toluene and cyclohexane were dried and distilled with calcium hydride before use. EtOH and
CH;CN were used as received and dried over 4 A molecular sieves. The solvents for contact
angle measurements were Milli-Q water, ethylene glycol and n-hexadecane (Aldrich). The

organic solvents of synthesis grade purity were used as received. Silicon wafers Si(100)
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(ACM, France) in the form of native oxide layer and silicone rubber sheet materials were used
and cut into smaller square strips of 2x2cm? Commercially available
poly(dimethylsiloxane) PDMS-based elastomer was purchased in the form of elastomer kit
Med-4750 (Nusil) and procedure of fabrication by moulding into sheets of 0.22 mm thick
(Statice, Besangon, France).
2.2. Thin Films Preparation

The preparation of 5% crosslinked pristine H-PMHS thin films on flat substrates is described
elsewhere® by spin-coating of sol-gel solution of methyldiethoxysilane and triethoxysilane
(5%) as a crosslinker. A similar procedure was used to prepare films on (100) silicon wafer
(A) and on silicone elastomer Med-4750 (B) pieces. Alkylation of H-PMHS films on various
substrates was achieved by hydrosilylation of /H, /1H, 2H, 3H, 3H-tridecafluoronon-1-ene and

I-hexene using Karstedt catalyst. Details of sample preparations are given in Supporting

Information. For Atomic Force Microscopy (AFM) and electronic microscopy (Vide infra), 5

mm X 5 mm pieces were cut and mounted on metallic coins using an epoxy adhesive. The

sample films on silicone Med-4750 sheet were removed from the glass slide, freeze fractured

with liquid nitrogen (for cross-sectional view).

2.3. IR Spectroscopy
The Fourier-transform infrared (FTIR) spectroscopy in transmission mode was used to
characterize the results of hydrosilylation on surface-coated silicon wafer. IR spectroscopy
measurements were carried out on a Nicolet Nexus FTIR spectrometer in the 4000400 cm™!
range with a resolution of 4 cm!' and 32 scans were collected for each sample. A background
spectrum was recorded in air prior to each sample using a piece of bare silicon wafer.

2.4. Attenuated Total Reflectance-Infrared Spectroscopy (ATR-FTIR)
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ATR-FTIR spectra were recorded on a Nicolet Nexus FTIR spectrometer using an ATR
accessory Durasampl/R II (diamond crystal, single-bounce beam path, 45° angle of incidence,
32 scans, 4 cm™! resolution). A baseline correction was applied to all spectra from 650 to
4000 cm™! prior to an ATR correction. A refractive index of 1.40 was taken for both coating
and substrate of silicone elastomer Med-4750 (bare sheet) by assuming they have the same
refractive index which is close to that of PDMS [SiO(CHs),],.7
2.5. Assessment of Pristine PMHS Thickness from IR Spectra
The H-PMHS samples on Si wafer (A) were placed perpendicularly to the beam so that the
recorded spectrum reflects the absorbance of the pristine thin film of thickness 4, assuming
the IR absorption spectrum follows equation eq. S1 similar to that of Beer—Lambert law.76
The value of absorption coefficient (o) of 0.27 um-! for the Si—H stretching vibration at 2169
cm! was calibrated from the peak absorbance of a 200-nm thick film for which independent
ellipsometric thickness was easily determined (Estimated accuracy of + 5%). The calibration
was confirmed in the micrometer range from the cross section using scanning electron
microscopy. For sample on silicone (B), 4, was evaluated from absorbance of stretching Si-H
band in corrected ATR-FTIR spectra (Supporting Information).
2.6. Ellipsometry

The thickness and refractive index of the pristine H-PMHS layer onto silicon wafer were
measured using a Horiba Jobin Yvon PZ2000 ellipsometer equipped with a 632.8 nm He-Ne
laser with a spot size of 2 mm.**%8 The incidence angle was 70.0°. The refractive index of H-
PMHS of 1.40 was found. Then, refractive indices used to calculate the H-PMHS thickness
were 1.457 and 3.871-0.016i for native silicon oxide SiO, and silicon.®

2.7. Scanning Electron Microscopy (SEM)
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SEM and cross-sectional view images were obtained with a Hitachi S-4800 instrument

operating at an accelerating voltage of 2 kV, and with magnifications from of 1k x to 25k x.

The surfaces were prepared by coating an ultrathin (10 A) very fine-grain platinum metal of

high wettability.

2.8. Energy Dispersive X-ray Spectroscopy (EDX)
The weight / atomic percentages in the samples were determined by EDX using a Zeiss SEM
EVOHDI5 at 12 kV with the Oxford instruments software. Samples were deposited on
double-sided carbon tape. The elemental composition in EDX analysis corresponds to probed
depths of around 2-3 pum.

2.9. X-ray Photoelectron Spectroscopy (XPS)
XPS data were obtained on an ESCALAB 250 (Thermo Electron, UK) spectrophotometer
using Al Ko (1486.6 eV) irradiation source (15 kV, 100 W). The acceleration tension and
power of X-ray source were 15 kV and 100 W, respectively. The electron take-off angle was
90° at normal incidence of the sample surface. The samples were analyzed under ultra-high
vacuum in the 10~° mbar range. The spot size was approximately 400 um?2. The composition
in XPS analysis corresponds to depths of 5-10 nm. Survey scans (0-1350eV) at low
resolution were performed to identify the constitutive elements. High resolution Cls, Si2p,
Ols, and Fls spectra were recorded to quantify elements present at the surface and to

determine their chemical environment. The peaks were fitted with Gauss—Lorentz curves with
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the theoretical sensitivity factors reported by Scofield.”” A charge correction was applied to

set the binding energy scale.
2.10. Surface Characterization by Optical Microscopy
Morphologies of the silicone Med-4750 samples supported on microscope glass slide were

observed in transmission mode using a Bresser LCD Student Microscope (Magnification

500x) with 40x objective.

2.11. PeakForce Quantitative Nanomechanical Property Mapping (PF-QNM)
The mechanical characterization was performed with a Multimode AFM instrument (Bruker
Corporation, USA) upgrade with Nanoscope V using PF-QNM imaging mode. A Bruker-
ScanAsyst-Air probe equipped with a spring constant of the lever of 0.5 N/m (calculated with
thermal tune) was used for sample measurements. After a first step to calibrate sensitivity
deflection and sync distance QNM on a sapphire sample (Bruker Instruments), these values
were confirmed during measurement on PDMS-Soft-1 (2.5 MPa) and on PDMS-Soft-2 (3.5
MPa) from Bruker, providing a tip radius of 40 nm to obtain indentation modulus in a good
agreement using the well-known Johnson-Kendall-Roberts (JKR) model.”® The applied
maximum load was set at 20 nN for all the measurements while the peak force amplitude was
set at 150 nm. The obtained force versus separation curves were analyzed in real time to
obtain different mechanical properties: adhesion force, elastic modulus, deformation and
energy dissipation. The JKR contact model was used to fit retract curve to calculate
indentation JKR modulus (Poisson ratio was assumed to be 0.4 for all sample surfaces:
PDMS, pristine and modified H-PMHS). These values were then sent to different data
channels which are shown as a set of different images simultaneously with the topography
image.

2.12. Contact Angle Measurement
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Static and dynamic contact angle measurements with water were performed using GBX drop
analysis system Digidrop (GBX, France). The static contact angle (CA) was performed by the
sessile drop method with drop of volume (3 pL). CA was calculated by averaging the two

CAs of the droplets, for at least three droplets deposited in different areas of the surface. The

advancing CA (6,4,) and the receding CA (6,..) were measured using the injection and the

withdrawn of a 5 pL water droplet by using a motor-driven syringe at constant speed (0.5

pl/min). The static CA of n-hexadecane, ethylene glycol and water were measured to evaluate

the solid surface energy by the method described by Owens and Wendt™® (Supporting

Information). All measurements were performed in air at ambient room temperature. The

images of drop were analyzed by software (Visiodrop, GBX) by using an automated

polynomial fitting method.

3. Results and Discussion
3.1. Preparation and Characterization of Dots-like and Wrinkles Micro-patterns
3.1.1. Strategy for Spontaneous Pattern Formations

Micro-structured thin films of alkylated polysiloxane were prepared in two steps by sol-gel
spin-coating of flat polymethylhydrosiloxane (PMHS) film of thickness in a micrometer
range, and by subsequent hydrosilylation of 1-hexene and [/H, [H, 2H, 3H, 3H-
tridecafluoronon-1-ene olefins with SiH groups in PMHS gel in quasi-quantitative yields
(Sketches of film preparation are in Figures 1-2). The latter olefin was synthesized in a two-
steps process: from the radical addition of CgFi;1 onto allyl acetate followed by a
diodoacetalization of Cg¢F;3;CH,CHICH,OCOCHj;. In the first step, PMHS thin film was
anchored onto substrates by hydrolysis of alkoxide precursors, methyldiethoxysilane and

triethoxysilane as the crosslinker. They underwent polycondensation reactions in acidic
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conditions according to the sol-gel preparation scheme (Scheme 1: step 1). In a second step,
the Si—H groups in the H-PMHS film network of 0.8 pm-thick were functionalized in
quantitative yield (Figures 1-2) and swollen via the well-known hydrosilylation reaction
(Scheme 1: step 2).

(1) Hydrolysis-condensation

o HSi(CH3)(OEt), + (1-) HSI(OEt); + (3-a)/2 Hy0

H H
— [SIH(CH3)O25],[SiHO3,5)1, + (3-) EtOH

(2) Hydrosilylation =Si-H
"
olefin

Pt catalyst

_____________________

Scheme 1. Chemical synthesis of grafted silicon-polymer R-PMHS in two steps: (1)
Hydrolysis-condensation reactions in sol-gel process of methyldiethoxysilane and
triethoxysilane precursors and (2) hydrosilylation of hydrocarbon or fluorinated olefins with

Si-H bonds using Platinum catalyst.

H-PMHS
ClH3 H\ /o_
+si—o4  crosslink5%  si|
4 N -0 o-

\ / \ ety o _

GHa Swollen polymeric network
+si—o+
il N

\ ¥ el -—
A Pt catalyst NAL Al
| v fag i :
b 2 ff 83 Buckling
v Olefins M s [Maq
| Substrate | 1 and/or Z | Substrate | C
1 R¢= CgF43(CH,)3 v A
M 1 . N
R Riex = CH3(CH,)s R-PMHS
| Pattern
/\/c " F ' Z (Rf)x(Rhex)1—x = mixtures :

x=0.25,0.50and 0.75

Figure 1. Preparation of patterned silicon-polymer surface R-PMHS using hydrosilylation
grafting. Schematic representation of anchored elastomeric H-PMHS gel (Red line) and its

functionalization via hydrosilylation of alkenes bearing alkyl side chains (Blue line) with SiH
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groups into grafted R-PMHS catalyzed by Karstedt Pt complex. Chemical structures of olefins
(1) I-hexene and (2) 1H, 1H, 2H, 3H, 3H-tridecafluoronon-1-ene. The 3D network is
characterized by the average N number of repeat units per PMHS segment between
trifunctional SiOs, crosslinks. The irreversible swollen structure of R-PMHS network is
depicted by a volume change normal to the surface since the bottom of the polymer film is

constrained on the substrate. (1): Characteristic wavelength of the pattern.

The surface modification and swelling of samples containing fluoroalkyl and hexyl side
chains of molecular formulae, Ry.x = CH3(CH;)s- and Ry = CF5(CF,)s(CH,);- were
characterized by SEM and IR spectroscopy (Figures 2—3). The hexyl side chains in thin film
are in a disordered state as evidenced by IR spectroscopy in a previous work.®* For the
fluorinated side chains CF3(CH,),(CH;),- (n =5), the molecular aggregation occured in bulk
polymers or films when n > 78082 which finally excludes the presence of any crystallized

structure in the present study.

3.1.2. Synthesis of Crosslinked H-PMHS Films
In this study, a crosslinker ratio (1-&) of 0.05 was chosen to prepare soft elastomeric network
denoted H-PMHS.%® This favors in turn diffusion and subsequent reaction of alkenes
molecules, and swelling of thin films.** Because of the higher reactivity of SiH substituted
precursors toward hydrolytic polycondensation in sol—gel process, they usually yield higher
degree of condensation of polysiloxane species® in contrast to precursors substituted with
bulky organic groups.®* A schematic representation of the fully crosslinked 3D network is

given in Figure 1, neglecting the cycle formation. The chosen substrates were Sil00 wafers

(A) of Young’s modulus 130 GPa®* and PDMS-based elastomer (B). Substrate B was

prepared from elastomer kit Med-4750, resulting in a Young’s modulus of 2.2 + 0.4 MPa
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(Figure S1 in Supporting Information). The resulting clear sol was deposited using a spin-

coating process forming very flat thin films of same thickness on both substrates (4) = 0.8
um) with a good homogeneity as evidenced by SEM cross-sectional images (Figure 3: R =
H).
3.1.3. Thickness of H-PMHS Films from IR Absorbance

The thicknesses of spin-coated H-PMHS film, /), were also measured accurately onto Si
wafer substrate A from the intense SiH stretching band vgy at 2169 cm!' (Figure 3A). The
peak intensity was calibrated in transmission mode using ellipsometry and their average
thickness was found ca. 0.8 um (SD * 3%; see Supporting Information), assuming the IR
absorbance vg;y follows eq. S1 similar to that of Beer—Lambert law.”® This thickness value
was confirmed by SEM on both substrates (%) = 0.8 um). The thickness /4, on substrate B was
found to be equal from corrected absorbance of vs;y in ATR-FTIR spectra (Figure 3B). This
approach enables fast and simple evaluation of 4, on substrate B because its value was below
the probed depth of ATR technique (eq. S2) in the order of a few microns. The spectra display
also the typical SiH bending band at 839 and 890 cm™! attributed to SiH(CH3)O,), subunits in

polysiloxane segment®® (Table S2 and Figure S4).

3.1.4. Topography and Nanomechanical Properties of Flat H-PMHS Films
The topography and nanomechanical properties of the H-PMHS film were determined by PF-
QNM microscopy (Figure S2). The height images indicate that both substrates were covered
by a dense film which is confirmed by their low roughness of 2.5 nm and 2.9 nm,
respectively, on A and B substrates and by homogenous elastic modulus. The Young’s moduli
were 3.7 = 0.2 MPa (for A) and 4.8 £ 0.7 MPa (for B) which were in the rubber range in
agreement with the average molar mass between crosslinks for the anchored polymer (See

calculation from eq. S3 in Supporting Information). Varying the crosslinker ratio from (1-
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) =0.01 to 0.50 induces strong effects with respect to surface mechanichal properties.®® By

contrast, the small increases of both roughness and modulus observed for substrate B as

compared to A may be attributed to slight variations of the degree of crosslinking near the
surface. One advantage of the sol-gel process is that both the crosslinking and surface
attachment can be simultaneously performed to anchor the final thin-film by covalent SiOSi
linkages with surface Si-OH groups.?%2” The surface density of SiOH on the native silicon
oxide layer of Si wafer for substrate A was increased after UV-ozone treatment (See
Supporting Information). The silicone MED-4750 network (B) is a well-known Pt-cured
elastomer by hydrosilylation of vinyl with SiH groups.® The near surface chemistry of the
silicon network formed via hydrosilylation can also produce surface Si-OH groups by auto-
oxidation of Si-H.®” This ultimately leads in sol-gel process to SiOSi linkage with H-PMHS

film by co-condensation catalyzed by triflic acid.”?

3.1.5. Preparation of R-PMHS Films by Hydrosilylation of Alkenes
The hydrosilylation of alkene gives high yields under mild conditions by using transition-
metal catalyst mainly based on platinum complexes.?¥° For the first time, the hydrosilylation
of a fluorinated precursor with a crosslinked H-PMHS gel films was achieved to obtain low
surface energy materials. The reactivity of the fluorinated precursor toward SiH groups is
enhanced using a CH, spacer between the perfluorinated chain and the reactive double
bond.'”70°1 Thus, reactions with /H, 1H, 2H, 3H, 3H-tridecafluoronon-1-ene bearing an allyl
group were performed in H-PMHS thin films by immersion in alkene solution (3.3 % v:v) in
presence of Karstedt catalyst.”> Achieved in air at 65 °C in only a few dozen of minutes, the
method gave quantitative yields (Figure 2) as evidenced by the vanishing of vg;y stretching

band of H-PMHS at 2169 cm! (Figures 3A and 3B) on both substrates, well-monitored by IR.
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The absence of vg;y band from ATR spectra (Figure 3B), for R-PMHS film thinner than about
one micron, clearly indicates that the reactions on substrate B also occurred totally in the bulk

of H-PMHS film by diffusion of reagents. At the same time and as expected, the specific CF

bands of fluoroalkyl chain Ry appeared at 1240, 1207, 1191 and 1144 cm’".

When the sample was immersed in acetonitrile solution (Figure 2), which is a very poor
swelling solvent for silicone, the olefins subsequently diffuse into the bulk of layer because of
their hydrophobic nature. The diffusion is also driven by gradient of concentration. The
reaction stopped when total loss of SiH species occurred in the bulk polymer film or when
swelling of the polymer is limited by the degree of crosslinking. Harnessing networked
polymer reactions with olefins (1) and (2) (Figure 1) gives successful chemical modifications
in thin films with organic functional groups R¢ and Rye. This was confirmed using X-ray
Photoelectron Spectroscopy (XPS), Energy Dispersive X-ray (EDX) and FTIR spectroscopy
(for a detailed description, see Tables S1— S6, Figures S3 — S8 and related discussion in the
Supporting Information). These reactions were also achieved with quasi-full yield in toluene
and cyclohexane, based on the disappearance of vg;y band at 2169 cm! (Figure 3) giving rise

to grafted polysiloxanes with similar IR features on Si wafer substrate A.
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H-PURS Swollen R,-PMHS
pt0 —
£ A Si wafer
Olefin 2

Sol-gel
H-PMHS

Substrate =3 Substrate

$-4800 x2.50k

Acetonitrile

1) Spin-coating —

B Med-4750
2) Hydrosilylation

S-4800 x1.00k

Figure 2. Typical micro patterns in swollen fluoroalkyl R-PMHS film resulting from
hydrosilylation of fluorinated olefin 2 by a flat anchored H-PMHS thin film. (A) Dot-like
pattern developed on rigid Si wafer substrate A (Insert: 10x magnification image) and (B)
Wrinkled pattern developed on soft Med-4750 substrate B. Schematic sample preparation

with SiH grafting of alkyl chain and buckling process.

3.2. Characteristics of Micro-patterned Surface
The following section presents the effects of reaction on surface morphology and patterns
formation performed by using acetonitrile as the solvent to overcome the swelling issues of
elastomeric silicone substrate B. The initially flat spin-coated H-PMHS thin film can be
attached either on rigid A or soft B substrates. After reaction and swelling, no delamination or

cracks were observed, confirming the robustness of the surface attachment.
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Figure 3. Typical SEM cross-sectional view images of micrometric films and thickness
measurement: Blank H-PMHS films (R = H) and swollen R-PMHS films (R = Ry) grafted
with fluoroalkyl side chain using two distinct substrates A (silicium wafer) and B (silicone

elastomer Med-4750). (A) Dot-like and (B) wrinkled patterns resulting from swelling of H-

PMHS anchored on various substrates. IR spectra of pristine H-PMHS thin film (4, = 0.8 pm),

and R-PMHS bearing Ry« and Ry chains after functionalization via catalytic hydrosilylation
(same sample) of the corresponding alkenes. (A) IR spectra in transmission mode for films
anchored on Si wafer and (B) in ATR mode for films anchored on silicone Med-4750. The
total conversion of SiH groups of starting H-PMHS film is shown by the vanishing of SiH

band at 2169 cm!.

3.2.1. Stability of Micro-patterned Surface
The PF-QNM, IR and XPS results of Ry~ and Refunctionalized R-PMHS films on both
substrates A and B qualitatively attest to the very good chemical stability of the film after
solvent washing with toluene and cyclohexane, even for samples prepared on silicone

substrate B, and long term robustness of the alkyl-polysiloxane films. In the latter case (B),
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high roughness and opacity (Figure S9) were obtained originated from micro-wrinkling of the
top layer. All samples presented in the following were rinsed after reaction with acetonitrile
and dried. It is worth noting that the patterns obtained by irreversible swelling of the
functionalized samples are “freezing” and do not evolve under ambient condition with time

for several months - even years, as monitored by PF-QNM.

3.2.2. Young’s Modulus of Micro-patterned Surface
To better understand the effect of surface properties of our system on the pattern formation,
PF-QNM microscopy was used to characterize both the topography (Figure 4, height images)
and mechanical properties (Figure S10, elastic modulus images) of the swollen R-PMHS
films after reactions. The aim was to determine the mismatch mechanical Young’s modulus
ratio Eop/Equns 0f the top film which is a key factor to the generation of wrinkled patterns. As
the precise tip radius may change during scanning the surface due to friction, the Young’s
modulus was estimated quantitatively before each experiment by calibration, using reference
PDMS materials of known elastic modulus (Experimental Part). A comparative study of
polysiloxane film stiffness bearing various side groups (R = Ryex and Rg) on both A and B
substrates was attempted with the same tip. The modulus of films was thus measured in the
region where the convolution effect of the tip with dot or valley/crest structures can be
neglected. Otherwise, the top surface displayed variations in the modulus data closely related
to the height modulations of patterns (Figure S10). For samples on substrate A, a mask-
covered area on the bottom surface was applied to exclude dots-like structure, and the
Young’s modulus was measured including only masked region. For samples on substrate B,
the modulus was measured on large flat and homogeneous region surrounded by ridges of ca.
20 um size (Figure 4). The bar plot presented in Figure 5b indicates that the Young’s modulus
of R-PMHS films assessed by this method are similar on substrates A and B, as anticipated by

using same reaction conditions. However, the Young’s modulus of the top films increases as
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expected with the molar mass of substituent R grafted onto siloxane units from Ry, to Ry
Therefore, we anticipated that the wavelength of patterns (A) of Ri-film would be larger than

that of Ry -film (Vide infra).

180 nm 1.9 ym
el 1.6
140 1.4
120 1.2
100 10
80 0.8
60 0.6
40 0.4
0 0.0
2 ym
- 150 nm
- 100 4
- 50
. y . . T 0 T T T T T 0
0 5 10 15 20 25 30um 0 5 10 15 20 25 30pm

Figure 4. Representative maps of topography of 30 x 30 um? region in PeakForce QNM
mode of random and inhomogeneous micro patterns generated by swelling and
hydrosilylation of 1H, 1H, 2H, 3H, 3H-tridecafluoronon-1-ene (2) with H-PMHS, giving
fluorinated films R-PMHS. (A) Dot-like pattern of wavelength A = 0.4-0.7 um on rigid Si
wafer substrate A with map inserts of 5 x 5 um? region and (B) Wrinkled patterns of A = 4-7
um on soft elastomeric substrate B. Profile section analysis according to the white lines

shown in height images.

ACS Paragon Plus Environment

Page 20 of 39



Page 21 of 39 Langmuir

21

= (A) Si wafer
e (B) Med-4750

oNOYTULT D WN =

o
Linear swelling ratio ot

19 Rhex R¢

21 20

23 (b)
15 -

10 1

JKR modulus (MPa)
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38 Figure 5. Swelling expansion ratio (&) in the swollen state and mechanical properties of
40 modified R-PMHS (R = R¢ or Ry,) top films anchored onto rigid Si wafer A and elastomeric
B substrates. (a) Swelling ratio oy = h/hy (eq. 1) of the top films measured from SEM
45 thickness (4) of alkyl R-PMHS and (%) of the starting H-PMHS film. (b) JKR modulus

47 determined from PF-QNM mapping.

50 3.2.3. Swelling of R-PMHS Layer

The driving force for the creation of micro-pattern of wrinkling originated from the swelling
55 of side chains. Therefore, a variety of wrinkle morphologies was observed by different
57 microscopy techniques (Figures 2—4) such as dots, folds or wrinkles which are related with

geometry of the systems and the level of compressive stress developed within the gel by
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swelling. The SEM and PF-QNM observations (Figures 2—4) showed that two different
inhomogeneous random patterns are formed by swelling: dot-like pattern on substrate A with
spots of high aspect ratios and space-out of 0.4—0.7 um as measured between the spots, and
micro-wrinkled pattern on substrate B with wavelength of 4-7 pm between the ridges.
Moreover, the observed random patterns are also characterized by different amplitudes of
undulation (4) in the micrometer range, as shown by profiles section (Figure 4). To explain
the differences experienced in same reaction conditions by swelling of top film of initial
thickness (4, = 0.8 um), two distinct physical approaches for wrinkles formation must be
considered.®® In the first case, the system consists of a uniform swelling gel layer bound to a
rigid silicon wafer substrate (A).*? In the second one, also known as the bilayer system,¢ the
layer is made by a stiff swelling gel layer linked to a soft non-swelling elastomer foundation
Med-4750 (B). Using both approaches, we will thus discuss the effect of swelling ratios on
the transition of flat H-PMHS film of thickness, 4,, to micro-structured swollen final R-
PMHS film of thickness, 4. The swelling ratio after reaction can be simply defined by the
expansion of the film thickness (o), according to eq. (1) which is commonly used to

determine the onset of surface instability in constrained hydrogel systems:#1:43:45:48

h
a =5 (1)

where /4 and sy were determined by SEM measurement (Figure 3). In the case of constrained

film on rigid substrate A, ay is approximately equal to the volumetric swelling ratio because

the thin film swells essentially in the direction perpendicular to the substrate.

In our systems, the patterns are self-generated through swelling by reaction of SiH groups in

the H-PMHS matrix. In all cases, the surface structuration of the thin films, as previously
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prepared (Figure 3), was characterized in the swollen state after total conversion of SiH into

Ryex or Rf side-chain.

3.2.4. Patterns Formed on Rigid Silicon Wafer Substrate
The dot-like structure formed on rigid wafer substrate A (Figures 2A, 4A and S17) resembles
to hexagonal patterns observed in uniform hydrogel layer constrained on rigid substrate by
using water or solvent. The anisotropic expansion of the surface-attached polymer gel
perpendicular to the surface generates compressive stress (o) within the gel. These
mechanical stresses can be described as the in plane compression induced by the strain ¢ = (L
— L,)/L, for a fictive unconstrained gel of L, length in the initial dry state and of L length in
the swollen state. When the growth-induced mechanical stress exceeds a critical value for
buckling (o > o), there is a sudden change in shape of the top R-PMHS surface to relieve
stress resulting in pattern formation (Figure 1). The mechanical instability is usually
characterized by a strain mismatch between the top film and the substrate with different

elastic Young’s moduli (E,, and Egs respectively).

The wavelength (1) of the pattern can be controlled linearly by changing the thickness (/)
which are normally in the same order of magnitude (A = /) but with different prefactors. For a
swollen gel constrained on a rigid substrate, a quantitative estimate of the prefactor of the

linear relationship between (A) and (%) is given by eq. 2:35%2

A ZT[ Etop
ho 312\E )

The characteristic wavelength is also dependent on the Ei,,/Eq s modulus ratio of the film to
the substrate. Using eq. 2, and the E,, values measured by PF-QNM for top films Ry (5.2

MPa) and R¢ (7.5 MPa), and Egy,s = 130 GPa for Si100 wafer®®> wavelength values (1) of 0.5
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and 0.8 pm were calculated, respectively, on the basis of SEM thicknesses hR* = 1.9 um
(Figure S11) and hRf = 2.4 um (Figure 3A). Despite it was experimentally difficult to observe
a significant difference between A for Ry and Rye-patterns (Figures 4A and S12b), the
calculated values are in agreement with experimental observations in the 0.4—0.7 pm range
estimated from height profiles between the spots. The final topology of the surface can be
regarded as “flat” because the gel swells uniformly, and the final amplitude of modulation 4 =
0.1 um (Figure 4) was low compared to their SEM thickness. As expected, the swelling ratio,
ay, is clearly higher for Ry-film (3.5) than that for Ryex-film (2.5) (Figure Sa, bar plot A) due to
the higher bulkiness of Ry radical. A swelling ratio difference is noted between wafer
substrate (A) and silicone Med-4750 (B) in Figure 5a. However, for reactions achieved in the
same conditions, it can be anticipated that the volumetric swelling ratio of the network is the
same for both substrates. This explains why the unidirectional swelling ratios (ay) measured
with eq. 1 decreases from 2.5-3.1 (A) to = 1.25 (B) (Figure 5a), because in the situation (B)

(Section 3.2.5), the network swells also in 2D plane with wrinkles of high amplitude 4 = 1 um

(Figures 4B and 6).

The high ay values measured from 2.5 to 3.5 with our systems are above the critical threshold
value reported for various hydrogel systems of o, ~ 2 for the polyacrylamide,® o,.~ 1.12 for
the PHEMA® and a.~ 2 for the poly(vinyl pyrrolidone)/poly(acrylic acid)* layer-by-layer
system. In fact, there is a wide range of critical swelling values on the onset of surface
instability reported experimentally, 2.0-3.7 in hydrogel material,*® or theoretical prediction
from 2.5 to 3.4.% In this present work, the high swelling ratios indicate that surface buckling
occurred easily upon swelling. The typical dot-like shape pattern can be easily obtained with a
Rpex:R¢ mixture prepared in the same conditions (Figures S11-S12a). Previous works®®¢” have

also reported that blank H-PMHS film swollen by reaction in toluene with hydrophilic
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phospholipid precursors gave creasing pattern with sharp folds (Figure S13) similar to those
observed in elastomer films®’ and in hydrogel systems.*'*> It can be highlighted here that
these surface patterns, originated likely from swelling of H-PMHS film constrained on rigid

substrate, show that the method is universal.

3.2.5. Wrinkled Patterns Formed on Soft Silicone Elastomer
The top film prepared on silicone elastomer (B) produces inhomogeneous random wrinkles
(Figures 2—4) upon swelling forming a maze-like surface pattern consisting in zig-zag for
valleys and ridges. Our system looks like wrinkle morphologies of swollen rigid oxide thin
film in presence of solvent on surface-oxidized PDMS385051 or polystyrene>? soft substrates
with UV-Ozone technique. The optical (Figure S14) and PF-QNM (Figure 4B) images
evidenced the presence of large flat regions surrounded by ridges, around 20 um in size,
where there is no apparent buckling. It must be emphasized that different coexisting
kinetically trapped morphologies3® were also observed from top view image (Figures 4B and
S14) resulting in a rapid kinetic of swelling. Moreover, the observed topography of cross-
sectional view of the film after reaction (Figure 6) shows different shapes in the form of
smooth micro-scale wrinkles together with local sharp fold. These observations indicate that

local mechanical stresses may vary in magnitude across the surface of the sample.

In the case of soft substrate B, the well-known system of equations for the bilayer model of a
swollen stiff top film bound to a soft non-swelling elastomer foundation can be applied
similarly, according to classical theory (egs. 3—5):38-72:33,36

Y
A 2T Etop 3
hT 313 3)

E subs
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where (&) stands for the compressive critical strain for buckling to occur and (g) for the
applied strain by swelling. Using eq. (3) and the measured parameters, E,, for Ryey-film (2.4
MPa) and Refilm (16 MPa), and Eg,s = 2.2 MPa for the elastomeric foundation (B),
wavelength values A of 4.5 and 7.9 um were respectively calculated, on the basis of SEM
thicknesses for hRhex = 1.0 pm (Figure S11) and h®" = 0.94 pm (Figure 3B), in agreement with
experimentally measured values of 4-5 um and 5-7 pum, respectively. The critical strain (&)
calculated from eq. 4 was only 14% for Re-film and 50% for Ryex-film. This means that the R¢-
film of higher skin stiffness initially forms wrinkles at a lower compressive strain than the
Rypex-film does. In contrast to case A (Section 3.2.4), the values of linear swelling ratios oy (in
the direction perpendicular to the film) are close between Ry~ and Rewrinkled surfaces
(Figure 5a, bar graph A). However, in the particular case of a wrinkled film, the specific in
plane swelling of films could be larger for Refilm than for Rye-film due to the higher
bulkiness of the Re-grafted fluorinated chain. If the difference in swelling ratio between Ry,
and Ry components on substrate B (Figure 5a, bar graph B) is neglected, the higher stiffness of
fluorinated Re-film could thus explain the different wrinkle density observed between Ryey-
and Re-films (Figures 4B, S12d and S14). Indeed, the Ryc-surface displays larger proportion
of flat region without wrinkles than the R¢surface. The room temperature reaction of 1-hexene
gave similar structure and wrinkle density from SEM and optical microscopies (Figure S15)
because the thermal expansion coefficient of silicone rubber is negligible compared to the

strain (&) induced by the swelling of the H-PMHS layer. The proposed method can be
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extended straightforward to Ryex:Ry mixtures of olefins (Figures S11 and S12¢) and a
hydrophilic precursor allyl triethylene glycol monomethyl ether (Figure S16). As observed in
Figures S11, S12c and S16, the surfaces in the swollen state reveal the formation of various
patterns from wrinkles to creases in thin films. This illustrates the concept of buckling by
hydrosilylilation of olefins with constrained H-PMHS network is a general approach to be

employed for the creation of long-term microstructures with various functions.

Figure 6. Typical wrinkled structures due to swelling showing formation of micro-scale
smooth ripples and a local sharp fold instability (insert SEM image). (Up) Atomic force
microscopy and (Bottom) SEM cross-sectional view images of fluoroalkyl R-PMHS film

prepared on silicone elastomer Med-4750 (B).

3.3. Wetting Properties of the Patterned Surface

The measurements of water contact angle (WCA), ethylene glycol contact angle (ECA) and n-
hexadecane contact angle (HCA) were performed to assess the hydrophobicity of
functionalized polysiloxane surface R-PMHS or Ry.,-PMHS (Figures 7-8 and Table 1). As
expected, the water contact angle (WCA) hysteresis of fluorinated chain (Rf) was enhanced
upon roughening the surfaces giving highly hydrophobic surface properties for water with

static/hysteresis WCA of 136°/74° in the resulting wrinkle pattern (B). These values are
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higher than that of 119°/41° measured on the smoother “flat” dot-like patterned surface
formed on Si wafer A (Figure 7). Moreover, the WCA hysteresis, 6, obviously decreased
from 74° to 41° with decreasing of surface roughness (Figure 4) of two orders of magnitude
between wrinkles and dots-like patterns. The surface performance of our system may be
further optimized according to the thickness and degree of crosslinking of the H-PMHS thin

film in order to increase the amplitude of the wrinkled surfaces.

The solid surface energy (ys) was calculated from the WCA, ECA and HCA values by using
the Owens and Wendt’s method 7° on films anchored on Si wafer (A). The surface tension
decreases in the order of -CH,— > —CH; > —CF,— > —CF;.% Thus, the polysiloxane bearing
fluoroalkyl chains obviously displayed lower surface energy than that of polysiloxane grafted
with hexyl chains (Figure 8). The surface of fluorinated alkyl chain R-PMHS displays an
extremely low surface energy value of 15 mN/m. This result is expected for polymer having
high surface density of —CF, and —CF; groups, together with high ratio of —CF; groups with
respect to —CF, groups, as reported for pendant fluorosilicone.'’?* While in comparison, the
surface energy of —CF,- such as Teflon® is 18.5 mN/m.%* The presence of CF; and CF,
components at the surface were confirmed from high resolution Cls XPS spectrum (Figures
S7 and S8) by a Cls peak ratio of 5 (Table S3) in good agreement with the perfluorohexyl

structure.®®

Tuning the hydrophobic properties of R-PMHS surface anchored on Si wafer (A) by
hydrosilylation of mixtures of alkenes (1) and (2) was further investigated. Figure 8 shows
that the XPS fluorine Fls % content near the surface correlated well with contact angles
versus the x molar ratio of alkyl side chains. The WCA or ECA curves and particularly HCA

steadily increase versus x, in agreement with F1s % curve.
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26 Figure 7. Static/hysteresis (6/8,,,) water contact angles of different R-PMHS micro patterns
(R = Rypex and Ry) formed upon swelling of hydrophobic films (right), and of pristine H-PMHS
31 flat film (left). (a) Sample films anchored on rigid Si wafer (A) generating dot-like pattern. (b)
33 Sample films anchored on silicone elastomer Med-4750 (B) generating wrinkled pattern. 6,
36 is the difference between the advancing contact angle 6,,, and receding contact angles 6. as

38 summarized in Table 1.
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Figure 8. Tunable hydrophobicity (top) and F1s composition (bottom) versus the molar ratio

of alkenes (x) = [Re]o/([Re]o[Rnuex]o), Where [R¢]o and [Rpex]o stand for the concentrations of

C¢F3CH,CH=CH, at t = 0 and C;H,CH,CH=CH, at ¢t = 0, respectively, for alkylated

(Rf)x(Rpex)1-PMHS flat surfaces, prepared on Si wafer substrate (A). (Up) Contact angles

evolution for films versus the molar ratio of alkene mixtures (x) with droplets of water,

ethylene glycol and n-hexadecane having liquid surface tension (y;) of 72.8, 48.0 and

27.5 mN/m, respectively. The surface energy for homogenous alkyl surfaces Ry~ and Ry

PMHS was calculated from the contact angles of the three probing liquids using the Owens

and Wendt’s method:” y5 (Rpex) = 25.6 mN/m and yg (Ry) = 15.0 mN/m (See Tables S7 and

S8 and Figure S18 in the ESI). (Bottom) Evolution of the fluorine F1s composition (atomic
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%) Fls at 689.1-688.7 eV versus (x) for the corresponding functionalized surfaces by using

mixture of hexyl (Rpex) and fluoroalkyl chains (R¢) (See ESI).

Table 1. Static water contact angles (deg) and dynamic water contact angles (deg) of

anchored H-PMHS films (thickness /,= 0.8 um) and alkylated R-PMHS films (R = Ry, and

R¢) on substrates (A) Si wafer and (B) silicone Med-4750.

Substrates R-PMHS films a(°) Oty Orec
(A) Si wafer H-PMHS 108 109 104
(A) Si wafer Rpex -PMHS 104 107 81
(A) Si wafer R~PMHS 119 120 79
(B) Med-4750  H-PMHS 107 108 71
(B) Med-4750  Rye -PMHS 114 120 80
(B) Med-4750  Re-PMHS 136 142 68

0, 0.4, and 6., are static contact angle, advancing contact angle and receding contact

angle, respectively (Standard deviations: 8 * 1 deg, 6,4 and 6,.. £ 2 deg).

4. Conclusion

Soft polymethylhydrosiloxane (PMHS) coatings have been crosslinked and anchored via sol-
gel copolymerization of mixture of hydrogenosilane precursors, methyldiethoxysilane and
triethoxysilane as crosslinker, on both oxidized rigid silicon wafer and soft silicone model
substrates. The crosslinked H-PMHS film was subsequently swollen by quantitative
hydrosilylation of hydrocarbon and fluorinated olefins within the polymer network inducing
the formation of permanent wrinkled surfaces in the swollen state. This approach provides a
simple and general method to produce long-term pattern surfaces with a variety of functions.
The chemical structure of the polymer functionalized with hexyl or fluoroalkyl groups

affected both the wrinkled characteristics and wetting properties as well as Young’s moduli of
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the top surfaces. After reaction of flat pristine H-PMHS, the surface topography revealed the
presence of inhomogeneous wrinkled micropatterns on the soft silicone elastomeric surface.
The differences in pattern formation on both substrates were explained by swelling after
reaction using classical theory for buckling. The wavelengths of the different patterns were
thus predicted in good agreement with the observed values. The functional PMHS coatings
open a new route for the engineering of hydrophobic solid surfaces. The spontaneous
formation of wrinkle patterns onto swollen PMHS is a general approach which may be useful
to design robust and permanent wrinkled structures on soft material such as PDMS. This
method allowed the achievement of a variety of functional specific devices with finely tuned
surface energy such as medical implants, catheters, vessels or small reservoirs for biomedical
items and in microfluidics. This approach was also extended to hydrophilic precursors for

biomedical applications, under progress.

Supporting Information

Additional experimental details (thin film preparation, film thicknesses and calculation of
surface energies) and wrinkled films, methods, IR (transmission and ATR, including
calibration curves of absorbance ratios) and XPS spectra, EDX data, film wetting data and
related discussions, PF-QNM and SEM images of blank PMHS film and wrinkled structures
in swollen R-PMHS films, including optical microscope images (PDF). The Supporting
Information is available free of charge at https://pubs.acs.org/doi/
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